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Abstract 
 

The choice of an action upon perception of an external stimulus, arriving at a sensory organ of an 
animal, depends on previous experiences and outcomes throughout its life. In the rodent brain, the 
underlying mechanisms involved in simple sensorimotor transformations, such as the detection of 
a whisker stimulus through goal-directed licking, still remain largely unknown. In this thesis, using 
as a model the mouse somatosensory system, I explored the anatomical and functional properties 
of neuronal circuits at different stages of this cortical processing. To start with, using state-of-the-
art viral tracing techniques, I investigated the thalamocortical circuits relaying sensory signals to 
the primary and secondary whisker somatosensory cortices (wS1, wS2). Challenging the “classical” 
views, the results indicated two streams of information carrying whisker-selective tactile signals. 
The principal trigeminal nucleus (Pr5) innervates the ventral posterior medial nucleus of the thalamus 
(VPM) and finally reaching layer 4 of wS1 while the spinal trigeminal nucleus (Sp5) through the 
rostral part of the posterior medial (POm) thalamus drives the layer 4 of wS2. Finally, a caudal part 
of the POm, which does not receive brainstem input, innervates layer 1 and layer 5A. Apart from 
their anatomical differences, those pathways conveyed distinct whisker sensory signals during goal-
directed behaviors. Afterwards, I studied the cortical control of jaw and tongue movements during 
licking for rewards, using multisensory and multimotor whisker detection tasks. The data revealed a 
frontal tongue-jaw primary motor area (tjM1) which is necessary and encodes for directional licking, 
independently of the sensory stimulus type, shedding light on how the neocortex orchestrates the 
main motor output of the animal. Subsequently, I focused on changes in the L2/3 neuronal networks 
of wS1 after learning of a whisker stimulus. Using as a benchmark a novel “fast” learning and reward-
dependent whisker detection task, I carried out inactivations of wS1 during different stages of learning 
and chronic two-photon (2P) calcium imaging in the L2/3 of the C2 barrel column. The inactivation 
results indicated that wS1 is indispensable for the acquisition of the novel stimulus and the execution 
of the task at expert levels. Moreover, the neural data suggested a learning-induced and “long-lasting” 
enhancement in the whisker sensory responses even when animals were unmotivated to lick. At a 
network level, a re-organization of the neuronal circuits was observed at different timescales with 
some of the alterations accompanying the rapid changes in the animal behavior. Additionally, the 
changes in the whisker sensory responses of neurons in wS1, after learning, were projection-pathway 
specific with wS2-projecting neurons showing higher whisker responses than whisker primary motor 
cortex (wM1)-projecting ones. In the final part, acknowledging the importance of a better 
characterization of the cortical-cortical communication of wS1, I described recent technical 
advancements in neuronal reconstructions. In vivo single-cell electroporation combined with 2P 
tomography and registration to a digital atlas, demonstrated the diversity of the projection targets of 
neurons in the L2/3 of wS1. Overall, I presented different results which contribute to a pre-existing 
body of research and help to decipher fundamentals and yet highly complex neural computations of 
the mammalian brain. 
 
Keywords: sensory perception, rodents, vibrissae, brainstem nuclei, C2 barrel column, goal-directed 
sensorimotor transformation, thalamic nuclei, primary whisker somatosensory cortex, tongue-jaw 
primary motor cortex, directional licking, reward, multi-motor task, multisensory task, “fast” learning 
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task, optogenetic inactivation, pharmacological inactivation, anatomical tracing, trans-synaptic 
labelling, fast videography, movement analysis, generalised linear model, two-photon calcium 
imaging, layer 2/3, two-photon tomography, learning modulation index, projection neurons, 
electroporation, common coordinate framework, neuronal reconstructions, axonal length. 
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Résumé  
Le choix d’une action lors de la perception d’un stimulus externe, atteignant un des organes sensoriels 
de l’animal, dépend des expériences et des réactions passées de ce dernier. Dans le cerveau du 
rongeur, les mécanismes impliquées dans la simple transformation sensorimotrice, telle que la 
détection du stimulus par une vibrisse de l’animal entraîné à lécher pour obtenir une récompense, 
reste largement incompris. Dans cette thèse, se servant du système sensoriel des vibrisses de la souris, 
j’ai exploré les propriétés anatomiques et fonctionnelles des circuits neuronaux à différentes étapes 
du processus cortical. Pour commencer, utilisant les dernières techniques de traçage viral, j’ai étudié 
les circuits thalamocorticaux par lesquels passent les signaux sensoriels en direction des cortex 
somatosensoriels primaire et secondaire (vS1, vS2). Sortant des sentiers battus, les résultats ont fait 
ressortir deux voies de transmission des signaux sensoriels de la vibrisse. Le noyau sensitif trigéminal 
principal (Pr5) innerve le noyau ventral postéro-médial du thalamus (VPM) puis atteint la 4ème 
couche du vS1 alors que le noyau trigéminal spinal (Sp5), par la partie rostrale du thalamus postéro-
médial (POm) innerve la 4ème couche du vS2. Pour finir, la partie caudale du POm, qui ne reçoit pas 
d’influx du tronc cérébral, innerve les couches 1 et 5A. A l’instar de leurs différences anatomiques, 
ces circuits neuronaux transmettent des catégories de signaux distincts lors de comportements 
conditionnés. Puis, j’ai étudié le contrôle cortical des mouvements de la mâchoire et de la langue 
lorsque l’animal lèche pour obtenir une récompense, utilisant la stimulation de la vibrisse lors des 
tâches multisensorielles et multimotrices. Les données révèlent que l’aire frontale motrice primaire 
de la langue et de la mâchoire (lmM1) est nécessaire et est impliqué dans le processus de 
détermination de la direction du léchage, indépendamment du type du stimulus sensoriel, éclairant 
sur les mécanismes néocorticaux qui génèrent l’action motrice principale. Ensuite, j’ai exploré les 
changements des circuits neuronaux dans la couche 2/3 de vS1 après l’apprentissage du stimulus 
d’une vibrisse. Utilisant la nouvelle tâche de détection par la vibrisse par apprentissage « rapide », 
j’ai inactivé vS1 à différentes étapes de l’apprentissage et procédé à une imagerie au calcium à deux 
photons (2P) de la couche 2/3 de la colonne C2 du cortex des barils. Les résultats de l’inactivation 
indiquent que vS1 est indispensable pour l’acquisition du nouveau stimulus et l’exécution de la tâche 
par l’animal déjà expert. De plus, les données fonctionnelles neuronales suggèrent que le 
perfectionnement des réponses sensorielles, au préalable conditionnées, de la vibrisse perdurent dans 
le temps et ce, même sans motivation. Plus largement, concernant le réseau neuronal, une 
réorganisation des circuits a été observée à différentes périodes dont certaines altérations sont 
survenues avec les changements rapides de comportement de l’animal. D’autre part, après 
entrainement, les modifications des réponses sensorielles des neurones de vS1 lors de la stimulation 
de la vibrisse étaient en lien avec leurs projections avec une réponse plus élevée des neurones 
projetant vers vS2 que ceux projetant vers le cortex moteur primaire des vibrisses. Pour finir, sachant 
l’importance d’une meilleure connaissance de la communication cortico-cortical de vS1, j’ai décrit 
les récentes avancées technologiques dans le domaine de la reconstruction neuronale. 
L’électroporation cellule unique in-vivo combiné à une tomographie à 2P et un alignement des images 
sur l’atlas digital du cerveau, montre la diversité des zones de projection des neurones de la couche 
2/3 de vS1. En résumé, j’ai apporté différents résultats complétant un recueil de données de recherche 
préexistant et aidant à décrypter des fondamentaux et pourtant hautement complexes processus 
neuronaux du cerveau des mammifères.  
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Mots-clefs:  perception sensorielle, rongeurs, vibrisses, noyaux du tronc cérébral, colonne C2 du 
cortex des barils, transformation sensorimotrice conditionnée, noyaux thalamiques, cortex 
somatosensoriel primaire des vibrisses, aire motrice primaire de la langue et de la mâchoire, direction 
du léchage, récompense, tâche multimotrice, apprentissage « rapide », inactivation optogénétique, 
inactivation pharmacologique, traçage anatomique, marquage trans-synaptique, vidéographie rapide, 
analyse du mouvement, modèle linéaire généralisé, imagerie au calcium à deux photons, couches 2/3, 
tomographie à 2 photons, indice de modulation d’apprentissage, neurones de projection, 
électroporation, système des coordonnées communes, reconstructions neuronales, longueur axonale.
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 Introduction 

1.1 Sensory Perception 

In nature, animals use their senses to navigate through the complex environment which surrounds 
them. During millions of years of evolution, sensory systems have been highly refined, developing 
unique properties which help the animal to recognize and act upon all different external (and even 
internal) stimuli. Precise action planning relies upon sensory information and every single action is 
executed based on immediate sensory feedback, as information is flowing from all sensory organs 
to the brain ([1]). Therefore, sensory perception can guide and shape multiple behaviours (i.e. food 
seeking, mating, sleep) even in dangerous contexts where overwhelming information needs to be 
processed at all times (e.g. presence of predators) ([2],[3],[4]).  
It is increasingly recognized that sensing is not a passive process but rather an active one ([5]). The 
distinction between passive and active sensation can be understood by thinking of the relative position 
between the stimulus and the sensor. While during active sensing, the sensor moves towards the 
stimulus, the opposite happens during passive sensing. To understand this better, we consider as an 
example the sense of touch; active touch refers to what we call “touching” as opposed to passive 
touch or “being touched” ([6]). 
Indeed, when we think about how we interact with the world around us, precise motor commands 
position our organs at optimal positions to extract in the most efficient way the task-related data ([1]). 
For example, limb movements are very important for tactile perception while foveation of visual 
objects is crucial for active visual sensing. In the animal world, there is also a plethora of other 
interesting examples; insects move their antennae to actively collect sensory input and rodents palpate 
their whiskers (vibrissae) in order to extract shapes and textures of surrounding objects ([5]). While 
active sensing is commonly related to sensor movement, this process requires continuous control of 
the sensory apparatus, in the most appropriate manner at any given time, even if this sometimes means 
holding the sensor at a fixed position ([5]). 
These “online computations” of the best sensing strategy are based on sensory feedback and this can 
be computationally demanding for an organism. While the optimal motor control strategy can be in 
many ways predefined (by evolution), it is a rather flexible process and it can also be shaped 
throughout the life of an animal, for example through learning, based on prior experiences. 
Combination of both strategies is also possible when specific “modes” of active sensing are available 
([5]). In this scenario, the animal will choose the best depending on the current task demands. This 
way, sensory feedback signals can boost the acquisition of the available data without the need of 
second by second computations ([5]). Taking this into account, it is clear that understanding 
sensorimotor processing is a fundamental step in detangling the neural mechanisms underlying 
learning and behaviour ([1]). 
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In the mammalian species, all sensory systems have been extensively studied and in the recent years 
with advancements in the available techniques, we have started to shed some light into the 
neurobiology of somatosensation ([7],[8],[9]), audition ([10],[11]),  vision ([12],[13], [14]),  olfaction 
([15],[16]) and taste ([17]).  

1.2 The mouse as an animal model 

Every organism throughout its life needs to make decisions which are critical and define its existence. 
The majority of those decisions need to be made based on different environmental sensory stimuli 
([18]). One way in which neuroscientists have begun to understand the neural mechanisms underlying 
sensory based decision-making is by training animals (under laboratory conditions) to perform 
sensory-guided tasks, while recording neural activity from various brain areas. 
For many years, non-human primates have been the reference animal model, but recently rodents 
(and specifically mice and rats) are extensively used to study decision-making based on controlled 
sensory stimuli ([19]). Across phylogeny, rodents are relatively close to humans. Our common 
ancestors lived not long before the last common ancestor of all primates and around 10 million years 
after our common ancestor with higher order mammals ([18]). Thus, the rodent brain shares 
organizational principles with other mammals including a variety of different brain areas allocated to 
senses (Figure 1.1).  
The shift towards the use of rodents as a laboratory animal model is accelerated by an abundance of 
advantages that they provide. Rodents are characterized by low housing and breeding costs, high 
reproduction rates, tolerance to head fixation and ease of handling combined with exceptional 
learning capabilities and a rich repertoire of behaviours ([19]). Furthermore, the anatomy of the rodent 
brain is relatively well understood and the lisencephalic organisation of its neocortex provides easy 
and unobstructed access to its surface ([19]). However, all those benefits together do not exceed the 
breakthrough of genetically modified mice and the unique opportunities that this provides to modern 
neuroscience. Several emerging technologies have made it possible to target gene expression at a 
neuronal level and thus monitor and manipulate the activity of specific cell types with high spatial 
and temporal precision. These unprecedented technological advances, among others, include 
transgenesis, viral-based gene expression, optogenetics and two-photon calcium imaging which are 
now routinely used in everyday neuroscience research ([18]).  
In the current PhD thesis, I will focus on somatosensation and specifically on the whisker 
sensorimotor system using the mouse as an animal model. Given that the rodents are nocturnal 
animals their whiskers are an essential sensory organ which is likely to be involved in many functions 
such as : i) navigation in space, ii) object recognition and spatial localization, iii) discrimination of 
shapes and textures and iv) social interactions ([3]). Hence,  mice make prodigious use of their 
whisker system and thus it is not surprising that large regions of the cortex and the thalamus are 
devoted to  transmitting and processing whisker related information ([18]). In the next section I will 
describe the main pathways through which stimulus information is propagating from the whiskers to 
the neocortex leading to a cortex-wide processing of whisker sensation.  
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Figure 1.1 Sensory brain areas in mammals across phylogeny. The primary and secondary somatosensory areas (S1 in red and S2 in orange), primary 
auditory (A1 in yellow) and the visual areas (V1 in dark blue and V2 in light blue). The numbers at every branch point indicate the millions of years 
since the last common ancestor.  Modified from [18]. 

1.3 From the whiskers to the cortex  

In order to be able to better understand the cortical mechanisms of whisker-dependent sensory 
perception, it is indispensable to examine what type of stimuli this unique sensory organ is receiving 
from the external world and how this information is flowing from the periphery to the cortex.  
To start with, we need to first mention that somatosensation is an ensemble of senses which 
incorporate pain, proprioception, temperature and touch ([3]). The latter one can be further split to 
three distinct channels corresponding to pressure, vibration and flutter. These channels are commonly 
related with different receptors located in non-hairy and hairy skin ([3]). Apart from humans, all other 
mammals carry whiskers (vibrissae) which are large facial hairs sitting on the snout of the animal and 
continuously providing information about the surrounding environment. In mice and rats, the 
vibrissae and their corresponding follicles are organised in 5 rows (dorsoventrally A to E) and various 
arcs with four additional whiskers called straddlers which are located between the rows (Figure 1.2) 
([3]). 
In a seminal paper 50 years ago, Woosley and Van der Loos have discovered that each one of the 
mystacial whiskers of the mouse is associated with an anatomically-defined unit (of around 200-300 
um in horizontal dimensions) , referred to as a “barrel” ([20]). The barrels can be seen in layer 4 (L4) 
of the primary somatosensory cortex (S1) and are arranged in the same layout as the whiskers on the 
animal’s snout. This anatomical similarity, found in both mice and rats, is additionally characterised 
by functional properties in which every barrel predominantly receives and processes the information 
coming from the corresponding physical whisker) ([1]).  For that reason, the whisker-related part of 
S1 (wS1) is often referred to as the “barrel cortex” (Figure 1.2). This unique property of wS1, bridging 
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the physical location of the sensor with a location in the neocortex where the information is mostly 
processed is called “somatotopy”. As a result of this unique organisation, the whisker somatosensory 
system of the rodents has been extensively used as a model system for studying sensory perception 
over the last 50 years ([1],[21]).  
The deflection of a single whisker on the animal’s snout leads to a cascade of sensory signals which 
transmit whisker-related information through glutamatergic synapses from the periphery to the 
brainstem, the thalamus and finally in the cortex. There are at least 3 well-characterized parallel 
pathways which are streaming and processing the data from the whisker follicle along the way to 
wS1: 

1) The lemniscal pathway: Primary sensory neurons of the trigeminal ganglion exhibit 
mechanosensitve axonal appositions in the whisker follicles and they directly innervate 
neurons sitting in the whisker-related principal trigeminal brainstem nucleus (Pr5 or PrV). 
The PrV neurons then project with large-amplitude inputs to the whisker-related primary 
somatosensory thalamus (ventral posterior medial nucleus of the thalamus (VPM). In turn, 
individual VPM neurons project predominantly to L4 of a single wS1 barrel ([1]). 

2) The paralemniscal pathway: The primary afferents of the trigeminal ganglion project as 
well the spinal trigeminal nucleus of the brainstem (SpV or Sp5 pars interpolaris, rostral part) 
which gives rises to the paralemniscal pathways. The SpV brainstem neurons innervate the 
anterior and medial part of the posterior thalamic nucleus (POm). This part of the POm is 
considered as the first-order division of this nucleus (POm-FO) and its neurons project largely 
to the L4 of wS2, providing additional sensory-related information ([3], [22]).  Finally, a 
second division of the POm nucleus, also called higher-order POm (POm-HO), does not 
receive brainstem and input and innervates the layer 1 (L1) and layer 5A (L5A) of both wS1 
and wS2. Those connections have been hypothesized to be mostly of modulatory nature 
([22]).  

3) The extralemniscal pathway:  The caudal division of the interpolaris nucleus (SpV or Sp5 
pars interpolaris, caudal part) innervates compartments of the ventral posteromedial thalamic 
nucleus (VPMvl) which in turn projects to the septa-related areas of wS1 and wS2 [23].  

From the previously described sensory pathways, it is important to highlight that the lemniscal 
pathway is characterized by a striking modular organization with a one-to-one mapping from the 
whisker to the cortex. PrV neurons of the brainstem are also somatotopically organized in discrete 
anatomical units called “barrelettes” and the VPM thalamic neurons in clusters called “barreloids” 
([3]). This suggests a labelled-line coding of whisker-related signaling where information of every 
whisker is relayed in a parallel fashion; from a whisker follicle to the corresponding barrelete, its 
barreloid and up to its barrel. As already mentioned, this unique property of the rodent whisker 
system has placed it in the center of neuroscience research as a model to study sensory processing 
and perception. Measurements and/or perturbations of the neural activity can be directed to one 
modular whisker representation allowing a potential mechanistic and causal understanding of an 
apparent neuronal assembly ([24]). 
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Figure 1.2 The layout of the whiskers on animal’s snout is identical with the anatomical units called “barrels” located in the whisker-related primary 
somatosensory cortex (wS1). Modified from [1]. 

1.3.1 Whiskers and their unique properties 
An important part of the mouse somatosensory system is developed around a highly specialized 
sensory organ; the whiskers. The vibrissae are commonly categorized in two distinct classes: i) the 
micro-vibrissae which are thin hair and shorter in length and they are located around the nose tip, 
upper and lower lip and ii) the macro-vibrissae which are longer and stiffer, located mostly on the 
whisker pad ([3]). Every one of these large hairs is made from inert keratin and many of its 
biophysical properties (like curvature, length, tapering etc.) have been hypothesized to play a 
fundamental role in the process of tactile sensing ([3]). The hairs are held in place on the snout of the 
animal by a follicle which is heavily innervated by trigeminal primary sensory neurons. The nerve 
endings of these neurons form around and in the follicle, mechanoreceptors of various types (Merkel 
cell-neurite complexes, lanceolate receptors, Ruffini corpuscles and free nerve endings) ([24]).  

1.3.2 Trigeminal nuclei 
The first brain station of whisker perception and processing are the trigeminal nuclei of the brainstem.  
As previously mentioned, the two main nuclei related to whisker-related tactile information are the 
Pr5 and the Sp5, located in the lateral brainstem. The Pr5 nucleus is responsible for all high-resolution 
touch mechanoreceptors and the Sp5 one processes noxious and thermal stimuli as well as low-
resolution touch signals ([3]) (see also Chapter 2).   
From these two nuclei only the Pr5, which is part of the lemniscal pathway, has obvious somatotopic 
organisation and it processes whisker-related information with high fidelity. However, it has been 
recently shown that some Pr5 neurons show multi-whisker responses and provide information to non-
principal nearby cortical columns ([25]). On the contrary, only part of the Sp5 nucleus has clear 
whisker maps and it is believed to provide high-order, and thus less fine-grained tactile information 
to wS2 ([3]). 

1.3.3 Thalamic nuclei 
In rodents, the dorsal thalamus consists of more than 40 nuclei and subnuclei which are categorized 
in different classes. The pathway from the whisker to the cortex encompasses three of them i) the 
ventral posteromedial nucleus (VPM), ii) the medial part of the posterior nucleus (POm) and ii) the 
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central and paracentral nuclei. All the thalamic neurons are forming a “relay” of information from the 
periphery to the cortex using excitatory glutamatergic synapses ([3]). 
In general, the thalamic relay neurons fire in either burst or tonic mode; with each one of these modes 
relating to feature extraction from the incoming whisker-related sensory information ([3]). It is also 
important to note that the VPM and POm neurons exhibit differences in their receptive fields. The 
VPM neurons fire stronger and faster to stimulation of their principal whisker while the latter ones 
show long-latency and mainly multi-whisker responses ([26]). Furthermore, the POm neurons seem 
to be under stronger cortical feedback control and zona-inerta (ZI) -mediated feedforward inhibition, 
suggesting that the paralemniscal pathway might be mostly related to context-dependent processing 
of whisker sensory input ([27], [28]).  
More so, the different thalamic nuclei innervate wS1 in a complementary manner. VPM thalamus 
projects to barrel-related cortical columns in L4, lower L2/3 and the border between L5B and L6, as 
a last segment of the lemniscal pathway.  In contrast, POm (and especially the POm-HO) is 
innervating both barrels and septa in L1 and L5A as part of the paralemniscal pathway (Figure 1.3). 
Finally, septum-related columns in wS1are targeted in L4 by the VPM as part of the extralemniscal 
pathway ([3], [29]).  

 

Figure 1.3 :  Anatomical projections of the two-principal whisker-related thalamic nuclei to the barrel cortex. (A) A mixture of a Cre-ON (FLEX) and 
a Cre-OFF (DFO) AAV virus was injected in the thalamus of GPR26-Cre mice leading to expression of tdTomato in the POm and YFP in the VPM 
nucleus.  The POm axons are mostly concentrated in the L1 and L5A while VPM axons are predominantly observed in L4 and the L5/L6 border. 
Modified from [29]. (B) Schematic representation of the thalamic inputs to wS1. Modified by [1].  

In one of our recent studies ([22]), we investigated in more details the two major thalamocortical 
ascending inputs to primary and secondary whisker-related somatosensory cortices in mice. Chapter 
2 will focus more on the thalamic circuits transmitting whisker-related information to the cortex and 
will provide more fine-grained information of thalamocortical pathways. 

1.3.4 The barrel cortex and its microcircuits   

The barrel cortex is located in the parietal area of the mouse neocortex and it is characterized by a 
strong granular L4  where the barrels are mostly visible ([3]) . The thickness of one barrel column is 
around 1.2mm and its horizontal dimensions are ~200um x ~300um containing about 6,500 neurons 
([1]). Traditionally, the barrel cortex, as every other part of the isocortex, is divided by convention in 
6 layers and is populated by the two principal types of cortical neurons; around 85% excitatory 
neurons and 15% of inhibitory interneurons ([1]). All the layers above the L4 are named supragranular 
layers and the ones below infragranular.   
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Both the excitatory and inhibitory cells are forming synapses within their barrel column, the barrel 
columns around them but as well a variety of cortical and subcortical areas. The local connection 
probability between two excitatory neurons is about 10% whereas the rate of connections between 
excitatory and inhibitory cells is around 50% ([30]). It is important to highlight that the connection 
strength between neurons in wS1 is relatively low (~0.1 to ~1.0 mV in amplitude and 5-50 ms in 
duration) ([1]). Thus, in order for a neuron to fire an action potential, multiple subthreshold inputs 
from many other neurons need to be integrated.  
The barrel cortex, as every other neocortical region, is populated by 3 classes of GABAergic 
interneurons which are mainly non-overlapping and are distinguished by different genetic markers: 
i) the parvalbumin calcium-binding protein expressing interneurons (PV), ii) the neuropeptide 
somatostatin expressing ones (SOM) and iii) the ones expressing 5HT3aR ionotropic serotonin-
receptor. The latter class can be further subdivided in neurons which express vasoactive intestinal 
polypeptide (VIP) and another subclass that expresses three different genes (Lamp5, Scng and 
Serpinf1) ([3]).  
The layer 1 (L1) of the barrel cortex predominantly consists of neuropil and inhibitory cell bodies, 
whereas all the other layers contain a mixture of different types of GABAergic and glutamatergic 
neurons. The neurons in L1 can be grouped in two classes i) single bouquet cells often expressing 
VIP, Cholecystokinin (CCK), and calretinin (CR) and ii) neurogliaform cells (NGFCs) expressing 
neuropeptide Y (NPY), nitric oxide synthase (NOS). Both of these cell types get input by other 
NGFCs located in L1, layer 2/3 (L2/3) and layer 5 (L5) as well SOM cells and they are also under 
strong influence of cholinergic inputs ([3]). L1 single bouquet cells project to layer 2/3 (L2/3) and 
layer 5 (L5) and disinhibit all types of GABAergic neurons while NGFCs inhibit L2/3 and L5 
principal neurons in nearby cortical columns ([31]).  
As previously mentioned, whisker-related sensory input predominantly arrives in L4 of wS1. The 
neurons in L4 of the mouse barrel cortex are mostly spiny stellate cells (excitatory interneurons with 
local axonal arbors)([1]). Both the axons and the dendrites of these cells exhibit a strong orientation 
towards the center of their barrel, forming the anatomical distinct structure of a cortical column. It is 
important to mention here that the thalamic lemniscal axons are forming relatively few synapses with 
spiny stellate cells which are mostly located close to their somata. Thus, the actual impact of the 
synapses to the membrane potential of these cells is high and leads to reliable transmission of sensory 
information to the cortex ([3]). After receiving input from the thalamus, they in turn transmit it via a 
dense innervation to the L2/3 of the same column. As far as the interneurons are concerned, L4 PV 
basket cells receive strong thalamic from the VPM thalamus and project among each other, as well 
on nearby spiny stellate cells, causing feed-forward inhibition ([3]). This leads to reliable and sparse 
coding of the incoming sensory information ([29]). Some SOM interneurons can also be found in the 
L4 but they do receive little input from the thalamus and they are probably involved in local 
disinhibition mechanisms ([3]). 
The L2/3 of the barrel cortex contains mostly intratelencephalon (IT)-projecting excitatory pyramidal 
neurons. The upper L2/3 pyramids show oblique apical dendrites which allow them to sample sensory 
inputs from the adjacent columns. In addition, their dendrites also reach L1 where they receive POm 
and top/down feedback cortical input for the whisker primary motor cortex (wM1) or wS2 ([3]). 
Furthermore, L4 and L5A seem to also project to upper L2/3 neurons. Taking all the previous into 
consideration it seems that the upper part of the L2/3 receives both lemniscal (from L4) and 
paralemniscal (L5A and POm) inputs and thus potentially plays a crucial role in multi-whisker 
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information processing. In contrast, the lower L2/3 pyramidal cells receive stronger input from the 
VPM (~0.3 to 0.5 times the strength of L4) and ascending L4 innervation, while lacking L5A input, 
suggesting a main involvement in lemniscal processing ([3]). As far as the outputs of L2/3 are 
concerned the upper L2/3 neurons project to supragranular layers and L5 but they also send long-
range intracortical projections to wM1, wS2, dorsolateral striatum, temporal association area 
(TeA)/perirhinal cortex, the dysgranular zone (DZ) together with some callosal connectivity ([32]). 
The output of the lower L2/3 neurons, in the cortical column, includes mostly connections with other 
L2/3 and L5 neurons ([3]) Additionally, in L2/3 many different types of interneurons can be found. 
The L2/3 PV basket cells serve a similar purpose as in the L4, inhibiting nearby pyramidal and basket 
cells and thus providing local inhibition. The SOM cells in the L2/3 are part of an “disinhibitory” 
circuit receiving input from nearby VIP cells, PV basket cells and L5 NGFCs ([3]). In addition, the 
VIP L2/3 neurons not only inhibit SOM and PV cells but they as well project to nearby pyramidal 
cells and possibly be part of a far more complex circuit ([3]). Finally, since the VIP neurons express 
nicotinic receptors, they are also under cholinergic control arising from the basal forebrain which 
indirectly influences the activity of pyramidal cells through disinhibition ([33]). For example, during 
whisking, increased acetylcholine release leads to activation of VIP neurons which then inhibit L2/3 
SOM neurons and thus permit the integration of motor-related and top-down inputs in their pyramidal 
cells’ dendrites located in L1 ([33],[34]).    
The neurons in the L5 are also excitatory pyramidal cells with long apical dendrites extending to L1. 
They can be grouped into two distinct groups of neurons: i) The IT neurons which innervate wS1, 
other cortical areas, the striatum, as well as the contralateral hemisphere through the corpus callosum 
and ii) the pyramidal tract neurons (PT) which project mainly to subcortical areas like the POm, the 
striatum, the superior colliculus, the pons and the spinal trigeminal brainstem ([1]). The L5 is usually 
subdivided in two sublayers referred to as L5A and layer 5B (L5B). The most superficial L5A 
receives, together with L1, input from the POm thalamus and projects locally in L2, L5A and L5B.  
Furthermore, L5A contains only IT neurons. In addition, the lower part of the L5 (L5B) does not 
receive strong input from the thalamus and it comprises both IT and PT neurons ([1], [29]). The 
interneurons of L5 have not been extensively studied but it seems the PV baskets cells in this layer 
play the same role as in L2/3 and L4 ([35]). The L5 SOM cells are involved in disinhibitory circuits 
controlling the integration of top-down and bottom-up signals in the apical dendrites of L5B 
pyramidal neurons ([36]). Finally, L5A PV basket cells are implicated in feed-forward inhibition from 
the high-order POm thalamus and feedback inhibition mediated by the cortex via  layer 6 (L6) cortico-
thalamic principal cells ([3]).  
The L6 includes diverse neuronal populations such as cortico-thalamic neurons that innervate the 
VPM and POm thalamus, that form thalamocortical loops with possible modulatory functions ([3]). 
Interestingly, the corticothalamic neurons project also to L5A exerting direct control in cortical 
activity. In addition, a second population of L6 neurons contains cortico-cortical cells with more 
complicated morphologies that project to various neocortical areas like the primary motor cortex 
(M1), the secondary somatosensory cortex (S2) or larger areas of S1 ([1], [3]). Very little is also 
known about the connectivity of interneurons in L6.  L6 PV basket cells have been reported to receive 
direct lemniscal input from the VPM thalamus (through short-term facilitating synapses) which they 
feed-forward to pyramidal cells ([37]).  
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1.3.5 Long range connectivity 

As we have previously described, the main input to the barrel cortex is arriving from the thalamus. 
However, some other cortical and subcortical areas are projecting to wS1. Subcortical inputs are 
usually of neuromodulatory nature and they often originate from the locus-coeruleus (noradrenergic), 
the basal forebrain (cholinergic) and the raphe nuclei (serotonergic) ([3]). The two main cortical 
inputs stem from wM1 and wS2. The axons from wM1 arrive from neurons with cell bodies located 
in L2/3, L5 and a thin layer of L6 and they terminate mostly in L1 and L5/6. In wS2, neurons sitting 
in the L4, the L2/3 and the L5/6 innervate wS1 in a reciprocal manner ([3]). 
Apart from the long-range inputs, wS1 exerts a manifold of cortical and subcortical area projections 
including: wM1, wS2, perirhinal cortex, DZ, VPM and POm thalamus, dorsolateral striatum, zona 
inerta (ZI), thalamic reticular nucleus (RTN), superior colliculus, anterior pretectal nucleus, pons, red 
nucleus and the spinal trigeminal brainstem nuclei ([38]). A recent study ([32]), has shown that there 
could be multiple areas in the DZ around wS1 where L2/3 neurons project to, possibly playing the 
role of secondary whisker subregions (Figure 1.4A).  In a latter chapter of the thesis (Chapter 5) we 
will present neuronal reconstructions of single L2/3 neurons that reveal extensive diversity of the 
long-range projections of single wS1 neurons.  

 

 

Figure 1.4 (A) wS1 projects to various cortical and subcortical areas. APT, anterior pretectal nucleus; DLS, dorsolateral striatum; DZ, dysgranular 
zone surrounding wS1; nRT, nucleus reticularis of the thalamus; OFC, orbitofrontal cortex; POm, posterior medial nucleus of the thalamus; PPC, 
posterior parietal cortex; PRh, perirhinal cortex; SC, superior colliculus; Sp5, spinal trigeminal nuclei; TeA, temporal association cortex; wM1, 
whisker primary motor cortex; wM2, whisker secondary motor cortex; wS2, elated secondary somatosensory cortex; VPM, ventral posterior medial 
nucleus of the thalamus; V2 (P,PP), secondary visual area. With red boxes the strongly connected regions. Modified from [1]. (B) Voltage sensitive 
dye imaging of the mouse dorsal cortex after a brief whisker stimulus of the right C2 whisker. After a localised spot in wS1 and wS2 the activity 
rapidly spreads to wM1 and wM2. Modified from [39]. 

The plethora of cortical projection targets of wS1 leads to rapid spreading of a whisker-related 
excitation in the dorsal cortex after a single whisker deflection which can be visualized using voltage-
sensitive dye imaging ([39]). After whisker stimulation, within a 10 ms time window a highly 
confined spot of activity can be observed in wS1 followed by an immediate activation of wS2. In a 
window of 20ms, this activity already reaches wM1 and secondary whisker motor cortex (wM2) 
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(Figure 1.4B) ([40]). These two main pathways from wS1 to wS2 and wM1 seem to be analogous to 
the ventral and dorsal streams described in the primate visual system. On the one hand, the wS1 to 
wM1 pathway, similar to the “where” and “when” dorsal stream, is responsive to passive whisker 
stimuli and to the first object contact.  On the other hand, the wS1 to wS2 projections, analogous to 
the “what” ventral steam, responds to every object contact of the whisker to an object, providing 
additional details about its physical properties ([39]).  

1.4 Choice of the behavioral apparatus  

One of the key decisions we need to make when designing decision-making behavioural experiments, 
is the sensory environment in which the animal will be embedded and the apparatus which will be 
used to record behavioural outputs. This choice depends not only on the exact research question but 
also on the method that will be used to measure and/or manipulate neural activity ([18]). 
In some cases, it is desirable to let the animal move freely to indicate its decision by walking or 
positioning one of its body parts at a spatial location in the environment (Figure 1.5A). This type of 
tasks can be combined with electrophysiological recordings and even recently with calcium imaging 
([41],[42],[43]). This strongly resembles the behaviours observed in natural environments and can be 
used to study brain areas involved in movement execution or planning and perception of space ([18]). 
However, this preparation has some important drawbacks. The first one is the absence of stability of 
the animal’s head which is crucial for specific types of neural recordings ([19]). The second one is 
the fact that it is more difficult to monitor the exact movements of the animal. The extraction of the 
movement vectors is indeed more computationally intensive, despite the recent developments in 
tracking algorithms ([44], [45]). Finally, when an animal is free to move, it is not always possible to 
control the delivery of the stimuli with high temporal precision which is crucial for several 
behavioural tasks ([19]). 
In many other cases, it is highly desirable to keep the animals head-fixed. This is specifically needed 
when stability of the preparation is specifically crucial for the chosen recording method ([18], [46]). 
In addition, close monitoring of the animal’s movement using fast videography is possible and 
tracking of important body parts (whisker, tongue, jaw, pupil) is easier to achieve ([47]). Another 
advantage of head fixation is that it enables better and more deterministic control of the sensory 
inputs, and corresponding motor outputs ([19]). In recent years, various behavioural tasks that 
accommodate head-fixation have been reported. These provide the experimenter with the ability to 
perform simultaneous recordings from multiple distinct brain areas, as well as to manipulate specific 
neural ensembles, even at single cell level ([48], [49], [50]). In the simplest versions, water-restricted 
animals need to lick at appropriate times after a sensory stimulus in order to get a fluid reward from 
one or several spouts (Figure 1.5B). In slightly more complicated versions, the animals use their 
forepaws to press a lever or move a trackball in two different directions (Figure 1.5C). In the latter 
case, it is possible to continuously monitor the perceptual behaviours of the animal rather than just 
binary reports (lick vs no lick). 
Although head-fixed preparations provide the experimenter with a manifold of advantages there are 
still drawbacks which must be considered. To start with, head fixation is not natural to the animal and 
extensive habituation is usually needed. The second more important drawback is that rodents are 
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characterized by a variety of whole-body movements which are significantly reduced under head-
fixation. Firstly this can lead to some discomfort to the animal but also poses a fundamental question 
of how closely the behaviours under fixation resemble the natural ones ([19]).  
Recent techniques combine the two previous preparations into a hybrid solution in which the animal 
is head-fixed and placed on a floating ball (Figure 1.5D). The ball is positioned on a jet of air and 
while the animal is moving, the signals are registered and used to control a virtual environment. The 
virtual reality apparatus can then provide different kinds of stimuli dependent on the animal 
movement. This system can be used to probe neural responses and correlate them with locomotion in 
an environment that is closer to reality while the animal still remains head-fixed ([51], [52], [53]). 
Nevertheless, the virtual reality behavioural apparatus has also two important disadvantages which 
are: a) substantial training needed for the animal to learn how to control the ball and b) the absence 
of vestibular feedback ([18]). 
In the present PhD thesis, our main goal is to understand how sensory signals are converted into goal-
directed motor outputs such as licking for rewards and which are the underlying neuronal mechanisms 
governing those abstract sensorimotor transformations. Thus, the behavioural experiments were 
performed in head-fixed water restricted mice. In general, the animals perform detection tasks during 
which they need to learn to report the presence of a sensory stimulus by licking from a spout in order 
to obtain a water reward. This type of simple behaviour is amenable to a mechanistic understanding 
of the underlying neuronal mechanisms and head-restrained mice can learn such types of tasks 
through trial and error ([1]) .  
 

 

Figure 1.5 Different behaviour apparatuses for rodent decision-making tasks. (A) Freely moving configuration where the animal receives sensory 
stimuli in the middle port and reports its decision to either the left or the right port. (B) Head-fixed apparatus wherein the animal reports its decision by 
licking from a spout. (C) Same as (B) but the animals’ motor output is reported by moving trackball to the left or right. (D) Virtual reality system in 
which the mouse sits on a floating ball which controls visual display. Adapted from [18]. 

 

The behavioural apparatus has been selected after taking into consideration two important 
characteristics of our experiments. The first one is the need for precise stimulus control and the second 
the need of stability for the chosen recording technique. All the neural recordings were performed 
using two-photon calcium imaging in awake behaving animals, a technique that is quite sensitive to 
motion artefacts and thus head fixation is highly preferable ([54]).  
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1.5 Goal-directed sensory processing  

As briefly described, in our behavioural paradigm head-restrained, water-restricted mice learn to lick 
from a reward spout as a response to different stimuli. If we focus on whisker stimuli, this type of 
detection task is amongst the simplest versions in which mice can be trained to report their subjective 
sensory perception of whisker-related tactile information. In order for those sensorimotor 
transformations to be learned we use the association between the stimulus and a reward as a 
motivation ([3]).  
During hit (Hit) trials the mouse licks and collects a water drop within a reward window after a brief 
reflection of a single whisker, while in miss (Miss) trials the mouse does not lick in this time window 
and no reward is delivered. In order to monitor the spontaneous licking of the animal, catch trials are 
also present where no stimulus is delivered. If the mouse licks during those, this is considered as a 
false alarm (FA) and again no reward is delivered. If the animal withholds from licking this is a 
correction rejection (CR) (Figure 1.6A). All these trial types can be used to correlate neural activity 
with the stimuli delivery and the decision of the mouse, as reported by the motor output ([50]).  
 

 

Figure 1.6: (A) Schematic of a whisker detection task wherein head-restrained water-restricted mice report the presence of the C2 whisker stimulus by 
licking for a water spout. During sucessful hit trials the mouse protrudes its tongue and collects a water drop within a reward window after a brief 
reflection of the C2 whisker, while in miss trials the mouse does not lick after the stimulus and no reward is delivered. During catch trials, where no 
stimulus is delivered, if the mouse licks this is considered as a false alarm and if not as a correct rejection. (B) Activity in wS1 neurons differs between 
hit and miss trials specifically in the late phase of the sensory evoked responses (>50 ms). During hit trials the late activity is higher than in miss trials. 
Modified from [50]. (C) The wS1 L2/3 neurons projecting to wS2 show prominent late depolarisation in hit trials and lick-related activity which 
develops with the learning of the detection task. Modified from [39]. 

We have already briefly described the activity flow when a single whisker of a mouse is stimulated 
outside of the context of a behavioural task. As expected, motivation-dependent and contextual 
sensory processing of whisker information in detection tasks is highly likely to involve wS1 and its 
projection targets. Many studies in recent years have investigated the wS1 neuronal circuits involved 
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in goal-directed sensory processing. During stimulus trials, the whisker of the mouse is deflected, 
leading to a cascade of activity as explained in Section 1.3. Neuronal activity in wS1 seems to be 
vastly different between hit and miss trials specifically in the late phase of the sensory evoked 
responses (>50 ms). During hit trials this late activity is higher than in miss trials (Figure 1.6B). This 
divergence appears before licking starts and thus seems to correlate with the subjective perception of 
the whisker stimulus ([50]).  
The different excitatory neurons in wS1 exhibit also diverse responses depending on the decision of 
the animal.  One common way to classify neurons is based on their long-range projections, with the 
two main groups being the neurons projecting to either wS2 or wM1. These two classes of neurons 
seem to be quite orthogonal with neurons that project to wM1 not projecting to wS2 and vice versa 
([55]). Their gene expression pattern seems to be also very different ([56]). The activity of neurons 
projecting to wM1 or wS2 is different between hit and miss trials as measured by whole-cell 
recordings. The late depolarisation, observed in hit trials in expert mice, is more present in neurons 
innervating wS2 than wM1 and it develops during learning (Figure 1.6C) ([57]). Additionally, 
spontaneous licking during false alarm trials is accompanied and preceded by higher activity in wS2-
projecting (wS2p) neurons, only in expert animals. The wM1-projecting neurons (wM1p), on the 
contrary, do not exhibit any licking-related signals ([57]). Furthermore, it has been shown that S2p 
neurons exhibit bigger hit vs miss responses and the axons of wS2p wS1 neurons in wS2 show sensory 
responses and their activity predicted the decision of the animal. This finding suggests that wS1 
encodes better the whisker stimulus while the wS2 activity is mostly correlated with the decision 
signals ([58]). Finally, a recent study has also shown that, during a whisker detection task,  S2p 
projections neurons, when compared with wM1p ones, exhibit larger sensory responses after whisker 
stimulation, higher spontaneous correlations and larger activity prior to spontaneous licking ([59])  
Inactivation experiments are an additional important step in order to test for causality of those 
observations. One way to achieve rapid and temporally controlled inactivation of wS1 is to express 
ChR2 in the inhibitory population of GABAergic interneurons. By blue light activation of those cells 
we can indirectly inhibit nearby excitatory cells. Inactivation of either the early or the late component 
of the sensory responses in wS1 leads to a drop in task performance  ([50]).  
Another interesting question to ask, is how cortex-wide activity differs in hit vs miss trials as well as 
how learning shapes the responses of different brain areas. Interestingly, voltage-sensitive dye 
imaging experiments revealed important differences between hit and miss trials over an extensive 
part of the dorsal cortex. Brief whisker stimulation led to activity firstly in wS1 followed by wM1 
and wS2 some milliseconds later. Only, during hit trials, this first wave of activity was accompanied 
by a second one depolarising the whole dorsal cortex with largest differences observed in frontal 
regions anterior and medial to wM1, mostly related to the initiation of licking ([60]). Additional 
electrophysiological measurements showed consistent sensory responses in wS1, wS2, wM1 and the 
parietal associative cortex in a consecutive recruitment in both naïve and expert mice. In contrast, 
activity in higher order areas like the medial prefrontal cortex (mPFC) and the CA1 of the dorsal 
hippocampus (dCA1) was present only in expert mice and emerged with learning. Optogenetic 
inactivation of mPFC and the dCA1 affected task performance suggesting a causal involvement of 
those areas into goal-directed sensorimotor transformations ([61]). These areas have been 
hypothesized to be related in memory formation and contextual processing and might be required for 
the acquisition of the associations between an action and a stimulus which are subsequently used by 
other motor areas for the initiation of goal-directed licking ([3]) (see also Chapter 1.7).  
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All the previous studies clearly demonstrate that whisker stimulation leads to cortex-wide processing 
of sensory information before licking initiation. However, wS1 innervates several subcortical regions 
which are likely to contribute to the sensorimotor transformation. From the different subcortical 
regions, the basal ganglia might play a crucial role in these goal-directed behaviours, given that they 
are involved in action initiation, motivation and reward-based behaviours ([62]). Indeed, the 
dorsolateral striatum (DLS) receives direct excitatory input from the barrel cortex and dopaminergic 
input from the substantia nigra pars compacta (SNc). During whisker detection tasks, the animals 
learn to lick from the spout in order to collect water rewards and thus it is expected that dopamine is 
an important neuromodulatory signal to consider. Indeed, whole-cell recordings in the dorsolateral 
striatum have shown that striatal medium spiny (SPNs) neurons exhibit task related activity with 
higher excitation in hit versus miss trials ([63]). Striking differences have also been found when two 
distinct types of SPNs were examined, referred to as the direct and the indirect pathway ([3]). The 
direct pathway SPNs (dSPNs) showed higher early sensory responses in hit vs miss trials but also 
higher when compared with the responses of the indirect pathway SPNs (iSPNs) (Figure 1.7A). 
Finally, optogenetic activation of dSPNs, but not iSPNs, substituted whisker stimulation and led to 
licking initiation. This suggests that dopamine may act on the glutamatergic cortical synapses in the 
striatum in order to increase input to the dSPNs, known to be involved in disinhibition of motor areas 
for action initiation, and decrease input to the iSPNs (Figure 1.7b) ([63]).  

 

Figure 1.7: (A)The direct pathway SPNs (dSPNs) showed higher early sensory responses when compared with the responses of the indirect pathway 
SPNs (iSPNs) after whisker stimulation of the C2 whisker. (B) Dopamine acts on the glutamatergic cortical synapses in the striatum in order to increase 
input to the dSPNs, and decrease input to the iSPNs, possibly promoting the initiation of licking. Modified from [39]. 

 

Taking into consideration all the previous findings, it is important to highlight that goal-directed 
sensory processing of a single whisker stimulus recruits very complex circuits not only in wS1 and 
its projection targets, but as well in several other cortical and subcortical areas, implicating several 
glutamatergic, GABAergic and neuromodulatory systems.  
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1.6 Licking as a motor output  

As already mentioned, in several behavioural tasks the mice report their subjective decision by 
licking, which is also their principal motor output. For the animal to collect the rewards, it needs to 
open its jaw and precisely protrude its tongue towards the direction of the spout. Thus, a deeper 
understanding of the tongue and jaw kinematics as well as the cortical mechanisms underlying their 
motor control can provide important insights of how a sensory stimulus transforms to a motor output 
during goal-directed learning. 
Indeed recent developments in high-speed videography technologies as well as machine-learning-
based analysis of the video data, permit precise measurements of the animal’s body parts movement 
during the learning and the execution of different types of behavioural tasks ([44]). Using such 
technologies, recent studies have shed some light on the neuronal mechanisms underlying the cortical 
control of tongue and jaw movements ([64]). As it will be mentioned in later chapter of the thesis (see 
also Chapter 3) our recent study has revealed a focal area of the dorsal cortex called tongue-jaw 
related region of the primary motor cortex (tjM1) as a potential critical area for cortical control of 
licking ([49]). Optogenetic activation of this region evokes jaw movements as filmed using a high-
speed camera. The same area seems to also receive direct long-range projections from the primary 
somatosensory area for tongue and jaw (tjS1). Thus, it is hypothesized that the somatosensory 
information flowing from tjS1 to tjM1 is of great importance for sensory-guided tongue and jaw 
movements ([39]). 
Other studies have shown that the orofacial primary motor area (and thus as well tjM1) receives 
additional cortical input from other brain regions including orofacial S1/S2 and the anterolateral part 
of the secondary motor area ([65]). It is thus possible that tjM1 receives input from a tongue and jaw 
secondary motor area (tjM2) which could be part of the anterolateral motor area (ALM). In addition, 
as it has been found in ([66]) neurons sitting in the deep layers of tjM1 and tjM2/ALM, project with 
long-range axons to premotor nuclei of the brainstem which then innervate the two main motor nuclei 
controlling the tongue and jaw muscles; the hypoglossal motor nucleus (Hg) and the trigeminal motor 
nucleus (Mo5) (Figure 1.8) ([67],[68],[69]).  
From all the previous, it appears that tjM1 is a very important brain area for the cortical control of 
tongue and jaw movements. Firstly, tjM1 integrates sensory information from tjS1/tjS2 and motor 
planning signals from tjM2/ALM. Then, pyramidal tracts neurons of the deep layers of tjM1 and  
tjM2/ALM  project to central pattern generators in the brainstem which in turn control licking ([39]). 
Chapter 3 will focus on the cortical mechanisms of goal-directed licking and the importance of tjM1 
in coordinating directional licking.  

1.7 Sensorimotor transformations 

In two previous sections, we have presented recent data regarding the goal-directed processing of 
whisker sensation and the cortical control of licking. This immediately raises the next question: “How 
are those two processes linked in goal-directed sensorimotor transformation?”. In a simplified 
schematic of the information flow in our detection task (Figure 1.9) the neocortical sensory areas 
(such as wS1) are located immediately at the “input” level, receiving the whisker-related sensory 
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input directly from the thalamus. After cortex-wide sensory processing, the information is transmitted 
in licking motor areas, sitting at the “output” level (such as tjM1). These areas will then project in 
brainstem nuclei in order to generate tongue and jaw movements. 

 

 

 

Figure 1.8: Brain circuits related to tongue and jaw movements. tjM1 and tjM2/ALM is integrating inputs arriving from different cortical areas and 
then projects to premotor nuclei in the brainstem. These nuclei receive motor commands and in turn project to motor neurons in Hg and Mo5 which 
control the muscles of the tongue and the jaw. Muscles for jaw closing: Mas and temporalis (Tem). Muscles for jaw opening: digastric (Dig). Muscles 
for tongue protrusion Gg and muscles for tongue retraction, hyoglossus (Hg) and styloglossus (Sg). Modified from [39]. 

