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Abstract

Abstract

An important function of the brain is to interpret incoming sensory information
from the outside world to guide adaptive behavior. Understanding how and where
sensory information is transformed into motor commands in a context- and learning-
dependent manner is a key question in neuroscience. Which cortical areas are
responsible for sensory perception, decision-making, and motor execution is still a
matter of discussion. During my Ph.D. | attempted to disentangle the coding of sensory
versus decision and motor information by neurons in different brain regions along the
transformation path of whisker sensory stimuli to licking motor output during goal-
directed behaviors in mice. To address this question | combined electrophysiological
recording of a large population of neurons across multiple brain areas with fine
monitoring of behavior and movements, as well as time-resolved optogenetic
manipulations.

| first explored the sequence of cortical activity involved in transforming a brief
whisker stimulus into delayed licking in mice. With coauthors, we discovered two
crucial features related to activity evoked by whisker deflection. Firstly, an enhanced
excitation of the secondary whisker motor cortex suggested its important role in
connecting whisker sensory processing to lick motor planning. Secondly, a transient
reduction of activity in the orofacial sensorimotor cortex helped to suppress premature
licking. During the delay period, we observed widespread cortical activity that largely
correlated with anticipatory movements. However, when accounting for these
movements, we identified sustained activity in the frontal cortex that was essential for
licking in the response period. Our results highlight key cortical nodes involved in motor
planning. We next categorized neurons as regular or fast spiking, which | confirmed
with optotagging method. We investigated how their activity changes before and after
mice learn a task. We observed opposite changes in the whisker-evoked activity of
regular versus fast spiking neurons in primary and secondary whisker motor cortices,
but similar changes in primary and secondary orofacial motor cortices. Hence, altered
excitation and inhibition in local circuits, combined with changes in long-range synaptic
inputs may underlie delayed sensory-to-motor transformation.

Finally, | recorded and systematically compared the neuronal activity of the
cortical sensory input area (primary somatosensory cortex), a presumably decision
area (medial prefrontal cortex), and the motor output area (tongue and jaw primary
motor cortex) in the psychophysical whisker detection task. We have uncovered that
the representation of sensory information, decision-making, and motor action is not a
discrete function of each individual brain region, but rather distributed and encoded
across all three regions. We proposed that the decision to lick after the whisker
stimulus is a gradual process that involves the flow of information from wS1 to mPFC
and tjiM1. Importantly, we also observed that signal processing failures can occur at
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any level of this information flow. These findings highlight the complexity and
distributed nature of the neural processes underlying decision-making and
sensorimotor transformation.

In this thesis, | have presented various findings that add to the existing knowledge
and shed light on the neural circuits and computations involved in sensorimotor
transformation in the mammalian brain.

Keywords: sensorimotor transformation, whisker detection task, delayed-
response, licking, decision, barrel cortex, medial prefrontal cortex, tongue-jaw motor
cortex, electrophysiology, optogenetics
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Résumeé

Une fonction importante du cerveau est d'interpréter les informations sensorielles
venant du monde extérieur pour guider le comportement de maniére adaptée.
Comprendre comment, et ou, les informations sensorielles sont transformées en
commandes motrices en fonction du contexte et de l'apprentissage est une question
clé en neurosciences. Quelles zones corticales sont responsables de la perception
sensorielle, de la prise de décision et de I'exécution motrice est encore sujet a
discussion. Pendant mon doctorat, j'ai tenté de démystifier le codage des informations
sensorielles, motrices et décisionnelles par les neurones de différentes aires corticales
au cours de la transformation d’entrées sensorielles appliquées aux vibrisses, en sortie
motrice par I'action de lécher pour obtenir une récompense, chez la souris. Pour cela,
j'ai combiné des enregistrements électrophysiologiques de grandes populations de
neurones dans plusieurs zones corticales avec une surveillance fine du comportement
et des mouvements orofaciaux, ainsi que des manipulations optogénétiques a haute-
résolution temporelle.

J'ai d'abord collaboré a une étude dans laquelle nous avons exploré la séquence
d'activité corticale impliquée dans la transformation d'un bref stimulus d’une vibrisse
en l'action de lécher avec un délai chez la souris. Nous avons découvert deux
caractéristiques essentielles liées a l'activité évoquée par la stimulation de la vibrisse.
Premiérement, une excitation accrue du cortex moteur secondaire des vibrisses qui
indique son rdle important dans la connexion du traitement sensoriel des vibrisses a
la planification motrice. Deuxiémement, une réduction transitoire de I'activité neuronale
dans le cortex moteur orofacial primaire impliquée dans la suppression de léchage
prématuré. Au cours de la période de délais entre la stimulation sensorielle et la
réponse motrice, nous avons observé une activité corticale généralisée largement
corrélée aux mouvements d'anticipation. Cependant, lors de la prise en compte de ces
mouvements, nous avons identifié une activité soutenue dans le cortex frontal qui était
essentielle pour I'exécution motrice pendant la période de réponse. Nos résultats
mettent ainsi en évidence les principaux nceuds corticaux impliqués dans la
planification motrice. Nous avons ensuite divisé les neurones en fonction de la durée
de leurs potentiels d’action en neurones présumés excitateurs et neurones présumeés
inhibiteurs. J'ai validé cette classification avec la méthode de marquage
optogénétique. Nous avons étudié comment leur activité change avant et aprés que
les souris aient appris la tdche de détection sensorielle avec délais. Nous avons
observé des changements opposés dans l'activité évoquée par la stimulation de la
vibrisse pour les neurones présumeés excitateurs et ceux présumés inhibiteurs dans
les cortex moteurs primaires et secondaires des vibrisses, mais des changements
similaires dans les cortex moteurs orofaciaux primaires et secondaires. Par
conséquent, une modification de la balance excitation / inhibition dans les circuits
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locaux, combinées a des modifications de la communication synaptique entre aires
corticales, peuvent sous-tendre I'apprentissage de la transformation sensorimotrice
avec délai.

Finalement, j'ai enregistré et comparé systématiquement I'activité neuronale de
la zone d'entrée sensorielle corticale (le cortex somatosensoriel primaire, S1), d’une
zone impliquée dans la prise de décision (le cortex préfrontal médian, CPFm) et d’'une
zone impliquée dans I'exécution motrice (le cortex moteur orofacial primaire, M1-Or)
dans une tache psychophysique de détection sensorielle. Nous avons découvert que
la représentation des informations sensorielles, de la prise de décision et de I'action
motrice n'est pas une fonction discréte de chaque région cérébrale individuelle, mais
est plutdt distribuée et codée dans les trois régions. Nous avons proposé que la
décision de lécher aprés le stimulus de la vibrisse est un processus graduel qui
implique un flux d'information de S1 vers CPFm et M1-Or. Par ailleurs, nous avons
également observé que des défaillances dans la transformation sensorimotrice
peuvent survenir a n'importe quel niveau de ce flux d'informations. Ces résultats
mettent en évidence la complexité et la nature distribuée des processus neuronaux
sous-jacents a la prise de décision et a la transformation sensorimotrice.

Dans cette thése, j'ai présenté diverses découvertes qui s'ajoutent aux
connaissances existantes et éclairent les circuits neuronaux et les processus
impliqués dans la transformation sensorimotrice dans le cerveau des mammiféres.

Mots-clés: transformation sensorimotrice, tache de détection sensorielle,
réponse avec délai, léchage, décision, cortex somatosensoriel, cortex préfrontal
médial, cortex moteur primaire, électrophysiologie, optogénétique
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Chapter 1 Introduction

Chapter 1 Introduction

Opening remarks: definition of sensorimotor transformation by Al
(artificial intelligence)

‘ Hello! What is sensorimotor transformation?

