Cellular and circuit mechanisms of neocortical dysfunction in Fragile X Syndrome

Keywords: Primary somatosensory cortex, BKCa channel openers, sensory hypersensitivity, rodent tactile processing 13.2 RESULTS 2

This study explores the evoked responses, intrinsic and spontaneous activity of two different neuronal populations in the hind paw region of the primary somatosensory cortex (S1) of mice. Initially, we explored information processing in these neurons under normal physiological conditions, and subsequently in a mouse model of Fragile X Syndrome (FXS). FXS is the most common form of inherited mental retardation syndrome and a frequent cause of autism spectrum disorders (ASD). FXS is a single gene (Fmr1) disorder, which can be reliably modeled by a mutant mouse model, the Fmr1 knockout (Fmr1 -/y ) mouse. Hyperexcitability of neocortical networks and hypersensibility to sensory stimuli are prominent features of FXS and ASD. We previously established a strong causal link between a channelopathy, hyperexcitability of neurons in the primary sensory region of the neocortex and sensory hypersensitivity in this mouse model. In the current study, we extended these findings, by conducting a detailed exploration of the processing of tactile sensory information (evoked by hind paw stimulation) in the neocortex of these mice.

Most of our knowledge regarding information processing in S1 comes from studies of the whiskerrelated barrel cortex (which processes tactile-related sensory information derived from the whiskers), yet the processing of sensory inputs from the hind-paws is poorly understood. Using in vivo whole-cell patch-clamp recordings, we classified the cells into suprathreshold responders (the cells which responded to the hind-paw stimulations with an action potential), subthreshold responders (the cells responded without eliciting an action potential) and non-responder cells (neurons which did not show any response). We then compared the evoked sub-and supra-threshold responses, intrinsic properties, and spontaneous activity of layer (L) 2/3 pyramidal neurons of the S1 hind-paw (S1-HP) region of anaesthetized wild type (WT) and Fmr1 -/y mice. We identified spontaneous, intrinsic and evoked response alterations in Fmr1 -/y mice. We probed possible mechanisms contributing to this sensory impairment in Fmr1 -/y mice. Finally, we tested the possibility of correcting pathophysiological alterations in these neurons using specific pharmacological agents targeting the ion channel defects described previously by our team.

Titre: Mécanismes cellulaire et circuiterie des dysfonctions néocorticales dans le syndrome du X fragile

Résumé :

Cette étude explore les réponses évoquées, l'activité intrinsèque et spontanée de deux populations neuronales différentes dans la région du cerveau correspondant à la patte arrière des souris. Dans cet article, nous nous sommes concentrés sur un modèle murin du syndrome de l'X fragile (SXF), qui est la forme la plus commune de syndrome de retard mental héréditaire et une cause fréquente de troubles du spectre autistique (TSA). SXF est un trouble à gène unique (Fmr1), qui peut être modélisé de manière fiable par un modèle murin transgénique : la souris Fmr1 -/y déficiente pour le gène codant Fmr1.

L'hyperexcitabilité des réseaux néocorticaux et l'hypersensibilité aux stimuli sensoriels sont des caractéristiques importantes du SXF et des TSA.Ceci est directement lié à un changement du nombre de synapses locales, de canaux ioniques, de l'excitabilité membranaire et de la connectivité des circuits de cellules individuelles. Précédemment, nous avons identifié un défaut dans les canaux ioniques, comme pouvant contribuer à ces phénotypes. Nous avons testé cette hypothèse comme un mécanisme contribuant aux défauts de traitement sensoriel chez les souris Fmr1 -/y . Le cortex somatosensoriel primaire de la souris (S1) traite différentes informations sensorielles et constitue la plus grande zone du néocortex, soulignant l'importance de la modalité sensorielle pour le comportement des rongeurs. Nos connaissances concernant le traitement de l'information dans S1 proviennent d'études du cortex en tonneaux lié aux moustaches, mais le traitement des entrées sensorielles des pattes postérieures est mal compris. Par l'utilisation de la technique d'enregistrement de cellule entière par patch clamp in vivo, nous avons classes les cellules en répondeurs supraliminaires (cellules qui répondaient aux stimulations de la patte arrière avec un potentiel d'action), les répondeurs subliminaires (les cellules qui répondaient sans déclencher un potentiel d'action) et les cellules non répondeuses qui ne présentaient aucune réponse. Puis, nous avons comparé les réponses évoquées sub et supraliminaires, les propriétés intrinsèques et l'activité spontanée des neurones pyramidaux de la couche 2/3 (L2/3) de la region S1 de la patte arrière (S1-HP) d'animaux anesthésiés sauvage (WT) et Fmr1 -/y . Nous avons identifié des altérations de réponse spontanée, intrinsèque et évoquée chez les souris Fmr1 -/y . L'application d'un ouvreur de canaux ioniques BKCa a restauré certaines de ces propriétés altérées chez les souris Fmr1 - 

LIST OF FIGURES

A picture of Donald Grey Triplett.