 

 
Figure 1.9: Simplified schematic of the goal-directed sensorimotor transformation of a detection task. A whisker deflection causes excitation of 
primary sensory areas (such as wS1 and wS2) which is then transmitted in motor areas involved in controlling tongue and motor movements. How 
exactly the activities from wS1 and wS2 reach licking motor regions such as tjM1 is still highly unknown. tjM1: tongue-jaw related region of the 
primary motor cortex (tjM1). Modified from [39]. 
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As already mentioned, a fundamental research question is how exactly the sensory information 
transforms into the motor output, in other words, how the whisker sensation arriving from the 
periphery through the thalamus is finally transmitted to the motor areas and which brain areas are 
actually “in between”. Although up to today this still remains highly unknown, based on the available 
data,  in our recent review ([39]) we formulated some hypotheses of how the different brain areas 
might contribute at different levels of the sensorimotor transformation. 
Recent work has indeed shown the implication of wM2 in linking whisker sensation to motor planning 
([47]).  Thus, we hypothesized that the sensory information arriving to wS1 and wS2 might need to 
be routed to the frontal areas such as wM2 which in turn projects to tjM2/ALM and tjM1 in order to 
drive licking. For this routing to happen, the synaptic connections between the different neuronal 
circuits need to be modified by reward-based learning and many cortical and subcortical areas are 
likely to contribute via different kinds of neurotransmitters. For example, acetylcholine 
concentrations have been shown to increase in the cortex as a response to various reward-related 
signals ([70]). As already mentioned in Chapter 1.3 the VIP GABAergic interneurons, carrying 
nicotinic receptors, are under strong cholinergic control. Increased acetylcholine in the cortex 
activates VIP neurons leading to local disinhibition by inhibiting PV or SOM interneurons which 
inhibit pyramidal cells (Figure 1.10A).  This disinhibition could cause an increase in the activity of 
the principal neurons, perhaps leading to Hebbian plasticity among neurons in various brain areas. 
For example, the strong recurrent excitatory connectivity between wS1 and wS2 could be 
strengthened (Figure 1.10B). The formation of a wS1-wS2 cortico-cortical loop might then play a 
crucial role in the amplification of the whisker-related excitation which can drive downstream motor 
brain areas ([39]). However, reward-induced modifications in primary sensory areas’ neuronal 
circuits remain still highly unknown. Chapter 4 will focus on changes in L2/3 wS1 networks upon 
goal-directed learning of a whisker stimulus. 

 

 

Figure 1.10: (A) Increased acetylcholine concentrations during unexpected rewards increase the activity of VIP by acting on their nicotinic receptors 
(B) Cholinergic modulation of VIP interneurons leads to disinhibition of nearby pyramidal cells possibly leading to increase plasticity in various of 
their synapses. Modified from [39]. 

 

A second very important neurotransmitter to consider is dopamine. The activity of dopaminergic 
neurons in the midbrain has been linked to reward signals in the brain ([68]).  In the detection task, 
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water acts as a reward which sometimes can be unexpected (especially in the early training sessions). 
Unexpected rewards typically lead to an increase in firing rates of the midbrain neurons which release 
dopamine from their terminals in various targets including the striatum ([39]). The D1Rs expressing 
striatal medium spiny neurons, upon binding of dopamine, could have enhanced plasticity perhaps 
helping to potentiate cortico-striatal synapses of wS1 in the dorsolateral striatum on D1R expressing 
neurons which are part of the direct striato-nigral pathway (see also Chapter 1.6) ([63]). After long-
term potentiation of those synapses, a whisker deflection could lead to higher activity in the direct 
pathway which might promote the initiation of licking ([39]). 
Finally it is important to highlight that the aforementioned flow of activity could be under direct 
control of higher order brain areas such as the mPFC and the hippocampus which might also affect 
neural connectivity dependent on more general rules of the task, such as context ([61]). 
To sum up, simple sensorimotor transformations of a whisker stimulus to licking during reward-based 
learning are recruiting different excitatory, inhibitory and neuromodulatory cortical and subcortical 
neuronal circuits which are still to be discovered and fully characterised (Figure 1.11).  

1.8 Aim of the PhD Thesis  

In this PhD thesis, I investigate in more depth the neocortical circuits involved in the transformation 
of whisker sensation into goal-directed licking, some of which were already mentioned in the previous 
sections. From an early point, I acknowledge that understanding those highly interconnected and 
complex brain circuits is a multifaceted problem and I will try to pursue the answer to various 
questions by looking at different stages of the sensorimotor transformation.  
 

 

 

Figure 1.11: Several cortical and subcortical circuits are involved in the sensorimotor transformation of a whisker sensory input to licking motor output. 
Neuromodulatory cholinergic and dopaminergic systems regulate plasticity in various brain areas, crucial for the learning of the whisker-dependent 
detection task. Modified from [39].  
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To better understand cortical processing of whisker sensory stimulation, one firstly needs to get a 
better insight in what type of information the cortex processes and how it flows from the periphery 
to the cortical circuits. Thus, in Chapter 2, the attention will be put on the “input” stage and 
specifically to the different anatomical and functional properties of the thalamic inputs to the 
somatosensory areas (such as wS1 and wS2). After knowing a bit more about the input, I will then 
shift my focus to the “output” stage of the system. As already mentioned, in whisker detection tasks, 
mice report their decision by licking. Hence, an inspection of the cortical mechanisms governing the 
control of the tongue and the jaw is fundamental. This will be the subject of Chapter 3 where the 
activity of primary sensory areas is compared with a cortical primary motor area controlling 
directional licking (tjM1). Subsequently, I will put some effort into shedding some light on how the 
“input” and “output” are linked together through goal-directed learning. To better understand this, 
one needs to firstly comprehend the learning-induced alternations of the neuronal circuits, with one 
obvious starting point being the investigation of primary sensory areas, such as wS1.  In Chapter 4, 
thus, I will investigate reward-dependent changes in the L2/3 of wS1 upon learning of a novel “fast” 
whisker detection task. Finally, keeping in mind that neurons might output behaviorally-relevant 
signals primarily through action potential-evoked release of neurotransmitters across their axonal 
arborizations, an anatomical characterization of the projection targets of single wS1 neurons is a 
crucial step. Hence, in Chapter 5, I will present some data of single-cell whole brain neuronal 
reconstructions of neurons in the L2/3 of wS1, using newly developed state-of-the-art experimental 
techniques. 
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 Anatomically and functionally distinct 
thalamocortical inputs to primary and secondary whisker 
somatosensory cortices 

 

The text and figures of this chapter are reproduced from the following published journal article: 

Sami El-Boustani1, B. Semihcan Sermet1, Georgios Foustoukos, Tess B. Oram, Ofer Yizhar & 
Carl C. H. Petersen (2020). Anatomically and functionally distinct thalamocortical inputs to primary 
and secondary mouse whisker somatosensory cortices. Nature Communications 11:3342,  
https://doi.org/10.1038/s41467-020-17087-7 
 
1: These authors contributed equally 
 
 
My contribution to this work was to study the anatomical projections of the different thalamic 
nuclei to primary and secondary whisker somatosensory cortices using two-photon 
tomography. In particular, I performed surgeries, sample preparation, the 3D whole brain 
imaging and the stitching of the data. In addition, in order to address several comments of the 
reviewers, for a subset of the anatomical data, I registered the 3D brain volumes to the Allen 
Brain Common Coordinate Framework. 
 

2.1 Abstract 

Subdivisions of mouse whisker somatosensory thalamus project to cortex in a region-specific and 
layer-specific manner. However, a clear anatomical dissection of these pathways and their functional 
properties during whisker sensation is lacking. Here, we use anterograde trans-synaptic viral vectors 
to identify three specific thalamic subpopulations based on their connectivity with brainstem. The 
principal trigeminal nucleus innervates ventral posterior medial thalamus, which conveys whisker-
selective tactile information to layer 4 primary somatosensory cortex that is highly sensitive to self-
initiated movements. The spinal trigeminal nucleus innervates a rostral part of the posterior medial 
(POm) thalamus, signaling whisker-selective sensory information, as well as decision-related 
information during a goal-directed behavior, to layer 4 of the secondary somatosensory cortex. A 
caudal part of the POm, which apparently does not receive brainstem input, innervates layer 1 and 
5A, responding with little whisker selectivity, but showing decision-related modulation. Our results 
suggest the existence of complementary segregated information streams to somatosensory cortices. 

https://doi.org/10.1038/s41467-020-17087-7
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2.2 Introduction 

The thalamus is a group of nuclei located in the centre of the brain, which provide important 
excitatory glutamatergic input to all regions of the cortex. Sensory information is relayed through 
parallel modality-specific thalamic nuclei to modality-specific sensory cortices for vision, hearing, 
taste and touch. For rodents, whisker-related tactile somatosensation provide important information 
about the structure of their immediate surroundings, and several whisker-related thalamocortical 
signaling pathways have begun to be characterized 
([62],[71],[23],[72],[73],[74],[75],[76],[77],[29],[78]). In particular, the lemniscal and paralemniscal 
pathways involve the ventral posterior medial (VPM) nucleus and the posterior medial (POm) group 
of the thalamus, respectively, with segregated thalamocortical projections([29],[79],[80],[81]). It has 
long been hypothesized that these pathways convey distinct tactile information to the cortex in awake 
behaving animals. However, description of these thalamic networks has been challenging due to the 
sensitivity of their activity to brain state and their apparent heterogeneity. Indeed, several lines of 
research have accumulated evidence indicating that POm might be composed of two populations 
separated along the rostro-caudal axis with distinct thalamocortical axonal projections([82],[83]) and 
distinct synaptic inputs-either from both cortical and brainstem origin or from cortical origin only 
([84],[28],[85]). Moreover, genetic evidence suggests a corresponding molecular heterogeneity of 
this nucleus [86]. By using a novel adeno-associated viral (AAV) vector-based circuit mapping 
approach ([87]), we undertook to dissect thalamic circuits responsible for conveying tactile 
information to the cortex and probe the activity of these thalamocortical pathways in awake behaving 
mice. We report three distinct thalamocortical pathways to mouse whisker primary and secondary 
somatosensory cortices, each carrying different sensorimotor signals. 

2.3 Results 

2.3.1 AAV-mediated dissection of whisker-related thalamic nuclei 

We first sought to isolate the thalamic region receiving direct inputs from the trigeminal nucleus 
principalis (Pr5) in the brainstem. Using an AAV vector with anterograde trans-synaptic transfection 
properties [87], we expressed Cre-recombinase in the thalamus through AAV injection in Pr5. A 
second AAV injection of a Cre-dependent fluorescent protein (tdTomato) construct in the thalamus 
revealed a population of neurons within the VPM nucleus projecting specifically to the whisker 
primary somatosensory cortex (wS1) (Figure 2.1a), as expected for the well-characterized lemniscal 
sensory pathway([62]). We then performed the same experiment, this time targeting the interpolaris 
division of spinal trigeminal nucleus (Sp5i) known to innervate the POm group of the thalamus as 
part of the paralemniscal pathway ([62]). This revealed neurons in the most anterior part of POm that 
project mainly in the whisker secondary somatosensory cortex (wS2) (Figure 2.1b). Similar results 
were found when small injections were targeted to rostral Sp5i (n = 5 mice). To identify the 
complementary POm neuronal population, which did not express Cre-recombinase through 
anterograde trans-synaptic transfection from the brainstem, we delivered an AAV vector to express 
the enhanced yellow fluorescent protein (eYFP) in a Cre-OFF manner in the thalamus (see 
“Methods”). We observed expression of eYFP in the posterior part of POm with broad axonal 
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innervation of the cortex (Figure 2.1c). Further analysis showed that the two main trigemino-thalamo-
cortical circuits going through VPM and Pom−defined here as first-order (FO) nuclei−mainly target 
layer 4 (L4) of the cortex whereas the higher-order (HO) subdivision of POm targets layer 5A (L5A) 
and layer 1 (L1) (Figure 2.1d, e). Note that expression of eYFP in POm-HO could potentially include 
neurons from POm-FO if not enough neurons from Sp5i were transfected from injections in the 
brainstem. However, alignment of brain slices and two-photon tomography data to a reference atlas 
([88]) helped identify an anatomical boundary between POm-FO and POm-HO along the rostro-
caudal axis with little overlap between these neuronal populations (see also Supplementary Figure 
2.5, POm-FO approximately centered at: −1.7mm posterior, 1.2mm lateral, 3mm deep relative to 
bregma; POm-HO approximately centered at: −2.2mm posterior, 1.2 lateral, 2.7mm deep relative to 
bregma). In addition, injection of choleratoxin subunit B (CTB) conjugated with Alexa647 in POm-
HO to retrogradely label neurons projecting to this nucleus suggests that POm-HO receives inputs 
from cortical neurons in both L5 and L6 ([89]) (see also Supplementary Figure 2.6). Thus POm-FO 
and POm-HO subdivisions correspond anatomically to the convergence (Sp5i and cortical inputs) 
and non-convergence (cortical inputs only) zones previously reported ([84],[28]) In summary, here 
we define three distinct thalamocortical pathways that innervate the cortex in a region specific and 
layer-specific manner (Figure 2.1f). 

2.3.2 Synaptic integration of thalamocortical projections in wS2 

Although synaptic integration of thalamocortical inputs in wS1 has begun to be characterized 
([78],[76],[29],[90],[91]) little is known regarding synaptic responses of wS2 excitatory neurons to 
thalamocortical axonal stimulation. To characterize glutamatergic drive exerted by POm-FO and 
POm-HO thalamocortical circuits in different layers of wS2, we performed ex vivo whole-cell 
recordings of membrane potential in parasagittal slices of mice expressing channelrhodopsin-2 in 
these nuclei (Figure 2.2a). We followed the same AAV-based strategy as before, expressing 
channelrhodopsin-2 in these two nuclei by using Cre-ON or Cre-OFF vectors in the thalamus after 
injection of the trans-synaptic anterograde AAV1.CaMKIIa.Cre viral vector in Sp5i. We targeted 
excitatory neurons across all layers (Figure 2.2b) and recorded monosynaptic excitatory postsynaptic 
potentials (EPSPs) ([92]) in response to 1ms blue light pulses applied in wS2 to pathway specific 
thalamic axons expressing ChR2 (Figure 2.2c) (see “Methods”). By recording from many neurons in 
the same brain slice, we measured the amplitude of the EPSPs in neurons located in different cortical 
layers evoked in response to the same stimulation of pathway-specific thalamic axons. In order to 
better compare across different slices, which could contain varying expression levels of ChR2, we 
normalized the layer-specific responses to the main input layer as defined by thalamocortical axonal 
innervation. This strategy allowed us to map the profile of monosynaptic thalamic input in the cortex 
across layers. For POm-FO axons, we observed weaker responses in superficial layers compared with 
deeper layers with dominant synaptic inputs in the main input layer L4 (Figure 2.2d, ANOVA test p 
= 0.02, Kruskal-Wallis test comparing L4 with all other layers, p =0.0012). POm-HO thalamocortical 
inputs elicited broad responses across layers with a dominant input in L5A pyramidal cells located 
where the main axonal innervation was observed (Figure 2.2e–g, ANOVA test p = 0.018, Kruskal-
Wallis test comparing L5A with all other layers, p = 0.0007). 
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Figure 2.1 Whisker somatosensory thalamic nuclei and their cortical projections revealed through AAV-mediated anterograde trans-synaptic gene 
expression. (a) AAV1 viral vector was injected in Pr5 of the brainstem to express Cre-recombinase in a trans-synaptic anterograde manner. A second 



Anatomically and functionally distinct thalamocortical inputs to primary and secondary whisker somatosensory cortices 2.3 Results 

39 

AAV injection in the thalamus expressing a Cre-dependent tdTomato fluorescent protein resulted in labelling of VPM neurons receiving direct inputs 
from Pr5. Left: schematic of the injection protocol. Middle: Example coronal section with VPM neurons expressing tdTomato in comparison to a 
reference atlas ([88]) (distance from bregma indicated). Right: Axonal innervation of VPM neurons in wS1. This experiment was repeated in four mice 
with similar results. (b) Same as a, but for POm neurons receiving direct inputs from Sp5i. This experiment was repeated in ten mice with similar 
results. (c) Same as b, but for POm neurons not expressing Cre-recombinase through trans-synaptic transfection from Sp5i injections. Here, the second 
viral vector injected in the thalamus only allowed expression of eYFP conditionally in the absence of Cre-recombinase. This experiment was repeated 
in seven mice with similar results. (d) Examples of laminar-specific axonal innervation in somatosensory cortices originating from different thalamic 
nuclei. (e) Normalized fluorescent expression profile averaged over mice (n = 4 mice for VPM first-order (VPM-FO), n =10 mice for POm first-order 
(POm-FO), n =7 mice for POm higher order (POm-HO)). Shaded areas: s.e.m. (f) Schematic of the different somatosensory thalamocortical circuits. 
The schematic drawings of the brain in panels (a)–(c) are reproduced from [88] with permission from Elsevier. 

2.3.3 Distinct thalamocortical properties during passive stimuli 

Taking advantage of the versatility of this trans-synaptic viral approach, we next characterized the 
functional properties of thalamocortical projections originating from VPM-FO, POm-FO, and POm- 

HO subnuclei. In order to characterize the activity of the three thalamocortical pathways in vivo we 
expressed the genetically encoded calcium indicator GCaMP6s using the dual injection strategy 
described in Figure 2.1. Axons were imaged using a two-photon microscope through a microprism 
window assembly ([93],[49]) to access deep cortical layers in wS1 or wS2 (Figure 2.3a-c, 
Supplementary Video 2). To image POm-HO axons, we took advantage of the laminar segregation 
of POm-FO and POm-HO inputs and imaged axons in layer 1 of Gpr26-Cre mice expressing 
GCaMP6s specifically in POm (see “Methods”). We first focused on axonal responses following 
passive stimulation of the C2 whisker or its adjacent B2 whisker. Highly correlated axonal segments, 
presumably originating from the same neuron, were isolated in the image and the corresponding 
calcium signal was extracted and z-scored (Figure 2.3d, see “Methods”). Calcium responses to 
whisker stimuli were typically fast, transient and reliable across trials (Figure 2.3d) with VPM-FO 
responses displaying a shorter latency compared to POm-FO and POm-HO axons (Figure 2.3e). 
Comparing the spatial distribution of axons relative to their whisker selectivity, we observed that 
VPM-FO neurons form highly segregated axonal domains with strong whisker-specific preferences 
in the corresponding L4 barrel (Figure 2.3f). In contrast, POm-FO axons were more intermingled 
with no clear anatomical domains and with mixed weak and strong whisker selectivity (Figure 2.3g). 
We quantified the differences in the spatial distribution of highly tuned axons for C2 and B2 whiskers 
using an index of overlap (see “Methods”). Comparing between VPM-FO and POm-FO 
thalamocortical projections, we found significantly more overlap between C2- and B2-responding 
axons in POm-FO than VPM-FO (VPM-FO: n = 19 fields of view, 0.023 ± 0.014 mean ± s.e.m.; 
POm-FO: n = 16 fields of view, 0.217 ± 0.071 mean ± s.e.m., Kruskal–Wallis unpaired test, p = 
0.0063). POm-HO axons imaged in L1 mainly displayed sensory responses that were relatively 
unselective (Figure 2.3h) consistent with previous papers reporting broader receptive fields for non-
lemniscal pathways such as POm compared to VPM neurons in urethane-anesthetized rats ([23],[27]). 
POm-FO axons displayed whisker-specific responses and were significantly more tuned than POm-
HO. Interestingly, POm-FO axons with strong whisker preference displayed significantly shorter 
response latencies than axons with weak whisker preference (Figure 2.3g, right), potentially 
highlighting two neuronal populations driven dominantly by Sp5i (tuned, short latency resembling 
VPM-FO) or by cortex (untuned, longer latency resembling POm-HO) as previously suggested([85]). 

2.3.4 Pathway-specific responses during sensorimotor behaviors 

Next, we studied the responses of these axonal populations during whisker-based goal-directed 
behaviours. It has been hypothesized that motor activity and brain state can differentially affect  
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Figure 2.2 Ex vivo whole-cell recordings in brain slices of POm-FO and POm-HO inputs to excitatory neurons across layers in wS2. (a) Schematic 
showing the strategy used to selectively express ChR2-eYFP in FO or HO subdivisions of POm. Method used to activate thalamocortical axons 
expressing channelrhodopsin-2 in order to evoke postsynaptic potentials in the somatosensory cortex is illustrated. A 470 nm wavelength light was 
delivered with a LED light source coupled with a 1mm optic fiber onto wS2. Inset: Two-photon microscopy image of an in vitro whole-cell patch–
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clamp recording of two neurons filled with Alexa 594. (b) Confocal z-projection of wS2 in a parasagittal slice after fixation. ChR2-eYFP was expressed 
in POm-FO axons, and recorded neurons were filled with biocytin followed by staining with streptavidin conjugated to Alexa 647. This experiment 
was repeated in three mice with similar results. (c) Light-evoked excitatory postsynaptic potentials (EPSPs) from recorded neurons labeled in b 
following 1ms light pulses. (d) Top: Peak amplitude of EPSPs evoked by optogenetic stimulation of POm-FO axons recorded in cortical excitatory 
neurons (N = 3 mice, n = 39 neurons) across different layers in wS2. On each box, the central mark indicates the median and edges indicate the 25th 
and 75th percentiles. The whiskers extend from the minimum data point comprised within 1.5× of the interquartile range to the 25th percentile and from 
the maximum data point comprised within 1.5× of the interquartile range to the 75th percentile. Bottom: same responses normalized to the average peak 
EPSP recorded in the main input layer (L4) for each experiment. (e)–(g) Same as b–d but for POm-HO axon stimulation during whole-cell recording 
of neurons in wS2 (N =3 mice with similar results, n= 34 neurons). Here, EPSPs were normalized to the average peak EPSPs from L5A neurons for 
each experiment. 

lemniscal and paralemniscal pathways ([94],[95],[96],[97],[98]). To address this question, we trained 
water-restricted mice in a two-whisker discrimination task (Figure 2.4a). To tease apart signals related 
to motor outputs from potential reward signals, water was delivered only if mice licked a spout upon 
C2 whisker stimulation but not for B2 whisker. As a result, mice learned to lick preferentially in 
response to C2 whisker deflection (Figure 2.4a). The first lick reaction time was 0.29 ± 0.18 s (mean  
± SD). Calcium responses of thalamic axons to whisker stimulation were enhanced in trials where  
the mouse licked the spout compared to no-lick trials (Figure 2.4b, c, and Supplementary Figure 2.8). 
Although VPM-FO axons exhibited much stronger and more prolonged responses in lick trials 
compared to no-lick trials, this difference was not significant during an early pre-reaction time phase 
of 0.266 s, roughly corresponding to the time-to-peak for the no-lick condition (Figure 2.4d). This 
indicates that the decision to lick or not to lick the spout did not influence the early response of VPM-
FO neurons, consistent with reliable tactile coding in the lemniscal primary sensory thalamus, 
relatively invariant to subjective report, in agreement with a previous study ([99]). In contrast, POm-
FO and POm-HO displayed an enhanced transient response during lick trials that was significantly 
stronger than in the no-lick condition, even during the early pre-lick period (Figure 2.4e, f, see also 
Supplementary Figure 2.8)This analysis was robust for different time windows (see “Methods”). Our 
results suggest a potential role for POm-FO and POm-HO in decision-making, possibly resulting 
from corticothalamic inputs (Supplementary Figure 2.6). We then focused on the prolonged calcium 
responses found for VPM-FO axons that seem to correlate with licking, which is also often associated 
with other facial and body movements. Indeed, individual VPM axons displayed a distribution of 
calcium response latencies that varied with first lick reaction time (Figure 2.4b). This was even more 
apparent in the response for the non-preferred whisker where strong calcium transients were evoked 
during lick events exclusively. Whisker movements typically correlate with licking ([50]) and licking 
responses in VPM axons are likely at least in part due to whisking-related increases in VPM activity 
([96],[100]). In contrast, individual POm-FO axons responded to passive whisker stimuli with 
enhanced amplitude during lick trials as compared to no-lick trials, appearing as a form of gain 
modulation (Figure 2.4c). As a result, these axons conserved their whisker selectivity regardless of 
the motor output. In addition, calcium transients in POm-FO and POm-HO axons display no strong 
timing correlation with first lick reaction time, in contrast to VPM-FO axons (Figure 2.4g, Kruskal–
Wallis test with Bonferroni correction, p = 2 × 10-6 for VPM-FO vs. POm-FO, p = 4 × 10-6 for VPM-
FO vs. POm-HO, p = 1 for POm-FO vs. POm-HO). Thus, VPM-FO axons are more excited during 
licking compared to POm-FO and POm-HO, which was also apparent when looking at calcium 
signals evoked by isolated spontaneous lick events or calcium activity decay following the offset of 
licking bouts in VPM-FO axons as compared to POm-FO and POm-HO axons (Supplementary Figure 
2.9). As a result, calcium responses to self-initiated facial movements prevented VPM-FO axons from 
conserving information about the passive whisker stimulus as reflected in the dramatic drop in 
absolute whisker selectivity index (Figure 2.4h). In contrast, POm-FO axons did not display a  
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Figure 2.3 Calcium imaging of thalamocortical axons during passive whisker stimulation. (a) Schematic of viral vector injection and microprism 
implantation for in vivo calcium imaging of thalamocortical axons expressing GCaMP6s. (b) Intrinsic optical signal in wS1 during whisker stimulation. 
This experiment was repeated in 14 mice with similar results. (c) Two-photon image of VPM axons in wS1. Similar results were observed in three 
mice. (d) Left: Example of a region of interest for axonal segments with high calcium signal correlation in wS1 (red). Right: Corresponding calcium 
responses to C2 or B2 whisker stimulation in z-score across trials. The average calcium responses are shown below. (e) Normalized calcium responses 
averaged over all axons for each population (3 mice, n=62 axons for VPM-FO; 3 mice, n=101 axons for POm-FO; 8 mice, n=86 axons for POm-HO). 
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Inset: Response latency comparison (Kruskal–Wallis twosided test with Bonferroni correction, **p=0.008 for VPM-FO vs. POm-FO, **p=0.004 for 
VPM-FO vs. POm-HO, p=1 for POm-FO vs. POm-HO). Boxplot: central mark indicates the median and edges indicate 25th and 75th percentiles. 
Whiskers extend to the largest or smallest point comprised within 1.5× of the interquartile range from both edges. (f) Left: Two-photon image of the 
calcium response (ΔF/F) for C2 (green) and B2 (red) whisker stimulation overlaid on top of VPM axonal innervation (gray) in wS1. Middle: Distribution 
of whisker selectivity indices for the corresponding axonal population (3 mice, n=62 axons). Right: Distribution for the absolute value of the whisker 
selectivity index. Red arrow: average value. (g) Same as f, but for POm-FO axons in wS2 (3 mice, n=101 axons). Inset in the right panel: Response 
latency comparison between tuned (|WSI | ⩾0.75) and untuned (|WSI | < 0.75) axons (Kruskal–Wallis two-sided test, **p=0.002). Boxplot statistics 
same as in (e) inset. (h) Same as f, but for putative POm-HO axons located in layer 1 (8 mice, n=86 axons). Kruskal–Wallis test with Bonferroni 
correction comparing |WSI |:  p=0.003 for VPM-FO vs. POm-FO; p=4×10-11 for VPM-FO vs. POm-HO; and p=4 × 10-11 for POm-FO vs. POm-HO. 
 
significant decrease in selectivity and became the thalamocortical inputs with the highest whisker 
selectivity during lick trials (Figure 2.4h). Subdividing POm-FO axons into highly tuned and untuned 
populations revealed some resemblance of the tuned axons with VPM-FO axons although influence  
of licking on response properties was much weaker and both tuned and untuned axons displayed a 
strong modulation in the early response phase (see also Supplementary Figure 2.9), indicating an 
important contribution of top-down inputs not seen in VPM-FO axons. 

2.4 Discussion 

Using a viral vector mediated gene delivery approach, we were able to express anatomical markers, 
opsins and calcium indicators in specific thalamic populations, allowing us to investigate the function 
of these thalamocortical circuits at the level of synaptic integration in cortical neurons ex vivo, as well 
as in awake quiet or behaving mice. We found that tactile information conveyed by three distinct 
thalamic projections to somatosensory cortices differ in terms of their whisker selectivity, sensitivity 
to self-initiated movements and modulation during decision-making in a goal-directed task. Our 
results suggest that these complementary encoding properties might act in concert at the cortical level 
to mediate behavior-dependent and -independent representation of tactile scenes. Using the recent 
finding that AAV serotype 1 displays strong anterograde trans-synaptic transfection properties ([87]), 
we were able to identify whisker-related thalamic nuclei based on their input from the brainstem. In 
particular, this AAV-mediated dissection of thalamic nuclei revealed two parallel trigemino-thalamo-
cortical circuits that transfer tactile information to the primary and secondary whisker somatosensory 
cortex respectively. On the one hand, the lemniscal pathway receives whisker-related activity in Pr5 
that is further sent to VPM where neurons project axons mainly in cortical layer 4 of wS1. On the 
other hand, the paralemniscal pathway receives inputs in Sp5i that are relayed to POm-FO subdivision 
where neurons project their axons mainly in cortical layer 4 of wS2. The Sp5i to POm-FO trigemino-
thalamo-cortical circuit that we characterized resembles the previously described extralemniscal 
pathway of the rat in terms of axonal innervation in the cortex ([71],[101]) and whisker-related 
representation ([23],[75]). The extralemniscal pathway arises from a caudal part of Sp5i projecting 
to the ventrolateral part of VPM (VPMvl), which in turn innervates layer 4 of wS2 and septal layer 4 
domains of wS1. In our experiments, we did not distinguish between rostral and caudal subdivisions 
of Sp5i. However, in additional anatomical experiments, injections were targeted specifically to the 
rostral subdivision of Sp5i, which resulted in a similar innervation pattern of POm-FO further 
projecting in wS2 L4. Further work is needed to investigate functional and anatomical neural circuit 
differences of caudal and rostral subdivisions of Sp5i in mice. That the domains of POm and VPMvl 
([71]) receiving direct axonal inputs from Sp5i seem to merge in the caudal part of the 
thalamus([101]) may help to understand the organization of these pathways. In our anatomical 



Anatomically and functionally distinct thalamocortical inputs to primary and secondary whisker somatosensory cortices 2.4 Discussion 

44 

characterization of the POm-FO pathway, we also sometimes found expression in neurons located in 
the outer periphery of the VPM, likely corresponding to VPMvl (see also Supplementary Figure 2.5), 
potentially suggesting that POm-FO and VPMvl could be part of a common circuit. Our data thus 
suggest two major trigemino-thalamo-cortical pathways conveying parallel tactile information from 
the periphery to the thalamo-recipient layer 4 of wS1 and wS2 with first- order synaptic properties 
([98]), which challenges the classical hierarchical model of the whisker sensory system and suggests 
that wS2 can process sensory information independently from wS1 ([99]). 
 

 
 
Figure 2.4 Distinct sensory information in parallel thalamocortical pathways during goal-directed behavior. (a) Schematic of a mouse performing a 
two-whisker discrimination task, and the average lick rate over all imaging sessions (>4 days of training) for all stimulus conditions across mice (mean 
lick rates over n = 14 mice, Kruskal–Wallis test with Bonferroni correction: p = 0.02 for C2 vs. B2; p = 2 × 10-8 for C2 vs. No stim; and p= 0.009 for 
B2 vs. No stim). Boxplot: central mark indicates the median and edges indicate 25th and 75th percentiles. Whiskers extend to the largest or smallest 
point comprised within 1.5× of the interquartile range from both edges. (b) Calcium responses (z-score) for an example VPM-FO axon during lick trials 
upon C2 or B2 whisker stimulation. Trials are ordered according to lick reaction times, which are shown with a white line on color maps. Average 
responses are shown below for lick and no-lick conditions. (c) Same as b, but for a POm-FO axon. d Left: Calcium responses averaged over all VPM-
FO axons with significant responses to whisker stimuli during lick and no-lick trials, normalized to the no-lick condition. Dark lines: mean value and 
shaded areas: s.e.m. Middle: Early phase of the response over the first 0.4 s. Right: Comparison of the response amplitude between lick and no-lick 



Anatomically and functionally distinct thalamocortical inputs to primary and secondary whisker somatosensory cortices 2.4 Discussion 

45 

conditions averaged over gray area (0–0.266 s) in middle panel (Wilcoxon paired two-sided test, p =0.94, N.S. not significant). (e), (f) Same as d, but 
for POm-FO axons (***p = 3 × 10-5 for (e)) and POm-HO layer 1 axons (***p= 1 × 10-5 for (f)), respectively. (g) Distributions of Pearson correlation 
coefficient between reaction times and calcium response latencies for all axons with significant responses in lick trials (n = 169 for VPM-FO, n =264 
for POm-FO, n = 281 for POm-HO layer 1 axons). Colored bars: Pearson coefficient with p < 0.05. h Distributions of whisker selectivity index absolute 
values comparing all axonal populations and lick/no-lick conditions for axons with significant sensory responses in no-lick condition (Kruskal–Wallis 
two-sided test with Bonferroni correction; VPM-FO: ***p= 1 × 10-12 for lick vs. no-lick, POm-FO: p =0.32 for lick vs. no-lick N.S. not significant, 
POm-HO: ***p = 3 × 10-10 for lick vs. no-lick, *p =0.034 for VPM-FO vs. POm-FOin lick condition, ***p = 5 × 10-15 for POm-FO and POm-HO in 
lick condition). Boxplot statistics as in (a). 
 
The third nucleus that we could isolate is the complementary subdivision of POm, presumably 
receiving inputs only from the cortex as suggested in previous work ([80], [26], [81]). Indeed, 
contrary to the classical view, these POm-HO neurons do not appear to receive tactile inputs from the 
periphery (Figure 2.1c), which could explain their functional responses displaying a lack of whisker-
selectivity. Thalamocortical axons from these neurons are located predominantly in layer 1 and layer  
5A, and are of the matrix type spanning large regions of the cortex horizontally ([100]). Neurons in 
POm-HO are driven by the layer 5 and layer 6 of the cortex ([80], [26], [25]) and could thus serve as 
a hub for cortico-thalamo-cortical communication, for example linking activity in wS1 and wS2 
([101]). It has been hypothesized that different types of thalamocortical inputs, core versus matrix, 
might play different roles based on their anatomical organization. Core-type axons are confined to 
small cortical domains and provide highly specific sensory information whereas matrix-type axons 
span large horizontal domains of the cortex and seem to provide broadly tuned sensory information 
([102]). A possible role of HO thalamic inputs could reside in their ability to alter the functional 
connectivity of large cortical networks allowing different cortical areas involved in complementary 
computations to communicate under certain conditions ([103]). In view of recent results suggesting 
a prominent role of layer 1 POm thalamocortical signals in coupling synaptic inputs in distal dendrites 
to somatic activity in L5 pyramidal neurons ([98]), we hypothesize that the untuned whisker-evoked 
responses we observed in POm-HO axons could contribute to facilitate sensorimotor integration in a 
context-dependent manner. The contribution of POm-HO could therefore be complementary to VPM-
FO and POm-FO that provide specific sensory information to specialized distinct cortical domains. 
We found that VPM-FO, POm-FO, and POm-HO differ significantly in terms of their whisker 
selectivity with VPM-FO displaying sharp selectivity, POm-HO displaying little whisker selectivity 
and POm-FO displaying mixed selectivity. This observation is in line with the receptive field 
properties of cortical neurons that are the target of these thalamocortical projections. Indeed, many 
neurons in the wS1 are known to have sharp whisker selectivity ([103],[104],[105]) much like VPM-
FO axons, whereas neurons in wS2 typically respond to whisker stimulation with larger receptive 
fields ([106], [107]). Similarly, neurons in superficial layers of wS1 with large receptive fields were  
shown to receive inputs from POm thalamic neurons ([108]). In terms of response latency, we found 
that VPM-FO axons responded faster than POm-FO and POm-HO. Although calcium signals offer a 
lower temporal resolution than electrophysiological recordings, this difference is in line with previous 
reports ([75],[27]). Interestingly POm-FO appeared to be composed of two populations, either with 
short latencies and strong whisker selectivity or with longer latencies and reduced whisker selectivity. 
This could reflect different cells in POm-FO that are predominantly driven by cortical inputs or 
trigeminal inputs ([28]). 
In wS1, the spatial organization of VPM-FO axon activity was consistent with whisker specific 
barrels. In contrast, the somatosensory map of wS2 is less clearly defined than the one observed in 
wS1 ([40]), and we found spatially intermingled thalamic axons with different whisker-selectivities. 
However, in our experiments we only imaged small fields of view, and we only stimulated 
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neighbouring whiskers, and thus our results do not exclude that POm-FO axons are spatially 
functionally organized somatotopically at a larger scale. 
The VPM-FO and POm-FO pathways also differ in their sensory representation during goal-directed 
behaviors with the former responding more strongly to self-initiated movements and the latter 
responding preferably to externally triggered unpredictable whisker movements ([94],[109]). Distinct 
sensory representations of self-initiated and external sensory information in parallel thalamocortical 
circuits have also been reported in the mouse visual system ([110]) and could be a general feature of 
sensory systems. Moreover, this result suggests that POm-FO axons conserve their selectivity to 
whisker stimulation regardless of behavioural conditions, therefore appearing to relay 
somatosensation while suppressing sensory information resulting from self-initiated movements. 
POm is targeted by GABAergic neurons in the zona incerta which exert a strong inhibitory influence 
on the responses of POm neurons ([85],[111]). Neurons in zona incerta are also under the control of 
cortical neurons in the whisker primary motor cortex ([112]) that could provide a top-down signal 
responsible for shaping the response properties of POm neurons during behaviour. 
It is interesting to note that all three thalamic populations responded strongly to whisker stimuli. 
Previous studies in anesthetized rodents ([28],[85],[111]),have reported weak sensory responses in 
POm neurons. However, POm neurons are markedly more active in awake ([94],[98]), alert ([97]) 
and active([96]) states, perhaps because of state-dependent suppression of inhibitory zona incerta 
neurons innervating POm ([85],[112]). Disinhibition of POm during awake states likely allows 
sensory-evoked responses, as observed in our study, without the need of inactivating zona incerta, as 
previously reported under anaesthesia ([85],[111]). 
When the whisker-evoked responses of thalamic axons was characterized during goal-directed 
sensorimotor tasks, we found that VPM-FO axonal responses were not modulated by lick/no-lick 
decisions during an early time window following stimulus presentation in line with a recent report 
([99]). In contrast POm-FO and POm-HO inputs displayed decision-related response modulation 
early after whisker stimulation, which might play a role in perceptual decision making beyond the 
classical sensory relay model ([57]). Signatures of decision-related signals have been previously 
reported bidirectionally between wS1 and wS2 ([99], [58], [57], [113]), yet the origin of this signal 
remains unknown. Our results indicate that a decision-related signal can emerge as early as in the 
thalamus and could therefore be part of a closed-loop circuit designed to maintain important 
perceptual information through recurrent excitation of cortex and thalamus ([114]). The specific role 
of POm-FO axons in conveying tactile signals to wS2 that are amplified during decision-making is  
consistent with the hypothesis that wS2 is a key node in the brain network involved in whisker-based 
perceptual decision-making ([99], [58], [57], [113], [1]). 
In future experiments, it will be of great interest to investigate the neuronal circuit mechanisms, 
including possible roles for top-down input from various cortical regions, contributing to decision-
making related activity in POm and its relative insensitivity to self-generated input. Future 
experiments involving optogenetic perturbation of specific thalamic populations during simultaneous 
functional imaging of other thalamic pathways in awake mice performing tactile tasks will be 
essential to examine causal neural circuit mechanisms. One interesting approach might be to inject 
Cre and Flp expressing anterograde transsynaptic viruses in Pr5 and Sp5 to be able to express different 
combinations of fluorophores, optogenetic actuators, and activity reporters for more detailed analyses 
of specializations, correlations, and interactions. 
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2.5 Methods  

2.5.1 Animals, viral vector injections, and headplate implantation 

Experiments were carried out in mice under protocols approved by the Swiss Federal Veterinary 
Office (License number VD1628) and were conducted in accordance with the Swiss guidelines for 
the use of research animals. C57BL/6 wild-type mice and heterozygote Gpr26-Cre mice ([115]) 
(Tg(Gpr26-cre)KO250Gsat, JAX mouse number 4847098) were housed in cages containing 1-5 mice 
under a 12/12-h reverse light cycle. The ambient temperature in the animal facility was 23 °C and the 
relative humidity was maintained around 50%. For all experiments, we used adult mice from both 
sexes and aged between P25 and P300. For viral injections, mice were first deeply anesthetized with 
4% isoflurane mixed in oxygen. They were then placed in a stereotaxic surgery frame using a mouth 
clamp. Carprofen was injected intraperitoneally as an analgesic (100 μl at 0.5 mg ml-1 or 100 μl at 
1.5 mg ml-1). After repeatedly disinfecting the top of the mouse head with liquid betadine and ethanol 
70%, a mixture of lidocaine and bupivacaine was injected under the scalp for local anesthesia. A 
heating blanket with a closed-loop temperature control system was used to maintain body temperature 
at ~37 °C. Throughout the surgery, temperature and breathing were monitored closely. Eyes were 
covered with ointment (Viscotears, Alcon, USA; VITA-POS, Pharma Medica AG, Switzerland) to 
prevent drying. A small scissor was used to open the scalp and expose the skull. Cotton swabs and a 
scalpel were then used to clean the skull and remove remaining tissue. Lateral muscles on the skull 
were detached using a scalpel to access the somatosensory cortices. After careful alignment of the 
skull on the stereotaxic frame, we identified the region of interest for injections. For all targeted 
subcortical structures, coordinates were measured from bregma as follows: Pr5 (5 mm posterior,1.8 
mm lateral, 3.5 mm deep from bregma), Sp5i (6.5 mm posterior, 1.8 mm Lateral, 4.1 mm deep from 
bregma), VPM (1.7 mm posterior, 1.8 mm lateral, 3.25 mm deep from bregma), POm (2 mm 
posterior, 1.25 mm lateral, 3.1 mm deep from bregma). A small craniotomy of about 0.5 mm diameter 
was made at the targeted location and forceps were used to lift the bone cap to access the brain. A 
thin glass pipette (PCR Micropipets 1-10 μl, Drummond Scientific Company, USA) was first pulled 
and then the tip was broken using a tissue to give a 21-27 μm inner tip diameter. The pipette was 
filled with mineral oil and then tip-filled with the AAV vector. The pipette was lowered to the location 
in the brain very slowly and injection was performed using a single-axis oil hydraulic 
micromanipulator (Narishige, Japan).  
To express Cre-recombinase in the trigeminal nuclei and in the thalamus through anterograde trans-
synaptic transfection ([87]), we used the viral vector AAV1.CamKII0.4. Cre.SV40 (UPenn Vector 
Core, AV-1-PV2396) and delivered it to the brainstem ipsilateral to the whiskers of interest (right 
whiskerpad). For injections in the thalamus, several Cre-dependent viral vectors were used: 
AAV9.CAG.FLEX.tdTomato (Upenn Vector Core, AV-1-ALL864), 
AAV5.EF1a.DIO.hChR2(H134R)-EYFP-WPRE-HGH (Addgene, 20298-AAV5), 
AAV1.hSyn.DFO.ChR2-EYFP (Addgene plasmid 136916, virus from Prof. Yizhar, Weizmann 
Institute of Science, Israel), AAV1.Syn.FLEX. GCaMP6s.WPRE.SV40 (UPenn Vector Core, AV-1-
PV2821). Injections were done at an approximate rate of 100 nl min-1. For all injections in the 
brainstem, we used two depths 300 microns apart and injected 250 nl at each depth. For all thalamic 
injections, we used the same strategy but injected half the amount of viral vector in the hemisphere 
contralateral to the whiskers of interest. For Supplementary Figure 2.6, we followed the same 
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procedure and injected 100 nl of Cholera Toxin subunit B (CTB) conjugated with Alexa647 (Life 
Technologies, USA) in the posterior part of POm (2.3 mm posterior, 1.4 mm lateral, 3 mm deep from 
bregma). After all injections, we waited ~5 min before slowly retracting the pipette from the brain. A 
drop of Kwik-Cast sealant (World Precision Instruments, USA) was then applied with a syringe tip 
on the craniotomy to protect the brain. A custom-made headplate was lowered on the skull and several 
layers of super glue (Loctite super glue 401, Henkel, Germany) were applied to attach the headplate. 
We then used self-curing denture acrylic (Paladur, Kulzer, Germany; Ortho-Jet, LANG, USA) to 
further secure the headplate and create a well structure around the skull. Once the super glue and 
denture acrylic dried, we returned the mouse to its home cage and monitored its recovery from 
anesthesia. For three days following surgeries, we supplied water with approximately 0.2mg ml-1 of 
Ibuprofen (Algifor Dolo Junior, VERFORA SA, Switzerland) and closely inspected and weighed 
each mouse daily to ensure good recovery. 

2.5.2 Cranial window surgery for two-photon imaging 

Cranial window surgery for two-photon imaging. In isoflurane-anesthetized mice implanted with a 
headplate, we first trimmed their whiskers to keep only the whiskers C2 and B2. Whiskers on the 
other side of the face were left intact or slightly shortened for convenience during the surgery. Mice 
were then head-fixed on a platform with a heating pad to keep their body temperature around 37 °C. 
Eye ointment was applied on their eyes to prevent drying. Intrinsic optical signal imaging was then 
acquired using repeated whisker stimulations to visualize the intrinsic signal through the skull 
covered with super glue ([50]). Whiskers were inserted in capillary tubes attached to a piezoelectric 
actuator that produced continuous 10 Hz pulsatile movements for 4 s preceded by 4 s with no stimuli. 
This was repeated for at least 10 trials with a 10s interstimulus interval. Maps were then averaged 
and compared between the stimulus and quiet windows. Throughout the imaging isoflurane was kept 
around 1% to obtain strong intrinsic responses in somatosensory cortices. The functional maps were 
then obtained to locate the region of the whisker primary and secondary somatosensory cortex 
responding to C2 and B2 whisker stimulation. Mice were then moved back to a surgery table. A 
circular craniotomy with ~3 mm diameter was then performed over the region of interest. Once the 
bone cap was removed, we used a custom-made perfusion-suction system to continuously rinse the 
exposed brain region with Ringer solution. A needle tip was shaped into a hook and used to cut and 
remove the dura over the whole craniotomy. A piece of razor blade (Wilkinson Sword, UK) was cut 
to the dimensions of the microprism edge (1.25 mm) and subsequently glued to an injection plunger. 
Using a micromanipulator, we descended the razor blade posterior to the region of interest 
perpendicular to the cortex and with the blade along the medio-lateral axis. Once at the surface of the 
cortex, the razor blade was slowly lowered roughly 800 microns into the cortex using a 
micromanipulator (Luigs and Neumann, Germany) to monitor the depth of the penetration. We next 
retracted the blade while continuously cleaning the surface of the cortex with Ringer. We then used 
a custom-made microprism window assembly consisting of two co-aligned 3 mm coverslips on top 
of a 5mm coverslip with a microprism (Tower Optical Corporation, USA) glued in the centre of the 
3 mm coverslip. All optical elements were glued together using a UV-curing optical adhesive 
(NOA61, Thorlabs, USA). For imaging in the whisker secondary somatosensory cortex, we glued the 
microprism off-centre to access this more lateral region of the cortex. This microprism window 
assembly was held by a syringe with a flat tip needle attached to a Venturi suction pump and lowered 
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into the craniotomy using the micromanipulator. Great care was taken to penetrate the microprism 
edge in the incision made with the razor blade. The face of the microprism was oriented toward the 
anterior part of the cortex. Kwik-Cast sealant or UV-Curing Optical Adhesives (NOA61, Thorlabs, 
USA) was used to isolate the edge of the craniotomy around the window. Finally, super glue and self-
curing denture acrylic were applied around the edge of the 5 mm coverslip to maintain the cranial 
window firmly in place. 

2.5.3 Two-photon calcium imaging 

Axonal imaging was performed using a custom made two-photon microscope ([49]). The microscope 
was equipped with a galvo-resonant mirror pair (8 kHz CRS, Cambridge Technology, USA), allowing 
a frame rate of 30 Hz for resolutions of either 512 × 512 pixels or 512 × 1024 pixels with the frame 
length being along the resonant scanner axis. A femtosecond tunable infrared laser line (Mai Tai, 
Spectra Physics-Newport, USA) was fed into the light path at a wavelength of 940 nm to excite the 
genetically encoded calcium indicator GCaMP6s ([116]). Light emission was detected with a GaAsP 
photosensor module (H10770PA-40, Hamamatsu, Japan), and signal acquisition was performed with 
National Instrument hardware (NI PXIe-1073, NI PXIe-6341, National Instruments, USA). The 
microscope head was movable and controlled in three dimensions by motors (Luigs and Neumann, 
Germany). A 16× immersion objective (16× Nikon CFI LWD, Japan) was used for all the imaging. 
The system was operated by the MATLAB-based software ScanImage SI5 (Vidrio Technologies, 
USA). To image thalamic axons, we used a 3× numerical zoom in ScanImage. For each mouse, 
multiple imaging sessions were performed at very different depths and locations within the field of 
view in the microprism. During the acquisition, we used a trial-based acquisition scheme where 
acquisition sequences of fixed duration (9s) were triggered at the beginning of each trial with intertrial 
intervals where no acquisition was performed. 