Sensorimotor transformation refers to the process by which sensory information is used to €
guide motor actions. It involves the integration of sensory signals from various modalities
(such as vision, touch, and hearing) with motor commands to produce appropriate actions in

response to the environment.

During sensorimotor transformation, the brain must perform several complex operations,
including decoding sensory information, computing the spatial and temporal characteristics
of the sensory input, and generating motor commands to produce a specific behavior. This
process is essential for a wide range of motor behaviors, from simple reflexes to complex

movements, such as reaching for an object or driving a car.

In summary, sensorimotor transformation is the process of integrating sensory information

with motor commands to produce appropriate behaviors.
‘ From where did you take that information? Can you provide the reference, please.

As an Al language model, my knowledge comes from a large dataset of texts, including P
scientific articles, books, and other sources. In the case of the definition of sensorimotor
transformation, my training data includes many scientific articles from fields such as

neuroscience, psychology, and robotics, which describe and analyze the concept.

Image 0.1. Artificial intelligence chatbot definition regarding sensorimotor transformation
(https://ichat.openai.com).

We are currently living in a period of rapid digital transformation, during which the
progress of science and artificial intelligence is on the rise and accelerating. | would
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like to start the introduction of my thesis with the definition of sensorimotor
transformation given by the artificial intelligence language model called ChatGPT,
created by OpenAl (https://chat.openai.com) (Image 0.1). In the 21st century, humanity
has been known to follow various trends, some of which are quite bizarre, such as
those created by social media. While | was working on my Ph.D. thesis, there was a
sudden surge in interest in Al chatbots that were made available to everyone.

At one point, | was struggling with writer's block and turned to Chat GPT for
inspiration. Although the tool provided a highly accurate answer to my query (Image 1)
about sensorimotor transformation, it wasn't the best fit for writing my thesis due to
certain copywriting issues (Thorp 2023). Here | state that the chat GPT during my
thesis writing was used solely for the inspiration to write this little introduction remarks.
Nevertheless, | still considered this technological advancement in digital
communication to be a significant topic to document in this manuscript as several
scientific papers have already listed ChatGPT as a co-author (Else 2023; O’Connor
and ChatGPT 2023; Stokel-Walker 2023).

Here, | add a short explanation to future generations who might read my Ph.D.
thesis and wonder what is ChatGPT. ChatGPT (GPT is an acronym for "generative
pre-trained transformer") is a chatbot powered by artificial intelligence, created by
OpenAl, and released in November 2022. It was built upon OpenAl's GPT-3 suite of
large language models and has undergone fine-tuning through a combination of
supervised and reinforcement learning techniques. Upon its initial release, ChatGPT
quickly gained recognition for its ability to provide detailed and articulate responses
across a wide range of knowledge domains. However, its accuracy in terms of factual
information has been noted as a significant limitation (Dahmen et al. 2023).
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a

Image 0.2. Funny facts regarding sensorimotor transformation given by artificial intelligence chatbot GPT

Introduction

Tell me a funny fact about sensorimotor transformation?

While sensorimotor transformation is a complex and important process for many animals
and robots, it can also be the cause of some amusing and even embarrassing situations for

humans.

For example, have you ever reached for a glass of water, only to miss it and knock it over
instead? This type of error can happen because the brain is constantly computing and
updating the spatial relationships between objects in the environment and the body's
movements. Sometimes, however, these calculations can go awry, leading to mistakes such

as misjudging the distance to an object or misaligning the hand with the object's position.

Another funny example of sensorimotor transformation is the so-called "phantom limb"
phenomenon, in which an amputee continues to experience sensations or even pain in a
limb that is no longer there. This occurs because the brain's sensorimotor system is still

“wired" to expect signals from the missing limb, leading to a kind of sensory “confusion”

that can be both frustrating and amusing.

While these examples may seem humorous, they also highlight the incredible complexity
and adaptability of the human brain, which is capable of performing precise sensorimotor

transformations in a wide range of contexts, from the mundane to the extraordinary.

(https://chat.openai.com).

i}

While my thesis is not about artificial intelligence but about sensorimotor
transformation, here is a “funny” fact about sensorimotor transformation given by
chatGPT (Image 0.2).

Even though | can not understand this sense of humor | think the examples
provided above highlight the importance of sensorimotor transformation as a vital
process in life for all living beings starting from amoeba (Schaeffer 1917) and the
medicinal leech (Kristan et al. 2005a) to humans (Emken et al. 2007; Schlicht and
Schrater 2007; Creem-Regehr 2009).
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1.1 Sensorimotor transformation

Sensorimotor transformation is an essential process that enables organisms to
interact with their environment. Therefore, interpreting incoming sensory information
and generating appropriate motor responses is one of the most important functions of
the nervous system to control the behavior of an animal. Even in animals with small
and less complex nervous systems, like the medicinal leech, simple tactile stimulation
might elicit different behavioral responses such as local bending, crawling, or
swimming depending on the context (Kristan et al. 2005b). In more complex organisms,
sensorimotor transformation is essential for a wide range of behaviors, such as moving
through a complex environment and navigation (Harvey et al. 2012; Havenith et al.
2018), locating and processing the food (Whishaw et al. 2017), avoiding predators
(Ferrero et al. 2011), and interacting with conspecifics (Wills et al. 1983). At every
moment, the brain receives an enormous amount of sensory information
simultaneously from different sensory organs. The sensorimotor transformation
process involves integrating this information received from multiple sensory modalities,
such as vision, hearing, touch, smell, and even echolocation to generate appropriate
motor responses. For instance, a bat flying through a forest must process echolocation
and visual information about the position of trees, branches, and other obstacles, as
well as auditory cues, such as the sound of the prey, to navigate through the
environment. The bat's sensorimotor system must interpret these sensory signals and
generate motor commands that control its flight path, speed, and altitude (Bar et al.
2015).

Another nice example of sensorimotor transformation where sensory input (the
tap on the knee) is translated into a motor command (the kick) is the knee-jerk reflex,
a simple reflex action (Lazar 2022). When a doctor taps a patient's knee with a
hammer, sensory receptors in the leg send a signal to the spinal cord, triggering a
motor response that causes the leg to kick. Hence sensorimotor transformation can be
of different complexity like in the example of the complex behavior of the flying bat or
the simplicity of the knee-jerk reflex.

How the brain chooses what appropriate action to perform in response to a given
stimulus, depends on multiple factors including experience, context, arousal state, or
satiety. Sensorimotor transformation is also critical for learning and memory (Valyear
2016; Huda et al. 2019; Esmaeili et al. 2020). Through repeated exposure to sensory
stimuli or motor adaptation (Mathis et al. 2017) organisms can refine their motor
responses to better suit their environment. This allows organisms to adapt to changes
in their surroundings and develop more efficient and effective behaviors.

The process by which sensory information is translated into motor commands in
the brain is known as sensorimotor transformation, and can be broken down into three
main steps:
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- the processing of the sensory stimulus;
- perceptual decision-making;
- the execution of the motor command.