Figure 2

Dysfunction of neural circuits during postnatal development in mouse models of ASD.

Figure 3

Inheritance pattern of X linked recessive gene.

Figure 4

Structure of X chromosome in Fragile X syndrome.

Figure 5

Schematic representation of the fragile X mental retardation 1 (Fmr1) gene

Figure 6

Dendrites in Fragile X syndrome.

Figure 7

Reorganization of V1 inputs in Fmr1 -/y mice.

Figure 8

Accelerated spread of evoked neocortical activity in Fmr1 -/y mice.

Figure 9

Mouse neocortex

Figure 10

Tactile system in rodents

Figure 11

Hind paw (HP) stimulation evoked responses in layer 2/3 (L2/3) pyramidal neurons (PN) of hind paw related primary somatosensory cortex (S1-HP).

Figure 12

Spontaneous firing properties in WT mice.

Figure 13

Differences in spontaneous AP rate and UP-/Down-states between NR-and Rsub-cells in Fmr1 -/y mice.

Figure 14

Spontaneous firing rate of Rsub-cells was significantly increased in Fmr1 -/y compared to WT mice.

Figure 15

Increase in AP amplitude of Rsub-versus NR-cells in WT mice.

Figure 16

Decrease in AP duration of NR-versus Rsub-cells in Fmr1 -/y mice.

Figure 17

Intrinsic properties of NR-and Rsub cells were modified in Fmr1 -/y mice.

Figure 18

Morphological classification of neuronssub-types in WR and Fmr1 -/y mice.

Figure 19

Dendritic morphology of NR-and Rsub-cells of WT mice.

Figure 20

Dendritic morphology of NR-and Rsub cells of Fmr1 -/y mice.

Figure 21

Decreased mean, total apical dendritic length, number of endings and nodes in Rsub cells of Fmr1 -/y mice.

Figure 22

Mean basal dendritic length is decreased in Rsub cells of Fmr1 -/y mice.

Figure 23

Increased AP firing and altered AP jitter in suprathreshold responders of Fmr1 -/y mice.

Figure 24

Hind paw stimulation evoked subthreshold responses in WT and Fmr1 -/y mice in vivo.

Figure 25

Increased occurrence of HP L2/3 PN responding to both HP and FP stimulations in Fmr1 -/y mice.

Figure 26

VPM stimulation evoked EPSPs in HP L2/3 PN were altered in Fmr1 -/y mice.

Figure 27

Increased trial-to-trial variability and failure rate in Fmr1 -/y mice.

Figure 28

Fmr1 -/y mice displayed sensory motor deficits in an adhesive removal test for measuring sensory motor ability.

Figure 29

BMS191011 some of the altered evoked response, spontaneous and intrinsic properties in Fmr1 -/y Rsub-cells.

Figure 30

Viral injection for manipulation of neurons during behaviour.

Figure 31

Optotetrode preparation.

Figure 32

Texture discrimination task and experiment outline.

Figure 33

JAWS mediated S1 pyramidal neuron inhibition had no impact on the overall performance and increased FA and MISS rates.

Figure 34

Inhibition of S1 pyramidal neurons via interneuron excitation in VGAT mice reduced the overall performance and increased FA and MISS rates.

Figure 35

JAWS mediated M1 pyramidal neuron inhibition did not affect the overall performance and increased FA and MISS rates.

Figure 36

Inhibition of M1 pyramidal neurons of VGAT mice decreased the performance and increased both FA and MISS rates.

Figure 37

M1→ S1 pathway specific inhibitions reduced the overall performance through increased FA rate modulations.

Figure 38

Optotetrode recording and measurements.

Figure 39

Whisker movement and Lick rate during inhibition.

ACKNOWLEDGEMENT

I would like to express my deepest appreciation and sincere gratitude to my supervisor Dr.

Andreas Frick who has continually and convincingly conveyed the spirit and excitement of research. I am thankful to him for his patience, motivation, enthusiasm and immense knowledge that supported me throughout my study and research.

My deep respect and gratitude are extended to Prof. Dr. Fritjof Helmchen for his benevolence, guidance and inexorable support throughout my thesis work. I sincerely thank him for providing me with all the essential amenities during my stay at Zurich.