2.5.4 Perfusion and postmortem analysis 

Mice were anesthetized with isoflurane and overdosed with pentobarbital. They were then perfused 
with 4% paraformaldehyde (PFA), and their brains were removed. Brains remained in 4% PFA 
overnight, then transferred into PBS for two days. Next, 100 μm coronal sections were cut on a 
vibratome (Leica VT1200S). In some cases, we amplified the eYFP signal with immunostaining. To 
do so, the slices were firstly incubated in a blocking buffer containing 0.3% Triton X-100 
(Applichem, Germany) and 2% normal goat serum (NGS, Vector, S-1000-L020) in PBS (0.9% NaCl, 
0.01M phosphate buffer, pH 7.4) for 1 h. Then, we incubated with primary anti-GFP antibody (rabbit 
polyclonal 1:5000, Abcam 290, UK) together with 0.3% Triton X-100 in PBS for 48 h shaking at 4 
°C followed by two washes with PBS for 10 min. Subsequently, the slices were incubated for 2-2.5 
h at room temperature with the secondary antibody (goat antirabbit conjugated to Alexa 488 1:200, 
Life Technologies A-11012) together with 0.3% Triton X-100 in PBS. Afterwards, we washed the 
slices with PBS 3 times for 10 min and in the second wash we added DAPI (25μl of DAPI in 10ml 
PBS) in order to stain the cell nuclei. Finally, the slices were mounted on Superfrost slides using 1,4 
Diazabicyclo[2.2.2]octane (DABCO, Sigma-Aldrich D27802, USA). Images were obtained using an 
epifluorescence microscope (Olympus Slide Scanner VS120-L100 or LEICA DM 5500) through a 
10×/0.40 NA air objective. 
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2.5.5 Two-photon serial-section tomography 

Some brains were imaged through two-photon serial-section tomography. After post-fixation, the 
brains were embedded in 5% oxidized agarose (Type-I agarose, Merck KGaA, Germany) and 
covalently crossed-linked to the agarose by incubating overnight at 4 °C in 0.5–1% sodium 
borohydride (NaBH4, Merck KGaA, Germany) in 0.05M sodium borate buffer. Then, we imaged the 
brains using a custom-made two-photon serial-section microscope, which was controlled using the 
MATLAB-based software ScanImage 2017b (Vidrio Technologies, USA) and BakingTray (https:// 
github.com/BaselLaserMouse/BakingTray, extension for serial sectioning) ([117]) . The imaging 
setup consisted of a two-photon microscope coupled with a vibratome (VT1000S, Leica, Germany) 
and a high-accuracy X/Y/Z stage (X/Y: V-580; Z: L-310, Physik Instrumente, Germany). The 
thickness of physical slices was set to be 50μm for the entire brain and we acquired optical sections 
at 5 μm using a high-precision piezo objective scanner (PIFOC P-725, Physik Instrumente, Germany) 
in two channels (green channel: 500-55 0nm, ET525/50, Chroma, USA; red channel: 580-630 nm, 
ET605/70, Chroma, USA). Each brain section was imaged with 7% overlapping 1025 × 1025 μm 
tiles. We used a 16× water immersion objective lens (LWD 16×/ 0.80 W; MRP07220, Nikon, Japan), 
with a resolution of 0.8μm per pixel in X and Y and measured axial point spread function of 5μm full 
width at half maximum. After acquisition, the raw tiles were stitched using the MATLAB-based 
software StitchIt (https://github.com/SainsburyWellcomeCentre/StitchIt). This software applies 
illumination correction based on the average tile in each channel and optical plane and subsequently 
stitches tiles for the entire brain. After stitching and before further image processing, we down-
sampled the stitched images by a factor of 6 in X and Y obtaining a voxel size of 4.8 × 4.8 × 5 μm, 
using the MATLAB-based software MaSIV (https://github.com/SainsburyWellcomeCentre/masiv). 

2.5.6 Whisker stimulation and behavioral training 

Mice were trained in a two-whisker discrimination task under a water restriction schedule. Two 
piezoelectric actuators were mounted in a two-arm holding system with foam to dampen vibration 
resonance. Small capillary tubes were glued to the piezoelectric element to insert each whisker. The 
tip of each tube was melted to slightly close the opening so that each whisker was tightly held inside 
the tube with no free space for movement. A spout was presented within the reach of the tongue. A 
piezo-film was attached to the spout in order to detect licking activity as vibrations. Water reward 
was delivered through the spout using a valve system. Facial movements were filmed at 100 frames 
per second using a high-speed camera (CL 600 ×2/M, Optronis, Germany) and an infrared light 
outside the visible range of the mouse. Sensory stimulation and behavioural training were performed 
through a MATLAB-based (Mathworks, USA) custom-made software. Whisker stimuli consisted of 
5 sine waveform pulses, each lasting 40 ms for a total stimulus duration of 200 ms. The amplitude of 
the tube displacement was ~1 mm and was comparable for both whiskers. This value was well beyond 
the detection threshold. We used trials with a duration of 9 s. Three possible stimulus conditions were 
considered: stimulation of the C2 whisker, stimulation of the B2 whisker or no stimulation at all. 
Each trial started with a quiet window of 2 s during which lick detection would result in cancelling 
the trial and starting over. At the end of the quiet window, stimuli were delivered at the start of a 2 s 
long response window during which the mouse could lick the spout. If a lick was detected upon C2 
whisker stimulation, a water reward of ~8 μl was delivered. Licking upon B2 whisker stimulation 
resulted in a 10 s timeout, and licking in absence of whisker stimuli had no effect. At least 4.5 s 
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separated each trial resulting in a minimum interstimulus interval of 13.5 s. During the first session 
of the training, mice were head-fixed and stimulation of the C2 whisker was automatically 
accompanied with water reward, whereas B2 whisker stimulation was delivered without reward. This 
associative phase could be stopped during the first session if the mouse started licking the spout in 
response to whisker stimulation and did not last more than one session. After a few days, on average, 
mice started performing the task with performance above chance level (percentage of correct trials 
larger than 60%). Analysis of axonal calcium data only included these sessions. Trials with whisker 
stimuli constituted 80% of all trials and no stimulus trials 20%. Detection of licking was done in two 
different ways. During the behavioural training, licking was detected through strong vibrations of the 
spout. After the session, the movie of facial movements was analysed using a dimensionality 
reduction algorithm and t-distributed stochastic neighbour embedding (t-SNE) ([118]) to classify 
movements ([119]). After applying principal component analysis decomposition on individual 
frames, we kept the 50 principal components and ran wavelet decompositions over the temporal 
domain with 25 frequency bands. t-SNE was then applied to the resulting reduced space to obtain 
two-dimensional maps of orofacial dynamics. Lick reaction times were extracted from this analysis 
by finding the first-time bin where lick movement could be identified. This resulted in reaction times 
smaller than the ones obtained with spout contact because they represent the initiation of movement 
instead of the timing when the tongue is protracted. 

2.5.7 Whole-cell brain slice recordings 

The brains of adult mice of either sex were removed 3-4 weeks after viral injections and 300-μm-
thick parasagittal (35° away from vertical) brain slices were cut on a vibrating slicer (Leica VT1200S, 
Germany) in an ice-cold modified artificial cerebrospinal fluid (ACSF) containing (in mM) 87 NaCl, 
25 NaHCO3, 25 D-glucose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2, 75 sucrose, aerated with 
95% O2 + 5% CO2. After being sliced, the tissue was transferred to a chamber with the same solution 
at room temperature for 25 min. Then, the tissue was transferred to a chamber with standard ACSF, 
containing (in mM) 125 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 
aerated with 95% O2 + 5% CO2 at room temperature. Slices were maintained at room temperature 
until the recording session started (within 3 h of slicing). The brain slices containing ChR2-eYFP 
expressing axons were identified with a 4× objective lens (Olympus UPlanFI 4×, 0.13 NA) using 
very brief illumination with 470-nm light to excite eYFP fluorescence. Creation of a gradient contrast 
image of cells was achieved by transmitted light through a Dodt contrast element (Luigs and 
Neumann, Germany). Brain slices were continually superfused with ACSF containing 50 μM 
picrotoxin (PTX), 1 μM tetrodotoxin (TTX), 100 μM 4-aminopyridine (4-AP) at 34 °C and aerated 
with 95% O2 + 5% CO2 mixture ([92]). The membrane potentials of neurons were recorded in whole-
cell configuration with a Multiclamp 700B amplifier (Molecular Devices, USA). Borosilicate patch 
pipettes with a resistance of 5-7 MΩ were used. The pipette intracellular solution contained (in mM) 
135 K-gluconate, 4 KCl, 4 Mg-ATP, 10 Na2-phosphocreatine, 0.3 Na-GTP, and 10 HEPES (pH 7.3, 
280mOsmol l-1). Biocytin (3 mg ml-1) was added to the intracellular solution. Electrophysiological 
membrane potential data were low-pass Bessel filtered at 10 kHz and digitized at 20 kHz with an 
ITC-18 acquisition board (Instrutech, USA). Data acquisition routines were custom-made procedures 
written in IgorPro software (Wavemetrics, USA). Membrane potential measurements were not 
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corrected for the liquid junction potential. For stimulation of ChR2-expressing axons, we used a 470-
nm collimated blue LED system (Thorlabs, USA) coupled to a 1mm optic fibre 
(Thorlabs; 0.48NA, USA). Optic fibre blue light stimulation had a peak light power of ~30 mW at 
the tip of the fibre. Light power varied across experiments between ~1 and ~30 mW. After completion 
of the electrophysiological recordings, slices were fixed for at least 24 hours in 4% paraformaldehyde 
and then transferred into phosphate-buffered saline (PBS). Slices were then washed in PBS three 
times over a period of 1 hour. After washing, slices were then incubated in a blocking solution 
containing 5% normal goat serum (NGS) and 0.3% Triton X-100 for 1 h. Then slices were transferred 
into the staining solution containing 0.3% Triton X- 100 and 1:2000 of Streptavidin conjugated to 
Alexa 647 (Life Technologies, USA). Slices were incubated for 3 h and then washed with PBS at 
room temperature. DAPI was used as a counterstain. Slices were then mounted and imaged under a 
confocal microscope (Leica SP8 FLIM, Germany) through a 25×/0.95NA water objective (HC 
Fluotar). All the recovered neurons could be identified and matched to the electrophysiological 
recording. 

2.5.8 Data processing 

Two-photon calcium signals from thalamic axons were extracted from imaging sessions using the 
MATLAB-based toolbox Suite2p ([120]). After correcting each imaging session for rigid motions, 
the toolbox identified regions of interest (ROI) corresponding to axonal segments. The time-varying 
signal was extracted from these ROIs. Axonal segments belonging to the same cell could be present 
in different parts of the image with no direct connections between them. Therefore, we used a 
correlation-based clustering analysis to identify sets of axonal segments sharing strong correlation 
(>0.8). Signals from highly correlated axonal segments were averaged together weighted by the 
number of pixels for each ROI. We then inspected the resulting ROIs and the level of correlation 
between axonal segments. If additional stretches needed to be merged, we use a graphical user 
interface on MATLAB (MathWorks, USA) to perform this stitching operation with manual 
inspection. Once ROIs had been defined, the neuropil signal was subtracted using the same pixel-
based weights. The neuropil signals were extracted from the Suite2p algorithm together with the 
corresponding estimated coefficients. The resulting calcium signal was then normalized to the noise 
level. We first estimated the signal mode value in a piecewise manner in segments of 3000 frames. 
This baseline estimation was then fitted by a fifth order polynomial function to filter out spurious 
high-frequency components. This baseline was subtracted from the ROI signal. Because of the 
nonnegative nature of GCaMP6s signal fluctuations, the noise level was estimated through the 
distribution of negative fluctuations below the baseline. Assuming a Gaussian noise model, we 
divided the baseline-subtracted calcium signal by the standard deviation of this Gaussian noise to 
obtain traces normalized to noise level. When considering stimulus-evoked responses we computed 
a z-score relative to baseline GCaMP6s activity. To do so we collected signals in the quiet window 
0.5s prior to the response window. The mean of this distribution was subtracted from the signal, 
which was further divided by the standard deviation of the distribution. 

2.5.9 Data analysis 

The z-score signal obtained for each ROI could then be used to perform one-sided z-tests on each 
time bin over trials of the same condition. Doing so we obtained a p value for each time bin. The 
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time-varying p values were then used to assess significance for each axon and condition. For a 
response to be significant, the function –log10(p value) should exceed the value ten in at least three 
consecutive bins. This criterion, based on the slow dynamics of GCaMP6s, was used to avoid spurious 
significance. For responses that passed the significance test, the response latency was computed by 
finding the first bin where the function –log10(p value) exceeded the value 5. Axons displayed whisker 
sensory responses if the significance criterion was met during C2 and/or B2 whisker stimulations in 
the absence of licking. Axons that did not respond significantly in these conditions could show 
significant responses during lick events in the absence of whisker stimuli or when both are present. 
Whisker selectivity indices were measured by first averaging responses to C2 and B2 whiskers over 
the response window (2 s following stimulus onset). The index was computed as the normalized 
difference between the two: (C2 − B2)/(C2 + B2). We quantified the distribution of VPM-FO and 
POm-FO highly tuned axons by separating all pixels within a field of view that show strong tuning 
to either B2 (WSI < −0.75) or C2 (WSI > 0.75). We then used the correlation matrix of each pixel 
distribution to compute a confidence interval with p = 90% defining ellipses containing pixels 
responding to either whiskers. We define an overlap index as the surface of the intersection of these 
ellipses normalized by the average ellipse size between the two populations. This index is equal to 0 
if the two ellipses are not intersecting and is equal to 1 if the two domains are identical. To analyze 
the early calcium response in lick trials we chose a window that was shorter than the average reaction 
time (0.29 s) but long enough to capture the calcium response elicited by whisker stimulation given 
that GCaMP6s has a slow rise time. We decided to use 0.266 s to have a long enough window below 
the typical reaction time. Since our acquisition frame rate with the two-photon microscope (galvo-
resonant mirror pair) was set around 30 frames per sec (corresponding to 0.033 s per frame), 0.266 
was the last frame before the average reaction time. The result of this analysis is robust with different 
windows as we found qualitatively similar results with slightly larger (0.4 s) or smaller (0.2 s) 
windows. To compute the timing correlation between lick reaction time and calcium responses, we 
used lick trials where the B2 whisker was stimulated, because the licking pattern for non-rewarded 
trials was similar across trials. If a response to passive whisker stimulation is present, the first 
component is locked to the onset of this stimulation. It is therefore assumed to have a fixed latency 
across lick trials. If, in addition, calcium responses were evoked by lick-related events then a second 
component is present in the calcium response for which the latency should vary with first lick reaction 
time. In our analysis we try to capture the dominant calcium response component and identify whether 
it is locked on lick reaction time. Therefore for each trial we computed the cumulative distribution of 
the signal starting at the onset of the response window and for a 3 s-long time window. Some axons 
displayed a first response component to the B2 whisker stimulation followed by a second stronger 
lick-related response. The latency of the former was invariant across trials whereas the timing of the 
second could be correlated to the reaction time. To prevent B2 whisker sensory responses from 
biasing the response latency correlated with licking, we identified the 50% percentile time bin over 
the cumulative distribution and used it as latency. The timing correlation was then computed with the 
Pearson coefficient between lick reaction time and response latency. 
 

2.5.10 Statistical tets 

In order to assess the significance of our results we used paired Wilcoxon signed-rank tests when the 
same axonal populations were compared between two conditions (lick compared to no-lick), unpaired 
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Kruskal–Wallis test when populations of different sizes were compared. All tests used in this paper 
were two-sided except for z-test performed over trials. No blinding or randomization of samples was 
done in any of our analyses. Variances were computed for all groups and were generally in the same 
order of magnitude. 

2.5.11 Data availability 

The data used to generate figures that support the findings of this study are freely available in the 
Open Access CERN database Zenodo: https://zenodo.org/communities/petersen-lab-data with doi 
hyperlink: https://doi.org/10.5281/zenodo.3824359. 

2.5.10 Code availability 

The Matlab code used to generate figures that support the findings of this study are freely available 
in the Open Access CERN database Zenodo: https://zenodo.org/communities/ 
petersen-lab-data with doi hyperlink: https://doi.org/10.5281/zenodo.3824359. 

2.5.11 Additional Information  

Supplementary figures of the published paper are as follows. 

 

 

 

https://doi.org/10.5281/zenodo.3824359
https://doi.org/10.5281/zenodo.3824359
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Supplementary Figure 2.5 Normalized fluorescent tracer expression domains relative to reference atlas1 for POm First-order (red, n=4) and Higher-
order (green, n=5) nuclei. Data for individual brains were acquired after transcardial perfusion either by imaging serial coronal brain slices mounted on 
slides or through serial two-photon tomography scanning of whole brains. Images of specific coronal slices were then scaled to fit the atlas for each 
mouse individually. The overall fluorescence for each mouse and channel was normalized by first subtracting the background fluorescence (95th 
percentile) as measured in the same thalamic region of the other hemisphere. We then saturated images to high percentile value (95th or 99th) so that the 
thalamic region with expression appeared homogeneously fluorescent. The fluorescent signal throughout the brain was then normalized to 1 for the 
maximum saturated value. Finally, these normalized expression patterns were averaged across all mice. Bold outline: POm as defined in the reference 
atlas1. Note that expression of eYFP in neurons that are not expressing Cre-recombinase is not strictly limited to POm due to viral vector contaminating 
neighboring regions below the hippocampus such as the lateral posterior nucleus (LP) that is a higher-order thalamic nucleus part of the visual system. 
The schematic drawings of the brain are reproduced from [88] with permission from Elsevier. 
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Supplementary Figure 2.6 POm higher-order nucleus receives cortical inputs from both layers 5 and 6. a, Injections of the cholera toxin subunit B 
(CTB) conjugated with Alexa647 were performed in the most posterior part of POm corresponding anatomically to the higher-order nucleus. b, 
Coronal brain slice after transcardial perfusion of these mice where the site of injection is visible in the POm-HO region. The image is aligned to the 
reference atlas1. c, for each mouse, we first aligned coronal brain slices to the reference atlas1. The fluorescent signal was then normalized to the 
maximum value throughout the cortex using a mask for each slice to only capture signals from POm-projecting neurons. These normalized brain 
maps were then averaged across mice (n=2 mice). Bold outline: POm as defined in the reference atlas ([88]). The schematic drawings of the brain in 
panels b and c are reproduced from [88] with permission from Elsevier. 

 

 
Supplementary Figure 2.7 Response examples of two POm-HO axons from layer 1 during lick trials. a, Calcium responses (z-score) for an example 
POm-HO axon during lick trials upon C2 or B2 whisker stimulation. Trials are ordered according to lick reaction times, which are shown with a white 
line on color maps. Average responses are shown below for lick (green) and no-lick conditions (black). b, same as a for another axon. Here we observe 
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that some axons that were weakly tuned to a whisker would completely lose their selectivity as soon as the mouse licks in response to whisker 
stimulation. These responses during lick trials were amplified prior to the first lick reaction time as shown in these examples with no correlation with 
licking timing. We hypothesized that changes in selectivity could result from the overall increase in cortico-thalamic feedback during lick trials. 

 

Supplementary Figure 2.8 Calcium responses measured at licking offset or during isolated lick events are stronger for VPM-FO axons. a, Population 
average z-score for all axons in each thalamo-cortical population around licking offset. For lick trials following C2 whisker stimulation, we identified 
the end of a licking episode using face filming and aligned all calcium traces on this specific timing. All trials where mice licked again within 2 s 
following licking offset and trials with a very late licking offset close to the end of the trial (>5 s) were discarded. All axons with significant responses 
during passive whisker stimulation or with lick-related responses were included (n=139 axons for VPM-FO, n=235 axons for POm-FO, n=236 axons 
for POm-HO). b-d, For all axons with significant responses to passive whisker stimulation, we compared average z-score time course evoked by passive 
whisker stimulations (whisker only) to responses evoked during isolated lick events in absence of passive whisker stimulation (lick only). The origin 0 
indicates either the stimulus onset or lick onset. e, Normalized differences between the two responses shown in b-d average over a window of 2s and 
compared across thalamocortical populations (n=62 axons for VPM-FO, n=97 axons for POm-FO, n=86 axons for POm-HO, ANOVA test, p=6x10-5; 
Kruskal-Wallis two-sided test with Bonferroni correction, p=0.008 for VPM-FO vs POm-FO, p=3x10-5 for VPM-FO vs Pom-HO, p=0.3 N.S. not 
significant for POm-FO vs POm-HO). Boxplot: central mark indicates the median and edges indicate 25th and 75th percentiles. The whiskers extend to 
the largest or smallest point comprised within 1.5x of the interquartile range from both edges. 

 

Supplementary Figure 2.9 Comparison of tuned (|WSI|>0.75) and untuned (|WSI|<0.75) POm-FO axons during goal-directed behavior. a, left: 
Calcium responses averaged over all tuned POm-FO axons with significant responses to whisker stimuli during lick and no-lick trials, normalized to 
the no-lick condition. Dark lines: mean value and shaded areas: s.e.m. Middle: Early phase of the response over the first 0.4 sec. Right: Comparison of 
the response amplitude between lick and no-lick conditions averaged over the gray area (0 to 0.266 sec) in middle panel (n=46 axons, Wilcoxon paired 
two-sided test, ***p=4x10-5). b, Same as a, but for untuned POm-FO (n=53 axons, Wilcoxon paired two-sided test, *p=0.01). c, Distributions of Pearson 
correlation coefficient between reaction times and calcium response latencies for all axons with significant responses in lick trials (n=116 for tuned 
POm-FO axons, n=73 for untuned POm-FO axons). Colored bars: Pearson coefficient with p<0.05. d, Distributions of whisker selectivity index absolute 
values comparing tuned and untuned POm-FO axonal populations and lick/no-lick conditions for axons with significant sensory responses in no-lick 
condition (Kruskal-Wallis two-sided test with Bonferroni correction; tuned POm-FO: ***p=3x10-6 for lick vs no-lick, POm-FO: p=1 for lick vs no-lick 
N.S. not significant, *p=0.013 for tuned POm-FO vs untuned POm-FO in lick condition). Boxplot: central mark indicates the median and edges indicate 
25th and 75th percentiles. The whiskers extend to the largest or smallest point comprised within 1.5x of the interquartile range from both edges.
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 Distinct contributions of whisker sensory 
cortex and tongue-jaw motor cortex in a goal-directed 
sensorimotor transformation 
 

The text and figures of this chapter are reproduced from the following published journal article: 

Johannes M. Mayrhofer1, Sami El-Boustani1, Georgios Foustoukos1, Matthieu Auffret, Keita 
Tamura, Carl C.H. Petersen (2019) Distinct contributions of whisker sensory cortex and tongue-jaw 
motor cortex in a goal-directed sensorimotor transformation. Neuron 103, 1034–1043 
https://doi.org/10.1016/j.jneumeth.2017.07.031 
 
1: These authors contributed equally   
 
 
As a joint-first co-author I contributed to several parts of this publication. I firstly studied the 
anatomical definition of tjM1 and its connections with tjS1 using two-photon tomography. In 
particular, I performed the sample preparation, the fluorescent imaging and the stitching of 
the data. In addition, I carried out the optogenetic inactivations in tjM1 and ALM during the 
multisensory and multimotor tasks for the revision process. I was responsible for the surgeries, 
the training of the mice, the inactivation and I participated in the data analysis and the figure 
and manuscript preparation. 
 

3.1 Abstract 

The neural circuits underlying goal-directed sensorimotor transformations in the mammalian brain 
are incompletely understood. Here, we compared the role of primary tongue-jaw motor cortex (tjM1) 
and primary whisker sensory cortex (wS1) in head-restrained mice trained to lick a reward spout in 
response to whisker deflection. Two-photon microscopy combined with microprisms allowed 
imaging of neuronal network activity across cortical layers in transgenic mice expressing a 
genetically encoded calcium indicator. Early-phase activity in wS1 encoded the whisker sensory 
stimulus and was necessary for detection of whisker stimuli. Activity in tjM1 encoded licking 
direction during task execution and was necessary for contralateral licking. Pre-stimulus activity in 
tjM1, but not wS1, was predictive of lick direction and contributed causally to small preparatory jaw 
movements. Our data reveal a shift in coding scheme from wS1 to tjM1, consistent with the 
hypothesis that these areas represent cortical start and end points for this goal-directed sensorimotor 
transformation. 
 
 

https://doi.org/10.1016/j.jneumeth.2017.07.031
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3.2 Introduction 

Animals can learn to transform sensory input into motor output in order to obtain rewards. The 
neuronal circuits responsible for learning and execution of such goal-directed sensorimotor 
transformations remain incompletely understood, with the neocortex thought to play a key role ([18], 
[121], [122]). For mice, many cortical regions appear to participate, even in simple goal-directed 
sensorimotor transformations ([123],[124],[114],[61]). Different areas of neocortex are specialized 
for distinct functions, with some being more important for sensory processing and others being more 
involved in controlling movement. An essential step toward mechanistic understanding of goal-
directed sensorimotor transformations is to identify where and how relevant sensory and motor 
information is represented within the cortex during task performance. Primary sensory areas of the 
neocortex are innervated by specific thalamic nuclei driving the processing of incoming external 
information. Primary sensory areas have well-defined topographic maps, for example, retinotopy in 
visual cortex, tonotopy in auditory cortex, and somatotopy in somatosensory cortex. Causal 
contributions of neuronal activity within primary sensory cortices have been ascribed in various goal-
directed sensorimotor transformations ([125],[126]). The whisker system provides important tactile 
information for rodents, and the primary whisker somatosensory cortex (wS1) contains an anatomical 
map in which each whisker is distinctively represented ([20]). Neuronal activity in wS1 has been 
shown to be involved in whisker-based decision-making tasks ([114],[127],[50],[99]), thus providing 
a well-defined starting point for cortical processing of whisker-related information. Motor maps are 
more difficult to define ([128],[129],[130],[131],[132],[133]). Evoked movements of specific body 
parts depend upon the precise nature of the intracortical stimulation and the state of the animal. An 
anatomical definition of motor maps would therefore be helpful. By assuming that sensory 
information from a given body part is of particular relevance to the motor control of that body part, 
we can map the frontal cortex through its direct innervation from primary sensory areas. For the 
mouse whisker system this definition appears to work well, with an anatomical projection from wS1 
to a specific region anterior and lateral to bregma providing a precise definition for the location of 
primary whisker motor cortex (wM1) ([40], [134],[135, p. 2],[132]). Licking is the required motor 
output to report perceptual choice in many sensory decision-making tasks for head-restrained mice. 
Licking involves the opening of the jaw and the protrusion of the tongue toward a specific target 
([114],[136]). Cortical contributions to licking motor control might come from the primary tongue 
and jaw motor cortex (tjM1). Here, we define tjM1 as the frontal region receiving input from the 
tongue and jaw representations in primary sensory cortex (tjS1), and, using behavioural switch tasks, 
optogenetic inactivation, and two-photon imaging of neuronal network activity, we test the 
hypothesis that wS1 and tjM1 might represent cortical start and end points of an abstract sensory-to-
motor transformation in which a brief whisker deflection is converted into goal-directed licking in 
order to obtain reward. 
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3.3 Results 

3.3.1 Identification of tongue-jaw primary motor cortex 

Licking requires jaw and tongue muscles to be orchestrated in a reliable and precise way under the 
control of brain stem nuclei, which act as central pattern generators ([69]). To understand which areas 
of the dorsal cortex are involved, we first performed awake optogenetic motor mapping experiments. 
In a transgenic mouse line expressing channelrhodopsin-2 in excitatory cortical neurons ([137]), 
different locations of the dorsal cortex were focally stimulated using a blue laser while facial 
movements were filmed with a high-speed camera to track C2 whisker movement and jaw opening 
(Figure 3.1A and see also Supplementary Table 3.1A, Methods). Whisker protraction was evoked by 
stimulation of a cortical region (wM1) centred at 1.4 ± 0.2 mm lateral and 1.9 ± 0.3 mm anterior to 
bregma (n = 6 mice) (Supplementary Table 3.1A) ([128]). In the same mice, we found that jaw 
opening was evoked by stimulation of a cortical region (tjM1) centred at 2.6 ± 0.1 mm lateral and 1.8 
± 0.5 mm anterior to bregma. These maps thus show distinct cortical epi-centres for initiation of 
whisker and jaw movements. 
We next investigated whether we could detect sensory evoked activity in the frontal cortex, as a way 
to localize the primary motor cortex. Wide-field calcium imaging of the left hemisphere of the dorsal 
cortex was performed through the intact skull of transgenic mice expressing the genetically encoded 
calcium indicator GCaMP6f ([138]) (Figure 3.1B). Mice were lightly anesthetized with isoflurane 
and vibrotactile stimuli were applied consecutively to the C2 whisker and the tip of the tongue. 
Mechanical stimulation of the tongue was accompanied by jaw vibrations. Early responses (0–100 
ms after stimulus onset) were evoked in sensory cortex, centred at 3.4 ± 0.3 mm lateral and 1.4 ± 0.2 
mm posterior to bregma for C2 whisker deflection (wS1) and at 3.8 ± 0.3 mm lateral and 0.0 ± 0.3 
mm posterior to bregma for tongue-jaw stimulation (tjS1) (n = 5 mice) (see also Supplementary 
Figure 3.5B and Supplementary Table 3.1B). In a later time-window (100-200 ms after stimulus 
onset), a distinct second activity spot appeared in frontal cortex, centred at 1.3 ± 0.4 mm lateral and 
1.5 ± 0.3 mm anterior to bregma for C2 whisker deflection (wM1) and at 2.4 ± 0.6 mm lateral and 
1.8 ± 0.1 mm anterior to bregma for tongue-jaw stimulation (tjM1). 
To investigate anatomical connectivity from tjS1 to tjM1, we expressed a red fluorescent protein 
through injection of an adeno-associated viral vector into tjS1 mapped using wide-field calcium 
imaging. Serial two-photon tomographic imaging of the whole brain revealed a strong axonal 
innervation in the frontal portion of the cortex (tjM1) centred at 2.1 ± 0.1 mm lateral and 1.5 ± 0.2 
mm anterior to bregma (n = 5 mice) (Figure 3.1C and Supplementary Figure 3.5C, Supplementary 
Table 3.1C and Video S1). Three independent methods therefore localize tjM1 within a region 2.1-
2.6 mm lateral and 1.5-1.8 mm anterior to bregma (see alsoSupplementary Table 3.1). 

3.3.2 Different roles of wS1 and tjM1 during goal-directed behaviors 

To study the role of wS1 and tjM1 during perceptual decision making, we trained mice to lick a 
reward spout in response to randomly interleaved presentations of a brief whisker stimulus or a brief 
auditory stimulus (Figure 3.2A). Mice learned this multisensory detection task within a week 
(auditory hit rate: 79% ± 15%; whisker hit rate: 69% ± 13%; false alarm rate: 26% ± 8%; p < 0.001 
for both auditory and whisker hit rates compared to false alarm rate; Wilcoxon signed-rank tests, n = 
15 mice, quantified during two-photon imaging sessions, see below) (Figure 3.2B and see also  
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Figure 3.1 Identification of Tongue-Jaw Primary Motor Cortex (A) For optogenetic motor mapping, a blue laser beam was directed in a grid-like 
manner over the dorsal cortex (blue dots) of a Thy1-ChR2 mouse. Whisker and jaw movements (side view by 45 degrees mirror) were filmed 
simultaneously by a high-speed camera. Grand average (n = 6 mice) motor maps for the C2 whisker and the jaw were aligned on the intrinsic optical 
signal for the C2 whisker. Black crosses indicate the centre of the frontal cortical region that evoke movements for individual mice. Green crosses 
indicate centres of the intrinsic optical signal evoked by C2 whisker and tongue-jaw sensory stimulation for each mouse. Red crosses represent average 
bregma position. (B) For wide-field functional calcium imaging, either the C2 whisker or the tongue was stimulated with a piezoelectric actuator in 
Thy1-GCaMP6f mice. Grand average (n = 5 mice) sensory-evoke responses during a 100–200ms post-stimulus time window for C2 whisker (left) and 
tongue-jaw (right) stimulation were aligned to the wS1 calcium signal evoked by C2 whisker stimulation. Green crosses indicate centres of the first 
activation spot during the early phase of the response (0–100ms). Black crosses are the centres of the frontal secondary spot (100–200ms) for individual 
mice. Red crosses represent average bregma position. (C) For anterograde axonal tracing, AAV-hSyn-turboRFP was injected in the cortical region 
where the first activation spot of tongue-jaw stimulation (tjS1) was detected by calcium imaging. Axonal projections were found in a localized column 
in the motor cortex (tjM1). Grand average (n = 5 mice) of cortical fluorescence aligned to the injection site (right). Black crosses indicate centres of the 
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anterior spot for each mouse. Green cross corresponds to the centre of the injection site. Red cross represents the average bregma position. See also 
Supplementary Figure 3.5, Supplementary Table 3.1 and Video S1. 

Supplementary Figure 3.6A and B). First lick latencies were similar in whisker and auditory hit trials 
(269 ± 67 ms for auditory hit; 290 ± 68 ms for whisker hit) but different for false alarm trials (599 ± 
79 ms; p < 0.001; Wilcoxon signed-rank tests) (Figure 3.2B and see also Supplementary Figure 3.6B). 
These observations demonstrate a conditioned motor action (licking) upon sensory stimulation 
(whisker or auditory). 
In additional mice, we carried out inactivation experiments to investigate the causal roles of tjM1 and 
wS1 during task execution. Optogenetic inactivation was performed by locally and transiently 
stimulating inhibitory neurons expressing channelrhodopsin-2 in a transgenic mouse line ([135]).  
Blue light pulses were delivered through the transparent skull in a subset of randomly interleaved 
trials to silence either tjM1 or wS1. Inactivation of wS1 led to a specific reduction of licking in 
response to whisker deflections but not to auditory tones (whisker hit rate: 67% ± 11% to 41% ± 17%, 
p = 0.016; auditory hit rate: 94% ± 5%to 94% ± 5%, p = 0.47; Wilcoxon signed-rank tests, n = 7 
mice) (Figure 3.2C, left). In contrast, inactivation of left tjM1 led to reduced licking on a spout 
positioned on the right side (contralateral to the inactivation side) in response to both whisker and 
auditory stimuli (whisker hit rate: 67% ± 15% to 38% ± 23%, p < 0.001; auditory hit rate: 87% ± 
12% to 43% ± 30%, p < 0.001; Wilcoxon signed-rank tests, n = 17 mice) (Figure 3.2C, middle). 
Similar results were obtained in a set of experiments in which the GABA receptor agonist muscimol 
was infused in wS1 or tjM1 (see also Supplementary Figure 3.6C). Recently, the anterior lateral 
motor (ALM) cortex was shown to be involved in motor planning during a delayed whisker-
dependent licking task ([114],[139]). We therefore tested the role of ALM in our multisensory task. 
Optogenetic inactivation of ALM, located at 1.5 mm lateral and 2.5 mm anterior to bregma, only had 
a small effect upon task performance (whisker hit rate: 87% ± 10% to 79% ± 32%, p = 0.64; auditory 
hit rate: 94% ± 6% to 77% ± 22%, p = 0.008; Wilcoxon signed-rank tests, n = 8 mice) (Figure 3.2C, 
right). The reduction in hit rate was significantly larger for inactivation of tjM1 in comparison to 
ALM (whisker p = 0.029; auditory p = 0.025; Wilcoxon rank-sum tests). Consistent with previous 
results ([61]), we found that inactivation of wM1 did not change hit rates (whisker hit rate: 89% ± 
7%to 95% ± 4%, p = 0.11; auditory hit rate: 95% ± 8%to 95% ± 9%, p = 0.63; Wilcoxon signed rank 
tests, n = 8 mice). The same mice were next trained to lick a spout either on the right or the left in 
response to a brief whisker deflection. In this multimotor task, the rewarded direction of licking was 
kept constant during a block of trials (left block or right block trials), which switched every ~50 trials 
(Figure 3.2D). Mice successfully changed the side of licking within 10–20 trials from the switch time 
(Figure 3.2E, see also Supplementary Figure 3.6D and E). During optogenetic inactivation of left 
tjM1 in right block trials, licking was reduced for the right spout and increased for the left spout (hits 
right spout: 72% ± 10% to 22% ± 23%, p < 0.001; errors left spout: 15% ± 8% to 53% ± 28%, p < 
0.001; misses: 13% ± 5% to 26% ± 23%, p = 0.055; Wilcoxon signed rank tests, n = 15 mice) (Figure 
3.2F, top). In contrast to the multisensory task, in the multimotor task, inactivation of left ALM had 
a comparable effect to inactivation of tjM1 (hits right spout: 69% ± 15% to 24% ± 17%, p = 0.008; 
errors left spout: 17% ± 9% to 55% ± 16%, p = 0.008; misses: 14% ± 13% to 20% ±16%, p = 0.55; 
Wilcoxon signed-rank tests, n = 8 mice) (Figure 3.2F, bottom). Optogenetic inactivation of tjM1 and 
ALM also affected performance in left block trials (see also Supplementary Figure 3.6F). Inactivation 
of wM1 in right block trials did not affect hit rates (hits right spout: 66% ± 14% to 65% ± 19%, p = 
0.74; errors left spout: 17% ± 14% to 26% ± 19%, p = 0.08; Wilcoxon signed-rank tests, n = 8 
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mice).Although it is important to note limitations in optogenetic inactivation experiments including 
their impact upon downstream brain areas and possible homeostatic compensations, our results 
suggest that wS1 is necessary for detection of whisker stimuli and that tjM1 is important for 
contralateral licking regardless of the sensory modality used to trigger this motor output. 

3.3.3 Neuronal correlates of multisensory and multimotor decision making 

We next characterized neuronal responses during task performance by performing two-photon 
calcium imaging in Thy1-GCaMP6f mice ([138]).To chronically monitor the activity of neurons in  
 

 

Figure 3.2 Different Roles of tjM1 and wS1 in Sensorimotor Behaviors (A) In a multisensory detection task, mice were rewarded by licking a spout 
within a 1.5 s time window following a brief whisker deflection (1 ms) or a short auditory tone (10 ms). Catch trials with no stimulus and no reward 
were interleaved. Table below describes the categories of possible trial types and behavioral outcomes. (B) Lick probability (above) and median first 
lick latency (below) for auditory (blue), whisker (green), and catch (gray) trials for expert mice (n = 15 mice). (C) Lick probability for the auditory 
(blue), whisker (green), and catch (gray) trials during optogenetic inactivation of wS1 (n = 7 mice), tjM1 (n = 17 mice), and ALM (n = 8 mice). (D) In 
a multimotor detection task, mice were trained to lick a spout on the right or left in response to whisker deflection. Every ~50 trials the reward 
location was changed between right and left spouts. (E) Lick probability for right spout (green) and left spout (red) aligned to the spout switch event 
(n = 14 mice). The lick probability for the catch trials is shown in gray (right spout, solid; left spout, dashed). (F) tjM1 and ALM inactivation during 
the multimotor task. Upper graphs show the effect of tjM1 inactivation (n = 15 mice) on left and right spout lick probability during right block trials, 
as well as miss rates. Lower graphs show the same, but during ALM inactivation (n = 8 mice). Data are represented as mean ± SD, except for 95% 
confidence intervals in (E). Wilcoxon signed-rank test is shown in (B), (C), and (F). See also Supplementary Figure 3.6. 
 
superficial and deep cortical layers (>500mm), we used a cranial window assembly comprising a 
microprism ([93],[140],[141],[142]) that was inserted in either wS1 or tjM1 (Figure 3.3A–C and see 
also Supplementary Figure 3.7A). Regions of interest were automatically detected and further used 
to extract neuronal calcium signals (see also Supplementary Figure 3.7A) ([120]). Aligning calcium 
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responses to different sensory or motor events allowed us to assess whether these events significantly 
modulated single neurons during task performance (Figure 3.3D and E). 
In wS1, calcium responses were different comparing whisker and auditory hit trials in the early phase 
(0–200ms following stimulus onset) (Figure 3.3F). Across all task-modulated neurons, we found that 
whisker hit trials evoked stronger responses compared to auditory hit trials (average Z-score response 
for whisker hits 0.25 ± 0.49 versus auditory hits 0.11 ± 0.21; p < 0.001, Wilcoxon signed-rank test; n 
= 324 significantly modulated neurons out of 482 neurons from 13 fields of view in 7 mice) 
([143],[144],[141]). For this early response, similar results were found in miss trials (see also 
Supplementary Figure 3.7). We used principal-component analysis (PCA) to visualize the time-
varying neuronal network trajectory. Projected onto the two-dimensional space defined by the first 
two PCA components, activity in wS1 followed a different trajectory in the early phase of whisker 
hit trials compared to auditory hit trials. At later times, the population activity became more similar 
between the two conditions. Interestingly, the differential response to whisker versus auditory stimuli 
was more prominent in superficial neurons compared to deep neurons (average Z-score response for 
whisker hits superficial 0.51 ± 0.75 versus auditory hits superficial 0.09 ± 0.17, p < 0.001, n = 67; 
whisker hits deep 0.19 ± 0.37 versus auditory hits deep 0.12 ± 0.23, p = 0.03, n = 257; Wilcoxon 
signed-rank tests). 
In the multimotor task, calcium responses in wS1 during the early phase after stimulus onset were 
similar comparing right versus left hit trials (Figure 3.3G) (average Z-scored response for right hits 
0.32 ± 0.55 versus left hits 0.32 ± 0.56; p = 0.61, Wilcoxon signed-rank test; n = 328 significantly 
modulated neurons out of 530 neurons from 14 fields of view in 8 mice). At later times, we observed 
a separation of network trajectories between left and right lick trials. Aligning the analyses on the 
first lick timing for each trial gave similar results (see also Supplementary Figure 3.7B and C). 
Calcium responses in tjM1 were similar between whisker hit trials and auditory hit trials (averaged ± 
100ms around tongue’s spout contact time) (Figure 3.3H). We found a strong correlation between 
responses in auditory hit trials and whisker hit trials for individual neurons, and little divergence in 
the first two PCA dimensions of the population activity trajectories comparing auditory and whisker 
hit trials (average Z score response for whisker hits 0.66 ± 1.01 versus auditory hits 0.67 ± 1.00; p = 
0.15, Wilcoxon signed-rank test; n = 768 significantly modulated neurons out of 858 neurons from 
12 fields of view in 7 mice).  
In contrast, when comparing left versus right hit trials, the calcium activity in tjM1 was different for 
left and right licks (Figure 3.3I). Correlation between single-neuron responses in these two conditions 
was weak, and the grand average response was higher for right hits compared to left hits (average Z 
score response for right hits 0.88 ± 1.31 versus left hits 0.45 ± 0.76; p < 0.001, Wilcoxon signed-rank 
test; n = 770 significantly modulated neurons out of 883 neurons from 11 fields of view in 6 mice). 
Similar results were obtained by aligning the data to the stimulus onset (see also Supplementary 
Figure 3.7D and E). 
Hence, neuronal responses in wS1 displayed a sensory signature biased toward whisker hit trials 
(especially for superficial neurons), whereas tjM1 neurons differentiate better between motor actions 
with a bias toward right (contralateral) licks. 
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3.3.4 Decoding of lick directions and small anticipatory movements 

To further investigate the role of tjM1 in coding lick direction, we made use of a Bayesian approach 
based on the idea of a probabilistic population code ([145],[146]). For each field of view, we 
computed the tuning curves for spontaneous left and right licks (Figure 3.4A). By summing the 
product of the log-tuning curves and the population activity vector for each trial, we obtained the log-
likelihood for left and right lick in the corresponding trial. The maximum log-likelihood can then be 
used as a decoder of the motor action. Decoder performance was measured by the fraction of trials 
where the lick direction was correctly decoded from neuronal activity. Running this decoder on a 
time window of 0–200ms following stimulus onset in trials with evoked licking (hit and error trials) 
indicates that tjM1, but not wS1, neuronal activity can be used to decode lick direction well above 
chance level (p < 0.001 for tjM1 versus p = 0.083 for wS1 against chance, Wilcoxon signed-rank 
tests; tjM1 versus wS1: p < 0.001, Wilcoxon rank-sum test; for tjM1 n = 13 fields of view from 5 
mice; for wS1 n = 11 fields of view from 6 mice) (Figure 3.4B and see also Supplementary Figure 
3.8A). Surprisingly, by applying the decoder on a window preceding the stimulus onset (~1000-0ms), 
we also found a decoding performance above chance level for tjM1 but not for wS1(p = 0.008 for 
tjM1 versus p = 0.21 for wS1 against chance, Wilcoxon signed-rank tests; tjM1 versus wS1: p < 
0.001, Wilcoxon rank-sum test; for tjM1 n = 13 fields of view from 5 mice; for wS1 n = 11 fields of 
view from 6 mice)) (Figure 3.4C and see also Supplementary Figure 3.8B). During this pre-stimulus 
time window, no tongue contacts on either spout were detected. To better understand the nature of 
this anticipatory neuronal activity, we used the high-speed behavioural filming data to assess whether 
the neuronal activity was correlated to any overt behaviour. We found small movements of the jaw 
during the pre-stimulus period in both left and right blocks of trials (Figure 3.4D and see also 
Supplementary Figure 3.8C and D). When we aligned the neuronal calcium activity to these small 
jaw movements in the left and right block, we found that these movements correlated with neuronal 
calcium responses that were selective to the trial block. An example left lick tuned neuron showed 
responses during small jaw movements in the left block but not in the right block (Figure 3.4D, cell 
#1). Similarly, an example right lick tuned cell showed more response accompanying the small jaw 
movements during the right block compared to the left block (Figure 3.4D, cell #2). For all neurons 
with significant responses to spontaneous licks, we computed the right-left tuning and correlated this 
with the right-left block difference in activity during small preparatory jaw movements. We found a 
significant correlation in tjM1 (R = 0.34, p < 0.001 for tjM1, n = 223 neurons from 13 fields of view 
from 5 mice) (Figure 3.4E), but not in wS1 (R = ~0.11, p = 0.33 for wS1, n = 86 neurons from 10 
fields of view from 7 mice) (Figure 3.4F). To assess the causal relationship between activity in tjM1 
and these small preparatory jaw movements, we analysed correct rejection catch trials (trials in 
absence of stimulus and spout contact) in the optogenetic inactivation experiments (Figure 3.2). In 
inactivation trials, we quantified change in jaw movement by comparing the SD of the filmed jaw 
position before and during light delivery. This was then compared to trials where no light was 
delivered (see also Supplementary Figure 3.8E). We observed a significant reduction of small jaw 
movements during optogenetic inactivation of tjM1 but not wS1 (ratio of jaw movement during tjM1 
inactivation relative to baseline 0.87 ± 0.07, p = 0.016; during wS1 inactivation 0.97 ± 0.16, p = 0.30; 
Wilcoxon signed-rank tests, n = 7 mice) (Figure 3.4G). 
Lick direction could therefore be decoded from neuronal activity in tjM1 but not from wS1. 
Preparatory neuronal activity preceding stimulus delivery in each block was directly related to the  
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Figure 3.3 Neuronal Correlates of Multisensory and Multimotor Decision Making (A) A microprism assembly was inserted into the cortex for chronic 
two-photon calcium imaging across layers. (B) Top view of an implanted microprism assembly targeted to wS1. The red contour indicates the peak of 
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the intrinsic optical signal evoked by C2 whisker stimulation. (C) Laminar view of cortical neurons in a Thy1-GCaMP6f mouse imaged through the 
microprism assembly shown in (B). (D) Traces of behavioural variables and calcium signals from five example neurons (labelled in C) during the 
multisensory detection task. (E) Average Z score calcium responses aligned to stimulus onset. (F) Left: example field of view during the multisensory 
task in wS1. Red image channel: average stimulus-triggered responses (0–200ms) for auditory hit trials. Green image channel: the same but for whisker 
hit trials. Middle left: scatterplot over all neurons comparing average response during whisker and auditory hit trials (0–200 ms post stimulus). Black 
points indicate significantly modulated neurons. Grey points represent neurons that did not show any significant modulation. R indicates the Pearson 
correlation coefficient. Middle right: PCA of the time-varying neuronal population vector during whisker and auditory hit trials. Thick lines indicate 
the first 200 ms after stimulus onset. Arrow heads show direction of the trajectories. Right: grand average whisker and auditory Z score evoked responses 
in hit trials for deep (thick) and superficial (thin) neurons. (G) Left: example field of view during the multimotor task in wS1 (left). Red image channel: 
average stimulus-triggered responses (0–200ms) for left hit trials. Green image channel: the same but for right hit trials. Middle left: scatterplot over all 
neurons comparing average response during left and right hit trials (0–200ms post stimulus). Black points indicate significantly modulated neurons. 
Gray points represent neurons that did not show any significant modulation. R indicates the Pearson correlation coefficient. Middle right: PCA of the 
time-varying neuronal population vector during left and right hit trials. Thick lines indicate the first 200ms after stimulus onset. Arrows show direction 
of the trajectories. Right: grand average left and right Z score evoked responses in hit trials for deep (thick) and superficial (thin) neurons. (H and I) 
Same as (F) and (G) but for two-photon imaging in tjM1. Average responses were calculated in the time window 100–100ms relative to first lick time. 
Pearson correlation coefficients in (F)–(I): p < 0.001. See also Figure Supplementary Figure 3.7. 

upcoming lick direction and correlated with small jaw movements of the corresponding block. 
Inactivation experiments indicated a causal involvement of tjM1 in driving small preparatory 
movements. 

3.3 Discussion 

In our study, we combined anatomical and functional methods to define a tongue and jaw related 
primary motor region of mouse frontal cortex (tjM1) centered around 2.1-2.6mm lateral and 1.5-1.8 
mm anterior of bregma (Figure 3.1). Neurons in tjM1 may participate in licking motor control through 
different pathways, likely including direct projections to premotor neurons located in the brainstem 
reticular formation ([69]). We found that tjM1 neurons encode licking direction and not the sensory 
stimulus used to initiate licking (Figure 3.3). Optogenetic as well as pharmacological inactivation 
experiments showed that tjM1 neuronal activity is necessary for contralateral licking in our task 
(Figure 3.2 and also Supplementary Figure 3.6). Neuronal activity in tjM1 carried sufficient 
information to decode lick direction not only during the response window but also before the stimulus 
had been delivered (Figure 3.4). In this pre-stimulus time window, we observed small jaw 
movements, which were correlated with preparatory neuronal activity. Inactivation experiments 
indicated a causal involvement of tjM1 in driving these preparatory movements. The direction-
specific preparatory activity in tjM1 might be related to anticipatory neuronal activity (or working 
memory) in delay tasks ([147],[114],[148]). Our results raise the possibility that preparatory neuronal 
activity, and perhaps working memory, might in general be accompanied by measurable motor 
output. 
The first wave of neuronal activity in wS1 after stimulus time encoded whisker sensation and not 
directional motor output. Optogenetic (Figure 3.2) and pharmacological (see also Supplementary 
Figure 3.6) inactivation experiments revealed that primary sensory whisker cortex played a key role 
in the whisker detection task in which mice were trained in this study. Inactivating wS1 specifically 
impaired detection of whisker stimuli without affecting licking motor control, since auditory 
detection performance was unaltered. These data are in good agreement with previous 
pharmacological and optogenetic inactivation experiments testing the role of wS1 in whisker 
detection tasks ([61],[127],[99]). 
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Figure 3.4 Decoding of Lick Direction and Small Anticipatory Movements (A) Computation of the maximum log-likelihood for decoding motor output. 
Left: a population activity matrix of error and hit trials for a tjM1 example session. Middle: the log-tuning curves for left and right licks are shown for 
all cells in one field of view. Right: matrix multiplication of the population activity matrix with the log-tuning curves (plus the same bias correction for 
each row, data not shown; see Methods for details) leads to the log-likelihood for left and right lick in each trial. Choosing the side (L or R) with the 
highest value for each row (trial) gives a prediction of lick direction (red dots). (B) Decoder performance for a post-stimulus (0–200 ms) time window 
in tjM1 (n = 13 fields of view in 5 mice) and wS1 (n = 11 fields of view in 6 mice). Each gray point indicates the decoder performance of a single field 
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of view and session. Black points represent grand averages. Dashed line shows chance level. (C) Same as (B) but for pre-stimulus (-1000–0ms) time 
window. (D) Left: calcium activity of two tjM1 example neurons during left and right block trials and corresponding jaw movements extracted from 
facial filming. Black dots, onset of isolated small jaw movements from the facial filming. Blue dots, spout contacts. Orange line, whisker stimulus 
timing. Right: average response of the neurons aligned to spout contact (blue) or on isolated small jaw movements (black). (E) Population analysis of 
(D) for tjM1. Differences between right and left spout contact responses were correlated to differences between right and left block responses during 
small jaw movements. (F) Same as (E) but for wS1. (G) Analysis of small jaw movements in catch trials during tjM1 optogenetic inactivation 
experiments. Each black point corresponds to the average ratio of jaw movements in a baseline window to jaw movements in the response window with 
light OFF or light ON (n = 7 mice). Data are represented as mean ± SD. Wilcoxon rank-sum test: tjM1 versus wS1 in (B) and (C); Wilcoxon signed-
rank test: tjM1 and wS1 against chance in (B) and (C). Pearson correlation coefficient is shown in (E) and (F). Wilcoxon signed-rank test is shown in 
(G). See also Figure Supplementary Figure 3.8. 