In a mammalian nervous system in the context of complex behaviors this process
involves a chain of sensory neurons that receive sensory information and send it to
primary sensory brain regions, after in the brain sensory information is transformed into
motor signals and primary motor regions through motor neurons that innervate
muscles will control the execution of movements. Sensory regions in the brain could
be identified by stimulating sensory organs and recording neuronal activity in the brain.
For example, in a classical study from Hubel and Wiesel, the authors measured the
neuronal firing in the visual cortex of cats in response to visual stimuli (Hubel and
Wiesel 1962). Inversely, by stimulating different regions in the brain and identifying
corresponding evoked movement of the body one can identify motor areas (Fritsch and
Hitzig 1870; Woodworth and Sherrington 1904; Penfield 1953; Georgopoulos et al.
1992; Mayrhofer et al. 2019). Almost 100 years before Hubel and Wiesel, in 1870,
Eduard Hitzig and Gustav Fritsch were able to evoke movement through the electrical
stimulation of specific parts of the cerebral cortex of dogs.

However, often it becomes hard to separate between what is ‘sensory’ and what
is ‘motor’. There are several important features of the sensory signal that researchers
consider: they are time-locked to stimulus onset (Crochet and Petersen 2006), graded
by stimulus amplitude (Britten et al. 1992; Romo and de Lafuente 2013; Takahashi et
al. 2016), present irrespective of the behavioral outcome and transient
(Sachidhanandam et al. 2013a). Motor signals, on the other hand, are time-locked to
the reaction time, dependent on the behavioral outcome (Britten et al. 1992; de
Lafuente and Romo 2006), may encode specific movement directions (Mayrhofer et
al. 2019a; Xu et al. 2022), and show ramp-like features until the motor response time
(Roitman and Shadlen 2002; Chen et al. 2017). Multiple brain regions are involved in
the transformation of sensory stimulus into a motor signal. These processes are
governed by orchestrated neuronal activity and information flow between many
different brain regions (Romo and de Lafuente 2013; Siegel et al. 2015; Steinmetz et
al. 2019; Esmaeili et al. 2020; Francis et al. 2022) and are strongly influenced by
motivation, context, learning, and brain states (Crochet et al. 2019; Huda et al. 2019).

In summary, sensorimotor transformation is vital for all organisms, from simple
reflexes to complex behaviors. It enables organisms to interact with their environment,
navigate through complex spaces, and learn from experience. Without this critical
process, organisms would be unable to survive and thrive in their surroundings.

23



Chapter 1 Introduction

1.1.1 Psychophysical approach to study sensorimotor transformation

Perception is the process by which we acquire information about the environment
through our sensory systems (Goldstein and Brockmole 2017). Our understanding of
perception has progressed by combining a variety of techniques since the rise of
experimental psychology in the 19th Century. One of the methods that were developed
in that period by Gustav Fechner was Psychophysics. Fechner described it as a study
of the relationship between the physical properties of a stimulus and the perception of
that stimulus. In his manuscript “Elements of Psychophysics” he defined it as “an exact
science of the fundamental relations of dependency between body and mind” (Fechner
1948). Psychophysical methods benefit our understanding of the limits of sensory
systems and measurement of the absolute perceptual threshold (i.e. the minimal
intensity of a stimulus that can be detected). Fechner, during his work, developed
several experimental protocols with the ultimate goal of finding the tiniest intensity of a
sensory stimulus that can be detected by the subject.

One of the primary goals of psychophysics is to measure the relationship between
physical stimuli and the behavioral responses they evoke. This allows to measure the
threshold of detection for a given stimulus, as well as the sensitivity of the sensory
system to changes in stimulus intensity or quality (Carandini and Churchland 2013).
Psychophysics is widely used in the study of neural coding, as researchers seek to
understand how sensory information is encoded and decoded by the brain (O’Connor,
Peron, et al. 2010a; Romo and de Lafuente 2013a; Takahashi et al. 2016a, 2020a;
Lacefield et al. 2019a; Lak et al. 2020a). Modern psychophysics has developed a
substantial number of experimental designs routinely used in humans, primates, and,
increasingly, rodents, to study how perceptual decisions depend on sensory input. The
data resulting from these experiments are typically analyzed with a paradigm called
Signal Detection Theory (SDT) (Ingleby 1967; DeCarlo 1998) that quantifies the
response of an observer to the presentation of a signal in the presence of noise. SDT
stands on the assumption that a subject’s behavioral performance results from the
population activity of a pool of decision neurons. The neural activity of this pool of
neurons on each trial is drawn from one of two distributions: signal (represented by
stimulus trials) and noise (represented by no-stimulus trials). The behavioral outcome
(decision) relies on a threshold between these two distributions (Bruce et al. 2003).

To adapt this paradigm to rodents, scientists often use go/no-go experimental
designs that can be quickly learned by animals and are well adapted for studies in both
freely-moving and head-restrained animals. In go/no-go tasks, the animal is required
to respond — by pressing a lever or licking a reward spout — only when the go stimulus
is presented and not to respond when the no-go stimulus is presented. Go and no-go
trials are randomly interleaved. The trials can then be classified in 4 categories
depending on which stimulus is presented and the behavioral response: Hit when the
animal responds on a go trial, Miss when the animal does not respond on a go trial,
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False-alarm when the animal responds on a no-go trial and Correct rejection when the
animal does not respond on a no-go trial (Fig. 1.1A). A well-trained animal would have
a high Hit rate and a low False-alarm rate. Another task often used in rodents and is
closely related to go/no-go tasks, is the detection task where the “no-go” trials are
replaced by the absence of any stimulus which are referred to as Caftch trials: the
animal learns to respond only on Stimulus (“go”) trials but not on Catch (“no-go”) trials
— both trial types being randomly interleaved across a session (Eimer 1993; Gomez et
al. 2007).

During go/no-go tasks, stimuli of different intensities (strength) can be presented
and the animal has to report the detection of the target stimulus, or a given feature of
the stimulus. As the stimulus strength increases, the number of correct responses (Hit
and Correct rejection) increases as well. The pattern of detection can be fitted with a
sigmoidal function that is also called a psychometric curve (Fig. 1.1B). An ideal
psychometric curve would range from 0% detection for the weakest stimuli to 100%
detection for the strongest stimuli, and can be described by two parameters: its middle
point and its slope. The middle point of the curve is the stimulus intensity that
corresponds to 50% of detection — the stimulus was detected in half of the trials and
not in the other half. It is the statistical mean of the cumulative probability curve and is
also referred to as the detection threshold. A change in the detection threshold for a
sensory stimulus is indicated by a shift of the psychometric function along the abscissa
(stimulus strength). Another parameter commonly used to describe the psychometric
function is its slope. The slope of the psychometric function corresponds to the
statistical variance of the cumulative probability curve and indicates the underlying
variability in the behavior. Performance with bigger variability has a shallower slope
whereas less variability of the performance results in a steeper slope (Stuttgen et al.
2011; Carandini and Churchland 2013).
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Figure 1.1. Analyzing psychophysical data with signal detection theory.
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(A) Possible trial outcomes in go/no-go tasks according to Signal Detection Theory (adapted
from (Boothe 2021)).

(B) Typical psychometric detection curves were obtained by plotting the proportion of Yes
responses (Hit rate) as a function of the stimulus intensity. The psychometric threshold is defined as the
stimulus intensity that corresponds to 50% of detection (adapted from (Stuttgen et al. 2011)).