In future experiments, it will be of great interest to understand how whisker sensory information is 
routed from wS1 to tjM1 to initiate licking after task learning. Specific subsets of wS1 neurons project  
to different targets and previous work has suggested the importance of signaling from wS1 to wS2 
([116],[58],[57]) and to striatum ([63]).Inactivation of wS2, but not wM1, causes a decrease in hit 
rate ([57]), suggesting the importance of signalling via wS2 in whisker detection tasks. However, 
neither wS2 nor striatum innervate tjM1, and so further intermediate brain regions must participate. 
Neurons in tjM1 likely receive input from many sources and future experiments must uncover the 
relevant signaling pathways. Interestingly, the licking premotor area ALM appeared to contribute 
mainly in left versus right choice tasks (Figure 3.2F). Premotor areas, such as the ALM, might thus 
be recruited in more complex decision making, and could provide an important input to primary motor 
areas, such as tjM1, contributing to task execution. 

3.4 Methods 

3.4.1 Experimental model and subject details  

All procedures were approved by the Swiss Federal Veterinary Office (License number VD1628) and 
were conducted in accordance with the Swiss guidelines for the use of research animals. Thy1-
GCaMP6f (C57BL/6J-Tg(Thy1-GCaMP6f)GP5.17Dkim/J, JAX mouse number 025393), Thy1-
ChR2 (B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J, JAX mouse number 07612), and VGAT ChR2 
(B6.Cg-Tg(Slc32a1-COP4*H134R/EYFP)8Gfng/J, JAX mouse number 014548) transgenic mouse 
lines were used. Both male and female mice were used, and the mice were at least 6 weeks of age at 
the time of head-post implantation (see below). 

3.4.2 Experimental design 

This study did not involve randomization or blinding. We did not estimate sample-size before 
carrying out the study. No data or subjects were excluded from the analysis. 

3.4.3 Surgery 

Mice were anesthetized with 2 - 4% isoflurane (Attane, USA) in pure oxygen, or with a mixture of 
ketamine and xylazine injected intraperitoneally (ketamine: 125 mg/kg, xylazine: 10mg/kg). Body 
temperature was monitored and kept at 37 degrees Celsius throughout the surgery with the help of a 
body temperature-controlled heating pad. An eye cream (Viscotears, Alcon, USA; VITA-POS, 
Pharma Medica AG, Switzerland) was applied over the eyes to prevent them from drying. Carprofen 
was injected intraperitoneally or subcutaneously (100 ml at 0.5 mg/ml or 100 ml at 1.5 mg/ml) for 
analgesia. As local analgesic, a mix of lidocaine and bupivacaine was injected below the scalp before 
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any surgical intervention. As a general analgesic treatment, ibuprofen (Algifor Dolo Junior, 
VERFORA SA, Switzerland) was given in the drinking water for three days after surgery. A 
povidone-iodine solution (Betadine, Mundipharma Medical Company, Bermuda) was used for skin 
disinfection before surgery. To access the dorsal cortex, a part of the scalp was removed with surgical 
scissors. The remaining connective tissue was removed with a scalpel blade. After disinfecting the 
skull with Betadine and rinsing it with Ringer solution, it was dried with cotton buds. A layer of super 
glue was then applied and a custom-made head fixation implant was glued (Loctite super glue 401, 
Henkel, Germany) to the right hemisphere of the skull. The head implant was further secured with 
self-curing denture acrylic (Paladur, Kulzer, Germany; Ortho-Jet, LANG, USA). Particular care was 
taken to ensure that the left hemisphere of the dorsal cortex was free of denture acrylic and only 
covered by a thin layer of super glue for optical access. 
This transparent skull preparation was used to perform wide field imaging, optogenetic activation, 
and inactivation experiments. After three days of recovery, intrinsic optical signal (IOS) imaging was 
performed on the left hemisphere as previously described ([50]). A piezoelectric actuator was used 
to repeatedly stimulate either the tongue or the right C2 whisker. Increase in absorption of red light 
(625 nm) upon tactile stimulation indicated the functional location of the tongue-jaw and the C2 
whisker in the somatosensory cortex, respectively. To perform two-photon calcium imaging, a 
craniotomy of about 3mm was made either above C2 whisker primary somatosensory cortex (based 
on the IOS) or above tongue-jaw primary motor cortex (based stereotaxic coordinates: 2 mm anterior 
and 2-2.3 mm lateral relative to bregma). For superficial imaging a window assembly of two 3 mm 
and one 5 mm round coverslips (CS-3R and CS-5R, Warner Instruments, USA) were bound by a light 
curing adhesive (NOA61, Thorlabs, USA) and fitted into the craniotomy. To access deeper layers of 
the cortex, a microprism window assembly ([93]) was inserted either in C2 barrel of wS1 along the 
medial-lateral axis or in tjM1 along the anterior-posterior axis (Figures 3A-3C). The microprism 
window assembly consisted of a prism coated with aluminium (MPCH-1.0 for wS1 and MPCH-1.5 
for tjM1, Tower Optical Corporation, USA), two 3 mm and 5 mm windows glued together with the 
light curing adhesive. The window assemblies were fixed with super glue and denture acrylic to the 
skull. In experiments where microprisms were inserted in the cortex, at least 5 weeks of recovery 
were given for cortical tissue to stabilize before any imaging was performed whereas one to two 
weeks were sufficient for conventional window surgeries. 

3.4.4 Behavioral training and monitoring 

Mice were subjected to a water restriction schedule. The multisensory detection paradigm consisted 
of single whisker deflections (small iron particle attached to the C2 whisker was deflected by a rapid 
change of a magnetic field ([50]) with an effective force duration of ~1 ms) and brief auditory tones 
(10 ms long 10 kHz pure tone of 3 dB added on top of the continuous masking white noise at 80 dB). 
Training started with an associative learning phase where sensory stimuli (whisker and auditory 
stimulus) were followed by an automated delivery of 4 ul of water. As soon as the mouse engaged in 
licking from the spout, normal trials where reward was delivered only upon licking were interleaved. 
After one to two training sessions, associative trials were completely omitted. Behaviour was 
analysed with MATLAB (MathWorks, USA). Associative trials were not included in the analysis. To 
measure spontaneous licking rate, catch trials in which no stimulus was delivered were interleaved 
with other trials. The average interstimulus interval was 12 ± 1 s (including catch trials with a virtual 
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stimulus time). The stimulus delivery only occurred after a quiet period during which mice did not 
lick the spout for 3 s. The window during which mice could be rewarded was 1.5 s long and started 
at the stimulus onset. To measure small facial movements, behavioural filming of the silhouette of 
the mouse’s face was performed with a high-speed camera (CL 600 X 2/M, Optronis, Germany) 
running at a frame rate of 200 Hz, an exposure time of 4 ms and a resolution of 128x128 pixels. In a 
subset of experiments, filming from below the mouse was performed at frame rate of 100 Hz with an 
exposure time of 4 ms and a resolution of 192x192 pixels. For the multimotor detection paradigm, 
mice were first trained on the standard multisensory detection task with the spout placed on the right 
side. Once they became expert at this task, they were trained to lick for blocks of about 50 trials on 
the right or left spout upon a brief whisker deflection. After 50 trials the reward location was changed 
to the spout on the opposite side. To indicate the current reward location associative trials were 
interleaved. The control and acquisition hardware (NI PXI-6259, NI PXI-6711, NI PCI-6221, 
National Instruments, USA) for the behaviour setup PC and filming PC were controlled by custom-
made software written in Labview code (National Instruments, USA). 

3.4.5 Optogenetics 

For optogenetic inactivation experiments, a 200 mm (BFH37-200, Thorlabs, USA) or 400 mm 
diameter fiber (BFH37-400, Thorlabs, USA) attached to a 470 nm high power LED (M470F3, 
Thorlabs, USA) or laser (MBL-F-473/200 mW, Changchun New Industries Optoelectronics 
Technology, China) was used to selectively activate in a subset of randomly interleaved trials (about 
1/3) GABAergic neurons in wS1, tjM1 or ALM (based on IOS maps or coordinates). The light 
stimulus consisted of a 100 Hz pulse train with duty cycle of 50%. The average power output at the 
fibre end was measured within a range of 4.5 – 20 mW. For awake optogenetic stimulation mapping 
of the cortex, we used a custom-built setup to steer a blue laser beam (S1FC473MM, Thorlabs, USA) 
at different locations of the dorsal cortex ([128]). By introducing a pair of scan and tube lenses 
(AC508-100-A, Thorlabs, USA), the whole area of the dorsal cortex was made accessible. 
Optogenetic stimulation (1mW peak power, ~0.4 mm beam diameter, 50 Hz sinusoidal wave, 500 ms 
duration) was pseudo-randomly delivered to each location of the dorsal cortex following a grid pattern 
with 0.5 mm spacing. Movements of the right C2 whisker and the jaw were measured under blue 
light illumination by a high-speed camera (CL 600 X 2/M, Optronics, Germany; 500Hz frame rate, 
0.5 or 1 ms exposure time, and 512x512 pixels resolution). Movements were tracked by using a 
custom-made MATLAB code. Briefly, arc regions-of-interest were defined around the basal points 
for both the whisker and jaw. Crossing points on these arcs were detected for the whisker (the pixels 
with the smallest intensity) and the jaw (pixels with the largest slope in intensity). A vector was then 
defined for each pair of basal point and the cross point, and the absolute angle was calculated for each 
vector. Trials with optogenetic stimulations were included in the analysis only when the standard 
deviation of movement angles during the pre-stimulation periods (100 ms for whisker, 250 ms for 
jaw) did not exceed a threshold criterion (2 deg for whisker, 0.75 deg for jaw). For each stimulation 
trial, optogenetically-evoked movements were calculated as the difference in mean angles between a 
4-ms period immediately before the stimulation and the first 200-ms period during the stimulation. 
Positive and negative values were defined as protraction and retraction for the whisker, and opening 
and closure for the jaw, respectively. For each mouse, optogenetically-evoked movements were 
mapped on the stimulated cortical location and were further averaged across all stimulation trials. For 
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the primary motor cortices in each map, centre coordinates were determined as the weighted centroid 
of the pixels in which values exceed 50% of the maximum. Coordinates of primary sensory cortices 
were also determined in each mouse as the centroid of the sensory responses in intrinsic optical signal 
imaging. The maps of optogenetically- evoked responses were averaged across six mice by aligning 
to the C2 whisker signal because of its well-defined localization across mice. 

3.4.6 Wide-field imaging 

Mice were lightly anesthetized (1-1.2% isoflurane in 100% oxygen) and mounted with an angle of 
about 250 rotation along the anterior-posterior axis. Either the C2 whisker or the tongue was 
stimulated using a piezoelectric actuator following a 25Hz sine-wave displacement for at least 200 
ms duration. To access the tongue for vibriotactile stimulations, the jaw was opened and the tongue 
was pulled gently with forceps and dried with cotton buds. The GCaMP6f calcium indicator was 
excited with blue light at 485 nm (halogen lamp, TH4-200 and U-LH100-3, Olympus, Japan; 485/20 
BrightLine HC, Semrock, USA) and emission light was detected through a green band pass filter 
(525/50 BrightLine HC, Semrock, USA). A dichroic mirror (Beamsplitter T 495 LPXR, Chroma 
Technology Corp, USA) was used to separate excitation and emission light. The left dorsal 
hemisphere of the cortex was projected on a CMOS chip by using a face-to-face tandem objective 
(Nikkor 50 mm f/1.2, Nikon, Japan; 50 mm video lens, Navitar, USA). Images were acquired at a 
resolution of 100x100 pixels (100 mm / pixel) and a frame rate of 100 Hz with a 12-bit camera 
(MiCAM Ultima, Scimedia, USA). Stimuli and hardware synchronization were done with MATLAB 
and a National Instrument card (NI PCIe-6342) running on a PC. To collect an anatomical reference 
image for each imaging session, the top of the transparent skull was illuminated with a fiber (M71L02 
- Ø1000 mm, 0.48 NA, SMA-SMA Fiber Patch Cable, Thorlabs, USA) coupled to a green LED (530 
nm, M530F2, Thorlabs, USA). During image acquisition, a single trial consisted of a 2s-long pre-
stimulus period followed by 3.12 s post stimulus. For each stimulus condition, 50 repetitions were 
acquired. The first step of image processing was to average those trials for each stimulus condition 
to create an average movie F, where F(i,j,t) indicates the fluorescence of a single pixel (ith row, jth 
line) measured at time point t. A baseline image F0(i,j) was then calculated by averaging the last 5 
frames prior to the stimulus onset (-50 – 0 ms). Finally, a relative fluorescent signal DF/F0(i,j,t) = 
(F(i,j,t) - F0(i,j)) / F0(i,j) was computed. An average was performed over the first 100 ms after 
stimulus onset to obtain an image of the early evoked response. An image of the late evoked response 
was similarly obtained by averaging from 100 to 200 ms after stimulus onset. Centres of wS1 and 
tjS1 were obtained by finding the coordinates of the peak amplitude in the smoothed (sigma = 3 
pixels) early evoked response images for whisker and tongue stimulation, respectively. Coordinates 
of wM1 and tjM1 were identified by finding the local maxima in the frontal motor cortical region 
using the smoothed (sigma = 3 pixels) late response images. 

3.4.7 Virus injection and serial two-photon microscopy 

An AAV1.hSyn.TurboRFP.WRPE.rBG (titer: 6.5x1013 GC/ml, AV-1-PV2642, UPenn Vector Core, 
USA) was diluted 1:10 or 1:30 in Ringer and injected at the centre of tjS1 at 800mm and 400mm 
below the dura. In total 80nL was delivered through a glass pipette (PCR Micropipets 1 – 10ml, 
Drummond Scientific Company, USA) with a 21-27 mm inner tip diameter. After three weeks of 
expression, mice were perfused with 4% PFA (32% Paraformaldehyde (formaldehyde) aqueous 
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solution, Electron Microscopy Science, USA diluted in PBS) and post-fixed overnight. After fixation, 
we embedded the brains in 5% oxidized agarose (Type-I agarose, MerckKGaA, Germany) and 
covalently cross-linked the brain to the agarose by incubating overnight at 4 degrees Celsius in 0.5 – 
1% sodium borohydride (NaBH4, Merck KGaA, Germany) in 0.05M sodium borate buffer. We 
imaged the brains in a custom-made two-photon serial microscope, which was controlled using 
MATLAB-based software (ScanImage 2017b, Vidrio Technologies, USA) and BakingTray https:// 
github.com/BaselLaserMouse/BakingTray, extension for serial sectioning) ([117]). The setup 
consists of a two-photon microscope coupled with a vibratome (VT1000S, Leica, Germany) and a 
high-precision X/Y/Z stage (X/Y: V-580; Z: L-310, Physik Instrumente, Germany). The thickness of 
a physical slice was set to be 50mm for the entire brain and we acquired optical sections at 5mm 
using a high-precision piezo objective scanner (PIFOC P-725, Physik Instrumente, Germany) in two 
channels (green channel: 500-550 nm, ET525/50, Chroma, USA; red channel: 580-630 nm, 
ET605/70, Chroma, USA). Each section was imaged by 7% overlapping 1025x1025-um tiles. A 16x 
water immersion objective lens (LWD 16x/0.80W; MRP07220, Nikon, Japan), with a resolution of 
0.8mm in X and Y and measured axial point spread function of ~5 mm full width at half maximum. 
After image acquisition, the raw images were stitched using a MATLAB-based software (StitchIt,   
https://github.com/SainsburyWellcomeCentre/StitchIt). This software applies illumination correction 
based on the average tile in each channel and optical plane and subsequently stitches the tiles from 
the entire brain. After stitching and before further image processing, we down-sampled the stitched 
images by a factor of 6 in X and Y obtaining a voxel size of 4.8 x 4.8 x 5 mm, using a MATLAB-
based software (MaSIV, https://github.com/SainsburyWellcomeCentre/masiv). To obtain the 
location of the injection site and the axonal innervation in the frontal part of the cortex we cropped 
the images at the level of the left cortex using the software Fiji (https://imagej.net/Fiji). To compare 
the maps to in vivo measurements, a 300 rotation was then applied before we resliced the imaged 
stack from top to bottom. The resulting stack of images was filtered with a Gaussian function (size 
of kernel was 10 × 10 × 5 pixels) and an average image was created by projecting the fluorescence 
signal across cortical depth (see also Supplementary Figure 3.5C for an example without filtering). 
The global maximum in this image corresponds to the injection site and the second local maximum 
in the front indicated axonal projections from tjS1. The injection site and the midline were used to 
align the maps over mice. 

3.4.8 Pharmacological inactivation 

Pharmacological inactivation of cortex was performed by using the GABA receptor agonist muscimol 
(5mM, Biotrend, USA). A small craniotomy was made either above the C2 whisker (based on IOS) 
or above tjM1 (based on stereotaxic coordinates) a day before the pharmacological intervention 
started. In total 400 nL (wS1) or 500 nL (tjM1) of muscimol or Ringer was injected in four (wS1) or 
five (tjM1) depths ranging from 200-1000mm below the pia. This was done using a glass pipette with 
a tip inner diameter of 21 – 27 mm. Ringer was injected on the first day, followed by muscimol for 
the second day and finally injection of Ringer for the third day. 

3.4.9 Two-photon imaging  

A custom made two-photon setup was built to perform functional calcium imaging. The scanning 
system consisted of a galvo-resonant mirror pair (8 kHz CRS, Cambridge Technology, USA). The 

https://github.com/
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genetically encoded calcium indicator GCaMP6f expressed inThy1-GCaMP6f mice ([138]) was 
excited with a 940 nm laser beam coming from a tunable infrared laser (InSightDeepSee, Spectra 
Physics - Newport, USA). The acquisition and imaging hardware (NI PXIe-1073, NI PXIe-6341, 
National Instruments, USA) was controlled by a MATLAB-based software (ScanImage SI5). A 
GaAsP photosensor module (H10770PA-40, Hamamatsu, Japan) was used to detect emission light 
after being reflected by two dichroic mirrors (FF705-Di01-25x36 and FF562-Di02-25x36, Semrock, 
USA) and passing through an infrared blocker (760/SP HC BrightLine, Semrock, USA) and green 
band pass filter (510/84 BrightLine HC, Semrock, USA). Photocurrents were amplified (DHPCA-
100, FEMTO, Germany) and digitized with A/D board (NI 5732 14-bit, NI PXIe-7961R, National 
Instruments, USA). A Nikon 16x objective (16x Nikon CFI LWD, Japan) and Olympus 40x (40x/0.80 
W LUMPLFLN, Japan) were used for prism imaging and a 20x Zeiss (20x W Plan-Apochromat 
20x/1,0 DIC, Germany) was used for window imaging. Frame acquisition rate was 30Hz with 
resolution of 512x512 pixels. 

3.4.10 Two-photon calcium data processing 

To extract time-varying somatic calcium signals FSoma(t), we used the MATLAB-based Suite2p 
toolbox ([120]) (see also Supplementary Figure 3.7A for example regions of interests (ROIs)). 
Neuropil contamination was corrected by subtracting the fluorescent signal from a surrounding ring 
FSurround(t) from somatic fluorescence: F(t) = FSoma(t) - a*FSurround(t), where a was estimated by the 
Suite2p deconvolution algorithm and was on average 0.38 ± 0.30. Manual inspection and alignment 
over sessions was performed by using the built-in toolbox and additional custom-made graphical user 
interfaces implemented in MATLAB. Rigid alignment was used as offline motion correction for each 
session. For alignment over sessions, a non-rigid alignment was used, NoRMCorre ([149]). Z-scores 
based on fluorescent traces were computed for each neuron as follows: z-score(t) = (F(t) - FMode) / 
sNoise, where FMode and sNoise are an estimate of the mean noise level and its standard deviation, 
respectively. The noise level was estimated by finding the mode value for a fluorescence trace (FMode) 
and by taking the values below the mode and symmetrizing them around the mode to obtain an 
estimate of standard deviation of the noise (sNoise). This was done in blocks of 100 s. Either the sensory 
stimulus (auditory or whisker), the first detected lick or small jaw movements were used to align the 
calcium traces. Neurons that were infrequently active (crossing a threshold defined by 5 standard 
deviations from baseline calcium activity at rate of less than 0.05 Hz) were discarded. 21% and 22% 
of the automatically detected and manually curated ROIs showed task dependent modulation for the 
multisensory detection and multimotor detection task, respectively. To test if a neuron showed a 
significant response in a given behavioural category (e.g., whisker hit, auditory hit, etc.), we 
compared baseline activity (for stimulus triggered analysis: -300 – 0 ms; for lick triggered analysis: 
-800 – -500 ms) with the response window of 0 – 200 ms for stimulus and -100 – 100 ms for lick 
triggered analysis, respectively (Wilcoxon rank sum test, MATLAB implementation). A minimum 
of 15 trials per condition for the average calcium response was required. One way to illustrate the 
population activity is to use principal component analysis (PCA). We took the average calcium 
responses (stimulus and lick triggered) from -1000 to 3500 ms relative to the analysis trigger for each 
neuron and pooled them over FOVs. The PCA (MATLAB implementation) was applied over neuron 
identities. The variance which was explained by the first two components was 76% / 69% (stimulus 
/ lick triggered) and 87% / 83% for the wS1 and tjM1 in multisensory detection task, respectively. In 
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the multimotor task the first two components explained 65% / 56% (stimulus/ lick triggered) and 73% 
/ 73% for the wS1 and tjM1, respectively. 

3.4.11 Lick decoder 

We implemented a decoder for left versus right licking based on a previously introduced population 
probabilistic code ([145],[146]). For each neuron in a given field of view (FOV), we computed the 
lick-triggered responses to left and right lick in absence of sensory stimuli and outside the reward 
window (spontaneous licks). Only neurons which showed a significant response to at least one lick 
direction were considered for the decoder analysis. The significance was tested by comparing the lick 
triggered responses (-100 to 100 ms) with baseline signals (-700 to -500 ms). At least 15 trials per 
condition were required for a neuron to be included in the analysis, and a minimum population size 
of 5 neurons per FOV was imposed. The population activity vector for a single trial consisted of the 
average response in either the pre-stimulus or post-stimulus window. The pre-stimulus window 
ranged from -1000 to 0 ms whereas the post-stimulus window went from 0 to 200 ms relative to 
stimulus onset. The log-likelihood was then computed by doing a matrix multiplication of the 
population activity vector with logged tuning curves before being summed for all the neurons. We 
corrected for the response bias in a given FOV by subtraction of the average tuning curves. Finding 
the lick direction that maximizes the log-likelihood gave us a prediction of the underlying motor 
action. Applying this procedure to hit and error trials and comparing the decoded motor action with 
the actual motor action detected on the spouts gave us a decoder performance for single FOVs and 
sessions. 

3.4.12 Quantification of small jaw movements 

Movies of the face were analyzed with Fiji and MATLAB. A ROI was drawn covering the jaw (see 
also Supplementary Figure 3.8). Movements were quantified by averaging the pixel values within the 
ROI and taking the difference between consecutive frames. The onset time of a small jaw movement 
was identified as the first time point when change in jaw position was more than two times the 
standard deviation computed during the pre-stimulus periods (from -2000 to 0 ms relative to stimulus 
onset) over the entire session. During stimulus trials, only the time period up -500ms was considered 
relative to stimulus onset. Two small jaw movements had to be at least 1500 ms apart from each other 
to be considered as two isolated jaw movements. Spout contacts were defined as licks detected by the 
piezo-film attached to the spouts. 
To quantify the impact of tjM1 and wS1 optogenetic inactivation on jaw movements we extracted the 
standard deviation from the filmed jaw position (average pixel value within the ROI). The average 
ratio during the catch window (SDCatch) and the preceding baseline window (SDBaseline) for correct 
rejection trials was calculated: SDCatch/SDBaseline and compared between light OFF and Light ON 
trials. 

3.4.13 Statistics  

Data are represented as mean ± SD unless otherwise noted. Wilcoxon signed rank test was used to 
assess significance in paired comparisons; Wilcoxon rank sum test was used for unpaired 
comparisons; Pearson correlation coefficient was used to compute correlations between two 
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conditions (MATLAB implementations). The statistical tests used and n numbers are reported 
explicitly in the main text or figure legends. 

3.4.14 Data and code availability 

The complete dataset and MATLAB analysis code are freely available at the open access CERN 
Zenodo database: https://zenodo.org/communities/petersen-lab-data with doi hyperlink: 
https://doi.org/10.5281/zenodo.3271408. 
 

3.4.15 Supplemental information 

Supplementary figures of the published paper are as follows. 

 

https://doi.org/10.5281/zenodo.3271408
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Supplementary Figure 3.5 Identification of tongue-jaw primary motor cortex, Related to Figure 3.1 (A) Optogenetic motor mapping. Individual maps 
for each mouse of whisker and jaw movement amplitudes. Red crosses: center of C2 whisker sensory-evoked intrinsic optical signal. Green crosses: 
center of tongue sensory intrinsic optical signal. Blue crosses indicate the center of cortical region that produces movement initiation for individual 
mice. Black crosses: bregma position. (B) Wide-field calcium imaging. Individual maps for each mouse evoked by whisker and tongue stimulation. 
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The early (0–100 ms) response map is plotted above the corresponding late (100 – 200ms) response map. Red crosses indicate bregma position of 
individual mice. (C) Anterograde tracing. AAV was injected into tjS1 and fluorescence imaged across the brain using serial two-photon tomography. 
Projected fluorescence signal across cortical depth of the rotated and resliced two-photon tomography stack of an example mouse. Red cross indicates 
location of bregma. 

 

 

Supplementary Figure 3.6 Different roles of tjM1 and wS1 during sensorimotor behaviours, Related to Figure 3.2 (A) Learning curves of two-photon 
imaged mice. In green the average learning curves for the whisker stimulus and in blue the average learning curves for the auditory stimulus are plotted. 
The grey shows the false alarm rate over training days. (B) First lick time distribution for auditory hits (blue), whisker hits (green) and catch false alarms 
(grey). (C) Muscimol inactivation experiments in the multisensory detection task. On the first day a vehicle, on the second day a muscimol and the third 
day another vehicle injection with Ringer was used. Same color code as in panels A and B. (D and E) Lick probability for right spout (green) and left 
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spout (red) aligned to the rewarded spout switch time (n = 14 mice). The lick probability for the catch (right and left) trials is shown in grey. In panel 
D, the right spout rewarded to left spout rewarded switch (as shown in Figure 2). In panel E, the complementary switch from left spout rewarded to 
right spout rewarded is shown. (F) tjM1 (n = 15 mice) and ALM (n = 8 mice) inactivation during the multimotor task. Upper graphs show the effect of 
tjM1 inactivation on left and right spout lick probability during left block trials, as well as miss rates. Lower graphs show the same, but during ALM 
inactivation. Data are represented as mean ± SD, except in panels D and E, which show 95% confidence intervals. Wilcoxon signed rank test in panels 
C and F. 

 

Supplementary Figure 3.7 Neuronal correlates of multisensory and multimotor decision making, Related to Figure 3.3 (A) Left: Extracted regions of 
interest from Suite2P ([150]) . The grey scale image shows a time average of the two-photon calcium image in an example tjM1 field of view. The 
coloured regions correspond to different ROIs found by the algorithm. Middle: Traces of behavioural variables and calcium signals from seven example 
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neurons depicted in panel A during the multimotor detection task. Right: Stimulus triggered averages of the cells. (B) Left: Example field of view 
(FOV) during a multisensory task in wS1. Red image channel: average lick triggered responses (-100 – 100ms) for auditory hit trials. Green image 
channel: same but for whisker hit trials. Middle left: Scatter plot over all neurons comparing average response during whisker and auditory hit trials. 
Grey points did not show any significant modulation to the shown categories. R is the Pearson correlation coefficient. Middle right: PCA of the time-
varying neuronal population vector during whisker and auditory hit trials. Thick lines indicate -100 – 100ms around first lick. Arrow heads show 
direction of the trajectories. Right: Grand average whisker and auditory z-score evoked responses in hit trials for deep (thick) and superficial (thin) 
neurons aligned to lick time. (C) Left: Example FOV during a multimotor task in wS1. Red image channel: average lick triggered responses (-100 – 
100ms) for left hit trials. Green image channel: same but for right hit trials. Middle left: Scatter plot over all neurons comparing average response during 
left and right hit trials. Grey points did not show any significant modulation to the shown categories. R is the Pearson correlation coefficient. Middle 
right: PCA of the time-varying neuronal population vector during left and right hit trials. Thick lines indicate -100 – 100ms around first lick. Arrow 
heads show direction of the trajectories. Right: Grand average left and right z-score evoked responses in hit trials for deep (thick) and superficial (thin) 
neurons aligned to lick time. (D and E) same as panels B and C, but for recordings performed in tjM1. Average responses were calculated in the time 
window 0 – 200ms relative to stimulus onset. Pearson correlation coefficients in panels B – E: p < 0.001. (F) Left: PCA for Deep (Thick) and Superficial 
(Thin) neurons in wS1 of the time-varying neuronal population vector during whisker and auditory hit trials. Lines with arrowheads indicate the first 
200ms after stimulus onset. Middle: Grand average whisker and auditory z-score evoked responses in miss trials for deep (thick) and superficial (thin) 
neurons aligned to stim time. The average z-score response for whisker misses was 0.28 ± 0.44 compared to auditory misses 0.19 ± 0.22; p = 0.14, 
Wilcoxon signed rank test; n = 271). Separately analysing superficial and deep neurons, we found: i) Superficial neurons: average z-score response for 
whisker miss 0.42 ± 0.65 vs auditory miss 0.14 ± 0.21, p = 0.001, n = 62; ii) Deep neurons: average z-score response for whisker miss 0.23 ± 0.34 vs 
auditory miss 0.20 ± 0.23, p = 0.87, n = 209; Wilcoxon signed rank tests. The difference in whisker miss and auditory miss response was significantly 
larger for superficial compared to deep neurons (p < 0.001 Wilcoxon rank sum test). Right: Grand average whisker hit and false alarm z-score responses 
for deep (thick) and superficial (thin) neurons aligned to lick time. False alarm licking gave rise to an average z-score increase of 0.24 ± 0.39, aligned 
to lick onset (-100 to 100ms relative to lick time), compared to the whisker-evoked licking which had an average z-score increase of 0.53 ± 0.82 (p < 
0.001, Wilcoxon signed rank test, n = 348), aligned to lick onset. In superficial wS1 neurons we found an average z-score response in whisker hit trials 
of 0.95 ± 1.19 and in false alarm trials 0.26 ± 0.29 (p < 0.001, Wilcoxon signed rank test; n = 66). The superficial neurons responded with a ~4 times 
larger response in whisker hit compared to false alarm trials. In deep wS1 neurons we found an average z-score response in whisker hit trials of 0.43 ± 
0.68 and in false alarm trials 0.23 ± 0.41 (p < 0.001, Wilcoxon signed rank test; n = 282). The deep neurons responded with ~2 times larger response in 
whisker hit compared to false alarm trials. The superficial neurons therefore appear to be more strongly modulated by sensory input compared to the 
deep neurons, and the difference between whisker hits and false alarms was significantly larger in superficial neurons compared to deep neurons (p < 
0.001, Wilcoxon rank sum test).  (G) PCA for Deep (Thick) and Superficial (Thin) neurons in wS1 of the time-varying neuronal population vector 
during left and right hit trials. Lines with arrowheads indicate the first 200ms after stimulus onset. 



Distinct contributions of whisker sensory cortex and tongue-jaw motor cortex in a goal-directed sensorimotor transformation 3.4 Methods 

82 

 

Supplementary Figure 3.8 Decoding of lick direction and small anticipatory jaw movements, Related to Figure 3.4 (A) Subsampled result for decoder 
performance for the post-stimulus analysis window. We restricted the decoder population size of the individual FOVs to a maximum of 30 neurons, 
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which is the average wS1 decoder population size (30.5 ± 17.7 neurons in wS1 and 68.2 ± 44.0 neurons in tjM1). This led to an average population size 
for the decoder of 23.9 ± 10.6 neurons in wS1 and of 25.2 ± 9.6 neurons in tjM1. Left columns correspond to the original data shown in Figure 4B. 
Right columns are the averages of 1000 subsampled results for each FOV. Wilcoxon signed rank test was used to test against chance (dashed line); 
Wilcoxon rank sum test was used to test between groups. (B) Subsampled result for decoder performance for pre-stimulus analysis window. Same as 
panel A, but for pre-stimulus window. (C) Extraction of small jaw movements outside the stimulus window and spout contacts. Only onsets of small 
jaw movements which were more than 500ms before a whisker stimulus and more than 1500ms from the last small jaw movement were considered. In 
addition, only onsets which occurred 500ms after filming started were selected. (D) Long stretch of calcium activity of two tjM1 example neurons 
during left and right block trials. (E) Example jaw movements during an inactivation experiment. Black traces are correct rejection trials without light. 
Blue traces correspond to correct rejection trials with light. Individual traces were baseline aligned. Shaded areas represent analysis windows: light ON 
(blue), light OFF (grey) and baseline (yellow) periods. 

Supplementary Table 3.1 Summary table of mapping experiments, Related to Figure 3.1 
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 Rapid reorganization of barrel cortex 
neuronal networks accompanies learning of a whisker 
detection task 

 

 

This chapter represents a project for which I majorly contributed to all the described 
experiments. I performed the surgeries, the training, the recordings, the analysis of the data 
and the writing of the chapter. A part of the experiments for the pharmacological inactivations 
(increase of n numbers of the during whisker learning group) and optogenetic inactivations 
(during whisker learning group) was performed in collaboration with another PhD student of 
the laboratory (Maya Iuga). The calcium imaging data of one mouse in the “Whisker-non-
rewarded group” was also acquired by Maya Iuga. 
 

4.1 Introduction 

In the rodent brain, the whisker primary somatosensory cortex (wS1) is a neocortical area which 
receives and processes incoming sensory information from the mystacial whiskers and it has been 
shown to play a crucial role in the sensory perception of whisker-related stimuli ([62],[151],[152]). 
The sensory information processing, taking place in different sensory cortices, is known to be flexible 
and it is being shaped throughout the life of the animal, based on the positive and negative outcomes 
after a specific decision was taken when the same stimulus was formerly presented ([153], [154], 
[155]). Hence, through reward-based learning, present sensory stimuli are integrated with past reward 
values and the final outcome is used as a reinforcement teaching signal, perhaps via different 
neuromodulatory systems ([70],[156],[157],[158]). Indeed, many studies have shown that a pairing 
of a sensory stimulus with a reward can lead to diverse changes in the cortical activity of primary 
sensory areas. Interestingly, sometimes those changes were dependent on stimulus-independent and 
task-relevant parameters, such as motivation and engagement ([159],[160, 
p.],[161],[162],[163],[164], [165]). Thus, the exact nature, the size, the properties and the duration of 
those learning-induced changes remain still poorly understood for many brain areas, including wS1 
([12]).  
Head-restrained thirsty mice have been widely used in recent years as a model to study various 
whisker-dependent goal-directed behaviors including texture discrimination, object localization and 
stimulus detection with or without delayed report of the decision ([50],[49],[61],[47],[127] 
[166],[167],[168],[169]). In the simplest version of those behavioral paradigms, namely the simple 
whisker detection tasks, the animal learns to report brief whisker stimulations through licking from a 
water spout. Moreover, neuronal activity in wS1 has been shown to be causally implicated in the 
execution of this type of tasks, with neurons in the L2/3 showing responses which correlate with the 
animal decision, depending on their projection targets ([57],[113],[59]). The activity from wS1 is 
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then propagating into various other locations, including higher sensory and motor areas, suggesting 
wS1 as a first cortical stage of a complex goal-directed sensorimotor transformation ([47], [49] [61]). 
Thus, a better understanding of the potential changes in the neuronal networks of wS1, induced by 
reward-based learning, is a fundamental step in order to disentangle those complex brain 
computations. 
A challenge which one faces when studying reward-based learning in mice, is that this typically takes 
place over days, making sometimes plastic changes difficult to experimentally track. Interestingly, a 
significant animal to animal variability has been reported with a small number of subjects learning 
the detection task much faster than others ([57], [61]).  Thus, we firstly aimed to design a novel "fast"-
learning version of the detection task by trying to accelerate the acquisition of whisker stimulus, from 
many training sessions down to a single session for the majority of mice. We hypothesized that pre-
training the animals in firstly detecting a short auditory tone could possibly accelerate the learning of 
a novel stimulus arriving on one vibrissa. As one might imagine, during acquisition, the animals do 
not only learn to detect the type of the stimulus but also general features of the task (such as the 
context, the trial structure etc.) which are shared among sensory modalities ([157]). Thus, pre-training 
to detect stimuli using another modality would possibly facilitate the learning of a stimulus of another 
modality. 
In this chapter, after having designed a novel “fast”-learning whisker detection paradigm we 
investigated, firstly, its dependence on rewards and afterwards the causal involvement of wS1 in the 
task execution and the learning of a novel whisker stimulus using pharmacological and optogenetic 
inactivations. Additionally, we performed longitudinal two-photon calcium in L2/3 of the C2 barrel 
column together with retrograde labelling of projection neurons, and fast-videography of the animals’ 
facial movements. The robust single-session reward-based learning task was amenable to detailed 
investigation of learning-induced changes in the neuronal activity upon learning of the novel whisker 
stimulus. The results indicate a rapid and pathway specific re-organization of the barrel cortex 
networks which parallels the observed “fast” changes in the animal behavior. 

4.2 Results 

4.2.1 “Fast” whisker learning task 

Head restrained thirsty mice, already experts in an auditory go/no-go task (Days -1 and -2), were 
presented during the whisker learning day with randomly interleaved auditory tones and brief 
whisker stimuli delivered on their C2 whisker (through a metallic particle attached to it). After the 
whisker learning day, two more training sessions followed, keeping both auditory and whisker 
stimuli present (Days +1 and +2) (Figure 4.1A). In general, we trained two groups of mice: (1) the 
“Whisker-rewarded” group for which, if the mice licked after the presentation of the whisker 
stimulus, a water reward would be delivered and (2) the “Whisker-non-rewarded” group for which 
water reward was not delivered independently of the mouse’s decision to lick.   
The two groups of mice exhibited very different behaviours already during the whisker learning 
day. In the “Whisker-rewarded” group, the mice showed high detection performance for the 
whisker stimuli, above false alarm levels, already by the end of whisker learning session (Day 0)  
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Figure 4.1 Auditory detection pre-training followed by “fast” learning of a rewarded novel whisker stimulus. (A) “Fast” whisker learning detection 
task paradigm. The mice are firstly trained to become experts in an auditory detection go/no-go task and from Day 0 (the whisker learning day) whisker 
stimuli are randomly interleaved with the auditory stimuli (either rewarded or non-rewarded). Six possible trial types are possible while the mice are 
performing the auditory and whisker detection task (whisker hit/miss, auditory hit/miss, false alarm, correct rejection). A stereotypical trial structure 
constists of 7 sec preceded by a quiet window (QW) of 3-5 sec. After the start of the trials a baseline of 2 sec is followed by the presentation of the 
stimulus (for stimulation trials) followed by 1 sec of reward window (RW) and 4 sec of additional acquisition till the end of the trial. The intertrial 
interval (ITI) was randomly chosen between 5 sec and 7 sec. (B) Mean learning curve for the mice where a rewarded novel whisker stimulus was 
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introduced. Note the rapid increase in the whisker hit performance already in Day 0. The mice are increasing their performance for the whisker detection 
in Days +1 and +2. The auditory detection remains stable throughout the days of training (n= 50 mice). (C) Mean learning curve for the mice where a 
non-rewarded novel whisker stimulus was introduced. The whisker hit performance does not show an increase in Day 0 and remains close to False 
Alarm levels for the whisker detection in Days +1 and +2. The auditory detection remains stable throughout the days of training (n=9 mice). (D) 
Quantification of the lick rates for whisker, auditory and catch trials in Day 0 for the group of mice with a rewarded whisker stimulus versus the group 
of mice with non-rewarded whisker stimulus (n = 50 rewarded and n=9 non-rewarded mice). (E) Quantification of the lick rates for whisker, auditory 
and catch trials in Day +2 for the group of mice with a rewarded whisker stimulus versus the group of mice with non-rewarded whisker stimulus (n = 
50 rewarded and n=6 non-rewarded mice). (F) Quantification of the d’ for whisker and auditory detection in Day 0 versus the Day +2 for the group of 
mice with a rewarded whisker stimulus (n=50 mice). (G) Quantification of the d’ for whisker and auditory detection in Day 0 versus the Day +2 for the 
group of mice with a non-rewarded whisker stimulus (n=9 mice). (H) Reaction times for whisker, auditory and catch trials in Day 0 versus Day +2 for 
the group of mice with a rewarded whisker stimulus (n=50 mice). (I) Reaction times for whisker, auditory and catch trials in Day 0 versus Day +2 for 
the group of mice with a non-rewarded whisker stimulus (n=9 mice). 
The data are presented as mean ± SD and the statistical tests shown are Wilcoxon rank-sum test for unpaired data and Wilcoxon signed-rank paired 
tests for paired data with Holm-Sidak multiple comparisons correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 
 

(whisker hit rate: 58.5% ± 22.1% vs false alarm rate 11.1% ± 6.2%, n=50 mice, Wilcoxon signed 
rank test, p = 8 ×10-10, d’whisker = 1.5 ± 0.5) (Figure 4.1D and F), responding with a short reaction 
time in whisker sensory stimulation trials compared to catch trials (whisker stimulation: 264 ± 87ms 
vs catch trials: 516 ± 89 ms, Wilcoxon signed rank test, p = 2.8 ×10-9) (Figure 4.1H).In contrast, 
the absence of a reward after the whisker stimulus presentation in the “Whisker-non-rewarded” 
group led to a whisker hit rate which was moderately higher than false alarms (whisker hit rate: 
7.6% ± 9.1 % vs false alarm rate 2.3% ± 2.0%, Wilcoxon signed rank test, p = 0.008, d’whisker = 
0.60 ± 0.46) (Figure 4.1D and G),  and the reaction time for the whisker stimulation trials was 
slightly smaller than catch trials (whisker stimulation: 351 ± 108 ms vs catch trials: 449 ± 107 ms, 
Wilcoxon signed rank test, p = 0.02) (Figure 4.1I). Comparing the two groups, the whisker hit rate 
differed significantly for Day 0 (Wilcoxon rank sum unpaired test, p = 7.8 ×10-6, n =50 rewarded 
versus n =9 mice non-rewarded mice) (Figure 4.1D). 
As the training proceeded, by the end of Day +2 the mice in the “Whisker-rewarded” group 
improved even more in the whisker detection performance (whisker hit rate: 82.7% ± 12.9% vs  
false alarm rate 10.1% ± 4.6%, Wilcoxon signed rank test, p = 7.5 ×10-10, d’whisker = 2.3 ± 0.57, n = 
50 mice)( (Figure 4.1E and F),) while the whisker performance of the mice in the “Whisker-non-
rewarded” group decreased and not was different than false alarm rate (whisker hit rate: 5.4% ± 
3.0% vs false alarm rate 2.9% ± 2.2%, Wilcoxon signed rank test, p = 0.25, d’whisker = 0.37 ± 0.62, 
n = 9 mice) ( Figure 4.1E and G).  The two groups had a significantly different whisker hit rate also 
for Day +2 (Wilcoxon rank sum unpaired test, p = 2.1 ×10-6, n =50 rewarded versus n =9 mice non-
rewarded mice) (Figure 4.1E). Furthermore, the mice in the “Whisker-rewarded” group became 
faster in their licking responses to the whisker stimulation (Day 0: 264 ± 87ms versus Day +2: 210 
± 66 ms, Wilcoxon signed rank test, p = 1.6 ×10-5, n =50 mice) (Figure 4.1H) and also better at 
detecting the whisker stimulus (Day 0: d’whisker = 1.5 ± 0.5 versus Day +2: d’whisker = 2.3 ± 0.5, 
Wilcoxon signed rank test, p = 2.5 ×10-8, n =50 mice) (Figure 4.1F). On the contrary, the mice in 
the “Whisker-non-rewarded” group did not appear to greatly change in performance as the training 
continued, with no significant difference in reaction times (Day 0: 351 ± 108 ms vs Day +2: 435 ± 
136ms Wilcoxon signed rank test, p = 0.10, n =9 mice) or d’ for the whisker stimulus (Day 0: 
d’whisker = 0.60 ± 0.46 versus Day +2: d’whisker = 0.37 ± 0.62, Wilcoxon signed rank test, p = 0.3, n 
= 9 mice) (Figure 4.1G and I). However, their reaction times to whisker stimulation was not 
different than the false alarm ones at Day +2 (whisker stimulation: 435 ± 136 ms vs false alarms: 
529 ± 86 ms, Wilcoxon signed rank test, p = 0.05, n = 9 mice) (Figure 4.1I). In order to gain more 
insights in the dynamics of the animal behaviour during the whisker learning day, in Figure 4.2 we 
illustrate an example mouse for each one of the two groups with the behavioural performance  
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Figure 4.2 The presence of a rewarded novel whisker stimulus leads to “fast” learning in the course of a single session. (A) Example session of the 
whisker learning day for a mouse where the whisker stimulus reward was on. Note the rapid increase in the whisker hit rate starting from 0 and ending 
at above 60% by the end of the session. The performance at every trial is calculated using the 20 previous trials.  (B) Lick plots of the same mouse in 
(A) for all trial types of the session (Blue: auditory hit, Green: whisker hit when whisker was rewarded,  Red: whisker hit when whisker was not 
rewarded, Magenta: miss trials Gray: no stimulation trials). The mouse exhibits long-lasting licking for the whisker stimulus rewarded trials same as 
for the auditory ones (C) Example session of the whisker learning day for a mouse where the whisker stimulus reward was off. Note the rapid decrease 
in the whisker hit rate starting from 100% and ending at 0% by the end of the session (D) Lick plots of the same mouse in (C) for all trial types of the 
session. The absence of reward for the whisker trials leads short-lasting licking for the whisker stimulation trials before the mouse ceases from 
responding. 
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plotted for every trial in the session. In the case of the “Whisker- rewarded” mouse (Figure 4.2A) 
a gradual increase in the mouse whisker detection performance (starting from 0% up 60%) was 
observed as the mouse discovers, by trial and error, the new stimulus. In addition, as we can see 
from the licking pattern in Figure 4.2B, during the whisker stimulation trials, the mouse vigorously 
licks as a response to the stimulus, in order to collect the water reward in a similar way as for 
auditory stimulation trials. For the “Whisker-non-rewarded” mouse we can observe a different type 
of behaviour (Figure 4.2C). In the beginning of the session, the mouse still licks as a response to 
the whisker stimulus, although the licking bout is much shorter, given that no water is delivered. 
As the session proceeds, the mouse begins to ignore the whisker stimulus causing a decline in the 
detection performance after a couple of non-rewarded whisker trials (from 100% down to 0%) 
(Figure 4.2D). In both cases, the auditory stimulus performance remains unaffected.  
From the two exemplary mice, it seems that the presence/absence of reward affects the behaviour 
drastically and in relatively “fast” timescales and the differences might potentially even be observed 
already in the first few whisker stimulation trials. In order to investigate this in more depth, in 
Figure 4.3 we quantified those differences trial-by-trial for the two groups of mice, during the 
whisker learning day. As illustrated in Figure 4.3K every mouse is characterised by a different 
number of whisker stimulation trials until it hits for the first time, with some mice already licking 
already for the first trial, while for others more than 30 trials were needed. We firstly aligned the 
behaviour of each animal to the first whisker stimulation and we computed the lick probability for 
each group (Figure 4.3A, C, E, G). In the “Whisker non-rewarded” group, as for the example mouse 
of Figure 4.2,  the mice tend to lick early in the session (in the first ~10 trials) and subsequently the 
group licking probability falls rapidly. Trial-by-trial statistical quantification showed that 18 trials 
are required till the two groups diverge significantly (p<0.05 for the rest of the session after trial 
18, χ2-test with Holm-Sidak multiple comparisons correction, n =50 rewarded versus n=9 non-
rewarded mice) (Figure 4.3I). The same type of analysis was then repeated in by aligning the 
responses to the first whisker hit trial (Figure 4.3B, D, F, H). The group licking probability showed 
again different dynamics with the “Whisker-rewarded” group probability remaining at high levels 
(~60%) throughout the session while for the “Whisker non-rewarded” group the probability fell 
monotonically and remained low (<20%). Trial-by-trial statistical quantification in this case 
showed again that 18 trials are required until the behaviour of the two groups diverges and remains 
statistically different until the end of the session (p<0.05 for the rest of the session after trial 18, χ2-
test with false Holm-Sidak multiple comparisons correction, n=50 whisker rewarded versus n=9 non-
rewarded mice) (Figure 4.3J) 
Summarising these findings, pre-training the animal in detecting an auditory brief tone appears to 
facilitate the learning of a novel whisker stimulus. This learning is reward dependent and “fast”, 
taking place for the majority of the mice in a single session. Apparent signs of learning can be 
observed after a small number of whisker stimulation trials. 