1.1.2 Relationship between neurometric and psychometric data in sensory
perception and decision-making

Studying only the behavioral outcome is not enough to address the link between
neuronal activity and sensory perception. Coming back to the 19th century, Fechner
distinguished between what he called “outer psychophysics”, the relationship between
physical stimuli and sensation, and “inner psychophysics”, the relationship between
(neuro-) physiological activity and sensation. By developing experimental psychology
methods Fechner succeeded with outer psychophysics but due to technological
limitations, it was challenging to pursue the direct investigation of inner psychophysics
(Burt 1960). The study of the correlation between neural activity and perception has
changed dramatically with the progress of electrophysiology in the awake-behaving
monkey preparation (Britten et al. 1992). The clearest answers about the relationship
between neural activity and perception can be achieved by recording from an
appropriate sensory area while a subject is performing a rigorously controlled detection
or discrimination task. This experimental approach allows for the simultaneous
assessment of psychophysical measurements, by analyzing the behavioral data, and
of neuronal activity, by measuring the spike rate of single cortical neurons in sensory
areas (Newsome et al. 1989; Mountcastle et al. 1990). The ultimate goal of those
studies was to evaluate the relationship between neural activity and perception, hence
they were centered on the psychometric neurometric comparison (Parker and
Newsome 1998). In one of the pioneering studies, authors compared the ability of
psychophysical observers and single cortical neurons to discriminate weak motion. All
data were obtained from monkeys trained to perform a direction discrimination task
near the psychophysical threshold. The results revealed that the sensitivity of most
recorded neurons was very similar to the psychophysical sensitivity of the animal
perceptual report. Moreover, responses of single neurons provided a good account of
both the absolute psychophysical threshold and the shape of the psychometric function
(Kenneth et al., 1992). For a long time, the gold standard for the investigation of the
relationship between the brain and behavior has been the head-fixed awake behaving
primate preparation. But recently, the head-fixed preparation has been adapted for
rodents and is now widely used to study sensory tactile perception.

The relationship between neurometric and psychometric data can be studied by
applying Signal Detection Theory. The psychometric function represents the
behavioral detection outcome described by a cumulative probability curve, starting
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from 0% to 100% detection depending on the stimulus intensity. The neurometric
function represents the neural codes based on spike rate or spike counts in response
to stimuli of different intensities. Studies in anesthetized rats presented with different
textures to their whiskers (Arabzadeh et al., 2006), compared the information contents
of “spike count” coding versus “temporal pattern” coding and found that the analysis of
spike patterns allowed better discriminability of textures than the analysis of spike
counts. However, a more reliable approach to tackle this question is to combine neural
recordings with a behavioral task, as has been done by Hernandez in the primate
tactile system (Hernandez et al., 2010). Similarly, to what was found in the whisker
system, the temporal patterns of spikes in the primate’s primary somatosensory cortex
provided more information about the frequency of a vibrotactile signal than the simple
spike count model. However, neurometric discriminability based on spike count yielded
a good match with the psychometric data.

The models of neuronal responses described previously rely on single-unit
activity, however, information in the mammalian brain is represented by the activity of
neuronal populations. Moreover, in nature, animals have to detect stimuli that occur
randomly in time. Stuttgen and Schwarz investigated the ability of rat barrel cortex
neurons to detect weak and transient whisker deflections occurring without any
preceding cues. They concluded that neuronal sensitivity degraded under stimulus
uncertainty such that it is highly unlikely that single neurons can provide the basis for
perception. However, modeling the sensitivity of neuronal pools on basis of spike
timing showed that the subject's perception could be based on the occurrence of
coincident spikes from several neurons (Fig. 1.2) (Stuttgen and Schwarz, 2008).
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Figure 1.2. Psychometric - neurometric comparison.
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(A) Sensitivity of single units in barrel cortex as a function of the logarithm of stimulus velocity
expressed as d' (thin gray lines). The bold line represents mean psychometric performance.

(B) Same as a but for multi-units. The psychometric function acts as an upper bound for the
neurometric precision of barrel cortex neurons.

(adapted from (Stuttgen and Schwarz 2008))

The comparison of psychometric and neurometric functions is a valuable tool for
separating sensory processing from decision-making in the brain. By examining the
responses of neurons or brain regions, researchers can determine whether they
encode pure sensory information or are involved in decision-making processes. When
examining pure sensory information, the neurometric functions should be similar
regardless of whether the subject responds correctly (Hit) or not (Miss) to the stimulus.
This indicates that the neuron or brain area is solely responsible for processing sensory
information and is not influenced by decision-making processes. Conversely, when
examining decision-making processes, the neurometric functions should differ
depending on the subject's behavioral response. This suggests that the neuron or brain
area is involved in the decision-making process and is influenced by the subject's
behavioral report. By comparing psychometric and neurometric functions, researchers
can gain insights into the complex processes that underlie sensory processing and
decision-making in the brain.

1.1.3 Sensorimotor transformation occurs across a large network of cortical
areas

Many studies in system neuroscience using different sensory systems, different
animal models, and different behavioral tasks have described a large and distributed
network of brain regions that are involved in the execution of goal-directed behaviors.
However, what remains controversial in the literature is whether each brain area would
execute very specific computation — as an example, primary sensory cortical areas
would generate a neural representation of the sensory stimulus and forward it to
higher-order frontal regions where a decision would be made and transferred to motor
regions for the execution of the motor command — or the transformation of sensory
signal into motor output is a gradual and distributed process. In the latter case, one
would expect sensory-, decision- and motor-related neuronal representations in
multiple cortical regions including sensory, higher-order, and motor areas. In this
chapter, | will review key papers that support one, another, or a mixture of these
hypotheses.

One of the simplest sensorimotor transformations that can be studied in a
laboratory is the sensory detection task. In this experimental paradigm, the subject is
simply asked to report the perception of a given sensory stimulus by a simple motor
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response. The use of well-controlled sensory stimuli allows for addressing the question
of the perception of the near-threshold stimuli that are detected by the subject in 50%
of the cases. In the detection task precise control in both magnitude and time over the
input stimulation that would lead to a decision, makes the study of perceptual decision-
making experimentally tractable.

Following this idea, Romo and Lafuente trained monkeys to respond to a
vibrotactile stimulus of varying intensity applied to the fingertip by pressing a button.
They recorded the neuronal activity from the primary somatosensory (S1) and the
motor cortices as the monkeys performed the task. They investigated neuronal
information coding by correlating the neuronal activity with the amplitude of the
vibrotactile stimulus applied to the fingertip, or with the perceptual report of the monkey.
First, they observed that the evoked neuronal activity in the primary somatosensory
cortex (S1), but not in the medial premotor cortex (PMC), was scaled as a function of
the stimulus amplitudes, suggesting that S1 encoded the physical nature of the
sensory stimulus. Second, they observed that neuronal activity during Hit trials (correct
report) and Miss trials (absence of report) for the near-threshold stimulus was very
similar in the S1 but very different in the PMC. This suggests that the neuronal activity
in PMC, but not in S1, covaried with the subject perceptual choice (Fig. 1.3A). They
concluded that the functional role of primary sensory cortices in goal-directed
perceptual detection tasks may be mostly to generate a neural representation of the
sensory stimuli, whereas higher cortical areas use this information to make the decision
(de Lafuente and Romo 2005).

In another study, Romo and Lafuente recorded neuronal activity across several
brain regions while monkeys reported the presence or absence of mechanical
stimulation of varying amplitudes. Similarly, to the previous study, they found that the
neuronal activity in S1 linearly correlated with the strength of the sensory stimuli and
showed little predictive capacity regarding the monkey outcomes. Moreover, they
demonstrated that the sensory stimulus engaged multiple areas of the cerebral cortex
with sensory-evoked responses propagating through sensory areas, premotor and
motor areas, up to higher-order frontal areas. To test the role of distinct recorded areas
in the processing of sensory stimuli, they measured how normalized neuronal firing
rate was modulated by the stimulus amplitude using linear regression analysis. As a
result, they observed the highest slope of the linear fit for the S1 and small slopes close
to zero for higher-order areas, indicating that higher-order areas do not encode
stimulus amplitude with the same fidelity as the early somatosensory cortex. As
information travels to higher-order areas it progressively shows a higher correlation to
the perception, memory, and decision of the monkey (Fig. 1.3B) (Romo and de
Lafuente 2013). Similar serial information flow in perceptual decision tasks has also
been observed and described in other sensory systems in primates, such as visual
(Gold and Shadlen 2002; Bisley and Goldberg 2006). The work of Gilbert and Li has

29



Chapter 1 Introduction

shown that sensory processing in the primary visual cortex (V1) can be modulated by
top-down influences. They trained monkeys to perform a task that required them to
discriminate the orientation of a line. The researchers found that the activity of neurons
in V1 was modulated by the task demands, with greater activity observed when the
monkeys were performing a more difficult version of the task. This suggests that top-
down attentional influences can modulate the processing of sensory information in V1
(Gilbert and Li 2013). Similarly, in Roelfsema's study, monkeys were trained to trace a
line with their eyes while ignoring distracting lines. The researchers found that the
activity of neurons in V1 was modulated by the context of the task, with greater activity
observed when the monkeys were tracing the target line compared to when they were
ignoring it. Showing that task demands also can modulate the processing of sensory
information in V1 in a context-dependent manner (Roelfsema et al. 1998). Context-
dependent processing in primary sensory cortices could thus be important.
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Figure 1.3. Translation of sensory input to a perceptual decision.

(A) Top averaged normalized neuronal population activity recorded from the primary
somatosensory area (S1) and the primary motor cortex (PMC) during Hit (black) and Miss (red) trials for
near-threshold stimulus amplitude while a monkey performed a vibrotactile detection task. (Wide grey
bar indicates the time of vibrotactile stimulation period, PU — withdrawal of the stimulator that served as
a go cue for the monkey to push the buttons, MT - response window where the monkey should push
one of the two buttons. The bottom panels show the choice probability index.

(B) Mean normalized population firing rates as a function of the stimulus amplitude. Curves are
the linear fits to the data, color-coded according to the recorded area as annotated in the insert.

(adapted from (Romo and de Lafuente 2013))

Another study in non-human primates identified multiple cortical areas that could
be involved in the execution of a tactile delayed comparison task in which rhesus
monkeys were required to compare the frequency of the vibration of two stimuli — f1
and f2 — separated by a time delay. For the majority of the neurons recorded in the S1,
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the firing rate increased monotonically with increasing stimulus frequencies. As no
decision can be assigned to the first stimulus (f1) in this experiment, the neuronal
representation during the first stimulus is less affected by the later decision or motor-
related signals. During the presentation of f1, a sensory-related signal was observed
in all areas including the PMC. During the presentation of the second (f2) stimulus, the
response of neurons in S1 was modulated mainly by the frequency of f2 while in the
secondary somatosensory, premotor, and prefrontal cortical areas, neurons encoded
not simply the frequency of f2 but its relative value compared to f1. This series of
studies led to the conclusion that sensory, memory, and decision-related signals are
represented in multiple brain areas including the dorsolateral prefrontal cortex, but no
single area can be identified as the unique site that implements the sensory-to-motor
transformation (Romo and Salinas 2003).

Similarly, in mice, several studies have reported the recruitment of multiple
cortical regions during the execution of simple sensory detection or discrimination
tasks (Goard et al. 2016; Le Merre et al. 2018a; Gallero-Salas et al. 2021a). The
cortical areas recruited extend far beyond sensory and motor regions, to associative
and higher-order areas including the medial prefrontal cortex or the dorsal
hippocampus and posterior parietal cortex (Pennartz et al. 2011a; Euston et al. 20123;
Pinto and Dan 2015a; Goard et al. 2016; Le Merre et al. 2018a; Gallero-Salas et al.
2021a).

In conclusion, the literature remains divided on whether specific computations are
performed by each brain region or if the transformation of sensory signals to motor
output is a gradual and distributed process. Nevertheless, it is evident that
sensorimotor transformation involves intricate neuronal activity and information
exchange among various brain regions. Despite several proposed hypotheses in this
regard, the process continues to be an active area of research and debate within the
neuroscience community.

1.1.4 Transformation of mouse whisker stimulus into licking motor output
during goal-directed behaviour

In order to identify the neuronal circuits that are recruited and necessary for
sensorimotor transformations, it is crucial to monitor the activity of well-defined
neuronal populations, as well as to manipulate the neuronal activity in a precise and
controlled manner. This has become possible in mice through the use of advanced
technologies such as high-density silicon probe recordings which allow to
simultaneously record a big population of single neurons with high temporal precision,
and optogenetics, which allows selective control of the activity of specific brain regions
or even neurons with light. By combining these techniques with behavioral assays,
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researchers can gain a more complete understanding of the neural circuits involved in
sensorimotor transformations.

Mice are an ideal model organism for studying the neuronal circuits responsible
for sensorimotor transformation due to their genetic tractability, which allows for easy
manipulation and study of their genetic makeup. The mouse genome and the structure
of its nervous system are very similar to those of humans, which will likely help the
future generalization of knowledge gained from mice studies.

A well-studied sensorimotor transformation in mice is the association of a whisker
stimulus with the action of licking for reward, which is an important example of how the
brain integrates sensory information with motor output to produce adaptive behaviors.
In this chapter, | will describe what is currently known about the cortical circuits involved
in this goal-directed sensorimotor transformation of the whisker sensation into licking
in the mouse. One of the simplest but well-controlled paradigms in mice is a whisker
detection task in which head-restrained mice are trained to associate a brief whisker
stimulus to the action of licking to obtain a water reward (Fig. 1.4) (Sachidhanandam
et al. 2013a).

B
A C2 whisker stim No stim
Hit | | | Lick | | | False
alarm
| | Reward
C No stim
Miss Lick Correct
rejection
Reward

Figure 1.4. Whisker-based tactile detection task.

(A) Experimental setup: a metal particle is attached to the right C2 whisker of the water-
restricted, head-restrained mouse on the top of a magnetic coil. The mouse must lick the reward spout
shortly (< 1s) after the brief (1 ms) whisker stimulation to obtain water.

(B) During each behavioral session, trials with (Stim) and without (No stim) whisker stimulation
were randomly delivered. In total, four trial types were considered: Hit trial (rewarded) if the mouse
licked after the whisker stimulus within the 1 s response window; Miss trial (not rewarded) if the mouse
didn'’t lick after whisker stimulation; False alarm trial if mouse licked and Correct rejection if the mouse
did not lick during the response window in No stim trials (not rewarded).