4.2.2 wS1 is needed for the execution of the task after whisker learning 

Neuronal activity in the primary whisker-related somatosensory cortex (wS1) has been shown to 
causally participate in the execution of simple whisker detection tasks ([50], [61]), multisensory tasks  
with interleaved auditory and whisker stimuli ([49]) and whisker detection tasks with delayed motor 
responses ([47]). However, a recent study ([170]) suggested that wS1 might be dispensable for  
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Figure 4.3 Trial-by-trial behavioural differences between the groups of rewarded versus non-rewarded whisker stimulus, during the whisker learning 
day. (A) Mean group performance for reward-on mice for all the whisker stimulation trials of the whisker learning day aligned to the first whisker 
stimulation (n=50 mice). (B) Mean group performance for reward-on mice for all the whisker stimulation trials of the whisker learning day aligned to 
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the first whisker hit trial (n=50 mice). (C) Mean group performance for reward-off mice for all the whisker stimulation trials of the whisker learning 
day aligned to the first whisker stimulation (n=9 mice). (D) Mean group performance for non-rewarded mice for all the whisker stimulation trials of the 
whisker learning day aligned to the first whisker hit trial (n=9 mice).  (E) Heat map of the same mice as in (A) with the performance of every single 
trial reported (green: whisker hit, gray: whisker Miss). (F) Heat map of the same mice as in (B) with the performance of every single trial reported 
(green: whisker hit, gray: whisker miss). (G) Heat map of the same mice as in (C) with the performance of every single trial reported (red: whisker hit, 
gray: whisker miss). (H) Heat map of the same mice as in (D) with the performance of every single trial reported (red: whisker hit, gray: whisker miss). 
(I) Statistical comparisons between the groups in (A) and (C) for the first 20 trials. (J) Statistical comparisons between the groups in (B) and (D for the 
first 20 trials. (K) Number of whisker stimulation trials until the first whisker hit for the groups of reward-on (green) and reward-off mice (red). 
The data are presented as mean ± SD and the statistical tests shown are 𝜒𝜒2 -tests with Holm-Sidak multiple comparisons correction. 
 

detection of objects in the surrounding environment, during learning and execution. In order to test 
for a role of wS1 in performance of our task, we carried out pharmacological and optogenetic  
inactivation of wS1 after whisker learning, when the mice were experts in performing the auditory 
and whisker detection task (Figure 4.4A and Figure 4.4B, F Day -2 and -1 ). For pharmacological 
inactivation, we injected the GABA agonist muscimol in wS1 or in fpS1 as a control area. Injection 
of muscimol in wS1 led to a significant drop in the whisker hit performance in relation to Ringer 
control injections and also to a smaller extent affected the auditory detection without altering false 
alarm rate (Muscimol whisker hit rate: 31.8% ±11.9% versus Ringer whisker hit rate: 86.1% ± 8.1%, 
Wilcoxon signed rank test, p=0.008, Muscimol auditory hit rate: 86.4% ±11.2% versus Ringer 
auditory hit rate: 95.8% ± 3.3% , Wilcoxon signed rank test, p=0.015, Muscimol false alarm rate: 
11.8% ± 3.1% versus Ringer auditory hit rate: 12.0% ± 4.4%, Wilcoxon signed rank test, p=1.0, n=9 
mice) (Figure 4.4B and D). 
When we injected muscimol in the control area fpS1 no effect on the performance was observed for 
any sensory stimulus or catch trials  (Muscimol whisker hit rate: 91.9% ± 3.2% versus Ringer whisker 
hit rate: 93.3% ± 1.4% , Wilcoxon signed rank test, p=0.67, Muscimol auditory hit rate: 97.8% ±1.6 
% versus Ringer auditory hit rate: 97.2% ± 1.4%, Wilcoxon signed rank test, p=0.67, Muscimol false 
alarm rate: 19.2% ± 9.8% versus Ringer auditory hit rate: 14.4% ± 7.8%, Wilcoxon signed rank test, 
p=0.38, n=6 mice)( Figure 4.4F and H). In a complementary set of experiments, we carried out 
optogenetic inactivations using the VGAT-ChR2 mouse line by shining blue light in order to activate 
GABAergic interneurons and indirectly inhibit nearby pyramidal neurons ([171]) . The optic fiber 
was again placed either over wS1 or fpS1 as a control area. In accordance with the pharmacological 
inactivations, optogenetic inactivation of wS1 led to a profound reduction on the whisker stimulus 
detection performance, a small but not significant decrease in the auditory hit rate and did not 
significantly influence the false alarm rate (Light on whisker hit rate: 45.3% ± 19.9% versus Light 
off whisker hit rate: 76.0% ± 13.2% , Wilcoxon signed rank test, p=0.016 Light on auditory hit rate: 
75.1% ±  25.0 % versus Light off auditory hit rate: 88.9% ± 8.5%, Wilcoxon signed rank test, p=0.10 
Light on false alarm rate: 16.7% ± 12.8% versus Light off auditory hit rate: 9.8% ± 7.3%, Wilcoxon 
signed rank test, p=0.10, n=11 mice) (Figure 4.4C and E). When the optic fiber was positioned over 
the fpS1 control area, no effect was observed for either whisker stimulation, auditory stimulation or 
catch trials (Light on whisker hit rate: 91.8% ± 5.5% versus Light off whisker hit rate: 89.3% ± 4.4% 
, Wilcoxon signed rank test, p=0.80 Light on auditory hit rate: 94.5% ±  3.7 % versus Light off 
auditory hit rate: 95.9% ± 3.1% , Wilcoxon signed rank test, p=1.0 Light on false alarm rate: 22.5% 
± 17.6% versus Light off false alarm rate: 7.8% ± 3.6% , Wilcoxon signed rank test, p=0.09, n=6 
mice)(Figure 4.4G and I).Overall, these results indicate that, in our task, wS1 participates in the 
execution of the auditory and whisker go/no-go task, after learning of the whisker stimulus and 
inactivation of this cortical area leads to considerable decrease in the whisker detection performance.  
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Figure 4.4 Pharmacological and optogenetic inactivations of the whisker-related primary somatosensory cortex (wS1) and the forepaw-related 
primary somatosensory cortex (fpS1) after whisker learning. (A) Schematic of the inactivations timeline. The inactivations are taking place after the 



Rapid reorganization of barrel cortex neuronal networks accompanies learning of a whisker detection task 4.2 Results 

94 

mice were experts in both auditory and whisker detection (1-2 days for optogenetics and 3 days of muscimol or Ringer injections). (B) Auditory hit, 
whisker hit and false alarm rate for every day of the pharmacological inactivation of wS1 (-1: day before the first injection, Muscimol first injection, 
followed by Ringer injection and Muscimol second injection, (n=9 mice)). (C) Light ON versus Light OFF auditory hit, whisker hit and false alarm 
rates for the optogenetic inactivation of wS1 (n=11 mice). (D) Quantification of the Lick rates for whisker, auditory and catch trials for Muscimol 
versus Ringer injections in wS1 (n=9 mice). (E) Quantification of the Lick rates for whisker, auditory and catch trials for Light ON versus Light OFF 
trials for optogenetic inactivations in wS1 (n=11 mice). (F) Same as in (B) for fpS1 (n = 6 mice). (G) Same as in (C) for fpS1 (n = 6 mice). (H) Same 
as in (D) for fpS1 (n = 6 mice). (I) Same as in (E) for fpS1 (n = 6 mice) 
The data are presented as mean ± SD and the statistical tests shown are Wilcoxon signed-rank paired tests for paired data with Holm-Sidak multiple 
comparisons correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 

4.2.3 wS1 is needed for the acquisition of the novel whisker stimulus 

After having studied the participation of wS1 in the execution of the task, we next investigated the 
participation of the wS1 in the acquisition of the novel whisker stimulus during the whisker learning 
day. For that reason, we again performed pharmacological and optogenetic inactivations after the 
mice were experts in performing the auditory detection task and during the first session when the 
novel whisker stimulus was presented (whisker learning day) (Figure 4.5A and Figure 4.5B,C, D and 
E Day -2 and -1).For pharmacological inactivations, we injected muscimol in either wS1 or fpS1 
control area for 3 consecutive days while the mice were presented with interleaved whisker and 
auditory stimuli Figure 4.5B and D). When muscimol was injected in wS1, the mice did not show 
any increase in the whisker detection performance for all the 3 days of the injections and the whisker 
hit performance was not different  than their false alarm rate for any of the 3 day of the injections 
(Day 0 whisker hit rate: 11.4% ± 5.9%, false alarm rate: 5.5% ± 3.7%, Wilcoxon signed rank test, 
p=0.09, Day 1 whisker hit rate: 6.3% ± 6.1%, false alarm rate: 5.5% ± 3.7%, Wilcoxon signed rank 
test, p=0.17, Day 2 whisker hit rate: 6.1% ± 2.6%, false alarm rate: 5.5% ± 3.7%, Wilcoxon signed 
rank test, p=0.56, n=6 mice) (Figure 4.5B and F). Subsequently, on the next day, when the mouse 
performed the task without muscimol injected in wS1, the whisker detection performance increased 
rapidly (Figure 4.5B, Day 3 whisker hit rate: 86.6% ± 4.7%), following the observed behavior in the 
“Whisker rewarded” group of mice (Figure 4.1B). In contrast, when muscimol was injected in fpS1 
control area the mice rapidly increased their whisker hit performance during the whisker learning day 
which was significantly higher than the false alarm rate and remained high till the last injection day 
(Day 2 whisker hit rate: 88.3% ± 6.9%, false alarm rate: 17.1% ± 7.5%, Wilcoxon signed rank test, 
p=0.03, n=6 mice) ( Figure 4.5D and F). For optogenetic inactivations, we again used the VGAT-
ChR2 mouse line and we delivered blue light stimulation in 100% of all the trial types (whisker 
stimulation, auditory stimulation and catch trials) of the whisker learning day. When the optic fiber 
was positioned over the wS1, a decreased whisker hit performance was observed which was not 
significantly different from the false alarm rates (Day 0 whisker hit rate: 37.3% ± 20.4%, false alarm 
rate: 26.8% ± 19.9%, Wilcoxon signed rank test, p=0.09, n =6 mice) (Figure 4.5C and G). For the 
same mice when no light was delivered during the next training session, the mice rapidly acquired 
the new stimulus (Figure 4.5C, Day 1 whisker hit rate: 72.8% ± 7.1%, only n=4 mice are presented 
in Day 1). In contrast, when the optic fiber was placed over fpS1 the mice learnt the new stimulus 
with a whisker detection performance which was significantly higher than the false alarm rate at the 
end of the whisker learning day (Day 0 whisker hit rate: 83.5% ± 11.5%, false alarm rate: 54.1% ± 
22.0%, Wilcoxon signed rank test, p=0.001, n=10 mice) (Figure 4.5E and G).  
All together, these data suggest that mice, who are experts in performing an auditory detection task, 
need wS1 in order to learn the association of a novel whisker stimulus with a reward-prediction-
motivated licking response. 
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Figure 4.5 Pharmacological and optogenetic inactivations of the whisker-related primary somatosensory cortex (wS1) and the forepaw-related primary 
somatosensory cortex (fpS1) during the whisker learning day. (A) Schematic of the inactivations timeline. The inactivations are taking place after the 
mice were experts in auditory detection and during the whisker learning day and whisker detection (1 day for optogenetics and 3 consecutive days of 
muscimol injections). (B) Auditory hit, whisker hit and false alarm rate for every day of the pharmacological inactivation of wS1 (-1: day before the 
first injection, 0,1,2: days of Muscimol injections and 3,4: days after the injections n=6 mice). (C) Auditory hit, whisker hit and false alarm rate for the 
optogenetic inactivation of wS1 (-1: day before the inactivation, 0: days of inactivation (n=6 mice) and 1: days after the inactivation, (n=4 mice). (D) 
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Auditory hit, whisker hit and false alarm rate for every day of the pharmacological inactivation of fpS1 (-1: day before the first injection, 0,1,2: days of 
Muscimol injections and 3,4: days after the injections n=6 mice). (E) Auditory hit, whisker hit and false alarm rate for the optogenetic inactivation of 
fpS1 (-1: day before the inactivation, 0: days of inactivation (n=10 mice) (F) Quantification of the lick rates for whisker, auditory and catch trials for 
Day 0, wS1 versus fpS1 pharmacological inactivation (n=6 mice in each group). (G) Quantification of the lick rates for whisker, auditory and catch 
trials for Day 0, wS1 versus fpS1 optogenetic inactivation (n=6 mice for wS1 and n=10 mice for fpS1).  
The data are presented as mean ± SD and the statistical tests shown are Wilcoxon signed-rank test for paired data with Holm-Sidak multiple comparisons 
correction ***p < 0.0001, **p < 0.001 and *p < 0.05. 
 

4.2.4 Longitudinal two-photon calcium imaging in the L2/3 of the C2 barrel column 

In order to study changes in the activity of L2/3 neurons in C2 barrel column of wS1 upon whisker 
learning, we performed chronic two-photon calcium imaging. For this purpose, we utilized a 
genetically modified crossed mouse line expressing the calcium indicator GCaMP6f in a Cre-
dependent manner ([172], [173], [174]) with Cre expression being driven by the Rasgrf2 promoter 
([59])(see also Methods). This promoter is expressing predominantly in the L2/3 excitatory neurons 
with 95.7% ± 0.9% of the neurons positive for Rasgrf2 not co-expressing glutamic acid decarboxylase 
67 (GAD67), a marker for GABA-ergic neurons ([175]) (Figure 4.6A, B and C). The imaging was 
carried out for 5 consecutive days from which the first two sessions (Day -2 and -1, will be referred 
to as days “before whisker learning”) the mice were performing just auditory detection go/no-go task 
after having been pre-trained to expert levels (imaging did not take place during auditory learning,  
Figure 4.7 for their behavior quantification). The Day 0 was the whisker learning day, when for the 
first-time whisker and auditory stimuli were randomly interleaved for the first time. During Day +1 
and +2 the animals performed well at the whisker and auditory detection go/no-go task (those days 
will be referred to as “after whisker learning”) (Figure 4.8A). Both the motivation of an animal but 
also body movements, such as licking, are known to profoundly affect brain activity ([176], [177], 
[178]). For the purpose of comparing differences in the neuronal population, recruited by a single C2 
whisker stimulation before and after whisker learning, at the end of every imaging session and when 
the mouse was not thirsty and (thus not motivated to lick from the spout) we delivered ~50 whisker 
stimulation unmotivated trials. Those unmotivated trials will be used in the upcoming analysis in 
order to be able to compare the L2/3 neuronal activity under similar levels of motivation but as well 
under states of reduced motor movements (given that the animals are not keen to lick from the spout).  
With a final aim to measure the overall motor activity of the animal during calcium imaging, we 
simultaneously performed high-speed videography of the side view of the animals’ face and we 
employed the deep neural network based toolbox DeepLabCut ([44]) to quantify the movement of 
different body parts (whisker, tongue, jaw, nose) (Figure 4.8A mouse face inset). For the calcium 
imaging experiments, a cranial window was implanted over the C2 barrel column (located by intrinsic 
optical imaging) which allowed chronic optical access to the supragranular layers of the cortex. The 
calcium field of view (FOV) was located at ~200um below the pia (Z-axis) and had the dimensions 
of ~350 × 350um in X and Y (Figure 4.8B). Using the collected frames, different areas of interests 
(ROIs) were extracted, after image registration, using the Suite2p toolbox and somatic fluorescent 
traces were obtained for each one of them (Figure 4.8C). The same ROIs were monitored for every 
day of the imaging (see also Methods). Acknowledging that the point spread function of a two-photon 
microscope is characterized by an elongated shape in the Z-axis, the somatic fluorescent signal of an 
ROI is contaminated by signals generated by the surrounding neurites (axons and dendrites) and even 
sometimes by nearby neuronal somata, also known as neuropil contamination. In order to de- 
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Figure 4.6 (A) Example brain slice of the triple transgenic mouse Rasgrf2-dCre × LSL-tdTomato × GAD67 GFP around the wS1 area (see also 
Methods). The Rasgrf2 positive cells expressing tdTomato are depicted in red while the GAD67 positive cells expressing GFP are illustrated in green. 
The nuclei of the cells are stained with DAPI in blue. Inset: Zoomed-in version where the barrels in L4 of wS1 are visible (B) Quantification of the 
percentage of Rasgrf2+ cells and GAD67+ cells over the cells stained with DAPI in the L2/3 of wS1 (all stained nuclei) (n= 7 mice) (C) 
Quantification of the percentage of Rasgrf2+ cells co-expressing GAD67 in the L2/3 of wS1 (n=7 mice).  
The data are presented as mean ± SEM. 

 

 

Figure 4.7 (A) Mean learning curve for the mice which underwent two-photon calcium imaging (n=14 mice). (B) Quantification of the d’ for whisker 
and auditory detection in Day 0 versus the Day +2 for the group of mice as in (A). 
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contaminate the somatic fluorescent traces, we used the FISSA toolbox which computationally 
extracts the surrounding local neuropil and performs blind-source separation together with non-
negative matrix factorization ([179]). After this operation, the baseline F0 was computed (see also 
Methods) and the 𝐷𝐷𝐷𝐷

𝐷𝐷0
 signals were calculated for every ROI (each ROI will be considered as a neuron 

from now on) (Figure 4.8D). Finally, a calculation of the changes of the imaging FOV for each 
imaging session but also between two consecutive imaging sessions, using as a measure the Structural 
Similarity Index (SSMI), showed no significant structural differences in our imaging plane (Figure 
4.9). Using the signals from the extracted ROIs, we calculated the mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 responses for the auditory 

and whisker hit trials for the different imaging days (note that during the Days -2 and -1 there are no 
whisker hit trials but only unmotivated trials not considered here). Interestingly, the neurons in the 
L2/3 of the C2 barrel column showed responses to auditory stimulation, already reported in previous 
studies ([49],[59],[141]) (Figure 4.8E). However, as expected, for both Days +1 and +2 the responses 
to the principal whisker stimulation were significantly higher than the auditory stimulation (Day +1 
peak auditory stimulation 𝐷𝐷𝐷𝐷

𝐷𝐷0
: 1.6% ± 0.1%, peak whisker stimulation 𝐷𝐷𝐷𝐷

𝐷𝐷0
: 5.4% ± 0.4%, Wilcoxon 

signed rank test, p=2×10-5, n=14 mice, Day +2 peak auditory stimulation 𝐷𝐷𝐷𝐷
𝐷𝐷0

: 1.5% ± 0.2%, peak 

whisker stimulation 𝐷𝐷𝐷𝐷
𝐷𝐷0

: 5.9% ± 0.6%, Wilcoxon signed rank test, p=2×10-5, n=14 mice) (Figure 4.8F). 
To summarize, with our technique we were able to longitudinally image neurons in the L2/3 of the 
C2 barrel column and monitor them over the course of the learning of a novel whisker stimulus. After 
both types of sensory stimulation, neurons in wS1 showed increased calcium activity and as expected 
higher calcium responses for whisker than auditory stimulation. 

4.2.5 Whisker learning enhances sensory responses during unmotivated trials 

In the next step, we explored potential changes, induced by whisker learning, in the sensory responses 
after passive whisker stimulation during unmotivated trials. We hypothesized that the pairing of a 
whisker stimulus with the water reward, when the mouse learns a new goal-directed sensorimotor 
transformation, might induce long-lasting changes in the whisker sensory responses that could be 
observed even outside the training session. 
In Figure 4.10A a representative example of a calcium FOV is illustrated (centered in the C2 barrel 
column). The mean calcium 𝐷𝐷𝐷𝐷

𝐷𝐷0
 activity for 0-180ms after whisker stimulation (red) is overlaid on the 

background structural image as observed through the two-photon microscope (green) for the 
unmotivated trials of every imaging session. It is important to highlight the obvious changes in 
activity for the days after whisker learning (Days +1 and +2) in comparison to the days before whisker 
learning (Days -2 and -1) with some neurons increasing and others decreasing their responses. Hence, 
as hypothesized, this example suggests a potential reorganization of activity occurring in the L2/3 
neuronal network after the whisker stimulus has been paired with the reward. In order to investigate 
those indications in more depth, we calculated the mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 traces for all the extracted ROIs for the 

unmotivated trials of every imaging day. In Figure 4.10B the results for the “Whisker-rewarded” 
group are illustrated. Indeed, the whisker unmotivated sensory responses for Day +1 and +2 are 
significantly higher than the Day -1 while no difference was observed for the Days -2 and -1 (Day -
2 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
 whisker stimulation responses: 2.4% ± 0.3%, Day -1 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker stimulation responses  
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Figure 4.8 Two-photon chronic calcium imaging in the L2/3 of the C2 barrel column in the Rasgrf2-dCre mice x Ai148 mice mouse line. (A) Schematic 
of the calcium imaging experiments which lasted for 5 consecutive days. During the Day -2 and Day -1 the mouse is executing the auditory go/no-go 
detection. The Day 0 is the whisker learning day and during the Day +1 and Day +2 the mouse is performing the whisker and auditory go/no-go 
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detection task. At the end of every imaging session, ~50 unmotivated whisker stimulation trials were also acquired.  Fast-videography of the facial 
movements is also acquired aligned to the calcium imaging data. (B) Example FOV through a cranial window centred in the C2 barrel column at a 
depth of ~200um from pia. (C) Example raw fluorescent somatic signals for 3 example ROIs as extracted using the Suite2p toolbox (gray lines). 
Overlaid in red is the computed F0 baseline fluorescence signal (see also Methods). (D) The same signals as in (C) after neuropil decontamination using 
the FISSA toolbox and DF/F0 calculation. (E) Grand average DF/F0 responses for all the auditory and whisker stimulation trials for every day of the 
imaging (n=14 mice). Note that only motivated trials are plotted (no motivated whisker stimulation trials are delivered in Day -1 and Day -2). With 
shaded lines the stimulation timepoint (F) Quantification and statistical comparisons of the peak DF/F0 responses for auditory versus whisker 
stimulation motivated trials for the Days +1 and Days +2 (n = 14 mice). 
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon signed-rank paired tests with Holm-Sidak multiple comparisons 
correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 
 

 

 

Figure 4.9 The imaging FOV remains stable through imaging sessions as evaluated by the image Structural Similarity Index (SSMI).  (A) Statistical 
comparisons of the in-session SSMI (comparison of the mean of 1000 randomly chosen frames from the first versus the last fifth of each imaging 
session, Days -2 to +2, n=21 mice) with the cross-session SSMI (mean randomly chosen 1000 frames of each day compared with the following day, n 
= 21 mice). The data are presented as mean ± SD and the statistical tests shown are Wilcoxon signed-rank paired tests for paired data with Holm-Sidak 
multiple comparisons correction. 
 

2.3% ± 0.3%, Whisker signed rank test, p = 0.26, n=14 mice, Day +1 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

  whisker stimulation 

responses 3.8% ± 0.4%, Day +2 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker stimulation responses 4.2% ± 0.5%, Day -1 vs Day 
+1 Whisker signed rank test, p = 0.004, n=14 mice, Day -1 vs Day +2 Whisker signed rank test, p = 
0.001, n=14 mice)( Figure 4.10B and C).    
Interestingly, no changes were observed when the same analysis was carried out for the “Whisker-
non-rewarded” group of mice (Day -2 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker stimulation responses: 3.3% ± 0.5%, Day -1 

peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

  whisker stimulation responses 3.1% ± 0.6%, Whisker signed rank test, p = 0.75, n=7 mice, 

Day +1 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

  whisker stimulation responses 3.2% ± 0.8%,  Day +2 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

  whisker stimulation 
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responses 2.7% ± 0.6%, Day -1 vs Day +1 Whisker signed rank test, p = 1.0, n=7 mice, Day -1 vs 
Day +2 Whisker signed rank test, p = 0.75, n=7 mice)( Figure 4.10D and E). 
The superficial layers of the cortex (including L2/3) exhibit sparse firing with a small percentage of 
neurons responding to sensory stimulation ([180]). For that reason, we performed a Receiver-
Operating-Characteristics (ROC) analysis in order to compute neurons which were responding 
significantly to the whisker stimulation during the unmotivated trials of every imaging session (will 
be referred to as whisker significant neurons). In the Day -2 and -1, before whisker learning no 
significant differences were found in the percentage of cells responding significantly to whisker 
stimulation (Day -2 percentage of cells: 19.7% ± 1.6%, Day -1 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker stimulation responses 

18.1% ± 1.8%, Wilcoxon signed rank test, p = 0.26, n=14 mice) (Figure 4.10F). The percentage cells 
slightly increased in  Day +1 and showed a moderate but statistically significant increase for the Day 
+ 2 (Day +1 percentage of cells: 22.1% ± 1.5%, Day +2 percentage of cells: 24.1% ± 1.6%, Day-1 vs 
Day +1 Wilcoxon signed rank test, p = 0.13, n=14 mice, Day-1 vs Day +2 Whisker signed rank test, 
p = 0.01, n=14 mice)(Figure 4.10F). The results were very different for the mice in the “Whisker-
non-rewarded” group for which no pairing between the whisker stimulus and the reward occurred. 
The percentage of significantly responding cells showed an opposed declining trend for the Day +1 
compared to stable percentage for Day -2 and -1, and in Day +2 a slight but statistical significant 
decrease was observed (Day -2 percentage of cells: 19.7% ± 0.8%, Day -1 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker 

stimulation responses 20.6% ± 1.6%, Day -2 vs Day -1, Wilcoxon signed rank test, p = 0.82, n=7 
mice, Day +1 percentage of cells: 18.6% ± 2.9%, Day +2 percentage of cells: 15.5% ± 1.8%, Day-1 
vs Day +1 Wilcoxon signed rank test, p = 0.82, n=7 mice, Day-1 vs Day +2 Whisker signed rank test, 
p = 0.04, n=7 mice)(Figure 4.10I). Using now the group of significantly responding cells, we re-
calculated the mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 responses for the unmotivated trials for every imaging session. In accordance 

with the previous results, the group of “Whisker-rewarded” mice exhibited significantly higher peak 
𝐷𝐷𝐷𝐷
𝐷𝐷0

 after whisker learning compared to before whisker learning (Figure 4.10G and H). Note that 
restricting the analysis to the significant neurons led to even higher differences than previously 
computed (Day -2 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker stimulation responses: 5.2% ± 0.5%, Day -1 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker 

stimulation responses 5.1% ± 0.5%, Day-2 vs Day -1, Wilcoxon signed rank test, p = 0.58, n=14 
mice, Day +1 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker stimulation responses 8.0% ± 0.8%,  Day +2 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker 

stimulation responses 9.2% ± 1.0%, Day -1 vs Day +1 Wilcoxon signed rank test, p = 0.001, n=14 
mice, Day -1 vs Day +2 Wilcoxon signed rank test, p = 0.0003, n=14 mice)(Figure 4.10H). No 
differences were found when the analysis was restricted to significant cells for the “Whisker non-
rewarded” group (Day -2 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker stimulation responses: 8.0% ± 0.5%, Day -1 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  

whisker stimulation responses 7.5% ± 0.5%, Day-2 vs Day -1, Wilcoxon signed rank test, p = 0.39, 
n=7 mice, Day +1 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker stimulation responses 7.7% ± 0.8%, Day +2 peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker 

stimulation responses 6.5% ± 1.0%, Day -1 vs Day +1 Wilcoxon signed rank test, p = 0.93, n=7 mice, 
Day -1 vs Day +2 Wilcoxon signed rank test, p = 0.50, n=7 mice) (Figure 4.10J and K). It is important 
to highlight that the neurons which were significantly responding to whisker stimulation during 
unmotivated whisker stimulation trials, showed as well profound whisker sensory responses during 
in-session motivated trials for the days after whisker learning (Figure 4.11) 
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Figure 4.10 Increased whisker stimulation responses in the L2/3 neuronal network of the C2 barrel column caused by whisker learning. (A) Example 
calcium FOV of a mouse of the rewarded group for every day of the imaging. The background FOV is illustrated in green and the 𝐷𝐷𝐷𝐷

𝐷𝐷0
 mean response 
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frame for 0-180ms after whisker stimulus, for the unmotivated trials, is superimposed in red. (B) Grand average  𝐷𝐷𝐷𝐷
𝐷𝐷0

 trace for the unmotivated whisker 

stimulation trials for the days before and after whisker learning for the mice in the reward on group (all of the extracted ROIs by Suite2p are included, 
(n=14 mice)). (C) Quantification and statistical comparisons of the peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
 response for the Days -2, -1, +1 and +2 for the mice in the whisker rewarded 

group (n=14 mice). (D) Same as in (B) for the mice in the reward off group (n = 7 mice). (E) Same as in (C) for the mice in the reward off group (n=7 
mice). (F) Percentage of cells responding significantly to whisker stimulation for unmotivated trials for the days before and after whisker learning 
including the mice in the reward on group (as defined by the ROC analysis, see also Methods). (G) Same in (B) but including only ROIs which are 
responding significantly to whisker stimulation. (H) Same as in (C) but again only for significantly responding ROIs. (I) Same as in (F) but for the mice 
in the reward off group. (J) Same as in (G) but for the mice in the reward off group. (K) Same as in (H) but for the mice in the reward off group.  
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon signed-rank paired tests with Holm-Sidak multiple comparisons 
correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 
 

 
 

 
Figure 4.11 Neurons which respond significantly for the unmotivated whisker stimulation trials at the end of every imaging session, show profound 
sensory responses for the in-session motivation whisker stimulation trials (M Trials). (A) 𝐷𝐷𝐷𝐷

𝐷𝐷0
 responses for motivated trials for the group of “Whisker-

rewared” mice, whisker hit and miss trials are considered for the days after whisker learning (Days +1 and +2) (n=14 mice). (B) Same as (A) but for 
the “Whikser-non-rewarded group (n=7 mice). 

 
 

Altogether, from the previous results there are a couple of important conclusions to be drawn. Firstly, 
the learned association of a whisker stimulus with a reward seems to induce an enhancement in the 
whisker sensory responses, which can be observed outside of the training session and when the animal 
is not motivated to lick from the spout. If only significantly responding cells to whisker stimulation 
are considered for the analysis, the same observations can be made, with even higher differences in 
the whisker sensory responses before and after whisker learning. Lastly, the aforementioned changes 
are specific to the “Whisker-rewarded” group and they are absent when the novel whisker stimulus 
is not paired with a reward. 

4.2.6 Changes in motor movements do not account for the observed differences  

Motor activity of an animal is known to influence brain activity in many different brain areas ([176], 
[181]). During the unmotivated trials, licking related movements (jaw and tongue) are reduced given 
that the mouse is not motivated to lick from the spout. However, the mouse is free to whisk in the air 
and whisking is known to modulate L2/3 wS1 activity and induce brain-state changes 
([9],[33],[34],[182]). In addition, the mouse can still move its jaw, a movement that would not be 
captured by the piezoelectric sensor attached to the spout. In order to verify that our observations are 
not related to changes in jaw and whisker movements we used the fast-videography data to measure  
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Figure 4.12 Movement analysis using fast-videography face filming data. (A) Example view of the mouse face with the annotated body parts by 
DeepLabCut (green: C2 whisker particle and C2 whisker base, yellow: nose, red: jaw, orange: tongue) together with example traces of the movement 
measures (green: Whisker Angular Speed red: Jaw Speed, orange: Tongue Speed) for different trial types of an example session. (B) Example 
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unmotivated Quiet trials (in grey) together with the grand average whisker angular speed trace, for the mice in the rewarded group (n=14 mice), with 
red dashed line the stimulation timepoint. (C) Same as in (B) but for Active unmotivated trials (n=14 mice).  (D) Example unmotivated Quiet trials (in 
grey) together with the grand average jaw speed trace, for the mice in the rewarded group (n=14 mice). (E) Same as in (D) but for Active unmotivated 
trials (n=14 mice).  (F) Percentage of Quiet (Q) and Active (A) unmotivated trials for every mouse in the reward group (n=14 mice). (G) Grand average 
𝐷𝐷𝐷𝐷
𝐷𝐷0

  traces for unmotivated Quiet trials for the mice in the reward group (n=14 mice). (F) Quantification and statistical comparisons of the peak  𝐷𝐷𝐷𝐷
𝐷𝐷0

 

whisker stimulation responses for every day before (Days -2 and -1) and after whisker learning (Days +1 and +2) for Quiet unmotivated trials only 
(whisker rewarded group, n=14 mice).  
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon signed-rank paired tests with Holm-Sidak comparisons correction, 
***p < 0.0001, **p < 0.001 and *p < 0.05. 
 

the motor activity of the animal (Figure 4.12A) and we followed two different approaches to control 
for the facial movements. Firstly, using C2 whisker angular speed and the jaw speed, we classified 
the unmotivated trials to Quiet and Active ones (see also Methods). Afterwards, we restricted our 
analysis in unmotivated trials that were classified as Quiet for the “Whisker-rewarded” group where  
differences were previously observed ( Figure 4.12B-E). Overall, 34% ± 4% of the unmotivated trials 
(total of 986 trials in 14 mice) were quantified as Quiet trials (Figure 4.12F). We then re-computed 
the mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 for the quiet unmotivated trials for every imaging day. In accordance, with the results of 

Section 4.2.5 we observed a significant increase in the peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 for the Days +1 and +2 in comparison 
to Days -1 and -2 indicating that movement-related activity changes do not account for the increase 
in  the whisker sensory responses induced by whisker learning (Day -2 peak  𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker stimulation 

responses: 5.0% ± 0.6%, Day -1 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

  whisker stimulation responses 5.4% ± 0.6%, Day-2 vs Day 

-1, Wilcoxon signed rank test, p = 0.62, n=14 mice, Day +1 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

  whisker stimulation responses 

8.0% ± 0.9%,  Day +2 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

  whisker stimulation responses 9.2% ± 1.4%, Day -1 vs Day +1 
Wilcoxon signed rank test, p = 0.008 n=14 mice, Day -1 vs Day +2 Wilcoxon signed rank test, p = 
0.005, n=14 mice)(Figure 4.12G and H). Secondly, we trained a encoding Generalized Linear Model 
(GLM) similar to the one used in ([47]) in order to model  𝐷𝐷𝐷𝐷

𝐷𝐷0
 traces of every ROI for every 

unmotivated trial (Figure 4.13A). One full model was been trained for every imaging session and the 
𝐷𝐷𝐷𝐷
𝐷𝐷0

 time series were approximated using 123 regressors which included digital and analog movement 
and stimulation variables (2 digital variables: whisker stimulation, whisking onset and 3 analog 
variables: whisker angular speed, jaw speed, tongue speed)(Figure 4.13B). In a first type of analysis, 

after fitting the full model to the data we approximated the movement related 𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑚𝑚𝑚𝑚𝑚𝑚 by setting to 

zero the regressors related to whisker stimulation. This signal was then subtracted from the 𝐷𝐷𝐷𝐷
𝐷𝐷0
𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜 

traces as measured during the experiments and we computed the 𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑠𝑠  as an approximation of the 

movement-free 𝐷𝐷𝐷𝐷
𝐷𝐷0

 (Figure 4.13C). In accordance with the previous results the whisker sensory 
responses for the Days +1 and +2 after whisker learning were significantly higher than for Days -2 

and -1 (Day -2 peak 𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑠𝑠 whisker stimulation responses: 4.8% ± 0.6%, Day -1 peak 𝐷𝐷𝐷𝐷

�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑠𝑠  whisker 

stimulation responses 5.2% ± 0.7%, Day-2 vs Day -1, Wilcoxon signed rank test, p = 0.42, n=14 

mice, Day +1 peak 𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑠𝑠 whisker stimulation responses 8.2% ± 0.8%,  Day +2 peak 𝐷𝐷𝐷𝐷

�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑠𝑠 whisker 

stimulation responses 9.9% ± 1.3%, Day -1 vs Day +1 Wilcoxon signed rank test, p = 0.004 n=14 
mice, Day -1 vs Day +2 Wilcoxon signed rank test, p = 0.001, n=14 mice) (Figure 4.13E). In a second  
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Figure 4.13 Generalised Linear Modelling (GLM) of the unmotivated trials before and after whisker learning. (A) The equation of the full model used 
for the fitting of the 𝐷𝐷𝐷𝐷

𝐷𝐷0
 data which included 123 regressors (2 digital event variables and 3 analogue variables). (B) Example neuron 𝐷𝐷𝐷𝐷

𝐷𝐷0
 data fitting for 

the unmotivated trials after whisker learning (𝑅𝑅2= 0.76, see also Methods) (black experimental data and gray model output). In the same panels, the 
different digital and analog variables used in the model are also illustrated. (C) First type of analysis used to disentangle the movement-related  𝐷𝐷𝐷𝐷

𝐷𝐷0
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activity from the whisker stimulation-related 𝐷𝐷𝐷𝐷
𝐷𝐷0

 activity. From the experimentally measured 𝐷𝐷𝐷𝐷
𝐷𝐷0
𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜 the model approximated movement-related 𝐷𝐷𝐷𝐷

�

𝐷𝐷0
𝑚𝑚𝑚𝑚𝑚𝑚 

(reduced model for which the whisker stimulation-related regressor was put to zero) was subtracted in every trial in order to compute 𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑠𝑠 responses. 

(D) Second type of analysis used to disentangle the movement-related  𝐷𝐷𝐷𝐷
𝐷𝐷0

 activity from the whisker stimulation-related 𝐷𝐷𝐷𝐷
𝐷𝐷0

 activity. Form the full model 

only the regressors related to the whisker stimulation were kept and all movement-related ones were set to zero and  𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑜𝑜𝑚𝑚 was approximated.(E) 

Quantification of the peak  𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑠𝑠 responses for every day before (Days -2 and -1) and after whisker learning (Days +1 and +2) (n=14 mice). (F) 

Quantification of the peak  𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑜𝑜𝑚𝑚 responses for every day before (Days -2 and -1) and after whisker learning (Days +1 and +2) (n=14 mice). 

The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon signed-rank paired tests with Holm-Sidak multiple comparisons 
correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 
 

type of analysis, after fitting the full model to the data we set to zero all the regressors related to 

movement and we approximated the 𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑜𝑜𝑚𝑚 by leaving in the model only the regressors related to 

the whisker stimulus (Figure 4.13D). In this case, the same results were observed regarding the 

increase in the sensory response after whisker learning (Day -2 peak 𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑜𝑜𝑚𝑚 whisker stimulation 

responses: 5.3% ± 0.6%, Day -1 peak 𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑜𝑜𝑚𝑚 whisker stimulation responses 5.6% ± 0.7%, Day-2 vs 

Day -1, Wilcoxon signed rank test, p = 0.58, n=14 mice, Day +1 peak  𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑜𝑜𝑚𝑚 whisker stimulation 

responses 9.1% ± 0.9%, Day +2 peak 𝐷𝐷𝐷𝐷
�

𝐷𝐷0
𝑠𝑠𝑠𝑠𝑜𝑜𝑚𝑚 whisker stimulation responses 10.9% ± 1.4%, Day -1 

vs Day +1 Wilcoxon signed rank test, p = 0.002 n=14 mice, Day -1 vs Day +2 Wilcoxon signed rank 
test, p = 0.001, n=14 mice) (Figure 4.13F). 
To sum up, by combining calcium imaging data with videography-based facial movement 
quantification it seems that facial motor activity of the animal during the unmotivated trials do not 
account for the observed increase in whisker responses for the “Whisker-rewarded” group. This 
finding suggests that the differences in neural activity are induced by the association of the whisker 
stimulus to the reward during the newly learned sensorimotor transformation. 
 

4.2.7 Whisker learning invokes a reorganization in the L2/3 neural network 

Until now, the presented data suggest an overall learning-related increase in the whisker stimulation-
evoked responses across the population. An important question to ask next is: “How is the activity of 
single cells changing up learning?”. In order to investigate this, we established a Learning Modulation 
Index (LMI) based on ROC analysis of the distributions of the whisker stimulation sensory responses 
(0-180ms after stimulation) of the significantly responding single cells before and/or after whisker 
learning (before learning: Day -2 and -1 and after learning: Days +1 and +2, with the data of the 
whisker learning day not included, see also Methods). This index is ranging from -1 to +1 with the 
values closer to +1 indicating an increased response to whisker stimulation and values closer to -1 
demonstrating a suppression of the response. An example of a neuron with a positive LMI index and 
a neuron with negative LMI, together with their single trial 𝐷𝐷𝐷𝐷

𝐷𝐷0
 traces are illustrated in Figure 4.14A 

and B. Subsequently, we computed histograms of LMIs for the group of “Whisker-rewarded” and 
“Whisker-non-rewarded” mice. Cells exhibited a variety of negative, positive and near zero LMI 
values (Figure 4.14C, D). Using those values and the permutation test results of the ROC analysis 
(see also Methods) we classified the cells in 3 distinct groups: 1) Neurons with significantly LMI>0; 
2) Neurons with significantly LMI<0; and 3) Neurons with LMI n.s (not significant). Then, we  
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Figure 4.14 Whisker learning induces changes in a single cell level as evaluated by the Learning Modulation Index (LMI) (A) Example ROC curve for 
an ROI with a positive LMI (0.77). Right inset Up: The mean response (in black) and every trial (in grey) for the unmotivated trials before whisker 
learning (Days -2 and -1). Right inset Down: The mean response (in black) and every trial (in grey) for the unmotivated trials after learning (Days +1 
and +2). (B) Same as in (A) but for an ROI with a negative LMI (-0.53). (C) Histogram of LMIs for the mice in the rewarded group, bold red and green 
lines show statistically significant index values. Insets: example ROIs with positive and negative LMI values with their corresponding mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 traces 
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for unmotivated trials before and after whisker learning. (D) Same as in (C) but for the mice in the non-rewarded group (n=7 mice). (E) Percentages of 
cells in every LMI group (LMI>0, LMI<0 and LMI n.s) and statistical comparisons between the mice in the reward (n=14 mice) versus non-reward 
group (n=7 mice). (F) Grand average  𝐷𝐷𝐷𝐷

𝐷𝐷0
  whisker stimulation responses in unmotivated trials for cells in every LMI group (rewarded mice group, n=14 

mice).  (G) Quantification of the peak  𝐷𝐷𝐷𝐷
𝐷𝐷0

  before (Days -2 and -1) and after whisker learning (Days +1 and +2) for the cells in every LMI group for the 
whisker stimulation unmotivated trials (rewarded mice group, n=14 mice). 
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon rank-sum unpaired tests for panel (E) and Wilcoxon signed-rank 
paired tests for panel (H) with Holm-Sidak multiple comparisons correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 
 

computed the percentage of cells in every LMI group for mice in the “Whisker-rewarded” versus the 
“Whisker-non-rewarded” group. The “Whisker-rewarded” group showed a significantly higher 
percentage of LMI>0 cells in comparison to the” Whisker non-rewarded” group while no difference 
was observed in LMI<0 or LMI n.s neurons (“Whisker rewarded” group LMI>0 group: 15.7% ± 
1.0% vs “Whisker non-rewarded” group LMI>0 group: 8.8% ± 1.0%, Wilcoxon ranksums test, p = 
0.006, n=14 rewarded mice and n=7 non-rewarded mice, “Whisker rewarded” group LMI<0 group: 
6.4% ± 0.8% vs “Whisker non-rewarded” group LMI<0 group: 5.8% ± 1.0%, Wilcoxon ranksums 
test, p = 0.65, n=14 rewarded mice and n=7 non-rewarded mice, “Whisker rewarded” group LMI n.s 
group: 22.5% ± 1.5% vs “Whisker non-rewarded” group LMI n.s group: 28.2% ± 1.8%, Wilcoxon 
ranksums test, p = 0.41, n=14 rewarded mice and n=7 non-rewarded mice) (Figure 4.14E). As 
expected, the neurons in the LMI>0 group exhibited an increase in their whisker sensory responses 
upon learning, the neurons in the LMI<0 group a decrease while the neuron in the LMI n.s group no 
difference (LMI>0 group: Day -2 peak  𝐷𝐷𝐷𝐷

𝐷𝐷0
 whisker stimulation responses: 4.2% ± 0.5%, Day -1 peak 

𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker stimulation responses 4.6% ± 0.6%,  Day +1 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker stimulation responses 17.9% 

± 2.0%, Day +2 peak  𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker stimulation responses 21.5% ± 2.5%, LMI<0 group: Day -2 peak 

 𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker stimulation responses: 14.9% ± 2.4%, Day -1 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker stimulation responses 

13.5% ± 2.7%,  Day +1 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker stimulation responses 3.9% ± 0.6%, Day +2 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker 

stimulation responses 3.5% ± 0.5%, LMI n.s group: Day -2 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker stimulation responses: 

3.7% ± 0.6%, Day -1 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker stimulation responses 3.6% ± 0.5%,  Day +1 peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 whisker 

stimulation responses 3.6% ± 0.4%, Day +2 peak  𝐷𝐷𝐷𝐷
𝐷𝐷0

  whisker stimulation responses 3.5% ± 0.4%) 
(Figure 4.14F and Figure 4.14G). The previous analysis suggests the neurons in the different LMI 
groups showed differences in their activity upon learning. Thus, we hypothesized that the cells in 
each group might form a functional group whose reciprocal connectivity and/or common inputs might 
change upon learning and thus contributing to the observed changes in neuronal activity during 
whisker stimulation ([183]). One way to quantify these phenomena is the level of correlated 
spontaneous  activity and the simultaneous imaging of neuronal population permits that type of 
analysis ([59]). We, hence, computed the correlation of the spontaneous activity of neurons in the 3 
LMI groups (for the “Whisker-rewarded” group of mice) before and after whisker learning, during 
correct rejection trials when no stimulus is presented and the mouse does not lick. In fact, neurons in 
the LMI>0 showed a significant increase in their spontaneous activity correlations, while the neurons 
in the LMI<0 group had a significant decrease. No change was observed for the neurons in the LMI 
n.s group (Before whisker learning LMI>0: 0.023 ±  0.007 , LMI<0: 0.027 ± 0.005 , LMI n.s: 0.006 
± 0.001 , After whisker learning: LMI>0: 0.068 ± 0.012 , LMI<0: 0.008 ± 0.001, LMI n.s: 0.005 ± 
0.001, LMI>0 Before whisker learning vs After whisker learning, Wilcoxon signed rank test, 
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p=0.0003, n=14 mice, LMI<0 Before whisker learning vs After whisker learning, Wilcoxon signed-
rank test, p=0.001, n=14 mice LMI n.s Before whisker learning vs After whisker learning, Wilcoxon 
signed-rank test, p=0.35, n=14 mice) (Figure 4.15A and B). In short, the previous results suggest a 
possible re-organisation of the L2/3 neuronal network upon whisker learning. Using the Learning 
Modulation Index, we classified the neurons in 3 different groups with some of them increasing their 
responses to whisker stimulation (LMI >0 group) while others show a decreased (LMI<0 group) or 
unaffected response (LMI n.s group). Apart from the changes during sensory stimulation, those 
groups of neurons show differences in their correlated spontaneous activity indicating that a new 
functional group of cells with strong recurrent connectivity or common input might be forming after 
learning (LMI >0 group) that strongly encodes for the novel whisker stimulus. 
 

 
Figure 4.15 Whisker learning induces changes in the spontaneous correlations in the cells in every LMI group. (A) Spontaneous activity cross 
correlation during Correct Rejection trials for the cells in every LMI group before (Day -2 and -1) and after (Days +1 and +2) whisker learning 
(rewarded mice group, n=14 mice). (B) Quantification and statistical comparisons of the zero-lag cross correlation for every LMI group before and 
after whisker learning (rewarded mice group, n=14 mice). 
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon rank-sum unpaired tests for panel (E) and Wilcoxon signed-rank 
paired tests for panel (H) with Holm-Sidak multiple comparisons correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 
 

4.2.8 “Fast” changes in the neuronal network during the whisker learning day 

So far, we explored the changes induced by whisker learning in the L2/3 neural network before and 
after whisker learning and we compared the neuronal activity across imaging sessions. In the 
upcoming section, the focus is put on the timescales in which those modifications are happening and 
if we are able to observe (into the limitations of our calcium imaging technique) them during the 
whisker learning day. Indeed, our “fast” whisker learning task offers a unique benchmark to test if 
the “fast” changes in the animal behavior are correlated with a possible rapid re-organization in the 
neuronal population, taking place in the course of a single session. 
In order to provide a visual example, we firstly calculated for an example mouse the mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 whisker 

stimulation responses (0-180ms after stimulation) for the first 20 versus the last 20 whisker 
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stimulation trials of the whisker learning day but as well for the unmotivated trials of the same 
imaging session. As it is illustrated in Figure 4.17A neurons that seem to be highly active in the early 
part of the session are different from those which are active at the late part of the session and 
interestingly those remain stable for the upcoming unmotivated trials at the end of the same session.  
In order to investigate this further, from the group of “Whisker-rewarded” mice we selected for mice 
in our dataset which showed a gradual increase in the whisker hit rate during the whisker learning 
day (10 out of 14 mice, Figure 4.17B upper panel and Figure 4.16). We then computed for every LMI 
index group the responses of every single whisker stimulation (mean 0-180ms after stimulation) trial 
and we fitted linear regression lines (responses versus whisker trial number) (Figure 4.17B lower 3 
panels). Only the cells in the LMI>0 group exhibited a significant positive slope indicating that the 
responses of those cells to whisker stimulation increased with the trial number and followed the 
behavioral performance of the mouse (LMI>0 group slope: 0.0194 ± 0.0078, Wilcoxon signed-rank 
test versus the shuffled slopes, p = 0.03 n=10 mice, LMI<0 group slope: -0.0007 ± 0.0082, Wilcoxon 
signed-rank test versus the shuffled slopes, p = 1.0, n=10 mice, LMI n.s group slopes: 0.0031 ± 
0.0050, Wilcoxon signed-rank test versus the shuffled slopes, p = 0.9, n=10 mice) (Figure 4.17B 
lower panels and D) To validate if those results are related to the pairing of the whisker stimulus to 
the reward we repeated the same analysis for the mice in the “Whisker-non-rewarded” group. No 
positive slopes were observed for any LMI group of cells when the whisker stimulus was not related 
to a reward (LMI>0 group slope: -0.022 ± 0.010, Wilcoxon signed-rank test versus the shuffled 
slopes, p = 0.29, n=7 mice, LMI<0 group slope:  -0.040 ± 0.018, Wilcoxon signed-rank test versus 
the shuffled slopes, p = 0.29, n=7 mice, LMI n.s group slopes: -0.006 ± 0.004, Wilcoxon signed-rank 
test versus the shuffled slopes, p = 0.29, n=7 mice) (Figure 4.17C and E). 

 
 

  
 
Figure 4.16 Two groups of mice split according to the whisker performance for the whisker learning day. (A) Group of mice with a gradual increase 
in whisker hit performance used for the analysis in Figure 4.17 and Figure 4.18. (B) Group of mice with a less gradual increase in performance during 
the whisker learning day. 