(adapted from (Sachidhanandam et al. 2013))

In this task, mice have to detect and interpret a whisker stimulus and execute
licking as a perceptual report. From multiple studies, we know that wS1 and the
secondary whisker somatosensory cortex (wS2) are likely to be the starting input areas
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for the processing of the whisker sensory information in the cortex. However, the
precise computations occurring in these areas are still debated. There is consistent
evidence that wS1 encodes the physical nature of the stimulation, similar to visual
primary sensory areas. But, there are conflicting results about whether or not wS1/wS2
also encodes decision variables. | will cover this question in more detail in the following
chapter.

wS1 is densely and reciprocally connected to a motor cortical area, the whisker
primary motor cortex (wM1), implicated in the initiation and control of whisker
movements. The neuronal activity in the whisker motor cortex (wM1) is correlated to
whisker movements (Hill et al. 2011; Sreenivasan, Esmaeili, et al. 2016). Intracellular
stimulation of single cells in the motor cortex can evoke small but significant whisker
movements (Brecht et al. 2004). Optogenetic activation of the whisker motor cortex
elicits whisker protraction whereas opto-inhibition strongly reduces whisker
movements (Sreenivasan, Esmaeili, et al. 2016; Auffret et al. 2018). In the whisker-
based detection task, the motor output is a licking action of the mouse. And although
wM1 receives direct inputs from wS1, wM1 does not control licking and, in fact, is not
necessary for the execution of the whisker-based detection task (Le Merre et al. 2018).
In a recent study from our laboratory, we have identified another region of the motor
cortex controlling tongue and jaw movements that we refer to as the tongue/jaw
primary motor cortex ({jM1). Neurons in this region have high selectivity for the direction
of the licking and its stimulation-caused movements of the jaw and the tongue.
(Mayrhofer et al. 2019; Xu et al. 2022). Cortical control of licking and the detailed
function of tjiM1 will be also covered in the next chapters. Thus tjM1 is a likely endpoint
for the sensorimotor transformation in which a brief whisker deflection is converted into
goal-directed licking in order to obtain the reward. However, although tjM1 receives
direct sensory inputs from the tongue/jaw primary sensory cortex, it does not receive
a major input from wS1. Therefore, the transformation of the whisker sensory
information into a motor command likely transits through other cortical or subcortical
areas.

Now the question is how the sensory information flows from wS1/wS2 to the tjM1
and which brain regions are likely to contribute to the execution and learning of this
goal-directed behavior. A recent study from our laboratory demonstrated that in a
simple whisker-based detection task, sensory-driven neuronal activity rapidly spread
across multiple cortical areas. Le Merre et al. recorded the local field potential of
multiple brain regions across the learning of the detection task. They observed
sensory-evoked responses starting in whisker primary and secondary somatosensory
cortices (wS1/wS2), which rapidly spread to the whisker primary motor cortex (wM1),
and reached the medial prefrontal cortex and dorsal hippocampus with short latencies
(Fig. 1.5A) (Le Merre et al. 2018).
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Another advance in studying the sequential flow of excitation of cortical areas
came from voltage-sensitive dye imaging of the dorsal neocortex during the simple
whisker detection task. Consistently, sensory-evoked responses originated in
wS1/wS2 following the whisker stimulation in both Hit (correct detection) and Miss
(absence of detection) trials. Later, activity propagated frontally causing depolarisation
of a large part of the frontal cortical surface including wM2, tjM1, and tjM2/ALM with
larger excitation in Hit trials compared to Miss trials (Fig. 1.5B) (Kyriakatos et al. 2017,
Aruljothi et al. 2020). In addition, the study of Steimetz et al. using a combination of
extracellular recordings and wide-field calcium imaging also demonstrated sequential
activation of different brain regions. The authors observed an activation pattern, where
different regions of the brain were activated in a specific order during the decision-
making process. Specifically, they found that sensory regions of the brain were
activated first, followed by regions involved in decision-making and planning, and
finally, regions involved in motor control and execution (Steinmetz et al. 2019).

A LFP recording B Voltage-sensitive dye imaging
in whisker detection task in whisker detection task

32 ms 150 ms 250 ms

wS1

Figure 1.5. Sequential propagation of neuronal responses evoked by whisker stimulation.

(A) Local field potential recordings revealed sequential activation of wS1, wS2, wM1, the parietal
association area (PtA), the dorsal part of the CA1 region of the hippocampus (dCA1) and the medial
prefrontal cortex (mPFC) (adapted from (Le Merre et al. 2018).

(B) Voltage-sensitive dye imaging demonstrated wide depolarization of frontal (motor) regions
in Hit trials compare to Miss trials (adapted from (Kyriakatos et al. 2017).

The sensory-to-motor coupling required for task execution is not instantaneous
and is learned over time by experiencing whisker stimulation followed by licking that
leads to a reward. Le Merre et al. demonstrated that the medial prefrontal cortex
(mPFC) and dorsal part of the CA1 region (dCA1) were recruited through the learning
of the detection task and might thus contribute to rule learning (Fig. 1.6A) (Le Merre et
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al. 2018). These regions might help route the information in a context-dependent
manner to the whisker secondary motor cortex (wM2) (Esmaeili et al. 2020). wM2 is a
cortical region located in the frontal cortex of mice, and it receives inputs from both
sensory and motor areas of the brain. wM2 is involved in a wide range of behaviors,
including movement initiation and planning, sensory processing, and decision-making,
hence, it may play a key role in integrating sensory information with motor output,
allowing mice to respond quickly and adaptively to changing environmental cues
(Barthas and Kwan 2017). The whisker-evoked sensory signal from wM2 might be
transmitted further to ALM/tjM2 and then to tjM1 to drive licking (Esmaeili et al. 2020a).
ALM region in mice is a critical brain area involved in the control of motor movements,
as well as in learning and decision-making processes related to motor behavior
(Komiyama et al. 2010; Guo et al. 2014; Chen et al. 2017; Svoboda and Li 2018). ALM
has been also implicated in the planning of voluntary movements for complex motor
sequences (Xu et al. 2022). Whereas, tjM1 appears to be more important for the
cortical control of tongue and jaw movements by integrating sensory information from
tjS1/tjS2 and motor planning signals from tjM2/ALM. Then, tjM1 and tjM2/ALM PT
(pyramidal tract) neurons, which have cell bodies in deep cortical layers, project to
central pattern generators in the brainstem which in turn control licking (Travers et al.
1997).

While it is evident that several regions of the brain contribute to the translation of
whisker stimuli into purposeful licking, the specific neural pathways and plasticity
mechanisms that connect these regions are yet to be fully elucidated. Further research
is needed to gain a comprehensive understanding of the intricate neural circuits that
enable goal-directed licking in response to whisker stimulation.
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Figure 1.6. Learning-driven changes of the whisker stimulus processing.

Left, Grand-average whisker sensory-evoked potentials (SEPs) were recorded in the same mice
in dCA1 and mPFC regions during the first training day of the whisker detection task (D1, blue) and once
trained in the task (Trained, red). Right, the peak amplitude of the sensory-evoked potential for D1 and
Trained sessions (adapted from Le Merre et al. 2018).
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1.2 Sensory processing of tactile whisker stimuli

1.2.1 Mouse whisker system

Mice are primarily nocturnal animals. They live in narrow underground tunnels
and strongly rely on tactile information sampled with their whiskers to sense their
environment (Vincent 1912; Ahl 1986; Brecht et al. 1997). Rodents use their whiskers
to recognize and locate objects in space and guide their locomotion through an active
process called 'whisking'. Whisker-based touch represents the major input information,
particularly for the space surrounding the head, that allows mice to navigate in dark
tunnels (Vincent 1912; Ahl 1986). Common modes of whisking include “exploratory”
whisking, which is bilateral symmetric movements with high amplitude, and frequency
of around 10-20 Hz for mice, and lower-amplitude “foveal” whisking (Berg and Kleinfeld
2003). Rodents also exhibit asymmetric and irregular whisking during some object
recognition tasks. Different whisker-based behavioral paradigms were adopted for
head-fixed mice that can allow good control of whisking through tracking with a high-
speed camera (Crochet and Petersen 2006; O’Connor, Peron, et al. 2010).

Whiskers are thin tapered rods that are anchored to the skin by follicles with
mechanosensory receptors at their base. Each of the follicles is innervated by a branch
of about 200 sensory neurons of the trigeminal ganglion. Deflection of a whisker opens
mechano-gated ion channels at the base of the follicle converting the mechanical
energy into action potentials that propagate through the trigeminal nerve emerging
from the trigeminal ganglion (Tg). A given trigeminal neuron only fires action potentials
to deflection of one specific whisker. These sensory neurons make excitatory
glutamatergic synapses in the principal trigeminal nucleus of the brainstem (Pr5) and
spinal trigeminal nucleus (Sp5). From the brainstem sensory information is sent to the
somatosensory thalamus, where a second glutamatergic synapse excites
thalamocortical neurons which project to the primary somatosensory cortex (Fig. 1.7A)
(Petersen 2007; Diamond et al. 2008).