 

The preceding analysis demonstrates that the cells in LMI>0 group increase their responses as the 
whisker learning session advances. However, another question still remains. “Are more cells recruited 
in this group? Or do the same cells respond just stronger? Aiming to answer this question, we 
computed the percentage of significantly responding cells in every LMI group using a ROC  
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Figure 4.17 “Fast" changes in the L2/3 neuronal activity during the whisker learning day. (A) 𝐷𝐷𝐷𝐷
𝐷𝐷0

 activity of the calcium FOV for an example mouse 

during the whisker learning day. Left: Mean 𝐷𝐷𝐷𝐷
𝐷𝐷0

 activity for the first 20 whisker stimulation trials of the session. middle: Mean 𝐷𝐷𝐷𝐷
𝐷𝐷0

 activity for the 20 last 

whisker stimulation trials of the session. Right: Mean 𝐷𝐷𝐷𝐷
𝐷𝐷0

 activity of the unmotivated whisker stimulation trials of the same session. (B) Mean whisker 
stimulation responses for the cells in every LMI group for every whisker stimulation trial of the whisker learning day. Starting from top: mean Whisker 
Hit performance, mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 responses (0-180ms after stimulation) for the cells in LMI>0 group, mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 responses (0-180ms after stimulation) for the 

cells in LMI n.s group, mean 𝐷𝐷𝐷𝐷
𝐷𝐷0

 responses (0-180ms after stimulation) for the cells in LMI<0 group (n=10 mice, whisker rewarded). With dashed lines 
the fitted linear regression line. (C) Same as in (B) but for the mice in the whisker-non-rewarded group (n=7 mice). (D) Quantification for the linear 
regression lines’ slopes of every LMI group and statistical comparison with the shuffled slopes (see also Methods) for the mice in the whisker-rewarded 
group (n=10 mice). (E) Same as in (D) for the mice in the “Whisker non-rewarded” group (n=7 mice). 
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon signed-rank paired tests with Holm-Sidak multiple comparisons 
correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 
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analysis every 20 whisker stimulation trials and we aligned it with the mean group whisker trials and 
we aligned it with the mean group whisker hit (Figure 4.18A and Figure 4.18B upper panels). We 
again fitted linear regression slopes to the computed trial-varying percentage (percentage 
versus whisker trial number). For the mice in the “Whisker-rewarded” group (again for n=10 mice 
with gradual learning), only the neurons in the LMI>0 group showed a significant positive slope 
suggesting that more cells in this group are recruited as the whisker learning session proceeds (LMI>0 
group slope: 0.120 ± 0.028 Wilcoxon signed-rank test versus the shuffled slopes, p = 0.01, n=10 
mice, LMI<0 group slope: 0.031 ± 0.056 Wilcoxon signed-rank test versus the shuffled slopes, p = 
0.76, n=10 mice, LMI n.s group slopes: 0.056 ± 0.035, Wilcoxon signed-rank test versus the shuffled 
slopes, p = 0.34, n=10 mice) (Figure 4.18A lower panels and C). In the mice of “Whisker-non-
rewarded” group no significantly positive slope was observed for any LMI group (LMI>0 group 
slope: -0.086 ± 0.054, Wilcoxon signed-rank test versus the shuffled slopes, p = 0.89, n=7 mice, 
LMI<0 group slope: -0.058 ± 0.048 Wilcoxon signed-rank test versus the shuffled slopes, p = 0.81, 
n=7 mice, LMI n.s group slopes: -0.008 ± 0.027, Wilcoxon signed-rank test versus the shuffled 
slopes, p = 0.89, n=7 mice) (Figure 4.18B lower pannels and E). 
In summary, the changes in the L2/3 neural network which were observed after whisker learning 
and across training sessions can be, to a lesser extent, detected between the beginning and the end 
of the whisker learning day. Changes in neural activity and in the number of cells with significant 
whisker responses, mostly characterizing the cells in the LMI>0 group, are occurring in relatively 
"fast" timescales and they tightly follow the differences in animal behavior. 

4.2.9 Functional properties of cells in different LMI groups 

The results of the previous sections indicate that neurons which belong to different LMI classes 
exhibit quite different neural activity, upon whisker stimulation. The next question to investigate is 
what type of additional functional properties those cells might have and especially how their activity 
is modulated by other task or motor events.  In order to answer this, we computed the mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
  for 

the cells in every LMI group, triggered to different task events such as auditory sensory stimulation, 
or motor events such as spontaneous licking (during false alarm trials) and whisking (during correct 
rejection trials)(Figure 4.19A, B and C). Before whisker learning, the cells in the LMI>0 and LMI<0 
groups had higher responses than the LMI n.s. cells for auditory sensory stimulation (LMI>0 group: 
3.5% ± 0.7%, LMI<0 group: 3.5% ± 0.4%, LMI n.s group: 1.7% ± 0.2%, LMI>0 vs LMI n.s, 
Wilcoxon signed rank test, p = 0.02, n=14 mice,  LMI<0 vs LMI n.s, Wilcoxon signed rank test, p 
= 0.02, n=14 mice) than the neurons in the LMI n.s group (Figure 4.19D). Although not statistically 
significant their responses to whisking spontaneous licking events were also higher (Licking 
responses: LMI>0 group: 5.1% ± 1.0%, LMI<0 group: 4.4% ± 0.9%, LMI n.s group: 2.7% ± 0.3%, 
LMI>0 vs LMI n.s, Wilcoxon signed rank test, p = 0.04, n=14 mice, LMI<0 vs LMI n.s, Wilcoxon 
signed rank test, p = 0.04, n=14 mice, Whisking responses: LMI>0 group: 7.82% ± 1.5%,  LMI<0 
group: 6.4% ± 2.2% , LMI n.s group: 3.2% ± 0.4%, LMI>0 vs LMI n.s, Wilcoxon signed rank test, 
p = 0.08, n=14 mice, LMI<0 vs LMI n.s, Wilcoxon signed rank test, p = 0.54, n=14 mice)(Figure 
4.19D). After whisker learning, the cells in the LMI>0 group showed significantly higher responses  
to every event when compared to LMI<0 group or LMI n.s group (Auditory responses: LMI>0 
group: 6.7% ± 1.3%, LMI<0 group: 2.1% ± 0.4%, LMI n.s group:1.7% ± 0.2%, LMI>0 vs LMI<0,  
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Figure 4.18 “Fast" changes in the number of cells recruited by whisker stimulation in every LMI group during the whisker learning day. (A) Mean 
percentages of cells responding significantly to whisker stimulation for the cells in every LMI group for every whisker stimulation trial of the whisker 
learning day. Starting from top: mean Whisker hit performance, Percentage of cells responding significantly to whisker stimulus for the cells in LMI>0 
group, Percentage of cells responding significantly to whisker stimulus for the cells in LMI n.s group, Percentage of cells responding significantly to 
whisker stimulus for the cells in LMI<0 group (n=10 mice, whisker rewarded). With dashed lines the fitted linear regression line. (B) Same as in (A) 
but for the mice in the whisker-non-rewarded group. (C) Quantification for the linear regression lines’ slopes of every LMI group and statistical 
comparison with the shuffled slopes (see also Methods) for the mice in the whisker-rewarded group (n=9 mice). (D) Same as in (C) for the mice in the 
whisker-non-rewarded group (n=7 mice). 
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon signed-rank paired tests with Holm-Sidak multiple comparisons 
correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 

 
Wilcoxon signed rank test, p = 0.006, n=14 mice, LMI>0 vs LMI n.s, Wilcoxon signed rank test, p 
= 0.0003, n=14 mice, Licking responses: LMI>0 group: 10.8% ± 1.7%, LMI<0 group: 2.7% ± 0.5%, 
LMI n.s group: 2.5% ± 0.3%, LMI>0 vs LMI<0, Wilcoxon signed rank test, p = 0.002, n=14 mice, 
LMI>0 vs LMI n.s, Wilcoxon signed rank test, p = 0.002, n=14 mice,  Whisking responses: LMI>0 
group: 11.3% ± 2.0%, LMI<0 group: 1.9% ± 0.4%, LMI n.s group: 2.3% ± 0.2%, LMI>0 vs LMI<0, 
Wilcoxon signed rank test, p = 0.0003, LMI>0 vs LMI n.s, Wilcoxon signed rank test, p = 0.0003, 
n=14 mice) (Figure 4.19E). 
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Moreover, after whisker learning, when comparing the responses between LMI<0 and LMI n.s 
group no differences were observed (Auditory responses: LMI<0 vs LMI n.s, Wilcoxon signed rank 
test, p = 0.71, Licking responses: LMI<0 vs LMI n.s, Wilcoxon signed rank test,  p= 0.80, n=14 
mice, Whisking responses: LMI<0 vs LMI n.s, Wilcoxon signed rank test, p = 0.26, n=14 mice) 
(Figure 4.19E). In agreement with the previous results, after whisker learning, the number of cells 
responding significantly to any of those events (as defined by a ROC analysis, see also Methods) 
was higher for the LMI>0 group (Before whisker learning: Auditory responding cells: LMI>0 
group: 23.0% ± 3.8%, LMI<0 group: 29.4% ± 7.4% , LMI n.s group: 21.4% ± 3.1%, Licking 
responding cells: LMI>0 group: 70.0% ± 2.4%,  LMI<0 group: 69.8% ± 7.2% , LMI n.s group: 
68.0% ± 2.6%,  Whisking responsing cells : LMI>0  group: 18.7% ± 4.0%, LMI<0 group: 26.6% ± 
6.2%, LMI n.s group: 17.6% ± 2.9%, After whisker learning: Auditory responding cells: LMI>0 
group: 27.0% ± 4.3%, LMI<0 group: 12.4% ± 2.0% , LMI n.s group:13.5% ± 2.6%, LMI>0 vs 
LMI<0, Wilocoxon signed rank test, p = 0.01, n = 14 mice, LMI>0 vs LMI n.s group, Wilcoxon 
signed rank test, p = 0.0002, n = 14 mice, Licking responding cells: LMI>0 group: 76.1% ± 3.4%,  
LMI<0 group: 48.0% ± 5.87% , %,  LMI n.s group: 56.2% ± 2.9%, LMI>0 vs LMI<0, Wilocoxon 
signed rank test, p = 0.02, n = 14 mice, LMI>0 vs LMI n.s group, Wilcoxon signed rank test, p = 
0.0003, n = 14 mice, Whisking responsing cells : LMI>0  group: 42.5% ± 7.8%, LMI<0 group: 
12.1% ± 2.5%, LMI n.s group: 16.2% ± 3.7%, LMI>0 vs LMI<0, Wilocoxon signed rank test, p = 
0.003, n = 14 mice, LMI>0 vs LMI n.s group, Wilcoxon signed rank test, p = 0.0008, n = 14 mice) 
(Figure 4.20). 
To sum up, the previous results indicate that upon whisker learning, the activity of the cells in the 
LMI>0 (LMI<0) group gets more (less) strongly modulated by different events such as auditory 
sensory stimulation, spontaneous licking and whisking. 

4.2.10 Projection-target specific changes differences induced by whisker learning 

After studying in more depth, the functional properties of the neurons in every LMI group, we then 
investigated potential differences in neuronal activity based on their anatomical properties and 
specifically, their projection targets. The neurons in the L2/3 of wS1 exhibit various projection targets 
([59]). We focused on the two main projection areas of the L2/3 of wS1, the primary whisker-related 
motor cortex (wM1) and the secondary whisker-related somatosensory cortex (wS2) 
([32],[38],[57],[59],[184]). In order to image calcium in projection neurons, in a subset of mice of the 
“Whisker-rewarded” group we performed the imaging after injections of the retrograde tracer Cholera 
Toxin subunit-B conjugated with two different Alexa Fluor dyes (CTB-594 and CTB-647) in either 
wM1 or wS2 (Figure 4.21A).  Combining the fluorescence values in three different emission 
channels, a ROI in the imaging FOV (as extracted by Suite2p) was categorised to a projection class 
depending on its fluorescence in one of the orthogonal channels (red or far-red) to the GCaMP6f 
green emission channel (see also Methods) (Figure 4.21B).  

We firstly computed the  𝐷𝐷𝐷𝐷
𝐷𝐷0

  whisker stimulation responses for the unmotivated trials for the two 
projection classes (Figure 4.14C). Before whisker learning, no significant difference was observed in 
the responses between the S2p and M1p neurons (M1p neurons peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
: 2.2% ± 0.6% vs S2p neurons 

peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 3.3% ± 0.9%, Wilcoxon rank sums test, p =0.39, n=13 mice). Interestingly, after whisker 
learning these two projection pathways showed different sensory responses with the S2p neurons  
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Figure 4.19 Cells in every LMI group respond as well to auditory stimulation, licking and whisking events. (A)  Mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 traces of cells in every LMI 

group for trials with auditory sensory stimulation before (Days -2 and -1) and after (Days +1 and Day +2) whisker learning, (B) Same as (A) triggered 
to spontaneous licking events. (C) Same as in (A) for whisking events. (D) Quantification of the peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
  responses to different events for cells in 

every LMI group before whisker learning (n=14 mice, whisker rewarded) (E) Same as in (D) after whisker learning (n = 14 mice, whisker rewarded). 
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon signed-rank paired, with Holm-Sidak multiple comparisons 
correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 
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exhibiting 3-fold higher values that the M1p neurons (M1p neurons peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

: 1.7% ± 0.5% vs S2p 

neurons peak 𝐷𝐷𝐷𝐷
𝐷𝐷0

 5.2% ± 1.3%, Wilcoxon raksums test, p =0.01, n=13 mice) (Figure 4.21D and E). 
As already described, the previously defined LMI quantifies changes in whisker sensory responses 
upon learning. Next, we computed the mean LMI of the neurons in every projection group (including 
only neurons with significant whisker responses, see also Methods). In accordance with previous 
results, the S2p neurons demonstrated a significantly higher LMI than then M1p neurons suggesting 
pathway specific potentiation of whisker sensory responses after whisker learning (S2p LMI: 0.10 ± 
0.03 vs M1p: 0.03 ± 0.02, Wilcoxon rank sums test, p=0.03, n=100 S2p neurons and n=103 M1p 
neurons from 13 mice with whisker stimulation rewarded) (Figure 4.21F and G). Finally, a higher 
percentage of S2p neurons was part of the previously computed LMI>0 group of neurons while no 
difference was observed for the LMI<0 group (S2p neurons in LMI>0 group: 17.0% ± 3.0% versus 
M1p neurons in LMI>0 group: 6.6% ± 1.6%, Wilcoxon one-sided signed rank test, p = 0.02, S2p 
neurons in LMI<0 group: 6.0% ± 1.6% versus M1p neurons in LMI<0 group: 5.2% ± 1.6%, Wilcoxon 
rank sums test, p = 0.66 n=13 mice)(Figure 4.21H and I). 
 

 

Figure 4.20 Cells in every LMI group responding significantly to auditory stimulation, licking and whisking events. (A) Categorisation of cells in every 
LMI group to auditory, licking and whisking significantly responding cells (as defined by the ROC analysis, see also Methods) before whisker learning 
(n = 14 mice, whisker rewarded). (B) Same as in (A) after whisker learning (n = 14 mice, whisker rewarded).  
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon signed-rank paired, with Holm-Sidak multiple comparisons 
correction, ***p < 0.0001, **p < 0.001 and *p < 0.05. 
 

This last part of the experiments suggests that not all the cells in the L2/3 of wS1 homogeneously 
increase their sensory responses during unmotivated trials. Depending on their projection targets 
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different results might be observed. For example, when comparing S2p and M1p neurons, the S2p 
ones seems to specifically show a potentiation of the calcium responses after passive whisker 
stimulation which is induced by the pairing of a stimulus with no initial value to a water reward.  
 

4.3 Discussion 

A high and stable performance of an animal in a given experimental behavioral paradigm is typically 
not an innate behavior but it rather requires learning through prior experience ([156]). Thus, even for 
simple tasks, such as detection of a stimulus through licking from a water spout, a couple of training 
sessions are needed until an expert detection performance is achieved. This fact poses an important 
challenge when plastic, learning-induced changes of the brain neuronal networks are to be monitored. 
For specific types of acute neural recordings, the presence of two different experimental groups is 
usually indispensable (naive versus expert mice). Although the comparison between those groups 
permits drawing important conclusions about the underlying brain mechanics of learning, it lacks the 
ability to perform those recordings in a single animal. Indeed, valuable observations could be made 
when neural activity is compared before and after apparent behavioral changes, in the same subject 
and in one recording session, minimizing possible differences unrelated to learning.  
In this context, we designed a novel “fast”-learning whisker detection paradigm which could possibly 
be one approach to tackle those problems. By pre-training a mouse to an auditory detection task, we 
achieved a significant boost in the acquisition of an additional rewarded whisker stimulus, with the 
learning taking place, for the majority of the animals, in the course of a single session. The observed 
animal behavior was completely different when this stimulus was not paired with a reward, leading 
to no obvious signs of learning. Thus, the learning of the whisker detection task was reward-
dependent and a statistical comparison between a “Whisker-rewarded” and a “Whisker-non-
rewarded” group showed that ~18 trials are needed for the behavior to diverge. Although, the low n 
number of our “Whisker non-rewarded” group might be a limitation to approximate the actual number 
of trials, the results suggest that even a couple of whisker trials might be needed for learning to occur. 
This is in accordance with a recent study showing that, under specific circumstances, mice are able 
to rapidly increase their performance, after a couple of reward trials ([185]). However, in a single 
mouse level we observed a high variability to the number of whisker stimulation trials until the first 
whisker hit. Task variables such as stimulus strength and percentage of whisker versus auditory 
stimulation trials might be crucial to “slow down” or “accelerate” learning but also to make it more 
consistent from one mouse to another. Future experiments might be required to explore in more depth 
the hyper-parameter space of factors which influence animal behavior. Finally, in our task we used 
audition and somatosensation as the two detection modalities. Although, there is no obvious reason 
why this choice would influence our results, in the future, other combinations of different senses 
(such as olfaction and vision) must be as well experimentally tested.  
In the recent years, there has been some controversy regarding the participation of wS1 in the 
execution and learning of detection tasks with some studies finding this cortical area crucial 
([50],[61],[99],[127],[136]) and others rather dispensable ([170]). Our novel “fast” detection task 
seems to be dependent on wS1, with learning and execution being highly affected, if wS1 is 
pharmacologically or optogenetically inactivated. There are two important reasons why this might be  
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Figure 4.21 Two-photon calcium imaging of wM1 and wS2 projection neurons. (A) Dual colour Cholera Toxin Subunit-B (CTB) conjugated with 
Alexa-Fluor dyes injection scheme. In half of the mice CTB-Alexa Fluor 594 (CTB-594) was injected in wS2 and CTB-Alexa Fluor 647 (CTB-647) 
was injected in wM1 and for the other half the colours were reversed. (B) Example calcium FOV for a mouse where CTB-594 was injected in wS2 
(red) and CTB-647 (blue) in wM1 (with green the GCamp6f signal). (C) Grand average 𝐷𝐷𝐷𝐷

𝐷𝐷0
  traces for unmotivated whisker stimulation trials for the 

two classes of projection neurons (wM1p and wS2p) before (Days -2 and -1) whisker learning (left) and after (Days +1 and +2) whisker learning (right). 
(D) Quantification of the peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
 for unmotivated whisker stimulation trials before whisker learning. (E) Same as in (D) after whisker learning. (F) 

Histograms of LMI for two different classes of projection neurons, S2p: left, M1p: right. (G) Quantification of LMI values for the S2p versus the M1p 
neurons (n=100 S2p and n=103 M1p neurons from 13 mice with whisker stimulation rewarded). (H) Quantification of the percentage of S2p and M1p 
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in the LMI>0 group for the mice in the “Whisker rewarded” group (n=13 mice, whisker rewarded). (I) Quantification of the percentage of S2p and M1p 
in the LMI<0 group for the mice in the “Whisker rewarded” group (n=13 mice, whisker rewarded) 
The data are presented as mean ± SEM and the statistical tests shown are Wilcoxon signed-rank paired test with Holm-Sidak multiple comparisons 
correction for panel (D) and (E) and Wilcoxon rankums unpaired test with Holm-Sidak multiple comparisons correction for panel (G), (H) and (I) ***p 
< 0.0001, **p < 0.001 and *p < 0.05. 
 

the case for our data. Firstly, the whisker stimulation, delivered to our mice, was a single whisker 
stimulation, with a short duration and near-perception threshold amplitude ([50]). Secondly, for our 
mice to perform the auditory and whisker go/no-go task, they needed to be attentive to both whisker 
and auditory modalities at all times. Both of those factors increase the complexity of the task. 
Generally, it is possible that the more demanding a behavior is the more indispensable the cortex 
becomes ([170]). On the other hand, in our inactivation data there are some slightly confusing points 
which need to be further discussed. Both in the pharmacological and optogenetic inactivations of 
wS1, there were some mice for which the auditory detection performance was also affected. Although 
this result might be curious at first, there might be a possible explanation of those observations. Whilst 
our study was mostly focused on the activity of wS1 upon whisker learning, the interplay between 
wS1, the primary auditory cortex (A1) and its surrounding higher order auditory areas, might in 
reality be far more complex. Given that our mice were firstly pre-trained to perform an auditory 
detection task, the different auditory areas might play an additional important role in the final 
behavior. Indeed, in the mouse brain and between the wS1 and A1,  higher auditory areas such as the 
secondary auditory ventral (AuD) and dorsal areas (AuV) can be found ([186]).  Depending on the 
exact preparation, these areas might sometimes fall inside the radius of inactivation and thus 
indirectly affect the auditory detection performance. Those hypotheses need to be tested in future 
experiments by inactivation or recording in those various auditory targets. Additionally, mesoscopic 
wide-field calcium imaging of the dorsal cortex during learning might provide crucial insights in the 
presumably complex dynamics of different brain areas ([47]). 
The strength of our experimental design lies in the fact that it enabled us to compare the responses of 
the L2/3 neurons to whisker stimulation outside of the task when the mouse was disengaged and not 
motivated to perform. Upon learning of a novel whisker stimulus, we have found an increased 
response to whisker stimulation during unmotivated trials. Although the number of cells responding 
significantly to whisker stimulation showed a moderate increase, the responses to whisker stimulation 
increased by 40% for the same whisker stimulation strength. When we controlled for uninstructed 
movements, by restricting our analysis only to quiet trials or by GLM modelling, the results remained 
unaffected. Interestingly, no increase in the number of significantly responding cells or the whisker 
stimulation responses was exhibited when the stimulus was not paired with the reward. Those 
persistent changes observed in the “Whisker-rewarded” group, suggest possible alterations in the 
somatosensory cortex circuits, contributing to an enhanced representation of stimuli which, after 
pairing with a reward, carry a specific value for the animal. Our results are in accordance with 
previous studies carried out in primary visual cortex (V1) ([99], [160], [162]), in primary auditory 
cortex (A1) ([165]) but also in tasks where reward contingencies were reversed ([159]). When we 
performed a single-cell level analysis we found neurons which increased, decreased or retained their 
whisker responses upon learning, suggesting a possible re-organisation of the L2/3 neuronal 
networks. Direct comparison of the rewarded and non-rewarded group of mice showed a higher 
percentage of cells increasing their sensory responses when the whisker stimulus was rewarded, 
which could explain the overall increase in the whisker sensory responses. Those cells also increased 
their correlated spontaneous activity, suggesting that they might form a functional group whose 
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reciprocal connectivity and/or common inputs are also strengthened.  After all those observations, 
one question which arises here is: “How does the reward affect the neuronal circuits?”. A possible 
answer to the previous question could be related to the effects of neuromodulation onto the L2/3 local 
networks. Cholinergic axons, arising from the basal forebrain, release acetylcholine in the L2/3 of 
wS1 and increased concentrations have been found during various types rewards ([70]). Increased 
acetylcholine concentration is sensed by the vasoactive intestinal peptide (VIP)-expressing 
interneurons which disinhibit nearby pyramidal cells by inhibiting parvalbumin (PV)-expressing or 
somatostatin (SOM)-expressing GABAergic neurons. As previously hypothesized,  this disinhibition 
could then cause an increased firing rate of principal cells promoting Hebbian-type plasticity among 
neurons in the L2/3 or on the axons carrying peripheral whisker input from the L4 ([39], [187]).  
Those hypotheses need to be addressed in future experiments by whole-cell recording or calcium 
imaging of different interneurons’ subtypes together with simultaneous optical measurements of 
cholinergic axons’ activity or acetylcholine concentrations ([34], [188], [189]). 
A relatively surprising result, however, was the existence of cells with increased or decreased whisker 
responses for the group of non-rewarded mice. Although this might be just part of the turnover of 
neurons in L2/3 over imaging day as previously reported in primary visual cortex ([190]), there is at 
least one possible behavior-related reason why those changes were observed. Even if the whisker 
stimulation is not rewarded, at the beginning of the whisker learning session the mice tend to lick as 
a response to the stimulus. While the training continues, they slowly realize that no reward is 
delivered and they decide to refrain from licking for the rest of the sessions. Thus, the whisker 
stimulation becomes a no-go signal for them, with a “negative” value. Repetitive licking without 
compensation is only a loss of energy resources. As a result, the coding of this “negative” value might 
cause some level of re-organisation in the cortex and hence the corresponding differences in a single 
neuron level. This idea is supported by a negative tendency both in the number of cells responding 
significantly to whisker stimulation and the sensory responses. In the future, a higher number of mice 
in the whisker non-rewarded group is needed to validate those observations. Another interesting idea 
would be, to use an additional control group with mice neutrally exposed to the whisker stimulus, as 
described in [61].  
During the whisker learning day, some of our mice showed a gradual increase in their whisker 
detection performance which monotonically increased with the whisker stimulation trial number. 
When we restricted our analysis to those mice, the neurons which showed an increase in the sensory 
responses after whisker learning (Days +1 and +2, LMI>0 group), they seemed to as well increase 
their sensory responses with the whisker stimulation trials of the whisker learning session. In addition, 
the number of cells responding significantly to whisker stimulation in this group followed the same 
trends. Those observations were specific to the LMI>0 ensemble of neurons, suggesting that the re-
organization of the L2/3 networks might be happening in fast timescales during one session, tightly 
following the changes in the animal behavior. It is important to mention here, that our calcium 
imaging recording technique poses an inevitable threshold to the detectable neural activity, by being 
able to infer only suprathreshold events. Even more, under population imaging conditions sometimes 
triplets of action potentials might be needed for a detectable calcium signal ([191]). Thus, with a more 
sensitive recording technique, it is possible that subthreshold alternations in the sensory responses of 
single neurons could be measured even faster, maybe only after a single rewarded whisker trial. For 
example, in the hippocampus, a learning-induced formation of place fields has been observed in vivo 
after a single trial, through non-Hebbian, behavioral time scale synaptic plasticity ([192]). It would 
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be interesting to test this hypothesis in future experiments using whole-cell patch clamp recordings, 
during the first couple whisker stimulation trials of the whisker learning day. Moreover, if we observe 
carefully Figure 4.11, it is clear that the increase in the responses of the LMI> 0 group is already 
obvious by the end of the whisker learning day (significant positive slope). However, the same does 
not seem to be true for the LMI<0 group (no significant negative slope). This result indicates that, 
depending on the group, the changes in the whisker sensory responses might be governed by different 
underlying neural processes. Indeed, short-term plastic changes, taking place during the whisker 
learning day might be transformed to consolidated long-term changes during the upcoming sleep, 
potentially leading to additional alterations in the neuronal networks, which are measurable at the 
timescales of training days rather than single sessions ([193]).  Overall, another interesting future 
experiment would be the assessment of the behavioral impact of the cell-specific manipulation of 
neurons in every LMI group. Indeed, state-of-the-art “all-optical” techniques permit to 
simultaneously record and photostimulate single neurons during the whisker learning session or after 
learning has occurred ([48]). Finally it is important to highlight that the relatively small number of 
cells per FOV being part of the LMI<0 or LMI>0 groups is in accordance with previous studies 
reporting that the activation of a small number of cells in L2/3 of wS1 is sufficient for a perceptual 
threshold to be reached ([194]).  
The cells in the LMI>0 group, except for the increased activity after whisker stimulation, additionally 
exhibited specifically higher responses to other events such as auditory stimulation, spontaneous 
licking and whisking. We can think of at least one potential explanation for those observations. If we 
assume that the reward-induced changes in the L2/3 circuits led to a strengthening of the inputs 
arriving to those cells, any type of sensory stimulation signal or motor signal has then a stronger 
impact on those neurons and as a result increased response. For example, a recent study has shown 
that part of the whisker-related thalamus exhibits responses to self-initiated movements (VPM-FO) 
([22]). Hence, during licking and/or whisking those incoming signals, transmitted from thalamus 
through L4, arrive in L2/3 and thus influence the activity after learning-induced potentiation of their 
input synapses. In addition, we have shown that cells in the L2/3 of wS1 respond to auditory 
stimulation before whisker learning. Thus, the previously explained mechanism might also lead to 
potentiated sensory responses to auditory inputs after whisker learning.  
Pyramidal excitatory neurons in L2/3 of wS1 exhibit two main long-range projection targets, the 
whisker-related primary motor cortex (wM1) and the secondary whisker-related somatosensory 
cortex (wS2) ([32], [38], [55]). A previous body of work has shown very interesting differences in 
the activity of these two subsets of cells, in naïve and trained animals but also changes during 
learning([57], [59], [113], [184], [195]). Among those findings, S2p neurons were characterized by 
sensory responses, after whisker stimulation, which developed with learning of a whisker detection 
task similar to one used in our study ([57]). Our results after two-photon calcium imaging of M1p 
and S2p projection neurons, are in complete accordance the previously published ones. When 
compared to M1p neurons, the S2p neurons showed higher responses to whisker stimulation after 
whisker learning. In addition, their LMI values were significantly higher and they participated in 
higher percentages to the LMI>0 group. Thus, our findings provide a complementary validation of 
the importance of wS1-wS2 circuits for the sensorimotor transformation of a whisker stimulus to 
goal-directed licking, even when projection neurons are longitudinally imaged in the same animal 
before and after learning. However, the M1p and S2p neurons together account for only ~20% of the 
LMI>0 group. Taking into consideration the possibility that, depending on the exact injection location 
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some M1p and S2p neurons might not uptake the toxin or might not be detected due to signal-to-
noise (SNR) limitations and/or GCamp6f expression, there is still ~80% of unidentified neurons. In 
the current study we have focused only on S2p and M1p projection neurons but, except for wM1 and 
wS2, neurons in the L2/3 of wS1 exhibit various other cortical and subcortical projection targets 
([32], [38], [63], [87], [132], [135], [196]–[198]). In future experiments, it would be of high interest 
to investigate other type of projection neurons and measure the learning-induced changes in activity. 
Additionally, recent developments in whole brain imaging permit reconstructing neuronal 
arborizations after single-cell labeling techniques ([66], [117]) (see also Chapter 5). One interesting 
approach would then be to firstly identify cells based on their activity changes after learning (e.g 
LMI>0 group) and then label them using in-vivo single-cell electroporation of plasmids in order to 
express fluorescent proteins ([199]). After 3D imaging, the neurons can be reconstructed and their 
morphological properties (such as their projection targets) could be precisely investigated ([200]). 
Finally, given our results regarding the S2p neurons, chronic 2P imaging in wS2 would be an 
additional future experiment to conduct which would possibly help to better understand the dynamics 
between wS1 and wS2 during this “fast” goal-directed learning. 
As a last point, I would like to point out that all of the neural recordings were performed in the L2/3 
of the C2 barrel cortex. However, our inactivations (both optogenetic and pharmacological) targeted 
the whole cortical column. In future experiments, using appropriate genetically modified mouse lines, 
a L2/3 specific expression of inhibitory opsins can be achieved ([172],[173], [201], [202]). Then 
layer-specific optogenetic inactivations need to be carried out in order to test the causality of our 
calcium imaging observations.  
In summary, we designed a “fast” learning whisker detection task which permitted studying changes 
in the L2/3 of wS1 upon learning. The results indicate enhanced whisker stimulation responses 
together with a projection-target dependent re-organization of the neuronal networks which correlate 
with the observed changes in the animal behavior. 

4.4 Methods 

4.4.1 Authorization for animal experiments  

 
All the experiments were performed in full accordance with the Swiss Federal Veterinary Office 
under the license VD-1628 issued by the “Service de la consommation et des affaires vétérinaires of 
the Canton de Vaud, Switzerland. 

4.4.2 Animal surgery and preparation   

The experiments were carried out in female and male mice with an average age of 6.2 ± 1.4 weeks 
old at the start of the experiments (head-post implantation surgery). For the two-photon calcium 
imaging we used Rasgrf2-dCre mice ([172],[173]) crossed with TIGRE2.0 Cre-dependent GCaMP6f 
reporter mice (Ai148 mice)([174]). The activity of the dCre recombinase was induced using the 
antibiotic trimethoprim (TMP) injected intraperitonially for 3 consecutive days (0.25 mg/g body 
weight). For the optogenetic inactivations we used VGAT-ChR2 mice ([171]) and for the 
pharmacological inactivation experiments, wild type C57BL/6JRj mice. 
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The animals were anesthetised using gas isoflurane (4% concentration) and all of their right-side 
whiskers except the C2 were trimmed. They were then positioned in a stereotaxic frame using a nose 
clamp in order to be implanted with a metallic head-post. During the surgery, the anaesthesia was 
sustained at 1.5% and the temperature was monitored and held at 370C using a closed-loop heating 
system (FHC Inc). Their eyes were protected from dryness using a hydrating cream (VITA-POS, 
Pharma Medica AG). For pre-operative analgesia, the mice were injected intraperitoneally (IP) with 
Carprofen (0.3 mL at 0.5 mg/mL) (Rimadyl, Pfizer) and subcutaneously at the incision site with a 
mixture of lidocaine (2% diluted 1:10) and bupivacaine (0.5% diluted 1:2). In order to manage post-
operative pain, ibuprofen was provided in the water for at least 4 days after the operation (2.5 mL in 
250 mL of water bottle) (Algifor Dolo Junior, VERFORA SA). For skin disinfection before skin 
incision, we used a povidone-iodine solution (Betadine, Mundipharma Medical Company). Firstly, a 
part of the skin covering the skull was removed using surgical scissors and the skull was exposed. 
Then, the periosteum membrane was gently detached using a scalpel blade and the skull was 
disinfected and rinsed with Ringer solution. After the bone was fully dried, we applied a thin layer of 
cyanoacrylate glue (Loctite 401, Henkel) and the head-post was positioned on the right hemisphere. 
For strengthening the stability of the preparation, we added dental cement (Paladur, Kulzer) around 
the region of interest and a chamber was created for later procedures. 
With a final aim to find the exact location of the C2 representation of wS1 and wS2 or the fpS1, for 
every mouse we performed intrinsic optical imaging of the left hemisphere after the head-post 
implantation. The animal was positioned, slightly anesthetised (isoflurane at 1%) and head-fixed 
under a CMOS camera coupled to a stereomicroscope (Leica MZ9.5). With a magnification of 3.2x 
and under green illumination (525 nm, Thorlabs LED) we acquired a reference image of the surface 
vasculature. Subsequently, under red light (630 nm, Thorlabs LED) the right C2 whisker was placed 
in or the right paw was placed on a capillary glass glued to a piezoelectric actuator (PICMA, PI 
Ceramic). The stimulation consisted of 4 s sinusoidal pulses moving the body part in the anterior-
posterior direction with a frequency of 10 Hz. The reflected photons we recorded by the camera and 
the activation of a cortical area lead to an increased absorption of the red-light during stimulation. 
We interleaved stimulation with no-stimulation trials and the average activation map was computed 
using a custom written MATLAB-based software. The resulting map was then overlaid on the 
anatomical image enabling us to locate wS1, wS2 and fpS1 relative to surrounding blood vessels.  At 
the end of this step the exposed skull was protected by filling the chamber with a silicone elastomer 
(Kwik-Cast, PI) and the mice were allowed to fully recover for at least one week before any further 
procedure. 

4.4.3 Cranial window implantation and retrograde labelling  

The cranial window was assembled using a 5 mm diameter coverslip attached to two 3 mm ones 
(thinkness # 1, CS-3R, Warner Instruments) using UV-light curing glue (NOA61, Thorlabs) in the 
form of a triple glass window with thickness of ~0.45 mm. Using the intrinsic optical signal functional 
map, the C2 barrel column of wS1 and wS2 was located on the skull and a circular craniotomy of 
~3.5 mm was drilled, centred to the C2 barrel and including wS2. After bone flap removal and while 
keeping the chamber filled with Ringer solution, a full durotomy was performed. For a subset of mice, 
in order to image wM1 and wS2 projection neurons we injected Cholera toxin subunit-B (CTB) 
conjugated with two different Alexa-Fluor dyes (Molecular Probes, Invitrogen; 100 nl, 0.5%, wt/vol) 
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using a glass pipette (tip diameter = 27-30 µm). In half of the mice, CTB conjugated with Alexa-Fluor 
594 was injected in wS2 and CTB conjugated with Alexa-Fluor 647 was injected in wM1 while in 
the other half the colours were reversed. For wS2, the injection volume was 50 nl at depth of 300 µm 
and 50 nl at depth of 500 µm below pia, resulting in a total volume of 100 nl. Note that for wS2 
injection a second craniotomy was not needed because wS2 was already in the craniotomy already 
drilled around wS1. We injected with a speed of 20 nl per minute and the pipette was left in place for 
10 min before slow retraction. For wM1 injections, a second small craniotomy of ~0.5 mm in diameter 
was drilled (located 1mm anterior, 1 mm lateral to Bregma) and two injections of 100 nl were 
performed at 300 µm and 500 µm from pia (total volume of 200 nl) following the same procedure. 
Afterwards, the craniotomy was protected using a small amount of Kwik-Cast. After the two 
injections were completed, the cranial window was placed over wS1 (including also wS2) and it was 
sealed and permanently fixed using UV-light curing glue, followed by cyanoacrylate glue. Finally, 
in order to achieve long-term stability of the preparation, dental cement was added all around the 
chamber leaving exposed only the 3 mm cranial window for optical access into the cortex. Mice were 
allowed to recover for a minimum of 1 week after the surgery. 

4.4.5 Behavioral training 

Head-fixed mice were firstly trained in a go/no-go auditory detection task. About 10 days after the 
last surgery and 24 hours before the first training session the animals were subjected to water 
restriction. The daily intake of water was at minimum 1 mL and if the animal did not consume the 
full mL during the training session, the rest was complemented at its homecage. Throughout the 
training days, the weight of the animal was monitored and was always kept above 80% of the weight 
at the first day of water restriction. Every 14 days of continuous water deprivation, at least two days 
of ad-libitum access to water were given to the animal. Additionally, the well-being of the animal 
was evaluated daily by the experimenter and custom-made scoresheets were filled for each mouse. 
For the first two days of the pre-training phase, the animals were habituated in head-fixation and were 
exposed to “free licking” water from a spout attached to a piezo sensor which triggered the delivery 
of water drop (6 µl in size) through an electromagnetic valve. All the whiskers on the right side of 
the animal, except the C2, were trimmed before the first pre-training session (the left whiskers 
remained untouched). During the first phase of the training the mouse had to report the sensory 
perception of an 8 kHz and 10 ms in duration binaural auditory tone by licking from the spout. The 
trial duration was 7 sec including 2 sec of baseline after which the stimulus was delivered. The reward 
window was 1 sec after the stimulus presentation. If the mice licked during the baseline period, an 
early lick was registered and the trial was aborted. Before the trial starts a quiet window of 3-5 sec 
was imposed and if the animal licked during this time window the trial would not start until the animal 
remained quiet. For the catch trials no stimulation was presented and the same trial structure remained 
unchanged. The inter-trial interval was set to 5-7 sec, randomly selected for each trial. The auditory 
tone was embedded in a background white noise of 80 dB in density which masked any possible noise 
unrelated to the task (the auditory tone plus the white noise were 83 dB). In order to monitor the 
spontaneous licking of the animal, catch trials were also randomly interleaved with the same trial 
structure but without stimulus delivery. The percentage of stim and catch trials was 50%-50%. When 
the animals reached a stable performance for the auditory detection task (Hit rate > 80 % and FA 
<30% for at least two consecutive days) the second phase of the training started.  During the second 
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phase of the training, whisker stimulation trials were randomly interleaved with auditory stimulation 
ones with a probability 70% to 30% (stim and catch trials were kept at 50%-50%). The whisker 
stimulations were delivered using a small iron particle attached to the C2 whisker. An electromagnetic 
coil was positioned under the mouse and a rapid change of a magnetic field (~35mT in strength) led 
to a brief deflection of the whisker with an effective force duration of 1ms. At this phase, the mouse 
had to discover by trial and error that a new type of stimulus was introduced and no association trials 
were given. The metallic particle was attached to the C2 whisker even for the days of the auditory 
detection training phase. 
In general, during the whisker and auditory detection phase there were six possible types. When the 
mouse licked after auditory stimulation (within 1sec reward window after the 2 sec baseline and 
stimulus presentation), water was delivered to the mouse and the trial was an auditory hit.  When 
mice failed to lick after auditory stimulation, the trial was an auditory miss.  The same way, during 
whisker stimulation trials, mice were rewarded if they licked after whisker deflection (within 1sec 
reward window after the 2 sec baseline and stimulus presentation), and the trial was characterised as 
whisker hit trial. If they did not lick the trial was a whisker miss. During catch trials, if the mice 
refrained from licking the trial type was a correct rejection and if they mouse licked (in the 1sec after 
the 2 sec baseline) it was considered as a false alarm. For the non-rewarded control group of animals, 
the whisker stimulation was introduced keeping the same parameters as previously described but the 
spout would not deliver water if the mouse licked it in response to a whisker deflection. However, 
the auditory stimulation trials were still rewarded if the mouse licked into the reward window. 
The first day of the presentation of whisker stimuli was called “whisker learning day” and the training 
continued for two more sessions with the same parameters until the mouse was an expert in both 
auditory and whisker detection. For the two-photon imaging experiments, at the end of every imaging 
session and when the mouse showed a decrease in the detection performance (for both types of 
stimuli) we additionally acquired ~50 whisker stimulation trials which were called “unmotivated 
trials” given that the mouse was not anymore thirsty and thus not motivated to lick from the spout.  

4.4.6 Optogenetic inactivations  

For optogenetic inactivations we used a 200 µm 0.22NA patch cable (M84L01, Thorlabs, USA) at 
the end of which a cannula (CFMXA05, Thorlabs USA) was attached. A 470 nm laser (MBL-F-
473/200 mW, Changchun New Industries Optoelectronics Technology, China) was used to deliver 
blue light. The inactivation of pyramidal cells was indirect by activation of GABA-ergic interneurons 
expressing ChR2 ([171]). Using the IOS location of the C2 barrel column of wS1 or fpS1 we 
performed a skull thinning above the area of interest in order to facilitate the penetration of the light 
into the cortex. During the experiments, the rest of the exposed skull was covered with Kwik-cast in 
order to avoid off-side excitation of nearby cortical areas. A blue masking light (Thorlabs M490L4) 
was used in order mask any possible visual input which the animal could use a cue during light on 
trials. The optogenetic experiments were carried out in two different time points of the training. 
In two groups of mice we optogenetically inactivated either the wS1 or the fpS1 after the end of the 
first phase of the training when the mice were experts in the auditory detection task and during the 
whisker learning day (see also section Behavioural training). In this case, in 100% of all the trials 
(whisker stimulation, auditory stimulation, and catch trials) a light stimulus consisting of a 100 Hz 
pulse train with duty cycle of 50% was delivered. The light stimulation started 100 ms before the 
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stimulus presentation and lasted for 1 sec covering the reward window and it terminated with an 
additional 100 ms ramping down to prevent rebound excitation. The average power was measured at 
10 mW at the optic fibre tip. After the inactivation session, the mice were trained for one more session 
where no light stimulus was present. In another two groups of mice we optogenetically inactivated 
wS1 and fpS1 after the mice were expert in both whisker and auditory detection (end of the second 
phase of training, see also section Behavioural training). Now, for all trial types light trials were 
randomly interleaved with a probability of 30%. The light stimulation parameters and power were 
kept the same as previously described.  
 

4.4.7 Pharmacological inactivations  

The pharmacological inactivations were performed using the GABA receptor agonist muscimol (5 
mM in Ringer, Biotrend, USA). A small craniotomy of ~0.5 mm was drilled above C2 barrel column 
in wS1 or above fpS1 and muscimol or Ringer solution was injected into the cortex using a glass 
pipette with a tip inner diameter of 21-27 µm. The injection rate was 20 nl per minute and a total 
volume of 400 nl was injected in four depths ranging from 200-800 µm below pia. The injection was 
performed 45-60 min before the start of the behavioural session. In order to be able to recover the 
injection location, for some of the injections, 0.1% of Chicago Sky Blue was added in the muscimol 
final solution. 
The pharmacological inactivations were carried out also at two different timepoints of the training. 
In two groups of mice, wS1 or fpS1 was inactivated at the end of the first phase of the training when 
the mice were experts in auditory detection and during the whisker learning day (see also section 
Behavioural training). In this case, muscimol was injected into the cortex for three consecutive days 
and after the inactivation the mice were trained for two more sessions where no injection took place. 
In another two groups of mice, wS1 or fpS1 was inactivated after the end of the second phase of the 
training when the mice were experts in both auditory and whisker detection. Now, the first day 
muscimol was injected into the cortex followed by Ringer for the second day and finally muscimol 
for the third day. In order to be able to recover the injection location, for some injections, 0.1% of 
Chicago Sky Blue was added in the solution. 

4.4.8 Two-photon calcium imaging   

A custom-made two-photon microscope (2P) was built in order to perform chronic calcium imaging 
during behavior. The acquisition rate was 30 Hz in a field of view of 512x512 pixels which 
corresponded in ~350×350 µm centered on the C2 barrel column and about ~200 µm from pia in the 
L2/3 of the barrel cortex. The 2P excitation was achieved using a near-infrared laser (Insight X3, 
Spectra Physics) and the wavelengths were set at 940 nm for GCaMP6f and 800 nm for AlexaFluor-
594 and AlexaFluor-647. The laser beam intensity was control using a Pockels cell (302RM, 
Conoptics) and it never exceeded 50 mW at the tip of a 16x water immersion objective (LWD 
16x/0.80W; MRP07220, Nikon, Japan). The mirror scanning system consisted of a galvo scanner (M-
Series, model 6210, Cambridge Technology, GSI) coupled to an 8 kHz resonant scanner (CRS Series, 
Cambridge Technology, GSI). The emitted fluorescence photons were collected by the objective and 
reflected by a dichroic mirror (705 nm edge BrightLine (FF705-Di01-25x36), Semrock). This mirror 
transmitted the excitation laser beam. After passing through an infrared blocker, the light was focused 
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onto two GaAsP photodetectors (PMTs) (H10770PA40, Hamamatsu). Two removable filter cubes 
were used in order to be able to collect 3 different fluorescent channels (green, red and far red). One 
of them used for green and red emission (filter cube 1, green filter for GCaMP6f: 510/84 nm 
BrightLine (FF01-510/84-25); red filter for AlexaFluor-594: 607/70 nm BrightLine (FF01-607/70-
25); dichroic mirror: 562 nm edge BrightLine (FF562-Di03-25x36), Semroch) and one for red and 
far red emission (far-red filter for AlexaFluor 647: 700/75 nm Chroma (ET700/75m); red filter for 
AlexaFluor-594: 609/57 nm BrightLine (FF01-609/57-25); dichroic mirror: 649 nm edge BrightLine 
(FF649-Di01-25x36), Semrock). The collected photons were transformed to current signals by the 
PMTs and then amplified by a variable gain high-speed current amplifier (DHPCA-100, Femto) 
before getting digitized by a A/D converter (NI-5732, National Instruments) and conveyed to a FPGA 
module (NI PXI-7813R, National instruments) which was part of chassis (NI PXIe-1073, National 
instruments). The two-photon microscope was controlled by the MATLAB-based software 
(ScanImage 5.5, Vidrio Technologies LLC) ([203]). 
The experiments started at least one week after the surgery in order to minimize potential changes of 
the imaging plane during imaging. Using a green excitation LED (525 nm, Thorlabs LED) and a 
CMOS camera aligned to the 2P microscope, we imaged the brain surface vasculature. With this 
image and after comparison to the IOS map, we spotted the C2 barrel column in wS1 and we 
positioned the FOV in the centre of it. The imaging was then switched to the two-photon mode (at 
940 nm) and the depth of focusing was adjusted to be in the L2/3 (recognised by the reading the 
micromotor depth value (SM5-Luigs & Neumann) but also marked by a sudden increase in GCaMP6f 
expressing cells). After choosing the imaging FOV, a mean master image was acquired from the 
green emission channel and this image was used as a guide in order to find the same location at every 
session. The same image was also used to adjust the imaging location during the imaging experiment 
in X, Y and Z direction. This adjustment was achieved manually, based on landmarks in the master 
image and after comparing with the live FOV every 2 min, by moving the objective using the 
micromanipulators (only during inter-trial intervals). The imaging data were acquired continuously 
(trials and inter-trial intervals) using three trigger inputs from the behaviour program to ScanImage 
(Start, Stop, Next). Between two imaging sessions if the FOV was different from the master image 
and the chosen landmarks were not visible the imaging would stop and only behavioural data would 
be collected. 
For the wS2 and wM1 projection neurons imaging, the same mean green master was acquired at 940 
nm together with four additional images. With the wavelength fixed at 800 nm and using the filter 
cube 1 (green and red channels) we recorded a mean green image (now at 800 nm) and a red mean 
image (for AlexaFluor-594 emission). We then changed to filter cube 2 (red and far-red channels) 
and using the previously red mean image (from filter cube 1) we realigned the FOV (note that by 
changing the filter cube small movements can occur). Finally, a new mean red image with the filter 
cube 2 and a far-red mean image was acquired (for AlexaFluor-647 emission). Those mean images 
were used later to categorize extracted regions of interest (ROIs) to projection neurons’ classes (see 
also Cell categorization). 
During imaging experiments, we additionally acquired fast videography of the mouse face (mouse 
side view) using a high-speed camera (CL 600 X 2/M, Optronis, Germany) under infrared (IR) LED 
illumination (outside of the mouse visible range) at a frame rate of 100 Hz with an exposure of 1 ms 
and a resolution of 512x512 pixels. The videography data were obtained only for the 7 sec of a trial, 
excluding the inter-trial intervals.  
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We imaged every mouse for 5 consecutive days in total. For the Days -2 and -1 the mouse performed 
the auditory detection task, Day 0 was the whisker learning day and the Days +1 and +2 the two 
following sessions. Even for the auditory detection days, the particle was attached to the C2 whisker 
and at the end of every imaging session we acquired 50 unmotivated trials as previously explained 
(see also Behavioral training).  