A very peculiar feature of the whisker system is its somatotopic organization.
Whisker follicles have a well-defined topography on the snout of the rodent (Fig. 1.7B)
that is highly conserved throughout the synaptic pathway up to the primary
somatosensory cortex: in the brainstem, neurons in the principal trigeminal nucleus are
organized into somatotopically arranged “barrelettes” that correspond to and receive
strong input from a specific whisker (Deschénes et al. 2003). Subsequently, the
thalamic ventral posterior medial (VPM) nucleus is also somatotopically laid out into
anatomical units termed “barreloids” (Van Der Loos 1976). The axons of VPM neurons
within individual barreloids project to the primary somatosensory cortex forming
discrete clusters in layer 4 — the “barrels” — which form the basis of the “barrel” map
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(Woolsey and Van der Loos 1970). The layout of the barrels in the somatosensory
cortex repeats the layout of the whiskers on the snout of mice and rats. These clear
anatomical maps at each level of the ascending pathway suggest a 'whisker-to-barrel'
connection (Petersen 2007).
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Figure 1.7. Mouse whisker somatosensory system.

(A) Schematic representation of the pathway. The deflection of a whisker evokes action
potentials in sensory neurons of the trigeminal ganglion, which release glutamate at a first synapse in
the brainstem (Pr5). The brainstem neurons send sensory information to the thalamus (VPM), where a
second glutamatergic synapse excites thalamocortical neurons projecting to the primary somatosensory
barrel cortex (wS1).

(B) The grid-wise layout of the whisker pad (only macro whiskers shown). Each whisker is
identified by a combination of its row (letters A to E from dorsal to ventral) and its arc (numbers 1 to 7
from caudal to rostral), with a, B, y, and & straddlers between rows.

(adapted from Esmaeili et al. 2020))

Recent anatomical studies using viral tracing techniques described two parallel
pathways that bring whisker tactile information to the cortex. Two distinct trigemino-
thalamocortical inputs to primary and secondary mouse whisker somatosensory
cortices were imaged. Through the Lemniscal pathway whisker sensory information is
relayed to trigeminal ganglion Pr5, which is further transferred to the first-order ventral
posteromedial nucleus (VPM-FO), which neurons mainly project to layer 4 of wS1.
Through the Paralemniscal pathway, whisker sensory information is relayed to
trigeminal ganglion Sp5i, which is further transferred to the first-order thalamic medial
posterior nucleus (POm-FO), which neurons mainly project to layer 4 of wS2. First-
order (FO) thalamic nuclei bring sensory information mainly to layer 4 of sensory
cortices. A higher-order subdivision of POm (POm-HO) does not receive ascending
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sensory input from the brainstem and innervates layers 1 and 5A of both wS1 and wS2
(Fig. 1.8) (El Boustani 2020).
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Figure 1.8. Parallel pathways that bring whisker sensory information to the cortex were revealed
through AAV-mediated anterograde trans-synaptic gene expression.
(A) Schematic of the different somatosensory trigemino-thalamocortical circuits.

(B) Normalized fluorescent expression of axonal projections in wS1/wS2 from different thalamic
nuclei.

(adapted from (El-Boustani et al. 2020))

While the somatotopy is largely conserved throughout the sensory pathway, from
the brainstem to the primary whisker somatosensory cortex (wS1), the sensory
processing in each station appears to be strikingly different. Arabzadeh et al. recorded
simultaneously first-order sensory neurons (trigeminal ganglion) and neurons in the
whisker area of the cerebral cortex of anesthetized rats during the presentation of
different textures to a single whisker. This approach allowed a direct comparison of the
activity of different stations along the sensory pathway. Several coding properties of
first-order and cortical neurons were described: (i) first-order neurons fired a greater
number of spikes during texture presentation than during free-whisking (artificial
whisking); (ii) first-order neurons fired in a highly reproducible manner across trials; (iii)
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sensory cortex neurons also fired at higher rates for texture presentation than free-
whisking; but (iv) sensory cortex neurons fired in a less reproducible manner across
trials (Arabzadeh et al. 2005).

1.2.2 Structural and functional organization of barrel cortex

In 1955 Mountcastle discovered the cortical column and described it as a discrete
structure, aligned in radial columns of the somatosensory cortex and perpendicular to
the brain surface spanning the layers, which contains cells responsive to only a single
modality (Mountcastle et al. 1955). These radial columns in wS1 are also called barrels.
It was shown both in anesthetized and awake animals that each barrel receives the
strongest input from its “principal” whisker and a blurred signal from surrounding
whiskers. Brecht and Sakmann (Brecht and Sakmann 2002) mapped receptive fields
for brief whisker deflections in anesthetized rats. Using in vivo whole-cell recordings
they measured evoked postsynaptic potentials of different cell types in layer IV of the
primary somatosensory cortex induced by principal whisker deflection. They found that
the deflection of a single whisker is represented in multiple barrels and septa. However,
the sensory-evoked response appears with a shorter latency in the barrel that
corresponds to its principal whisker and then propagates to surrounding barrels.
Accordingly, in the principal barrel, the response to the surrounding whiskers'
deflection was delayed and significantly decreased depending on the distance to the
principal whisker. The authors concluded that barrel cells represent dynamically the
deflection of a single whisker with high temporal and spatial acuity (Petersen and
Sakmann 2000; Brecht and Sakmann 2002).

The above-described functional organization of cortical barrels is well supported
by the structural organization of the microcircuit within the individual barrels. As
described above the sensory information from a single whisker deflection reaches the
primary somatosensory cortex through two thalamic nuclei: the ventral posterior medial
nucleus (VPM) and posteromedial nucleus (Pom). VPM axons innervate primarily the
cortical layer 4 and, to a lesser extent, layer 3, through glutamatergic synapses.
Thalamocortical PoM neurons also project to cortical layer 1 and layer 5A, making
dense glutamatergic innervation. In the mouse, each layer 4 barrel is composed of a
central region of high-density neuropil that contains the clustered VPM axonal
arborizations and is surrounded by a cell-dense wall of layer 4 neurons that orient their
dendritic arborizations into the corresponding specific barrel. In addition, cell
reconstruction showed that dendritic and axonal arborizations of excitatory spiny
stellate barrel cells were mostly restricted to the borders of the barrel column. In this
way, the thalamic input arriving to a single layer 4 barrel remains confined to that barrel
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for the initial step of cortical processing. Whereas, dendrites and axons of septum cells
mostly extend across barrel borders (Brecht and Sakmann 2002; Petersen et al. 2003).

The excitatory layer 4 axons synapse onto layer 2/3 neurons of the same barrel
column (Lefort et al. 2009). Strong evidence for functional cortical columns defined by
the horizontal extent of the layer 4 barrels was shown using the glutamate uncaging
technique by Shepherd et al. (Shepherd et al. 2003), revealing a strictly columnar input
to layer 2/3 from layer 4. Thus, within the cortical microcircuit, the signal is initially
propagated in a strictly columnar fashion. That was confirmed by studies using voltage-
sensitive dye (VSD) imaging.

A Voltage-Sensitive Dye Imaging

Figure 1.9. Spatiotemporal dynamic of the sensory response in the mouse barrel cortex.

Voltage-sensitive dyes (VSD) can be used to map the spatiotemporal dynamics of the sensory
response at millisecond temporal resolution and with a spatial resolution of ~50 ym. Left: barrel map
indicating the location of the C2 barrel column (yellow). Right: the time-dependent spreading of the
subthreshold electrical activity in layer 2/3 of the barrel cortex imaged with VSD. A brief deflection of the
C2 whisker evokes an early localized depolarization limited to the C2 barrel column (12 ms). Over the
next milliseconds, the depolarization spreads across the barrel field (adapted from (Ferezou et al.
2007a)).

Figure 1.9 displays the activation of a single cortical column following a single-
whisker deflection in VSD imaging. In vivo, the sensory response subsequently
propagates across the entire barrel map in the next tens of milliseconds. The lateral
propagation of the sensory signal is supported by the anatomical organization of
cortical layer 2/3. In layer 2/3, the excitatory pyramidal neurons that have their soma
located above a barrel send their axons projecting through the barrel. Whereas the
excitatory pyramidal neurons that have their soma located above the septum project
through the septum between barrels. Barrel-related cells have shorter sensory-evoked
response latency and higher amplitude than septum-related cells. Axonal arbors of
barrel-related cells project horizontally into several surrounding whisker barrel
columns, making glutamatergic synapses, suggesting that they are the major
anatomical substrate for the sensory-evoked signal propagation to surrounding barrels
(Brecht et al. 2003). Recent studies also revealed that deep layers (border of layers 5
and 6) receive sensory-evoked responses through primary thalamocortical axons and
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further propagate them through their extensive horizontally projecting axons (Egger et
al. 2020). In addition, layer 2/3 pyramidal neurons innervate layers 5 and 6, which
makes complex synaptic integration receiving direct thalamic input along with
excitatory input from layers 4 and other pyramidal neurons in the infragranular layers
(Lefort et al. 2009; Petersen and Crochet 2013) (Fig. 1.10).
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Figure 1.10. Functional and structural organization of barrel cortex.

Left: A confocal image of DAPI-stained nuclei (cyan) at a single focal plane through the C2
barrel column. Middle: schematic representation of the cortical layers (barrels within L4 in cyan) with
examples of typical dendritic morphologies of excitatory cortical neurons (in red, an L2 neuron; in blue,
a spiny stellate L4 cell; in green, an L5B pyramidal neuron). Right. schematic representation of the main
excitatory connections between cortical layers within a barrel column (black), as well as the main
thalamic inputs to the barrel cortex from the ventral posteromedial nucleus (VPM, green) and the
posteromedial nucleus (POM, red) (adapted from (Petersen and Crochet, 2013)).

The rodent's primary somatosensory cortex, like any other cortical area, is
spontaneously active even in the absence of any sensory inputs. During quiet
wakefulness, cortical neurons display large amplitude, low-frequency membrane
potential fluctuations that are highly synchronous between nearby neurons (Crochet &
Petersen, 2006; Poulet & Petersen, 2008). During active motor behavior, the cortical
neurons slightly depolarize and display small amplitude, fast membrane potential
fluctuations that are less synchronized locally. This profound state change, occurring
during spontaneous motor activity also affects sensory processing. Typically, sensory-
evoked responses are reduced during active behaviors in the primary somatosensory
cortex and propagate less to other cortical areas (Crochet and Petersen 2006;
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Ferezou et al. 2007; Poulet and Petersen 2008). Thus, brain states have an important
impact on sensory processing and may account for part of the trial-by-trial variability of
the cortical sensory-evoked responses. The ftrial-by-trial variability of cortical
responses to identical, well-controlled, stimuli is a key feature of cortical processing
and an important question to address to understand how sensory information is
transformed into goal-directed behaviors. This variability is partly driven by the
interaction between sensory signals and the ongoing spontaneous cortical activity and
may have a significant impact on animals’ performance in sensory detection or
discrimination tasks.

1.2.3 wS1/wS2 as a starting point of sensory processing in the cortex during
tactile detection task

The neural basis of tactile sensory perception was studied in depth during the
recent decade, however, there is no consensus on the exact mechanistic model. There
is a general agreement that primary and secondary somatosensory areas serve as a
starting point for processing tactile sensory information in the cortex during tactile
detection task. This idea is supported by various substitution experiments, where
instead of training the subject to respond to an external stimulus, researchers have
directly stimulated the primary sensory cortex. Weak electrical (Butovas and Schwarz
2007) or optogenetic (Huber et al. 2008; Musall et al. 2014) activation of the barrel
cortex is sufficient to generate a behavioral response and it is possible to train rodents
to detect such stimuli. Moreover, in animals trained to detect or discriminate tactile
stimuli, the substitution of the peripheral stimulus by direct cortical stimulation led to a
similar behavioral performance (Romo et al. 1998; Sachidhanandam et al. 2013). In
1998 Romo et al. substituted a second sensory stimulus by current injected from the
microelectrode to a primary sensory cortex in monkeys trained to discriminate two
flutter stimuli delivered on their fingertips. The conclusion was that neural code
underlying the sensation of tactile stimulation in wS1 can be finely manipulated, to the
extent that the behavioral reports caused by natural stimuli or brain stimulation were
indistinguishable (Romo et al. 1998). More recently, Sachidhanandam et al. used an
optogenetic technique to stimulate excitatory neurons in the C2 barrel column of Emx1-
Cre mice expressing channelrhodopsin-2 (ChR2). After training the mice to detect
whisker stimuli, optogenetic excitation of the wS1 was found to substitute for whisker
stimulation, resulting in a high mice performance (Sachidhanandam et al. 2013).
Conversely, mice trained to detect wS1 optogenetic stimulation also licked immediately
in response to the first presentation of a whisker deflection (Sachidhanandam et al.
2013). Thus the direct stimulation of wS1 can directly substitute to the whisker stimulus
and suggest that neural activity in the wS1 is causally related to sensory perception
and drives downstream circuits involved in the sensorimotor transformation.
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Nevertheless, one might argue that wS1 activation can provide another source of
activity for stimulus detection, and potentially the animal will detect the activity in the
barrel cortex as an extra source of information. Therefore, the direct activation of a
given area cannot certainly prove its necessity.

Another classical strategy to prove the involvement of a brain structure in a given
function is the use of lesions or inactivation with optogenetics or pharmacology. The
important difference between these methods is the duration of wS1 inactivation and
whether inactivation is reversible or permanent. And that is where the results of wS1
inactivations have different consequences on behavioral performance. A classic study
by Hutson and Masterton postulates that stimulus detection won’t be impaired after a
permanent lesion of the barrel cortex (Hutson and Masterton 1986). But more recent
studies disagreed: transient inactivation of wS1 through Muscimol application impaired
detection of multi-whisker stimuli and caused the reduction of the animal report
(Miyashita and Feldman, 2012). Overall, different laboratories using pharmacological
or optogenetic silencing of wS1 have found that wS1 is necessary for the execution of
both whisker discrimination and detection tasks (Miyashita and Feldman 2013;
Sachidhanandam et al. 2013; Kwon et al. 2016; Takahashi et al. 2016; Yang et al.
2016; Le Merre et al. 2018). Hence one possible explanation was that during
permanent lesions of wS1 cortical circuit reorganization could occur therefore mice still
were able to perform the task. However study from Hong et al. demonstrated that
shortly after the lesion of wS1 mice were able to perform whisker detection task with a
decent accuracy arguing that circuit reorganization or plasticity wouldn’t have time to
occur (Hong et al. 2018). Importantly they also d