4.4.9 Behavioral data processing  

In order to process the behavioral data and to calculate mean Whisker Hit, Auditory Hit and False 
Alarm rate and d-prime, the session was cut after the mouse failed to lick for 3 consecutive stimulation 
trials (misses) and it did not lick again for the rest of the session (either whisker or auditory stimuli). 
The d-prime for a session was calculated as: 

d′ = z(Hit Rate) − z(False Alarm Rate) 

with z being the z-score distribution. For plotting the running performance of an animal during a 
behavioral session the whisker hit, auditory hit and false alarm rate were computed for every trial 
using the 20 past trials. The reaction time of the mouse was considered as the time between stimulus 
presentation and the first detected lick from the piezoelectric sensor attached to the spout. 
In order to compare the behavior of the rewarded and the non-rewarded groups of mice during the 
whisker learning day we calculated the lick probability across every one of the two groups only for 
the whisker stimulation trials. We did this by aligning the data both to the first whisker stimulation 
trial and also to the first whisker hit trial. For statistical comparisons we compared the two groups 
(binary groups with 0 as whisker miss and 1 as whisker hit) at every trial using the 𝜒𝜒2-test and 
correcting for multiple comparisons by Holm-Sidak method. 
 

4.4.10 Two-photon data processing 

For image registration of the recorded calcium imaging frames, detection of the ROIs from the 
calcium FOV and the extraction of the time varying somatic calcium signals Fsoma(t) we used the 
Python-based Suite2p toolbox. We opted for an option of non-rigid registration and the data from the 
different imaging sessions were concatenated, enabling us to follow an ROI every day of the imaging 
even if this ROI was active only in one session. For this procedure, a very careful aligning of the 
FOV to the master image (see also Two-photon calcium imaging ) at the beginning of every session 
becomes crucial for a correct registration of the images ([150], [204]). After running Suite2p, we 
manually curated the extracted ROIs using the Suite2p GUI. Neuropil decontamination was corrected 
using Fast Image Signal Separation Analysis (FISSA) Python-based toolbox which performs blind-
source separation and non-negative matrix factorization based on the Suite2p extracted ROIs ([179]). 
For every of the fluorescent extracted traces, after neuropil correction, we calculated 𝐷𝐷𝐷𝐷

𝐷𝐷0
= 𝐷𝐷−𝐷𝐷0

𝐷𝐷0
 

percentages. The 𝐹𝐹0 baseline was approximated for every ROI at every time-point 𝑡𝑡 of a session as 
the 5th percentile of the 1 Hz low-passed signal in windows of 2 min around 𝑡𝑡.  
For the visual examples of the Figure 4.7 and Figure 4.11 for an example mouse we calculated the 
mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 movie across trials (either for whisker stimulation trials or unmotivated trials) using as an 
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𝐹𝐹0 frame the mean frame for -1000 ms - 0 ms before stimulus presentation for every trial. For the 
response frame, we computed the mean  𝐷𝐷𝐷𝐷

𝐷𝐷0
  frame for 0-180 ms after stimulus presentation. 

4.4.11 Movement analysis   

For the analysis of the facial movements of the animals we firstly created one .mp4 video for every 
session by concatenating all the frames for all the trials. We then utilized the Python-based toolbox 
DeepLabCut 2.2b7 (DLC), a software which uses deep learning networks for markerless pose 
estimation [44].  We trained one network for all of our mice by annotating 20 frames for each session 
using the k-means automatic extraction algorithm of DLC. As body parts, we used the tongue, the 
jaw, the nose, the metallic particle attached to the C2 whisker and the whisker base. Afterwards, we 
trained the network for the maximum number of iterations (1030000 iterations) and then analyzed all 
the video filming data for all the sessions of all the mice. At the next step, we opted for active learning 
by extracting an additional 50 outlier frames for every session and refined the labels using the DLC 
GUI. We then retrained the network using the augmented training dataset for a second time until the 
maximum number of iterations. Finally, with this final network we re-analyzed our data and created 
median-filtered estimations of all our body parts for every video frame. Using the X and Y extracted 
coordinate for every body part we then calculated the following measures of movement activity: 

1. whisker angular velocity =  θ ̇ =  dθ
dt

 with θ = arctan �ywb−yw
xwb−xw

� 

2. whisker angular speed =  �θ̇� =  �dθ
dt
�  with θ = arctan �ywb−yw

xwb−xw
� 

 

with 𝑦𝑦𝑤𝑤𝑤𝑤 and 𝑥𝑥𝑤𝑤𝑤𝑤 the coordinates of the whisker base and 𝑦𝑦𝑤𝑤 and 𝑥𝑥𝑤𝑤 the coordinates of the whisker 
particle. 

3. tongue speed = utongue  =  �(xtongue(t + 1) − xtongue(t))2 + (ytongue(t + 1) − ytongue(t))2 

with 𝑥𝑥𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡and 𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 the coordinates of the tongue. 

4. jaw speed = ujaw  =  �(xjaw(t + 1) − xjaw(t))2 + (yjaw(t + 1) − yjaw(t))2 

with 𝑥𝑥𝑗𝑗𝑗𝑗𝑤𝑤and 𝑦𝑦𝑗𝑗𝑗𝑗𝑤𝑤 the coordinates of the jaw. 

For the active versus quiet unmotivated trials analysis we used the whisker angular speed and the jaw 
speed and for every session we calculated its standard deviation. Afterwards, for every trial of this 
session an unmotivated trial was categorized as a quiet one only it satisfied two conditions: 1) the 
whisker angular speed in a window of -500 ms to 500 ms around the whisker stimulus did not exceed 
1.5 times the standard deviation of the session; 2) the jaw speed in a window 0 to 500 ms after stimulus 
under did not exceed 2 times the standard deviation of the session. Otherwise the trial was considered 
as an active one. 
To detect licking times from the licking signal of the piezoelectric sensor attached to the spout, we 
firstly z-scored the signal using its mean and its standard deviation in the baseline window (0-
2000ms). Subsequently, we smoothed the signal with a gaussian filter with 𝜎𝜎 = 10 and we detected 
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its peak using the find_peaks function in Python (scipy implementation). Then, using the first 
derivative we calculated time timepoints of upward deflection of the signal before every peak. Finally, 
in a time window from the upward deflection point to the peak, the timepoints where the z-scored 
signal crossed the value of 1.5 were considered as licking times. 
In order to detect whisking bouts, we used the whisker angular speed signal and we calculated its 
analytical signal using the Hilbert transform (Python scipy implementation). We then filtered the 
signal with a gaussian filter of 𝜎𝜎 = 15. Afterwards, we again detected the peaks of the signal (with 
find_peaks) and using again the first derivative of the signal we found its upwards and downward 
deflections before and after the peak time-points. Then, in the time window from the upward 
deflection point to the peak, the time-point when the signal crossed 3 times its standard deviation 
(calculated in the corresponding session of every trial) it was considered as the start of the whisking 
cycle (whisking onset). In addition, in the time window from the peak timepoint to the downward 
deflection point when the signal fell under 3 times the same standard deviation it was considered as 
the end of the bout (whisking offset). Bouts which were closer than 150 ms were merged.  

4.4.13 Encoding Generalized Linear Model   

We performed ridge regression to predict the 𝐷𝐷𝐷𝐷
𝐷𝐷0

  calcium activity of the different extracted ROIs 
([47], [205], [206]). The data we used to fit the model included only the ~50 unmotivated trials at the 
end of every imaging session before (Days -2 and -1) and after (Days +1 and +2) whisker learning. 
In the model, we try to predict the 𝐷𝐷𝐷𝐷

𝐷𝐷0
 value at every imaging frame by a linear combination of different 

behavioral variables/features (sampling frequency at 30 Hz). The input features in our full model 
consisted of a combination of “digital” and “analog” variables.  The “analog” variables were the 
whisker angular velocity, the tongue speed, the jaw speed and the “digital” ones and the moments of 
whisking events as they were extracted from the video filming, and the whisker stimulation onsets. 
For the signals that are active only momentarily, also called “event” variables, such as the whisker 
stimulations and the whisking initiation points, we expand their temporal effect by using boxcar bases 
functions. For the case of the whisking events, we expanded the signal from 1 second before the event 
till 4 seconds after the event, using 50 boxcar bases (10 before the event and 40 after). The expansion 
before is used to capture the neural activity that possibly leads to the initiation of a whisking event. 
While the expansion after is accounting for the effect that a whisking event can have on the activity 
of wS1. For the whisker stimulus onset, we expand its effect with 70 boxcar bases from the moment 
of the stimulus and for the following 7 seconds. In total, our model had 123 regressors. 
As a measure of goodness of fit, we use two different measures: 
1) Average mutual information (MI) over the 5 folds: 

 

MI =
log2(∑ (yi − yı�)2 − ∑ (yi − yı�)2)N

i=1
N
i=1

∑ yiN
i=1

=  
log2( Var(y) − ∑ (yi − yı�)2)N

i=1

∑ yiN
i=1

 

where 𝑦𝑦𝑖𝑖 is the neural activity, 𝑦𝑦𝚤𝚤�  is the average neural activity and 𝑦𝑦𝚤𝚤�  is the activity predicted by our 
model. The higher the MI the better the fit and when the MI is negative means that the fit is worse 
than a null model, where a null model is a model with only a bias.  
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2) Average coefficient of determination (𝑅𝑅2) over the 5 folds: 
 

R2  =
∑ (yi − yı�)2 − ∑ (yi − yı�)2N

i=1
N
i=1

∑ (yi − yı�)2N
=1

 

 

where y is the neural activity, 𝑦𝑦𝚤𝚤�  is the average neural activity and 𝑦𝑦𝚤𝚤�  is the activity predicted by our 
model. We can think of 𝑅𝑅2 as the percentage of the variance that our model predicts. A score of zero 
means that our model is as good as a model with only a bias and 1 means that we perfectly fit the 
signal. In order to calculate mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
  values we included only ROIs whose activity was well fit by 

our model better than the null model (condition MI>0)([47]). 
 

4.4.14 Cell categorization   

To test if a neuron was responding significantly to the whisker stimulation, we used a Receiver 
Operating Characteristic (ROC) analysis comparing the mean baseline 𝐷𝐷𝐷𝐷

𝐷𝐷0
activity before stimulus (-

180ms to 0) with the mean 𝐷𝐷𝐷𝐷
𝐷𝐷0

 response after it (0-180ms), using the unmotivated whisker trials of 

every imaging session. The ROC curves were created by plotting, for all threshold levels, the fraction 
of unmotivated trials against the fraction of unmotivated trials for which the response exceeded 
threshold. Threshold levels were defined as a linear function from the minimal to the maximal 
calcium responses ([159]). We firstly calculated the “real” Area Under the ROC Curve (rAUC) and 
we then performed a permutation test for which a new “shuffled” AUC (shAUC) was re-computed 
by shuffling the baseline and response labels 5000 times. Only if the rAUC was outside the 2.5th and 
97.5th percentile of the 5000 shAUCs the neuron was considered as significantly responding to 
whisker stimulation. For every mouse, a neuron was considered to respond significantly to the 
stimulation if a significant response was found for at least one imaging session of the Days -2, -1, +1 
or +2. The same procedure was followed for the auditory responding cells using all the auditory 
stimulation trials. For the licking responding cells the same ROC analysis was followed using a 
slightly different computation. Firstly, the first lick time was extracted (as reported by the spout) for 
all the false alarm trials (no stim, lick trials) and then the mean response around this timepoint (-100 
ms to 100 ms) was computed. This response was compared to a baseline response -800 ms to -500 
ms relatively to the licking event. Finally, for the whisking responding cells we used the same 
procedure as for the licking cells but using the correct rejections trials (no stim, no lick trials) and a 
mean response window of -200 ms to 200 ms relatively to the whisking event (see also Movement 
analysis) compared to a baseline window -500 ms to -300 ms. We only considered whisking events 
which were more than 300 ms in duration and there was no other whisking event for at least 500 ms 
before the corresponding whisking onset. For the quantification of the peak 𝐷𝐷𝐷𝐷

𝐷𝐷0
 responses we 

calculated the peak value for every mouse in a time window 0-1000 ms after every licking or whisking 
event and in a window of 0-180 ms for a sensory stimulation. 
In order to categorize neurons in the two projection classes (either wS2 or wM1) we used the green, 
the two red (from filter cube 1 and 2) and the far-red images that were acquired during the first 
imaging session (see also Two-photon calcium imaging). We firstly aligned the two red images using 
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the Python-based SimpleElastix toolbox (https://simpleelastix.github.io). After computing this 
transformation, it was also applied to the far-red image acquired with the filter cube 2. During this 
first step, the images from the filter cube 2 were registered to those of the filter cube 1 eliminating 
any possible misalignment caused by the filter cube change. In the second step, the green image of 
the filter cube 1 was aligned to the maximal projection image output by Suite2p (which is used for 
ROI extraction and it is also an image of green emission).  This final transformation was then applied 
to the previously transformed red and far-red images aligning all the images to the green one used for 
ROI extraction. After this computation, we used a custom written Python-based GUI in order to 
categorize every ROI as a wS2- or wM1-projecting one based on the visual inspection of its 
fluorescence to red and/or far red channels.  
In order to evaluate the changes in sensory responses in unmotivated trials after whisker stimulation 
induced by whisker learning, we used as a measure the Learning Modulation Index (LMI) inspired 
by [159]. To compute this index, we firstly calculated the whisker stimulation responses before 
whisker learning (Days -2 and -1) and the responses after whisker learning (Days +1 and +2). The 
responses were defined as the mean 𝐷𝐷𝐷𝐷

𝐷𝐷0
 response for a window 0 to +180ms after the stimulation 

relatively to a baseline window for -180ms to 0 before it. We then used again a ROC analysis where 
ROC curves were created by plotting, for all threshold levels, the fraction of unmotivated trials after 
whisker learning against the fraction of unmotivated trials before whisker learning for which the 
response exceeded threshold. Threshold levels were defined as a linear function from the minimal to 
the maximal calcium responses. The LMI was computed from the AUC as: 

LMI = (AUC − 0.5) × 2 

with values ranging from -1 to 1. The more positive values indicated a higher whisker response after 
whisker learning relatively to before whisker learning. The statistical significance of the LMI values 
was evaluated with a permutation test from which a sampling distribution was approximated by 
shuffling the trials labels for 10000 times. The calculated LMI was considered as significant only if 
it was outside of the 2.5th–97.5th percentiles interval of the sampling distribution. Note that for all of 
the previous analysis the data of the whisker learning day were not used. 

4.4.14 Correlation analysis  

To compute the correlation of the spontaneous activity of the cells in every LMI group we used the 
Correct Rejection trials. We then calculated the cross correlation between every pair of cells and then 
carried out the mean across pairs and across trials before and after whisker learning (mean of days -
2 and -1 versus mean of days +1and +2). The cross correlation was computed using the Python signal 
package (signal.correlate function) 

4.4.15 Whisker learning day analysis 

In order to investigate the changes in the whisker stimulation responses during the whisker learning 
day we used a subset of mice (n=10 out of 14 mice for the rewarded group and n=7 mice for the non-
rewarded group) which showed a gradual increase in their performance during the whisker learning 
session (after visual inspection).  We then computed the response (mean in 0 to 180 ms relative to 
mean in -180 ms to 0 baseline) to every single whisker stimulation trial for every neuron in every of 

https://simpleelastix.github.io/
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the LMI groups and we smoothed the signal by taking for every trial’s response the mean response 
of the past 10 trials. We then fitted a linear regression line (whisker stimulus response versus trial 
number) for every mouse and extracted its slope (mean slope coefficient for 5-fold cross-validation). 
In order to assess the significance of the calculated slopes, we re-computed a new slope after shuffling 
the trial labels. Then, we carried out the mean shuffled slope for every mouse by taking the mean for 
each of the newly computed 10000 slopes; one for each of the 10000 permutations.  The statistical 
significance was then calculated by comparing the group of the measured slopes with the group of 
the shuffled ones. 
To quantify the number of cells in every LMI group responding significantly to whisker stimulation 
during the whisker learning day, we followed the same ROC analysis previously described. In this 
case, for every whisker stimulation trial we run the ROC analysis including data of the 20 trials before, 
assigning a significance label (0 or 1) for every cell for every trial if the aforementioned permutation 
test was satisfied. Afterwards, using those labels we calculated the percentage of significantly 
responding cells in every of the three LMI groups and we fitted linear regression lines (percentage of 
cells in a group versus whisker stimulation trial number). The slopes of the lines were extracted and 
were tested against a set of shuffled slopes. For every mouse one shuffled slope was computed by re-
fitting the line after randomly permuting once the trial number labels. The final slope was calculated 
by taking the mean of 10000 slopes; one for every of the 10000 permutations. 

4.4.15 Stability of the imaging field of view 

To assess the stability of the imaging FOV, we calculated the Structural Similarity Index (SSMI) as 
a measure of image quality changes for one imaging session and across sessions ([207]).  In order to 
quantify the changes in one imaging day, we randomly selected 1000 registered frames from the first 
half and the second half of the session and we carried out two mean frames with which we computed 
the in-session SSMI. We compared this with the cross-session SSMI by calculating the same measure 
for two mean frames computed from 1000 randomly selected frames from two consecutive imaging 
days.  

4.4.16 Slice preparation, confocal imaging and cell counting 

To calculate the percentage of Rasgrf2-expressing cells which are GABA-ergic neurons we bred a 
triple transgenic mouse by crossing the Rasgrf2-dCre mouse ([172], [173]) with the reporter LSL-
tdTomato mouse line ([208]) and the GAD67-GFP mouse line ([175]). Again, the activity of the dCre 
recombinase was induced by 3 intraperitonial TMP injections for 3 consecutive days (0.25 mg/g body 
weight). After at least 2 weeks of expression, the mice were transcardially perfused with 4% PFA 
diluted in PBS (Electron Microscopy Science, USA) under deep anesthesia (pentobarbital 150 mg/kg, 
i.p.) (Electron Microscopy Science, USA), the brains were extracted and post-fixed in PFA overnight. 
They were then sliced using a vibratome (Leica VT1200S, Germany) at a thickness of 100 um and 
the nuclei were stained using DAPI (25μl of DAPI in 10ml PBS for 10 min followed by two 10min 
washes in PBS). Finally, the slices were mounted on Superfrost slides using 1,4 
Diazabicyclo[2.2.2]octane (DABCO, Sigma-Aldrich D27802, USA). The images were obtained 
using a confocal microscope (Leica SP8) equipped with a 20x/0.75 dry objective (HC PL APO 
20x/0.75 CS2, Leica microsystems). Fluoroscent singals were collected in 3 channels respectively 
for DAPI (excitation: BP 350/50, emission BP 460/50, blue), GFP (excitation: BP 450-490, emission: 
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BP 500-550, green) and tdTomato (excitation: BP 546/10, emission: BP 585/40, red). The imaging 
area around wS1 was determined by visual comparison of the slices to a mouse brain atlas ([88]) but 
also by the presence of barrels, visible in both the green and red channels. Several 1000×1000 um 
tiles were acquired and then stiched using the Leica Application Suite X software. Based on the 
genetics of our triple transgenic mouse, the cells expressing the Rasgrf2 gene would emit in the red 
spectrum (tdTomato) and the ones expressing GAD67 in the green (green). In order to categorise 
cells in every class (Rasgrf2+, GAD67+, Rasgrf2+/GAD67+) we used the QuPath software platform 
(https://qupath.github.io/). Using as a guide the presence of barrels in L4 of wS1 we manually 
annotated the L2/3 in every image and we detected the cells using the DAPI channel (QuPath cell 
detection). Afterwards, one single classifier for every of the other two channels was built, by manually 
determining the threshold for every channel and for every image after visual inspection. In order to 
quantify the co-expression of Rasgrf2 and GAD67, a composite classifier was created by combining 
the two previous ones. The percentage of Rasgrf2+ and GAD67+ cells was calculated as follows: 

i) PercentageRasgrf2+ = #Rasgrf2+
  #DAPI+

 × 100 

ii) PercentageGAD67+ = #GAD67+
  #DAPI+

× 100 

Finally, the percentage of Rasgrf2+ cells which also were also GAD67+ was calculated as: 

PercentageRasgrf2+/GAD67+ =
#Rasgrf2 +/GAD67 +

  #Rasgrf2 +
 × 100 

 

4.4.17 Statistical analysis   

Data were represented as mean ± SEM unless otherwise noted. To assess significance in paired 
comparisons, we used the Wilcoxon two-sided signed-rank test and for unpaired comparisons the 
Wilcoxon rank-sum test (Python implementations). Multiple comparisons were corrected by the 
Holm-Sidak method. The statistical tests used and n numbers are reported explicitly in the main text 
or figure legends. 
 

 

 

 

 

 

 

https://qupath.github.io/
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excitatory neurons in layer 2/3 mouse barrel cortex imaged 
through whole-brain tomography and registered to digital 
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The text and figures of this chapter are reproduced from the following manuscript currently under 
review: 

Yanqi Liu1, Georgios Foustoukos1, Sylvain Crochet1 and Carl C.H. Petersen 
Axonal and dendritic morphology of excitatory neurons in layer 2/3 mouse barrel cortex imaged 
through whole-brain two-photon tomography and registered to a digital brain atlas 
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As a joint-first co-author I contributed to several parts of this manuscript. I performed mouse 
surgeries and in vivo electroporation of single neurons under anaesthesia, for some of the 
animals. Additionally, I have built a custom-made two-photon tomography microscope in order 
to acquire 3D whole-brain fluorescent images and I assisted in the tissue preparation. 
Moreover, together with my co-author I acquired the brain data and set-up the computational 
routines for stitching, visualisation in 3D space and registration to a digital atlas. Finally, I 
assisted in the analysis of the final data and the preparation of the manuscript text and figures. 
 

5.1 Abstract 

Communication between cortical areas contributes importantly to sensory perception and cognition. 
On the millisecond time-scale, information is signalled from one brain area to another by action 
potentials propagating across long-range axonal arborizations. Here, we develop and test 
methodology for imaging and annotating the brain-wide axonal arborizations of individual excitatory 
layer 2/3 neurons in mouse barrel cortex through single-cell electroporation and two-photon serial 
section tomography followed by registration to a digital brain atlas. Each neuron had extensive local 
axon within the barrel cortex. In addition, individual neurons innervated subsets of: secondary 
somatosensory cortex; primary somatosensory cortex for upper limb, trunk and lower limb; primary 
and secondary motor cortex; visual and auditory cortical regions; dorsolateral striatum; and various 
fiber bundles. In the future, it will be important to assess if the diversity of axonal projections across 
individual layer 2/3 mouse barrel cortex neurons is accompanied by functional differences in their 
activity patterns. 
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5.2 Introduction 

On the millisecond timescale, neurons communicate primarily by releasing neurotransmitter from 
presynaptic specializations along their axons in response to action potential firing, with the increased 
concentration of neurotransmitter acting to open ligand-gated ion channels largely concentrated in 
postsynaptic specializations on dendrites. In order for any two neurons to be synaptically connected 
it is essential that the axon of the presynaptic neuron is in close apposition to the dendrite of the 
postsynaptic neuron. Reconstructing the axon and dendrites of individual neurons therefore provides 
important information about where they might send and receive signals ([209]). Whereas dendrites 
have relatively large diameters and are typically confined to a small region near the cell body of the 
neuron, axons have smaller diameters and can project long distances across the brain, spinal cord and 
other parts of the body posing important challenges for their accurate characterization. Here, building 
on technical advances in single-cell anatomy developed in previous studies ([209]–[213]), we further 
test procedures for whole-brain imaging, reconstruction, registration and quantification of the axonal 
and dendritic structure of single labelled neurons in layer 2/3 of mouse barrel cortex. The barrel cortex 
is a highly-specialized brain area serving as the primary whisker somatosensory cortex (wS1, also 
labeled SSp-bfd) for processing sensory information from the array of mystacial vibrissae ([214]–
[217]). Each whisker on the snout is mapped onto an anatomically-identifiable structure in layer 4 of 
wS1, known as a barrel, arranged somatotopically across the horizontal extent of wS1 ([218]), helping 
with precise structure-function analyses. Bulk anterograde labelling of long-range axonal projections 
of neurons with cell bodies located in barrel cortex has revealed that they project to a large number 
of cortical and subcortical brain areas including: secondary whisker somatosensory cortex (wS2, a 
part of SSs), primary whisker motor cortex (wM1, a part of MOp), perirhinal cortex, orbitofrontal 
cortex, secondary visual cortex, posterior parietal cortex, satellite cortical regions around wS1 
including the dysgranular zone, contralateral somatosensory cortex, different thalamic nuclei (VPM, 
higher-order posterior medial nucleus, and thalamic reticular nucleus), zona incerta, dorsolateral 
striatum, superior colliculus, anterior pretectal nucleus, pons, hypothalamus and spinal trigeminal 
nuclei ([211], [219]–[226]). Individual neurons appear to largely innervate only subsets of these 
targets, but the full extent of the anatomical diversity of long-range projection neurons in mouse wS1 
is currently unknown. The local axonal arborizations within the barrel field of excitatory neurons 
with somata in wS1 has been characterized extensively ([227]–[236]). A previous study reported the 
long-range axonal projections of infragranular pyramidal neurons, finding diverse corticofugal 
innervation patterns ([225]). Previous single-cell reconstruction studies of excitatory projection 
neurons in layer 2/3 of mouse wS1 have differentiated between two selected subsets depending upon 
retrograde labelling from wS2 and wM1 ([210], [211]), allowing correlation with functional studies, 
which indicated interesting projection-specific differences in sensorimotor processing ([59], [210], 
[237]–[240]). Here, in this study, we sampled neurons without pre-labelling of their long-range 
projections, and we made three important methodological advances over our previous work towards 
quantitatively studying the anatomy of layer 2/3 mouse barrel cortex neurons: i) we imaged entire 
mouse brains using two-photon serial section tomography; ii) we registered our data to a standardized 
digital atlas of the mouse brain; and iii) we quantified axonal length in the context of brain areas 
annotated in the digital atlas. Through these technical advances, we have begun to further characterize 
the diversity of the axonal projections of individual layer 2/3 neurons in mouse barrel cortex, adding 
to the important body of previous knowledge about the single-cell anatomy of excitatory projection 



Axonal and dendritic morphology of excitatory neurons in layer 2/3 mouse barrel cortex imaged through whole-brain tomography and registered to digital brain atlas 5.3 Results 

139 

neurons in the superficial layers of rodent primary whisker somatosensory cortex ([211], [217], [229], 
[236], [241]). Immunohistochemical labeling of processed tissue also revealed important technical 
limitations indicating that our methodology only revealed incomplete axonal arborizations. 

5.3 Results 

5.3.1 Reconstruction of dendrites and axons of single neurons in L2/3 of wS1  

In order to reconstruct neuronal arborizations of single neurons in L2/3 of the primary somatosensory 
cortex barrel field (SSp-bfd), we performed “shadow” single-cell electroporation in vivo under the 
guidance of a two-photon microscope ([199]) (Figure 5.1A and B). A glass pipette filled with 
intracellular solution, fluorescent dye and GFP DNA plasmids was inserted through a craniotomy 
into L2/3 of the SSp-bfd and positioned in close contact to the cell membrane of a randomly chosen 
cell in our field-of-view (Figure 5.1B). Afterwards, a train of negative electrical pulses was delivered 
in order to transiently rupture the cell’s membrane, permitting the entrance of the pipette solution into 
the cell’s cytoplasm. If the electroporation procedure was successful, the cell was immediately filled 
with the fluorescent dye and remained intact after pipette retraction. After 3-5 days, a quality check 
of the cell’s health and the expression levels of the GFP protein was performed under the two-photon 
microscope through a cranial window (Figure 5.1C). If only a single neuron per mouse expressed the 
protein and did not show any signs of dendrite 'blebbing' or cell death ([242]), the animal was 
transcardially perfused with paraformaldehyde (PFA) in order to fix the brain. Subsequently the 
extracted brain was partially cleared using mCUBIC ([243]) and prepared for two-photon serial 
tomography 3D imaging ([213]) (Figure 5.1D). After imaging the whole brain, individual tiles were 
computationally stitched to reassemble full brain slices which were then imported into Vaa3D 
software for semi-automatic annotation of the neuronal structures, based on the GFP fluorescence 
signal (Figure 5.1D and E). Following a semi-automated annotation of the neuron and its processes, 
the tomographic structural images were used for registration to the Allen Mouse Brain Common 
Coordinare Framework (CCF). Once this step was completed, the location of the different neuronal 
arborizations in various brain areas was assessed for each of the 10 reconstructed neurons in this 
study, using the Allen Mouse Brain standardized parcellations (Figure 5.1F, Supplementary Figure 
5.9, Supplementary Table 5.1).  

Importantly, we do not think that our anatomical reconstructions are complete because anti-
GFP immunolabelling to enhance the signal-to-noise ratio of axonal fluorescence revealed additional 
axons not found through two-photon tomography (Supplementary Figure 5.10). The anatomical 
reconstructions presented in this study therefore only reveal a portion of the full extent of the axons, 
but nonetheless provide important information characterizing their apparent diversity.   

5.3.2 Diverse axonal projections of single neurons in L2/3 of wS1  

Previous bulk anterograde labelling of long-range axons of neurons with somata in SSp-bfd showed 
a prominent projection target in the secondary somatosensory cortex (SSs) ([38], [211]). In this study, 
we also found a L2/3 neuron (AL110) with a prominent axonal arborization in SSs (Figure 5.2). The 
soma of this neuron is located near the D3 column. The neuron had a total length of 70.7 mm of axon 
and 8.1 mm of dendrites. The majority of the axon extended within the granular and supragranular  
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Figure 5.1 Acquisition and analysis pipeline for single cell reconstruction. (A) Shadow electroporation labels a single neuron in an unbiased way by 
introducing GFP plasmids. After 3 to 5 days of expression time, the cell was viewed through a cranial window under a two-photon microscope to 
control for GFP expression and the absence of any sign of apoptosis. Animals were then perfused and the brain was cleared in modified cubic solution. 
Finally, the sample was embedded in agarose and imaged under a two-photon tomographic microscope. (B) Example snapshots of an electroporation 
session. Left, fluorescent dye from the electroporation pipette fills the extracellular space revealing cell bodies as shadows in the image. the pipette 
approaches and contacts a randomly selected neuron. Right, following electroporation, the fluorescent dye briefly fills the cell indicating successful 
pipette content delivery into the cell. (C) Quality check of the labelled neuron through the cranial window before perfusion. (D) Example image acquired 
from two-photon tomography. Left, a coronal section with a region of interest near the cell body. Right, the region of interest at higher resolution, 
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showing the cell body, its dendrites and its main descending axon.  (E) Semi-automatic neuron reconstruction using Vaa3d. Left, an example region 
with axons in Vaa3d. Right, same region with annotations (red) highlighting the axons. (F) Alignment with the Allen Mouse CCFv3. Left, a coronal 
section of the CCFv3 template. Middle, the template deformed to align with the sample space. Right, the CCFv3 atlas deformed in the same way as the 
template to match the sample space. 

 
layers of SSp-bfd. Another important part of the axon extended to SSs, in particular in L1 and L2/3. 
In addition to innervating SSs, a small portion of its axon also projected to an unassigned region in 
the primary somatosensory cortex (SSp-un) and the supra-callosal white matter (scwm).  

Another important projection target of L2/3 neurons is the primary motor cortex (MOp) ([59], 
[210], [211], [221], [238], [240]). In this study we also found a neuron (AL126) with axon in MOp 
and secondary motor cortex (MOs) (Figure 5.3). This neuron, with 8.2 mm of dendrites, was situated 
near the D1 barrel.  With a total axonal length of 69.8 mm, this neuron extended its axon primarily 
within SSp-bfd but also to other primary sensory areas such as the upper limb (SSp-ul), trunk (SSp-
tr), lower limb (SSp-ll) and SSp-un. One axonal branch of this neuron traveled within the white matter 
fiber bundle system (cingulum bundle, cing, and the corpus callosum body, ccb).  

Among our reconstructed neurons, we found neuron AL157 with a long-range axonal 
projection largely targeting the SSp-ul, consistent with previously-reported innervation patterns from 
bulk labelling of rat and mouse barrel cortex showing innervation of forelimb cortex ([87], [244]) 
(Figure 5.4). The axons of this neuron also extend to the SSp-un in the anterior-medial proximity of 
the barrel field. Another major branch of axon travels in the callosal fiber bundle system (ccb and 
scwm), entering the contralateral hemisphere. However, we were unable to identify any further 
extensions of this axonal branch with our current protocol. In total, we identified 6.6 mm of dendrite 
and 63.5 mm of axon for this neuron located near the E1 barrel. 

Axonal arborizations located in SSp-un were common across several neurons in our current 
study, including neuron GF234 with a highly localized columnar innervation pattern in SSp-un, as 
well as innervating VISa (Figure 5.5). We identified 60.1 mm of axons and 6.7 mm of dendrite for 
this neuron situated close to the C1 barrel. Other target areas for this neuron include SSp-tr, VISrl, 
fiber bundle systems (cingulum bundle, cing, scwm, and ccb) and SSp-ul.  

Among the subcortical projections of wS1 layer 2/3 excitatory neurons, is the dorsolateral 
striatum ([63], [211]). Consistent with those findings, neuron AL131 had prominent axonal targets in 
the dorsolateral part of the caudoputamen (CP) (Figure 5.6). A total length of 69.2 mm of axon was 
annotated for this neuron as well as 7.3 mm of dendrites located near the C2 barrel. In addition to the 
CP, axons were identified in multiple visual areas such as the rostrolateral areas (VISrl), anterolateral 
areas (VISal) and anterior areas (VISa), as well as several regions in the primary somatosensory area 
(nose, SSp-n, SSp-tr, SSp-un and SSp-ul). This neuron also has a prominent branch traveling in the 
callosal fiber bundle system (scwm for this specific case).  

Lastly, we show an example neuron (AL142) extending a long axonal branch laterally and 
ventrally to the CP, apparently heading towards the most dorsal aspect of the amygdala (Figure 5.7). 
In comparison to neuron AL131 innervating the dorsolateral striatum (Figure 5.6), the axons of 
neuron AL142 traversed deeper layers of SSp-bfd, Sss, Visceral area (VISC), external capsule (ec), 
with our tracing ending in the lateral parts of the CP near the most dorsal aspect of the amygdala 
(Figure 5.7). Other target areas for this neuron include the VISa, SSp-un, VISrl and SSp-tr. For this 
neuron we did not identify any signs of axon within the callosal fiber bundle system. This neuron had 
a total of 48.8 mm of axon and 6.5 mm of dendrites and its cell body was located close to the D2 
barrel.  
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5.3.3 Summary of all SSp-bfd L2/3 neurons reconstructed 

Finally, we summarize all the neurons reconstructed in this study (n = 10) (Figure 5.2 to Figure 5.7 
and Supplementary Figure 5.11 to Supplementary Figure 5.14) and overlay them in order to get an 
idea of the overall projection profile (Figure 5.8). We quantified axonal length in each brain region 
identified summing across layers and subregions (Figure 5.8D). Most of the axonal length resided 
within the SSp-bfd. It is interesting to note that SSp-ul and VISa ranked second and third, then 
followed by the SSs and SSp-un as fourth and fifth. Although ranked lower in average amount of 
axons, 9 out of 10 neurons projected to SSp-un and SSp-tr. Other target regions include MOp and 
MOs, dorsal region of the striatum (STRd), several other SSp regions (SSp-tr, SSp-ll), various visual 
areas (for instance, VISam, VISp, and VISpm), multiple fiber bundles (stria terminalis, st, fiber tracts, 
cerebrum related, mfbc, hippocampal commissures, hc, corpus callosum anterior forceps, fa, and 
fornix system, fxs), retrosplenial areas (lateral agranular part, RSPagl and ventral part, RSPv), 
auditory areas (such as the dorsal auditory area AUDd and posterior auditory areas, AUDpo), and 
VISC. Interestingly, 7 of the 10 neurons reconstructed had axonal branches in the corpus callosum 
(cc) with none of these extending outside of the fiber tracts on the opposite hemisphere ([211], [213]). 

5.4 Discussion  

We performed two-photon guided in vivo “shadow” electroporation to label single neurons in layer 
2/3 of mouse barrel cortex by expression of GFP ([245]). Through two-photon tomographic imaging 
and 3-dimensional neuron reconstruction ([213]) in relation to a digital mouse brain atlas, we 
quantified long-range projection regions among the 10 reconstructed cells finding a high degree of 
diversity.  

5.4.1 Diverse projection areas of individual neurons in the L2/3 barrel cortex 

Among the literature, numerous reports have studied the SSp-bfd using broader approaches involving 
viral injections or other anterograde tracers that label thousands of neurons. Less is known on the 
finer scale investigation of individual neurons, but it seems likely that each neuron only projects to a 
subset of the regions that have been identified from bulk labeling approaches.  
Projections between the SSp-bfd to the SSs have been shown to be heavily reciprocal, and similar 
observations between the SSp-bfd and the motor regions (MOp and MOs) have been reported ([221], 
[223], [246]). Here, we further report SSp-bfd axons also project to other parts of the SSp such as the 
ul, un, tr, and ll. Projections to these somatosensory regions have been previously reported in the 
Mouse Connectome project where an anterograde and a retrograde tracer were co-injected into a 
single area ([87]), showing reciprocal projections. Such organization likely aids the integration of 
sensory information across the somatotopic map. 

It has also been demonstrated that there is a heterogeneity in the projection patterns within the 
SSp-bfd ([246]). The caudal- medial barrel field (cm-bfd) projects to SSp-tr and SSp-ll while the 
antero-lateral barrel field (al-bfd) showed a preference for SSp-n and SSp mouth (SSp-m). With our 
current study, all labeled neurons are located near the C, D or E rows with arc position 1, 2 or 3, 
which are relatively caudal and medial in the barrel field (Figure 5.8C). In agreement to previous  
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Figure 5.2 Reconstruction and quantification of example neuron AL110 with projections to the supplementary somatosensory cortex (SSs).  (A) Serial 
overlays of GFP-labelled axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 1.5 mm. Each 
section represents a maximum projection of 300 µm. (B) Maximum projection of the reconstructed axon (red) and dendrites (black) in horizontal view, 
aligned to the Allen Mouse CCFv3. Black lines indicate the boundaries between cortical regions. (C) Maximum projection of reconstructed axon (red) 
and dendrites (black) in coronal view overlaid with anatomical section from the Allen Mouse CCFv3. (D) Maximum projection of reconstructed axon 
(red) and dendrites (black) in a tangential view (rotated 30 degrees then projected as if horizontally) over the barrel field (blue) near the D3 barrel. (E) 
Quantification of axonal (top) and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. 
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Figure 5.3 Reconstruction and quantification of example neuron AL126 with projections to the primary and secondary motor cortex (MOp) (A) Serial 
overlays of GFP-labelled axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 3.5 mm. Each 
section represents a maximum projection of 700 µm. (B) Maximum projection of the reconstructed axon (red) and dendrites (black) in horizontal view. 
(C) Maximum projection of the axon (red) and dendrites (black) in coronal view. (D) Maximum projection of the axon (red) and dendrites (black) in 
tangential view (rotated 30 degrees then projected as if horizontally) over the barrel field near the D1 barrel. (E) Quantification of axonal (top) and 
dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. 
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Figure 5.4 Reconstruction and quantification of example neuron AL157 with projections to the primary somatosensory cortex - upper limb (SSp-ul).  
(A) Serial overlays of axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 2.125 mm. Each 
section represents a maximum projection of 425 µm. (B) Maximum projection of the reconstructed axon (red) and dendrites (black) in horizontal view. 
(C) Maximum projection of the axon (red) and dendrites (black) in coronal view. (D) Maximum projection of the axon (red) and dendrites (black) in 
tangential view (rotated 30 degrees then projected as if horizontally) over the barrel field near the E1 barrel. (E) Quantification of axonal (top) and 
dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. 
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Figure 5.5 Reconstruction and quantification of example neuron GF243 with projections to the primary somatosensory cortex - unassigned (SSp-un) 
region and anterior area (VISa) (A) Serial overlays of axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of 
the axons of 1.25 mm. Each section represents a maximum projection of 250 µm. (B) Maximum projection of the reconstructed axon (red) and dendrites 
(black) in horizontal view. (C) Maximum projection of the axon (red) and dendrites (black) in coronal view. (D) Maximum projection of the axon (red) 
and dendrites (black) in tangential view (rotated 30 degrees then projected as if horizontally) over the barrel field near the C1 barrel. (E) Quantification 
of axonal (top) and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. 
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Figure 5.6 Reconstruction and quantification of example neuron AL131 with projections to the caudoputamen and multiple visual areas (CP, VISrl, 
VISal and VISa).  (A) Serial overlays of axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 
4.125 mm. Each section represents a maximum projection of 825 µm. (B) Maximum projection of the reconstructed axon (red) and dendrites (black) in 
horizontal view. (C) Maximum projection of the axon (red) and dendrites (black) in coronal view. (D) Maximum projection of the axon (red) and 
dendrites (black) in tangential view (rotated 30 degrees then projected as if horizontally) over the barrel field near the C2 barrel. (E) Quantification of 
axonal (top) and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3.  
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Figure 5.7 Reconstruction and quantification of example neuron AL142 with ventrolateral projections to caudoputamen (CP).  (A) Serial overlays of 
axon (red) and dendrites (green) in coronal views encompassing the anterior-posterior span of the axons of 2.375 mm. Each section represents a 
maximum projection of 475 µm. (B) Maximum projection of the reconstructed axon (red) and dendrites (black) in horizontal view. (C) Maximum 
projection of the axon (red) and dendrites (black) in coronal view. (D) Maximum projection of the axon (red) and dendrites (black) in tangential view 
(rotated 30 degrees then projected as if horizontally) over the barrel field near the D2 barrel. (E) Quantification of axonal (top) and dendritic (bottom) 
length in respective brain regions identified by the Allen Mouse CCFv3.  
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Figure 5.8 Summary of all neurons reconstructed (n = 10). (A) Horizontal overlay of axons aligned to the Allen Mouse CCFv3. (B) Coronal overlay 
of axons. (C) Tangential view of axons aligned to the barrel map. (D) Quantification of axonal length in respective brain regions. The length of axons 
in each layer of a specific region is summed up. The different brain regions receiving projections from the labelled neurons are sorted according to the 
mean length of the reconstructed axon across all neurons in each region of interest, from the longest axonal length on the left to the shortest axonal 
length on the right. 

suggestions, our results show almost all neurons (except for AL110) send their axons to the SSp-tr 
and/or SSp-ll.  Along the same line, anterograde tracers injected in the cm-bfd but not the al-bfd, also 
labeled axons in the AUDd, AUDp and AUDv ([246]). Projections to the AUDd and AUDp are also 
observed in the current study (Figure 5.8A and D). In addition, anterograde tracers injected in the cm-
bfd, revealed axons in the VISC but this is not observed in those with al-bfd injections ([246]). Being 
the only neuron with axons identified VISC, AL142 is located near the D2 barrel which takes a 
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relatively central-medial position in the posterior barrel field (Figure 5.6). Additional reconstructions 
of single neurons are necessary to make more in-depth comparisons to quantifications obtained from 
viral labeling. One of the common projection targets of our reconstructed neurons is the SSp-un 
region. In the present study, 9 out of 10 neurons showed axons in the SSp-un and it is ranked having 
the fourth greatest amount of axon among all regions identified (Figure 5.8D). Projections in the same 
region have also reported in the Allen Mouse Brain Connectivity atlas ([247]) in a particular 
experiment (Experiment 298718778) where a Cre-dependent anterograde tracer was injected to SSp-
bfd of a Rasgrf2-dCre mice that labels mostly layer 2/3 neurons. This region, immediately medial to 
the SSp-bfd, corresponds to the dysgranular zone that have been reported in both rats and mice ([211], 
[248], [249]). Neurons within this region send their axons to the striatum, thalamus and midbrain 
([249]). In line with previous studies which indicated that there are “hot spots” for axons extending 
to the dysgranular zone ([211]), we also identify large number of axons in this region. Given the 
frequency of occurrence in single cell projection profiles and the number of axons it receives, the 
SSp-un may be an important region to investigate in future experiments. 

Additionally, several neurons had axons projecting to higher order visual related areas. These 
type of projections have been previously reported for both the rat and the mouse barrel cortex  and 
are likely to be reciprocal ([211], [244], [246]).  One possible hypothesis for the role of this 
connectivity between the SSp and the visual areas, is multisensory integration and synchronization 
of body parts’ movement when several types of stimuli are present ([244]). 

Neurons projecting to MOp and to SSs might form two distinct populations both anatomically, 
functionally and genetically ([210], [211], [250]). In previous work [211], retrograde tracers were 
injected to SSs or MOp, and neurons in the SSp-bfd labelled with these tracers were selectively 
targeted for electroporation. Axonal reconstructions, suggested that neurons projecting to SSs (S2p) 
do not project to MOp while the MOp projecting neurons (M1p) project weakly to the SSs. Consistent 
with this, in the small sample of neurons in the current study, the strong projectors to MOp and MOs 
(AL126) and to SSs (AL110) indeed seem to be non-overlapping in their axonal arborisations (Figure 
8D). However, there are also neurons that project some axon to both regions (Supplementary Figure 
5.12 and Supplementary Figure 5.13). Further studies with greater numbers of single neuron 
reconstructions may provide more accurate depictions of neuron categories based on anatomical 
information. Given that the M1p and S2p neurons were distinct both functionally and genetically 
([56], [210]), future studies might reveal more categories of layer 2/3 neurons such as VISam-
projecting or STRd-projecting neurons.   

5.4.2 Axons in the fiber bundles 

Axons in fibre bundles heading toward the contralateral hemisphere were frequently found among 
our reconstructed neurons. While 7 out of 10 neurons showed axons within the cc, none continued to 
exit. Several other studies that aimed to reconstruct single neurons have also reported similar 
observations ([211], [213]). Viral-based anatomical studies show some axons extending within the 
corpus callosum, winding past the midline and exiting to regions such as the contralateral SSp-bfd 
([87], [211]). A study on developmental refinements of callosal projections in the SSp-bfd showed 
that although L2/3 neurons do show eliminations of contralateral projecting axons, this process 
stabilizes around postnatal day P15 ([251]). It might be that some of these axons did not fully retract, 
leaving segments still within the cc. Our current approach does not detect all axons (Supplementary 
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Figure 5.10), and it is possible that future studies will reveal more innervation of the contralateral 
hemisphere by layer 2/3 neurons. As opposed to a detection related issue, this may also arise from 
incomplete fluorescence labelling. The dense fibre bundles may limit the diffusions of fluorescent 
proteins and result in incomplete filling of fluorescent ([211]). To resolve these questions, future viral 
based anatomical studies with higher imaging resolution is required to compare the number of axons 
at different points of the trajectory (such as at the entrance of the cc vs. at the points of exiting on the 
contralateral side). From a single cell labelling approach, further study may also inject retrograde 
tracers to the SSp-bfd followed by targeted electroporation in the hemisphere contralateral to the 
injection and perform neuron reconstruction 

 

5.4.3 Limitations and future perspectives  

A major limitation of the present work is the incompleteness of the reconstructed axonal 
arborizations. Further signal enhancement appears to be essential (Supplementary Figure 5.10) and 
follow up studies will need to incorporate these considerations. Assuming that the labelling method 
(be it electroporation or viral injections) sufficiently fills up the neuron and its entire extensions, 
sample pre-processing involving signal amplifications would provide a great step closer to the true 
anatomical representation. Several whole brain volumetric imaging techniques in combination with 
signal amplification processes have been developed which could be a helpful tool for future 
experiments ([209], [252]–[254]) 

Anatomical investigations at single neuron resolutions provide valuable insights on where 
each neuron might send information. To reveal network level information while maintaining cellular 
resolution requires large amounts of single neuron data. It is then possible to unravel patterns through 
clustering-based analysis and categorize projection types ([209], [254]). The necessity for large data 
sets suggests the need to design high throughput methods for sample preparation, image acquisition 
and axonal annotation. Currently large parts of the published neuronal reconstruction are being done 
manually by human annotators, which not only require hours of labour work ([255]) but also are 
susceptible to human errors and/or biases. However, recent advancement in artificial intelligence and 
computer vision may accelerate the later part of the pipeline with minimal human supervision ([200], 
[256], [257]). 

From a scientific perspective, the opportunity of labelling single neurons and recover their 
morphology might help, in the future, to better determine the role of projection neurons in complex 
neural computations, such as reward-based learning. As previously mentioned, studies where 
projection neurons were retrogradely labelled have shown projection target-dependent neuronal 
activity, for example during goal-directed sensorimotor transformations ([59], [237], [238], [240]).  
In those cases, an assumption of the projection area(s) to focus on was made beforehand in order to 
bulk inject the retrograde tracer. One can imagine that an unbiased and more refined experimental 
procedure could be followed during which the activity of different neurons can firstly be measured 
(for instance, using two-photon calcium or voltage imaging), followed by “activity-targeted” 
selection of neurons to be electroporated and reconstructed. This way, cells which show interesting 
activity patterns during learning or execution of different behavioural tasks could be labelled and 
their morphology and/or projection targets could be revealed. Although technically demanding, this 
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type of experiments could provide unique datasets where morphology and function can be directly 
linked, shedding light on brain mechanisms that still remain unexplored. 

5.5 Methods  

All animal procedures were performed in accordance with protocols approved by the Swiss Federal 
Veterinary Office (license VD1889.4). 

5.5.1 Head-post implantation 

The experiments were carried out in 6-9-week-old male and female wild type C57BL/6J mice. 
Surgeries were performed under isoflurane anaesthesia (4% for induction, then 1.5%) and the 
temperature was continuously monitored and held at 37oC using a closed-loop heating system (FHC 
Inc). All of the right whiskers, except the C2, were trimmed and then mice were positioned in a 
stereotaxic frame using a nose clamp.  In order to protect their eyes from dryness, a hydrating eye gel 
was placed over the eyes during the surgery (VITA-POS, Pharma Medica AG). Pre-operative 
analgesia included intraperitoneal (IP) injections of Carprofen (0.3 ml at 0.5 mg/ml) (Rimadyl, Pfizer) 
and subcutaneous (SC) injections of a mix of lidocaine (2% diluted 1:10) and bupivacaine (0.5% 
diluted 1:2) at the incision site. For post-operative analgesia, ibuprofen was administered through the 
drinking bottle for 4 days after surgery (2.5 ml in 250 ml of water bottle) (Algifor Dolo Junior, 
VERFORA SA). In order to disinfect the skin before the incision, a povidone-iodine solution 
(Betadine, Mundipharma Medical Company) was used. Then a part of the scalp was removed using 
surgical scissors, the skull was exposed and the membrane of the periosteum was gently removed 
using a scalpel blade. The skull was then again disinfected, rinsed with Ringer solution and 
subsequently fully dried using cotton buds. Afterwards, a thin layer of cyanoacrylate glue was applied 
on the skull surface (Loctite 401, Henkel) and the metal head-post was placed on the right hemisphere. 
Finally, in order to strengthen the adhesion of the post to the skull, as well to create a chamber for the 
later procedures, dental cement (Paladur, Kulzer) was added. Immediately after the implantation 
surgery, the centre of the barrel field was determined using intrinsic optical signal (IOS) imaging, as 
previously described ([40], [61], [211]). At the end of this procedure, the exposed skull was protected 
using a silicone elastomer (Kwik-Cast, WPI). 
 

5.5.2 Single-cell electroporation  

After full recovery from the implantation, single-cell electroporation was performed under isoflurane 
anaesthesia (4% for induction, then 1%). The body temperature was controlled and maintained at 
37°C.  At least one hour before the surgery, the mice were injected with dexamethasone (5mg/ml, 
200ul per mouse, i.m., Helvepharm, Zentiva) and just before the surgery with Carprofen (0.3 ml at 
0.5 mg/ml, i.p., Rimadyl, Pfizer). The mice were head-fixed using the implanted metal head-post. 
The eyes were protected with a hydrating eye gel (VITA-POS, Pharma Medica AG).  First, a circular 
craniotomy of around 3.5 mm was drilled around the center of the C2 barrel column using the blood 
vessel map. Depending on the mouse, a full durotomy was sometimes performed in order to facilitate 
access to the cortex. In vivo shadow single-cell electroporation was targeted to L2/3 neurons using a 
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two-photon microscope ([245]). Glass capillary pipettes with resistances of 10-17 MΩ were filled 
with intracellular solution containing (in mM): 135 potassium gluconate, 4 KCl, 10 HEPES, 10 
sodium phosphocreatine, 4 MgATP, 0.3 Na3GTP (adjusted to pH 7.3 with KOH) into which 100 μΜ 
Alexa 488 dye (Thermofisher Scientific, A10436) and pCAG-EGFP (Addgene 11150) plasmids were 
added (final plasmid concentration at 200 ng/µl). During the electroporation, the pipette was inserted 
into the cortex while continuously reading the 3D position of the pipette tip using a micromanipulator 
(SM7-Luigs & Neumann). L2/3 was identified by vertical subpial depth (at least 150 µm from pia 
surface) and by a sudden increase in cell density. After close contact to a randomly chosen L2/3 
neuron (increase of the pipette resistance by 20%), 50 pulses of negative voltage steps (0.5 ms, -12 
V) were delivered at 50 Hz using a pulse generator (Axoporator 800A, Molecular Devices). After the 
electroporation the pipette was slowly retracted and the immediate visual appearance of the neuron 
was used to judge the success of the procedure (i.e. if the cell remained intact and filled with the 
intracellular dye). Typically, 3-4 cells were electroporated per animal. At the end of the procedure a 
triple glass window assembly, consisting of a 5 mm diameter and two 3 mm diameter coverslips of 
#1 thickness (CS-3R, Warner Instruments), was placed over the craniotomy and fixed on the skull 
using UV-curing adhesive (Thorlabs, NOA68).  The mouse was then returned to its home-cage and 
was allowed to recover for at least 3 days. The expression of the GFP in the electroporated neurons 
was evaluated 3-5 days after the procedure, through the cranial window, using an epi-fluorescent 
microscope and/or the two-photon microscope. Only animals with a single expressing cell were 
selected for the following steps while animals with multiple cells were excluded.   

5.5.3 Sample preparation and two-photon tomography  

After single-cell expression of the fluorescent protein, the mice were transcardially perfused under 
deep anesthesia (pentobarbital 150 mg/kg, i.p.) using 4% PFA diluted in PBS (Electron Microscopy 
Science, USA), the brains were extracted and post-fixed in PFA overnight. After postfixation the 
brain tissue underwent a passive clearing procedure using a modified-CUBIC (mCUBIC) solution 
([243]) consisting of 25% w/w N,N,N’,N’-tetrakis(2-hydroxypropyl)ethylenediamine, 15% w/w of 
Triton-X and 60% w/w of dH2O. Whole brains were firstly incubated in mCUBIC solution at 37oC 
in a shaker (at 90 RPM) for 4 days. On day 4, the solution was replaced with a fresh one and the 
incubation continued for another 4 days. After the clearing process, the tissue was washed 3 times for 
1 hour using 50 mM Phosphate-buffered (PB) solution. For 3 out of the 10 animals the cleared brain 
tissue was then incubated in 5% gelatin (Sigma G1890) for 2-4 hours at 37oC (for the rest of the 
brains this step was omitted as it did not seem to improve imaging quality). Finally, the brains were 
placed in 4% PFA for 24-36 hours at 4oC to cross-link and then washed with 50 mM PB.  In order to 
increase the stability of the tissue during serial two-photon tomography the tissue was embedded in 
5% agarose (Type-I agarose, Merck KGaA, Germany, A6013).  

Whole brain 3D imaging was performed using a custom-made two photon serial microscope 
which was controlled by the MATLAB-based software ScanImage 2017b (Vidrio Technologies, 
USA, for the 2P imaging) and BakingTray 
https://github.com/SainsburyWellcomeCentre/BakingTray (for the serial sectioning). In summary, 
the imaging setup consists of a 2P microscope coupled with a vibratome head (VT1000S, Leica, 
Germany) and a X/Y/Z high precision stage (X/Y: V-580; Z: L-310, Physik Instrumente, Germany), 
similar to previously described [213]. The vibratome was set to slice the brain at 50 µm physical slice 

https://github.com/SainsburyWellcomeCentre/BakingTray
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and 10 optical sections per physical section were acquired using a high-precision piezo objective 
scanner (PIFOC P-725, Physik Instrumente, Germany). A 16x water immersion objective was used 
with a resolution of 0.8 µm in X and Y and measured axial point spread function (PSF) at ~5 µm full 
width at half maximum. We collected fluorescence in the green channel (500 – 550 nm, ET525/50) 
and each section consisted of 1025 x 1025 µm tiles overlapping at 7%. The final voxel size was 0.8 
x 0.8 x 5 µm (X, Y, Z). 

After acquisition, the raw tiles were stitched using the MATLAB-base package StichIt 
(https://github.com/SainsburyWellcomeCentre/StitchIt). This software applies illumination 
correction based on the average tile in each optical plane and stitches the tiles based on the actual 
position in 3D, as registered by the high precision motors.  

5.5.4 Tracing of axons and dendrites  

After stitching, the data were tera-converted using the Vaa3D-Terafly software suite and the whole 
brain was visualized in 3D at different scales 
(http://home.penglab.com/proj/vaa3d/home/index.html). Subsequently, we used the Vaa3D module 
for software-assisted neuron tracing in order to place nodes in 3D. The placement of the nodes was 
based on the fluorescent signal in the image. The final output of Vaa3D was a .eswc file containing 
thousands of rows, each one consisting of nodeID, x,y,z coordinate, radius value, neurite type and 
parent node ID. 

5.5.5 Extracting barrel column masks from the Digital Atlas  

We used Ilastik v1.3.3 ([258]) to segment the barrel columns from the gray scale CCF anatomical 
image. In Ilastik, a human annotator labels a few example pixels as the barrel column which is used 
to train a classifier to segment the entire image stack. Then the resultant mask image stack can be 
used as a brain atlas parcellation file.  

5.5.6 Registration to a Digital Atlas  

The stitched brain slices and the annotated neurons were registered to the Allen Common Coordinate 
Framework version 3 (CCF, [259]) using a Python custom written script, inspired by the MATLAB-
based software ARA tools (https://github.com/SainsburyWellcomeCentre/ara_tools). At the first 
step, the data were down-sampled in X, Y, Z in order to match the 25 x 25 x 25 µm voxel size of the 
CCF. Next, the open source medical image registration suite Elastix 
(https://github.com/SuperElastix/elastix)  was utilized in order to register the grayscale CCF 
anatomical image to the acquired brain slices in 3D, using rigid, affine and nonrigid transformations. 
Once this transformation was computed, it was also applied to the parcellation file of the CCF and 
thus every voxel of the imaged brain data was assigned with a brain area ID matching to a unique 
brain area. Finally, we apply the same transformation to the barrel column mask file for estimations 
of the location of the neuron and visualizations. 

5.5.6 Quantification of the neurite length 

For the quantification of the neurite length, the x,y,z node coordinates of the Vaa3D .eswc files were 
transformed to physical distances in um using the imaging resolution values (0.8 µm in X and Y and 
5 µm in Z). Afterwards the Vaa3D resampling plugin was used 

https://github.com/SainsburyWellcomeCentre/StitchIt
http://home.penglab.com/proj/vaa3d/home/index.html
https://github.com/SainsburyWellcomeCentre/ara_tools
https://github.com/SuperElastix/elastix
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(https://github.com/Vaa3D/vaa3d_tools/tree/master/released_plugins/ v3d_plugins/resample_swc)  
to resample the annotations points and space them equally every 1 µm. Finally, the number of points 
in every brain area was counted and transformed in neurite length in µm. If the annotation node of a 
neurite coincided with a given voxel, that node was assigned to the brain area corresponding to this 
voxel according to the CCF parcellation file. 

5.5.7 Immunohistochemistry  

In order to test for the presence of additional axonal arborizations that might not have been resolved 
in the two-photon tomography, we collected 50 µm-thick slices immediately after two-photon 
tomographical imaging. We then amplified the GFP signal with immunostaining. During this process, 
the slices were firstly incubated in blocking buffer 0.3% Triton (Applichem, Germany) and 2% 
normal goat serum (NGS, Vector, S-1000-L020) in PBS (0.9% NaCl, 0.01 M phosphate buffer, pH 
7.4) for an hour. Then, we incubated the sample for 48 h shaking at 4 °C in the primary anti-GFP 
antibody (rabbit polyclonal 1:5000, Abcam 290, UK) together with 0.3% Triton X-100 in PBS, 
followed by two washes with PBS for 10 min. Subsequently, the slices were placed in the secondary 
antibody (goat anti-rabbit conjugated to Alexa 488 1:200, Life Technologies A-11012) together with 
0.3% Triton X-100 in PBS for 2-2.5h at room temperature. At the final step, the slices were washed 
in PBS 3 times for 10 min and mounted on Superfrost slides using ,4-Diazabicyclo[2.2.2]octane 
(DABCO, Sigma-Aldrich D27802, USA) as mounting medium. The images were obtained using the 
two-photon tomography microscope at the same laser power levels as the original imaging, enabling 
direct comparison. 

5.5.8 Data availability  

The data and code will be made freely available in the Open Access CERN database Zenodo: 
https://zenodo.org/communities/petersen-lab-data with a doi hyperlink. 

5.5.9 Supplemental information 

Supplementary figures of the submitted paper are as follows: 
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Supplementary Figure 5.9 Anatomical location of different cortical areas on a top view of the mouse dorsal cortex. For definitions of area acronyms, 
please see Supplementary Table 5.1 

 

 

 

Supplementary Figure 5.10  Example section demonstrating that antibody staining reveals previously unobserved axonal structures.  (A) Left, 
overview image acquired with two-photon tomography with a region of interest (ROI) indicated with a green frame. Middle, zoomed in view of the 
green ROI with arrows indicating blood vessel landmarks and a smaller ROI indicated with a blue frame. Right, zoomed in view of the blue ROI. (B) 
Left, overview of the same brain slice as (A) after signal amplification with anti-GFP antibody, mounted on glass coverslips and imaged with two-
photon tomography. A region of interest (ROI) is indicated with a green frame. Middle, zoomed in view of the same green ROI as in (A), identified 
by blood vessel patterns (arrows).  Both images are averaged images of 50 µm z-stacks. Note that the brain slice underwent shrinking and distortions 
during the immunohistochemical staining and mounting, thus landmarks do not match perfectly. A smaller ROI, similar to (A) is indicated with a blue 
frame. Right, zoomed in of the blue ROI. Note the presence of labelled axon segments in B that are not visible in A. 
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Supplementary Figure 5.11 Reconstruction and quantification of example neuron AL066 with projections to visual areas (VISa, VISam, VISal, VISrl).  
(A) Maximum projection of reconstructed axon (red) and dendrites (black) in horizontal view, aligned to the Allen Mouse CCFv3. Black lines indicate 
boundaries between cortical regions. (B) Maximum projection of axon (red) and dendrites (black) in coronal view. (C) Maximum projection of axons 
(red) and dendrites (black) in tangential view (rotated 30 degrees then projected as if horizontally) over the barrel field in the C1 barrel. (D) 
Quantification of axonal (top) and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3.  
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Supplementary Figure 5.12 Reconstruction and quantification of example neuron AL080 with projections to visual areas and the secondary 
somatosensory cortex (VISrl, VISa, VISam, SSs).  (A) Maximum projection of axon (red) and dendrites (black) in horizontal view. (B) Maximum 
projection of axon (red) and dendrites (black) in coronal view. (C) Maximum projection of axon (red) and dendrites (black) in tangential view (rotated 
30 degrees then projected as if horizontally) over the barrel field in the C2 barrel. (D) Quantification of axonal (top) and dendritic (bottom) length in 
respective brain regions identified by the Allen Mouse CCFv3.  
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Supplementary Figure 5.13 Reconstruction and quantification of example neuron AL092 with projections to primary somatosensory 
area -upper limb (SSp-ul).  (A) Maximum projection of axon (red) and dendrites (black) in horizontal view. (B) Maximum projection 
of axon (red) and dendrites (black) in coronal view. (C) Maximum projection of axon (red) and dendrites (black) in tangential view 
(rotated 30 degrees then projected as if horizontally) over the barrel field in the D3 barrel. (D) Quantification of axonal (top) and 
dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3. 
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Supplementary Figure 5.14  Reconstruction and quantification of example neuron AL140 with projections to primary somatosensory area -upper limb, 
the secondary somatosensory areas and visual areas (SSp-ul, SSs, VISrl, VISa).  (A) Maximum projection of axon (red) and dendrites (black) in 
horizontal view. (B) Maximum projection of axon (red) and dendrites (black) in coronal view. (C) Maximum projection of axon (red) and dendrites 
(black) in tangential view (rotated 30 degrees then projected as if horizontally) over the barrel field in the D2 barrel. (D) Quantification of axonal (top) 
and dendritic (bottom) length in respective brain regions identified by the Allen Mouse CCFv3.  
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Supplementary Figure 5.15 Dendritic morphologies. (A) Reconstruction of dendrites of all neurons in coronal representations (n = 10). (B) Location 
of dendrites superimpose on top of the mouse barrel field with arcs (1-7) and rows (A-E) labelled. 

 

Supplementary Table 5.1 List of brain areas and their abbreviations in the Allen Common Coordinate Framework (CCFv3) appearing in the figures 
of our study. 

SSp-bfd Primary somatosensory area, barrel field 
SSp-bfd1 Primary somatosensory area, barrel field, layer 1 
SSp-bfd2/3 Primary somatosensory area, barrel field, layer 2/3 
SSp-bfd5 Primary somatosensory area, barrel field, layer 5 
SSp-bfd4 Primary somatosensory area, barrel field, layer 4 
SSp-bfd6a Primary somatosensory area, barrel field, layer 6a 
SSp-bfd6b Primary somatosensory area, barrel field, layer 6b 
SSp-ul Primary somatosensory area, upper limb 
SSp-ul1 Primary somatosensory area, upper limb, layer 1 
SSp-ul2/3 Primary somatosensory area, upper limb, layer 2/3 
SSp-ul4 Primary somatosensory area, upper limb, layer 4 
SSp-ul5 Primary somatosensory area, upper limb, layer 5 
SSp-ul6a Primary somatosensory area, upper limb, layer 6a 
SSp-ul6b Primary somatosensory area, upper limb, layer 6b 
SSs Supplemental somatosensory area 
SSs1 Supplemental somatosensory area, layer 1 
SSs2/3 Supplemental somatosensory area, layer 2/3 
SSs4 Supplemental somatosensory area, layer 4 
SSs5 Supplemental somatosensory area, layer 5 
SSs6a Supplemental somatosensory area, layer 6a 
SSs6b Supplemental somatosensory area, layer 6b 
SSp-un Primary somatosensory area, unassigned 
SSp-un1 Primary somatosensory area, unassigned, layer 1 
SSp-un2/3 Primary somatosensory area, unassigned, layer 2/3 
SSp-un4 Primary somatosensory area, unassigned, layer 4 
SSp-un5 Primary somatosensory area, unassigned, layer 5 
SSp-un6a Primary somatosensory area, unassigned, layer 6a 
SSp-un6b Primary somatosensory area, unassigned, layer 6b 
SSp-tr Primary somatosensory area, trunk 
SSp-tr1 Primary somatosensory area, trunk, layer 1 
SSp-tr2/3 Primary somatosensory area, trunk, layer 2/3 
SSp-tr4 Primary somatosensory area, trunk, layer 4 
SSp-tr5 Primary somatosensory area, trunk, layer 5 
SSp-tr6a Primary somatosensory area, trunk, layer 6a 
SSp-tr6b Primary somatosensory area, trunk, layer 6b 
SSp-ll Primary somatosensory area, lower limb 
SSp-ll2/3 Primary somatosensory area, lower limb, layer 2/3 
SSp-ll4 Primary somatosensory area, lower limb, layer 4 
SSp-ll5 Primary somatosensory area, lower limb, layer 5 
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SSp-ll6a Primary somatosensory area, lower limb, layer 6a 
SSp-n Primary somatosensory area, nose 
SSp-n6a Primary somatosensory area, nose, layer 6a 
SSp-n6b Primary somatosensory area, nose, layer 6b 
VISp Primary visual area 
VISp5 Primary visual area, layer 5 
VISp6a Primary visual area, layer 6a 
VISpm posteromedial visual area 
VISpm1 posteromedial visual area, layer 1 
VISpm2/3 posteromedial visual area, layer 2/3 
VISpm4 posteromedial visual area, layer 4 
VISpm6a posteromedial visual area, layer 6a 
VISrl Rostrolateral visual area 
VISrl1 Rostrolateral area, layer 1 
VISrl2/3 Rostrolateral area, layer 2/3 
VISrl4 Rostrolateral area, layer 4 
VISrl5 Rostrolateral area, layer 5 
VISrl6a Rostrolateral area, layer 6a 
VISrl6b Rostrolateral area, layer 6b 
VISal Anterolateral visual area 
VISal1 Anterolateral visual area, layer 1 
VISal2/3 Anterolateral visual area, layer 2/3 
VISal4 Anterolateral visual area, layer 4 
VISal5 Anterolateral visual area, layer 5 
VISam Anteromedial visual area 
VISam1 Anteromedial visual area, layer 1 
VISam2/3 Anteromedial visual area, layer 2/3 
VISam4 Anteromedial visual area, layer 4 
VISam5 Anteromedial visual area, layer 5 
VISam6a Anteromedial visual area, layer 6a 
VISa Anterior area 
VISa1 Anterior area, layer 1 
VISa2/3 Anterior area, layer 2/3 
VISa4 Anterior area, layer 4 
VISa5 Anterior area, layer 5 
VISa6b Anterior area, layer 6b 
MOp Primary motor area 
MOp5 Primary motor area, Layer 5 
MOp6a Primary motor area, Layer 6a 
MOp6b Primary motor area, Layer 6b 
MOs Secondary motor area 
MOs6a Secondary motor area, layer 6a 
MOs6b Secondary motor area, layer 6b 
AUDd Dorsal auditory area 
AUDd2/3 Dorsal auditory area, layer 2/3 
AUDd4 Dorsal auditory area, layer 4 
AUDd5 Dorsal auditory area, layer 5 
AUDd6b Dorsal auditory area, layer 6b 
AUDpo Posterior auditory area 
AUDpo1 Posterior auditory area, layer 1 
AUDpo2/3 Posterior auditory area, layer 2/3 
VISC Visceral area 
VISC6a Visceral area, layer 6a 
VISC6b Visceral area, layer 6b 
hc hippocampal commissures 
dhc dorsal hippocampal commissure 
RSPagl Retrosplenial area, lateral agranular part 
RSPagl5 Retrosplenial area, lateral agranular part, layer 5 
cc corpus callosum 
ccb corpus callosum, body 
ccs corpus callosum, splenium 
fp corpus callosum, posterior forceps 
fa corpus callosum, anterior forceps 
fxs fornix system 
RSPv Retrosplenial area, ventral part 
RSPv5 Retrosplenial area, ventral part, layer 5 
STRd Striatum dorsal region 
CP Caudoputamen 
cing cingulum bundle 
ec external capsule 
alv alveus 
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hc hippocampal commissures 
dhc dorsal hippocampal commissure 
RSPagl Retrosplenial area, lateral agranular part 
St stria terminalis 
stc commissural branch of stria terminalis 
scwm supra-callosal cerebral white matter 
fiber tracts fiber tracts 
mfbc cerebrum related 
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 Conclusions and Future Perspectives 
 

In my PhD thesis, I have presented different data which contribute to our current knowledge of 
reward-based decision-making mechanisms in the rodent brain. Especially, using the mouse as an 
animal model, I focused on various neocortical circuits implicated in the sensorimotor transformation 
of a whisker sensation to goal-directed licking during whisker-dependent behavioral tasks. After 
many years of neuroscience research, it is widely believed that these neural computations are brain-
wide, involving activity in several brain areas and different neuromodulatory systems, a fact which 
increases substantially the system complexity and makes a mechanistic understanding of the 
underlying processes quite challenging. 
During the introductory chapter of the thesis, I firstly presented the basic anatomical and functional 
properties of the mouse whisker somatosensory system. Afterwards, based on published studies, I 
introduced a relatively simplified schematic of a sensorimotor transformation of a whisker sensation 
to goal-directed licking during whisker detection tasks (Figure 1.11). In that diagram, different stages 
of cortical processing were apparent. An “input” stage comprises the thalamic relay circuits which 
transmit (and possibly pre-process) the whisker stimuli arriving at the periphery to primary 
somatosensory areas such as wS1 and wS2. An “output” stage which includes brain (neocortical and 
brainstem) areas controlling the motor output of the animal, namely licking for water rewards, and a 
stage “in-between” which encompasses a plethora of cortical and subcortical regions a lot of which 
still remain unknown. Presumably, different pathways are getting potentiated during reward-based 
learning, “linking” the “input” and “output” stages ([39]). The whisker primary somatosensory cortex 
(wS1) is among the neocortical areas which receive direct whisker-related input from different 
thalamic nuclei. wS1 is, thus, considered as a cortical start point of the sensorimotor transformation, 
which subsequently projects to various targets in order to transmit signals, supposedly crucial for the 
learning and decision-making processes. For each of the Chapters 2,3 and 4, I focused respectively 
on thalamic circuits, cortical circuits controlling licking and learning-induced changes in wS1 L2/3 
circuits, and I provided new data which advance our comprehension of cognitive brain functions 
occurring in different parts of the rodent brain. Then, in Chapter 5, I presented state-of-the-art 
experimental techniques for single-cell reconstruction, used for anatomical characterization of L2/3 
neurons in wS1 and assessment of their long-range projection targets. 

6.1 Thalamocortical Circuits  

In Chapter 2, starting from the “input” processing stage, together with my co-authors we used recently 
developed viral strategies to anatomically and functionally dissect thalamocortical circuits which 
convey whisker-related sensory information to the primary and secondary whisker-related 
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somatosensory cortex (wS1 and wS2). We have found three distinct populations of thalamic neurons 
which carry complementary behavior-dependent and -independent signals into the cortex. Amongst 
the most interesting of our findings was, firstly, the existence of a POm-FO subdivision which 
receives inputs from the Sp5i and in turn innervates the L4 of wS2, the same way that Pr5 through 
the VPM nucleus of the thalamus innervates the L4 of wS1 (VPM-FO). These results challenge the 
“traditional” hierarchical model (see also Introduction) of sensory brain areas which imposes wS2 as 
a “higher order” brain area and rather suggest that whisker information might be flowing to the cortex 
via two independent parallel streams (Pr5−VPM-FO−wS1 and Sp5i−Pom-FO−wS2). Secondly, again 
in contrast to classical views, a second subdivision of the POm thalamus (POm-HO) received only 
cortical inputs (and not brainstem ones) and sent innervations in L1 and L5A of large regions of 
the neocortex, possibly of modulatory nature. Finally, apart from anatomical differences those 
pathways exhibited as well activity differences during whisker-dependent goal-directed 
behaviours. Even though all thalamocortical axons increased their activity after whisker 
stimulation during behaviour, VPM-FO axons responded strongly to self-initiated movements 
while POm-FO and POm-HO axons seemed to carry decision-related signals. With the POm-FO 
neurons projecting mostly to wS2, these results strengthened the hypothesis that wS2 might play 
a unique role in the decision-making process during goal-directed behaviours. One missing 
experiment from our study was the manipulation of those thalamic nuclei during the learning or 
the execution of the behaviour task. In this direction, the novel “fast” whisker detection task 
presented in Chapter 4 could be a useful tool for future experiments. Pharmacological, optogenetic 
or chemogenetic inactivation of those different subdivisions of the thalamus could be carried out 
during the learning of the novel stimulus or when mice are experts in whisker detection. This way 
the behavioural importance of the thalamocortical pathways could be evaluated. 
Our work adds to a pre-existing body of research focused on how the brain gets informed about 
the surrounding environment of a living organism. It is widely accepted that an internal perception 
of our surrounding environment relies heavily on the receiving sensory information, arriving to 
the cerebral cortex via hierarchical pathways which involve various brain areas ([260]). For many 
years, the thalamus has been considered as a simple relay station transmitting information from 
the periphery to the cortex. However, recent studies have questioned this view, proposing a much 
more complex role of the thalamic circuits in higher brain functions. Firstly, the thalamus is 
increasingly understood to pre-process the primary peripheral inputs before they reach the 
neocortex ([261]). In our study, different thalamic pathways carried distinct signals during goal-
directed behaviours, indicating that decision-related activity can emerge as early as in the 
thalamus. Secondly, several thalamocortical loops (TC) have been discovered in the rodent brain, 
suggesting a continuous interaction between various cortical networks with the thalamus, forming 
a highly interconnected looped system ([261]). In accordance with that, our data propose that, in 
the mouse whisker system, the POm-HO might be among the thalamic nuclei which are part of the 
aforementioned TC loops. We indeed demonstrated that the POm-HO neurons receive input from 
cortical neurons in L5 and L6 and they project to L1 and L5A of primary and secondary 
somatosensory areas. Our results are in full agreement with recent studies in the rodent visual 
system. The high-order thalamic nucleus of the visual system (lateral posterior nucleus, LP) has 
been shown to target the cortical L1 and L5A of V1 while receiving input from the L5 cortical 
cells ([260]), in direct full analogy with the POm-HO. Finally, in both sensory modalities it has 
been hypothesized that the connections between the cortex and the higher-order thalamic nuclei 
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might carry complementary signals (coming from various higher order brain areas) which may 
facilitate the processing and integration of the receiving sensory stimuli in a more context-
dependent manner. To sum up, the thalamus is more and more considered to be a local processing 
hub via which different cortical areas can communicate and exchange information which helps to 
link sensory signals to the environment in which they were encountered ([260]). Our data from the 
rodent whisker somatosensory system are in favour of this hypothesis. In future studies a more 
careful delineation of the thalamic nuclei and the investigation of their role in different behavioural 
tasks, would provide crucial insights into the complex interplay between the cortex and the 
thalamus. 

6.2 Cortical control of goal-directed licking   

As already mentioned, in many types of behavioural tasks the animals report their decision by 
licking in order to collect a reward. That is why this stage is generally considered as the “output” 
of the sensorimotor transformation. For licking to take place, the movements of the jaw and the 
tongue must be orchestrated and timely controlled by the brain. In Chapter 3, I have presented our 
recent published study in which, together with my co-authors, we investigated the cortical 
mechanisms of licking in the mouse neocortex. Using 3D whole brain imaging techniques and 
various functional methods we identified a tongue-jaw primary motor area (tjM1) of the mouse 
frontal cortex, receiving direct input from the tongue-jaw primary sensory area (tjS1). Two-photon 
calcium imaging and inactivations of the neuronal populations revealed that its activity was 
necessary for contralateral licking in a multi-motor detection task, with neurons encoding the 
licking direction rather than the sensory stimulus. Interestingly, neuronal activity in tjM1 increased 
during preparatory small jaw movements before the stimulus was delivered, from which future 
licking direction could be decoded. Those findings suggest the importance of tjM1 in goal-directed 
licking, as the sensory information travels and gets processed, starting from primary sensory areas 
in the parietal cortex (wS1 and wS2) to frontal motor areas (such as tjM1). One question which 
was not answered in our study, were the anatomical pathways through which sensory information 
is reaching tjM1, given that no direction projections between wS1 or wS2 and tjM1 have been 
found. In other words, which areas are sitting between the sensory input arriving from the thalamus 
and the motor areas and what type of information those areas are processing and transmitting. Our 
current hypothesis, based in one of our recent studies ([47]), is that the secondary whisker related 
motor cortex (wM2) might play a key role in linking sensory and motor cortices. Indeed, wS1 and 
wS2 project strongly to wM1 and wM2, with wM2 in turn potentially exciting the anterior-lateral 
motor cortex (ALM) through cortico-cortical communication; an area that has been shown to be 
also crucial in motor planning ([114], [262]). Subsequently, ALM as part of the secondary tongue-
jaw motor area (tjM2) projects to tjM1 which finally sends axons to brainstem circuits to initiate 
licking (see also Section 1.6). These hypotheses need to be tested experimentally in the future. 
Overall, it is clear that a more careful interrogation of the involved anatomical pathways is 
fundamental for a better understanding of the information flow and the different processes which 
accompany it. In this context, the whole brain imaging techniques presented in Chapter 5 might 
turn out to be very useful in upcoming experiments. Bulk injections of tracers or single-cell 
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reconstructions, together with registration to standardised brain common references, might reveal 
the missing components of these complicated and presumably highly interconnected brain circuits.  
Although the mechanisms of orofacial cortical control has been extensively studies under various 
behavioural paradigms ([66], [114], [147], [148], [262]–[264]) they still remain a subject of 
continuous research in the field and our work is contributing towards unravelling a new cortical 
area which is involved in tongue and jaw movements. In the meantime, other frontal areas such as 
ALM have been shown to play a role in motor planning and execution ([147], [262], [263]) but the 
distinction between the licking-related signals represented in ALM and/or tjM1 is yet to be 
discovered. We can imagine a scenario wherein, depending on the behaviour demands, the animal 
needs to continuously adapt its motor output to a possibly changing environment. This type of 
sensorimotor behavioural tasks could be a useful tool to potentially dissect the activity patterns in 
brain areas controlling orofacial movements. Under those circumstances, recent unpublished data 
([265]) have proposed that the encoding difference between ALM and tjM1 lies in the level of 
abstraction of the task-related variables. The activity of ALM, as premotor tongue area, seems to 
be mostly related to smooth variables such as the intended lick direction and the distance to 
rewards. On the other hand, tjM1 together with tjS1, have been shown to orchestrate instantaneous 
tongue kinematics (such as licking angle, tongue velocity and length) at every single licking. 
Future experiments might disentangle even further the anatomical and functional properties of the 
brain areas involved in goal-directed licking yielding insights in the neural basis of sensorimotor 
transformations. 

6.3 Learning-induced changes in neocortical circuits 

In Chapter 4, I have shifted my focus on how goal-directed learning might link the “input” and the 
“output” cortical stages of the sensorimotor transformation and especially how brain circuits are 
affected when a whisker sensory stimulus is paired with a reward. Those learning-induced 
alterations possibly route the sensory signals from sensory areas to frontal motor areas in order to 
generate goal-directed licking. I studied those circuit changes, in a neocortical area which receives 
directly input from the thalamus, the wS1, and specifically in the L2/3 of the C2 barrel column. 
Firstly, by pre-training animals in another sensory modality, I have designed a novel “fast” 
learning whisker detection task wherein the majority of the animals learnt a novel whisker stimulus 
in one training session, only if this is rewarded. After validation of the participation of wS1 in the 
execution and the acquisition of the behavioural task using pharmacological and optogenetic 
inactivations, I performed longitudinal two-photon calcium imaging of neurons in the 
supragranular L2/3 of wS1. This “fast” learning task enables a better tracking of possible plastic 
changes upon learning of the new stimulus and the data revealed a reward-induced re-organisation 
of the L2/3 neuronal population which could be observed even when the animal was disengaged 
and unmotivated to lick.  Different groups of neurons increased, decreased or retained their 
whisker sensory responses, their spontaneous correlations and their responses to various task 
events, upon whisker learning. The observed activity changes could not be explained by changes 
in the motor activity of the animal and they seemed to be happening at various timescales with 
some of them already observable in a single learning session. Moreover, imaging of retrogradely 
labelled wM1p and wS2p neurons showed that this re-organisation might be projection-pathway 
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specific with wS2p neurons specifically showing higher whisker sensory responses than wM1p 
neurons, after learning. Overall, one important finding of this study was the existence of long-lasting 
and potentially “hard-wired” changes in the neuronal circuits caused by learning which potentially 
enhance the representation of stimuli which carry a behavioural value for the animal. In addition, this 
dataset, in agreement with a previous body work, strengthens the hypothesis that the wS1 to wS2 
projections might play a crucial role when an animal learns a new sensorimotor transformation.  As 
already mentioned, different datasets from various behaviour tasks (see also Introduction) propose 
the pathway wS1-wS2-wM2-tjM2/ALM-tjM1 as potential neuronal circuit that gets potentiated upon 
goal-directed learning and our data support this hypothesis. However, a curiosity of our results was 
that wS2p neurons were only a small subset of the cells whose whisker sensory responses increased 
after learning. This raises the question of which the anatomical and/or properties of the remaining 
neurons are, given that L2/3 pyramidal cells in wS1 project to various other targets. Again, modified 
single-cell reconstruction techniques such as the ones presented in Chapter 5 might serve as a useful 
experimental tool in future experiments.  Instead of pre-assuming the projection areas to study, in 
order to inject the retrograde tracer, one could follow the inverse approach.  After the training and 
imaging is completed, based on their activity chances, “interesting” cells can be defined (such as the 
cell with increased whisker sensory responses). Subsequently, those cells can be electroporated with 
plasmids and their 3D morphology can be recovered and registered to standardised brain common 
references. Modified cranial windows constructs with access ports for glass electrodes have already 
been described in the literature ([266]) and could be used for such types of preparations. Those type 
datasets would provide a direct link between functional and anatomical properties of single cells and 
thus advance even more our current knowledge of pathway-specific learning-induced changes in the 
cortical neuronal circuits. 
My results suggested measurable activity changes in the mouse primary somatosensory cortex upon 
pairing of stimulus with a reward. In general, learning-induced modifications of cortical networks 
and how those support adaptive behaviours, although a topic of intensive neuroscience research still 
remains largely unknown. Many theories have been proposed for how reinforcement learning might 
affect synaptic connectivity through different plasticity mechanisms ([262]). Generally, when an 
animal randomly selects a correct action that is unexpectedly rewarded (for example when a novel 
stimulus is introduced), this signal must be integrated through learning so that the same action is 
selected in the future ([267]). In this context, a popular hypothesis in the literature is that a feedback 
signal, arriving from the selection stage back to somatosensory cortices, possibly “tags” specific 
synapses and makes them available to plastic changes. This “tagging inputs” are believed to arrive 
through cortico-cortical or cortico-thalamic connections and they seem to involve non-linear 
computations in dendrites ([268], [269]). In the mouse somatosensory system, plasticity in the L2/3 
pyramidal cells of wS1 has been observed after repetitive whisker stimulation which was dependent 
on the POm activity causing NMDAR-dependent plateau potential in distal dendrites of L2/3 neurons 
([142], [268], [270], [271]). During goal-directed behaviours, as described in Chapter 2, POm neurons 
have shown to carry decision-related signals which could be feedforwarded to wS1 and render 
neuronal synapses in the L2/3 eligible for plasticity ([22]). Moreover, cortico-cortical and licking-
related feedback arriving in wS1 from long-range inputs such as wM1 are known to cause plateau 
potentials in L5 neurons’ distal dendrites and possibly “open” a window for plastic changes ( [36], 
[142], [268], [272]). Finally, plasticity can also be gated by the local disinhibitory network ([273]). 
VIP-expressing interneurons are known to sense changes in acetylcholine concentrations (through 
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metabotropic muscarinic receptors) but also receive inputs from higher-order nuclei of the thalamus 
([70], [76]). In turn, VIP neurons inhibit SST-expressing interneurons and indirectly disinhibit the 
distal dendrites of the pyramidal neurons, permitting the influx of calcium and dendrite Ca2+ spikes 
generation which in turn promote plasticity ([268], [274], [187]). At the final stage, several 
neuromodulatory systems (dopaminergic, achetylcholinergic and serotonergic) arising from deep 
brain nuclei and projecting project cortex-wide and release neurotransmitters which inform the 
“tagged” cortical synapses about reward prediction errors (RPEs) which steer plasticity. A positive 
RPE (more reward than expected) possibly strengthens the synapses (through synaptic potentiation) 
and increases the possibility that an action will be chosen after a presentation of the same stimulus, 
while a negative RPE has the opposite outcome (synaptic depression) ([268]). Future studies are 
needed in order to test those hypotheses in our “fast” whisker learning task which might shed some 
light on the underlying cellular mechanisms which govern the observed re-organisation of the L2/3 
networks after whisker learning.  

6.3 Whole-brain anatomical reconstruction of single neurons 

Keeping in mind the need for better tools to study the anatomical pathways of the rodent brain, in 
Chapter 5 I turned my attention to morphological reconstruction of single cells in the L2/3 of wS1. I 
have presented a couple of methodological advances which enabled us to quantify axonal length of 
single neurons in different brain areas of a standardised common reference template (Allen CCFv3).   
In an unbiased way, together with my co-authors, we firstly randomly labelled single L2/3 neurons 
using shadow in vivo electroporation, we then performed fluorescent 3D two-photon tomographic 
imaging of whole brains and we finally annotated their neurites. Subsequently, after mathematical 
registration of the anatomical images to the CCF, we assessed the presence of neural structures in 
every brain area. With this procedure, we presented the results of the anatomical reconstructions of 
10 L2/3 cells. One important conclusion of this study was that full recovery of the long-range axons 
was more complicated than we initially assumed. We found an apparent requirement for signal 
amplification, given that parts of very thin axons were missing in the original two-photon 
tomographic images and could be recovered after immunostaining. Thus, tissue clearing techniques 
combined with whole brain immunohistochemistry might in the future be employed in order to be 
able to achieve complete neuronal morphologies. However, even by partial reconstructions of our 10 
cells, there was one striking observation. Every one of the cells demonstrated unique long-range 
projections including various cortical and subcortical areas. Although a higher N number is needed 
to quantify this diversity, it is still in accordance with recently published data with a much higher 
number of reconstructed neurons ([275]). This is a clear indication that specific attention needs to be 
paid in future studies when projection neurons’ activity is quantified. For example, in Chapter 4, we 
focused only on two main projection targets of L2/3, wM1 and wS2, which only partially explained 
the observed activity changes after whisker learning. The preliminary results of Chapter 5 suggest 
that the pyramidal neurons of even a single layer of wS1 are characterised by a large repertoire of 
projection targets which each one of them potentially receiving crucial information during the 
learning or the execution of reward-based behavioural tasks. As a result, more types of projection 
neurons need to be investigated and their function and anatomy must be linked, a procedure which 
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might help us, in the future, to better understand complex neuronal computations of the mammalian 
brain.  
Obtaining complete neuronal reconstructions of various cell types in different brain areas is one the 
central goals of neuroscience since its early days ([276]). Since the pioneering work of the father of 
neuroscience, Ramon y Cajal, it is widely believed that in order to understand how the brain works, 
it is absolutely needed to get an accurate description of the morphology, function and genetic profile 
of its fundamental components; the neurons ([255], [275], [277]–[279]). Only by deciphering the 
relation between a single-neuron extensive dendrite’s and axonal arbours, gene expression patterns 
and its electrical activity we will be able to unravel the neural mechanisms of a healthy brain but also 
recognise potential anomalies in several neuropathies.  
After the publication of the first connectome of an entire organism (Caenorhabditis elegans)([280]), 
there has been a continuously increasing effort in the field to try to achieve a full map of neuronal 
connectivity for a mammalian brain at different levels of resolution. In this context, several initiatives 
around the world have been launched towards this purpose, already bearing fruitful results ([117], 
[209], [255], [275]). The projection profile of the different mouse brain areas in a brain-wide manner 
has been extensively studied using bulk injections of anterograde and retrograde traces ([87], [247], 
[281], [282]) but how those results correspond to the projections patterns of single neurons still 
remains largely unknown. Recent technical developments of high-resolution microscopy ([209], 
[212], [253], [275], [283]–[286]) together with tissues clearing techniques and whole-brain 
immunostaining ([252], [287]) permit high- throughput 3D imaging of brain volumes, generating 
large datasets where a neuron could be traced and fully reconstructed. Even after the challenge of 
acquiring images of neurons in their native within-brain arrangement is completed, the 3D 
segmentation and tracing of the neuronal structures still remains to be explored. Up to this day, a 
unified fully automatized algorithm to solve this complex computation problem is still lacking, 
despite numerous publications on the theme ([255], [286], [288]–[294]). Finally, in order to be able 
to compare the results between animals but also between different research groups around the word, 
a registration of one’s data to standardised digital atlas is indispensable. Recently, a couple of 
common frame references are available online and are commonly used in publications ([259], [295]).  
From all the previous, one can easily imagine why a full “connectome” of a more complex 
mammalian brain, although essential, is for the time being beyond our reach. The problem becomes 
even more arduous if we consider the human brain with around 1011 neurons and 1015 connections 
between them ([255]). Future experiments for the years to come will continue to increase our 
knowledge of the complex morphological properties of neural cells and how these shape complex 
brain functions. 

6.4 Goal-directed signaling beyond the neocortex 

In order to be able to understand how peripheral sensory inputs are interpreted and transformed by 
the brain to goal-directed motor output, we not only need to trace the signals flowing at various 
cortical circuits but also comprehend how rewards modify the connections of the neuronal 
networks. 
In my PhD thesis, I described the properties of a subset of the thalamic and neocortical circuits 
involved in simple sensorimotor transformations. However, several studies have shown that 
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different subcortical and cerebellar neuronal assemblies might also play a key role in goal-directed 
behaviors, and those ought to be lastly mentioned ([63], [263], [296]–[301]). 
The striatum is the input layer of the basal ganglia and its involvement in motor action, selection and 
initiation has been known for many years now ([63], [302]–[304]). Additionally, various studies have 
proposed an important function of the striatal circuits in reward-based learning ([157], [158], [305, 
p.], [306]). What makes this structure a well-suited candidate for the integration of incoming sensory 
stimuli with rewards signals, is that it receives glutamatergic inputs for different cortical and thalamic 
regions and dopaminergic projections from the midbrain dopaminergic neurons ([39]). Moreover, the 
GABAergic SPNs of the striatum are forming two genetically separable populations with the direct-
pathway striatonigral neurons (dSPNs) expressing the D1 receptor and the indirect pathway 
striatopallidal neurons (iSPNs) the D2 receptor. Thus, the genetic properties of those neurons permit 
a direct influence of dopamine on their connections during reinforcement learning ([42], [307]–
[310]). Indeed, during the execution of simple whisker detection tasks, the dSPNs but not the iSPNs, 
have exhibited prominent early sensory responses and their activity was strongly task-related and 
higher during hit trials ([63]). Adding to the previous results,  a recent study has found a significant 
enhancement of the dSPNs’ early sensory responses upon learning,  possibly contributing to a 
transmission of a fast “go” signal during task execution at expert levels of performance ([297]). 
Although, the dorsolateral part of the striatum does receive direct input from the wS1 ([63], [211]), 
how and if the striatum communicates with neocortical frontal motor areas in order to control licking 
is still to be unraveled in future studies. Finally, a recent study has shown that the nucleus accumbens 
is additionally receiving reward information from distinct neuronal populations in the basolateral 
amygdala (BLA) and those projections have been hypothesized to drive positive reinforcement 
([311]). All the previous, demonstrate and potential crucial role of the striatum in goal-directed 
sensorimotor transformations and the presumably complex interactions between the striatal and 
neocortical circuits during the learning and execution of different behavioural tasks needs to be 
further elucidated in the years to come. 
In “classical” views, the cerebellum has been considered as a structure implicated in the refinement 
of motor movements based on error-dependent supervised learning rules. However, compelling 
evidence proposes additional roles of the cerebellar circuits in higher-order cognitive functions such 
as predictions of rewards and behavioral-dependent movement initiation ([296], [300], [312]). As 
previously mentioned, traditionally, the striatum has been considered as the brain structure mostly 
involved in reinforcement learning, given the strong dopaminergic input it receives from the ventral 
tagmental area (VTA). However, a recent key study has demonstrated that the cerebellum connects 
monosynaptically and functionally to the VTA in mice and through this pathway can possibly 
modulate reward-related behaviors ([298]). Furthermore, climbing fiber input to Purkinje cells has 
been shown to signal reward delivery, omission and expectation at different cerebellar microzones 
which represent reward-context ([312]). In addition, cerebellar nuclei (such as the dentate/interpositus 
nuclei) have been found to project to different nuclei of the ventral thalamus which in turn innervates 
various cortical motor areas. Thus, through a cerebellar-thalamocortical pathway, the cerebellum can 
exert control on the initiation of context-dependent movements or modify on-going ones ([296]). 
Moreover, activity in the fastigial cerebellar nucleus has been demonstrated to be necessary for the 
persistent activity of the ALM during delay tasks, suggesting an additional role of the cerebellum in 
motor planning and short-term memory during goal-directed behaviors ([263]). All the 
aforementioned points are clear indications that the cerebellum seems to be involved in reward-based 
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decision-making and some critical computations regarding the value of specific future actions might 
occur there. As a result, for a better understanding of the underlying neural mechanisms governing 
reinforcement learning, specific focus needs to put on the participation of the various cerebellar 
circuits.  Future research will possibly clarify the exact role of the cerebellum and its communication 
with other parts of the brain during reward processing but also seek an explanation of how such a 
strikingly homogenous structure can exhibit such a plethora of functions ([300], [312]). 
 

6.4 Closing remarks 

The neocortical circuits involved in the transformation of a sensory input to goal-directed motor 
output, although a subject of active research, still remain highly unknown. A mechanistic 
understanding of those highly interconnected neural networks is one of the main objectives of 
modern neuroscience. As it was evident through the present thesis, a solution to this multifaceted 
problem needs a careful interrogation of many brain areas and the communication between them. 
The complexity increases even more when we consider that some of those connections are plastic 
and they are shaped during reward-based learning. However, tremendous developments in the 
technology continuously provide additional tools to the researchers and the years to come will 
possibly revolutionize our current knowledge of the mammalian brain. 
In the current work, I have presented data which shed some light in fundamental and nonetheless 
sophisticated neural computations performed by the mouse neocortex. Taking into consideration 
the organisational similarities between the rodent brain and that of higher mammals a translational 
value of these results can be assumed. Hence, the aforementioned findings might contribute towards 
achieving the biggest scientific challenge of all times; a better understanding of the most complex 
structure we have yet come across in our universe, the human brain ([313], [255]).
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List of abbreviations  
 

S1: primary somatosensory cortex L6: layer 6 
wS1: primary whisker-related somatosensory cortex PV: parvalbumin 
wS2: secondary whisker-related somatosensory cortex SOM: somatostatin  
wM1: primary whisker-related motor cortex 5HT3aR: (5-hydroxytryptamine 3a) receptor 
wM1p: wM1-projecting neurons VIP: vasoactive intestinal peptide 
wS2p: wS2-projecting neurons CCK:  Cholecystokinin 
wM2: secondary whisker-related motor cortex CR:  calretinin 
tjS1: tongue-jaw primary somatosensory cortex NGFCs:  neurogliaform cells 
tjS2: tongue-jaw secondary somatosensory cortex  NPY:  neuropeptide Y 
tjM1: tongue-jaw primary motor cortex  NOS:  nitric oxide synthase 
tjM2: tongue-jaw secondary motor cortex GABA:  gamma-aminobutyric acid 
ALM: anterior-lateral motor cortex AAV:  adeno-associated virus 
PrV, Pr5: principal trigeminal brainstem nucleus CaMKII:  calmodulin-dependent protein kinase II 
SpV, Sp5: spinal trigeminal nucleus of the brainstem ChR2:  channelrhodopsin2 
POm:  medial part of the posterior thalamic nucleus eYFP: enhanced yellow fluorescent protein 
VPM:  ventral posterior medial nucleus of the thalamus  CTB:  choleratoxin subunit B 
VPMvl:  ventral posteromedial thalamic nucleus EPSPs:  monosynaptic excitatory postsynaptic potentials 
VPM -FO: first-order VPM ACSF:  artificial cerebrospinal fluid 
POm-FO: first order POm PTX: picrotoxin 
POm-HO: high-order POm TTX: tetradotoxin 
dCA1:  dorsal CA1 region of the hippocampus DABCO: 1,4 Diazabicyclo[2.2.2]octane 
mPFC:  medial prefrontal cortex FA: false alarm 
SNc:  substantia nigra pars compacta CR: correct rejection 
TeA:  temporal association area GLM: Generalised Linear Model 
ZI: zona inerta ROI: Area of Interest 
RTN:  thalamic reticular nucleus PCA: Principal Component Analysis  
APT:  anterior pretectal nucleus AUC: area under the curve 
DLS: dorsolateral striatum ROC: Receiver operating characteristic 
nRT:  nucleus reticularis of the thalamus FOV: field-of-view 
DZ:  dysgranular zone MI: Mutual Information 
OFC:  orbitofrontal cortex DLC: DeepLabCut 
PPC:  posterior parietal cortex WAV: Whisker Angular Velocity 
PRh:  perirhinal cortex JS: Jaw Speed 
SC:  superior colliculus TS: Tongue Speed 
V1: primary visual cortex WE: Whisking Events 
V2: secondary visual cortex WS: Whisker Stimulus 
AuD: dorsal auditory area LMI: Learning Modulation Index 
AuV: ventral auditory area CCF: common coordinate framework 
IT: intratelencephalon TC:  thalamocortical 
PT:  pyramidal tract LP:  later posterior nucleus 
TeA:  temporal association cortex RPE: reward prediction error 
SPNs:  striatal medium spiny neurons NMDA: N-Methyl-d-aspartic acid 
dSPNs:  direct pathway SPNs DLS: dorsolateral striatum 
iSPNs: indirect pathway SPNs VTA: ventral tagmental area 
Hg:  hypoglossal motor nucleus GAD67:  glutamic acid decarboxylase 67 
Mo5:  trigeminal motor nucleus  
L1: layer 1  
L2: layer 2  
L2/3: layer 2/3  
L4: layer 4  
L5: layer 5  
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