My sincere thanks to Dr. Marcel Oberlaender and Dr. Rajeevan. T. Narayanan for providing me an opportunity to restart my scientific career. I also thank Mr. Srinivasa Rao Marri for his financial support throughout this training.

I would like to extend my thanks to all the funding agencies, Erasmus Mundus (ENC network), FRM and EMBO for providing me a platform to build a career in Neuroscience.

I express my indebtedness to Dr. Guillaume Bony, Dr. Melanie Ginger, Dr. Katy Le Corf and Dr. Yaroslav Sych for teaching me all the valuable techniques that helped me in my research.

I thank them for their sincere advice, support and enthusiasm.

Gratitude and appreciation are extended to Dr. Remi Proville, Dr. Isabel Del Pino and Dr.

Xavier Leinekugel for their timely help and valuable recommendations and unflinching support. I thank all my colleagues at Frick Lab-Rafael De SA, Olivier Dubanet, Dr. Senka Hadzibegovic, Vladimir Kouskoff, Dr. Sourav Ghosh, Kamila Castro and Liangying Zhu for their selfless cooperation and suggestions. I also thank all my colleagues at Helmchen Lab-Dr.

Ladan Egolf, Dr. Ariel Gilad, Dr. Asli Ayaz, Dr. Abhishek Banerjee, Fabian Voigt, Pia Silpia, Lazar Sumanovski and Yasir Gallero Salas for their support and encouragement. I would like to extend my thanks to all administrators who helped me in all the official procedures during my PhD.

I would like to thank all my friends and family members and teachers who supported and guided me throughout my life.

Above all I dedicate my PhD thesis to my better half Sreedevi for her immense love, care and support for my personal and professional well being. 

SENSORY INFORMATION PROCESSING

Automatic integration of incoming information from different sensory modalities are essential for executing everyday tasks. Sensory information integration involves visual, auditory, somatosensory and motor cortices [START_REF] Molholm | Multisensory auditory-visual interactions during early sensory processing in humans: a high-density electrical mapping study[END_REF]. Sensory information processing is a complex process, with different receptors belonging to peripheral neurons in the periphery all the way to the neocortex [START_REF] Nicolelis | Simultaneous encoding of tactile information by three primate cortical areas[END_REF]. The neocortex act as an adaptive processor that computes information according to the instant sensory and behavioral context. This sensory information gathering and integration by the sensory areas is possible through the interactions between feedback connections from higher cortical areas and local intrinsic cortical circuits. Both feedback and feedforward mechanisms are important for the sensory perception. Any areas included in sensory processing can be in a nonfunctional or functional mode according to the task requirement, state of the brain and neuromodulators. The function of any cerebral cortex area and functional properties of neurons at the earliest stages in cortical sensory processing is influenced by attention, expectation, and perceptual task. [START_REF] Gilbert | Brain States: Top-Down Influences in Sensory Processing[END_REF]. In addition, top-down control of neuronal activity is required for complex behavior. Consequently, top-down input inactivation alters sensory perception in mice [START_REF] Manita | A Top-Down Cortical Circuit for Accurate Sensory Perception[END_REF].

In neurodevelopmental disorders, sensory processing is highly modified [START_REF] Cascio | Somatosensory processing in neurodevelopmental disorders[END_REF]. For instance, in Autism spectrum disorders (ASD) visual, tactile, auditory systems of the individuals are much affected. Modifications of these system cause hypersensitivity to touch, overfixation on visual details or avoidance of loud sound (Haigh, 2017) in ASD patients. These atypical experiences disrupt sensation, perception, motor behavior, emotion and cognition in ASD individuals. Therefore, it is important to study the circuit level alterations leading to sensory deficits in ASD [START_REF] Robertson | Sensory perception in autism[END_REF].

AUTISM SPECTRUM DISORDER (ASD)

Donald Grey Triplett was the first person to be diagnosed with Autism (Figure 1). He showed an early abnormal appetite and social behavior (isolated) but an unusual memory for faces and names as well as repetitive behavior, attention deficit and difficulty in communication. The symptoms showed by Donald and ten other children shared common characteristics and were different in their degree of expression. Dr. Kanner identified this condition, for the first time, as a 'unique syndrome' and named it 'autism', a word previously used to describe schizophrenic symptoms [START_REF] Kanner | Autistic disturbances of affective contact[END_REF]). This study was conducted among children below 11 years old and that findings were considered as a preliminary study. Even though the number of participants in the study made it statistically less significant, it became a stepping stone for the current ASD research.

ASD is a complex, heterogeneous neurodevelopmental disorder for which there is no cure and no targeted therapeutic treatment reported. It is hypothesized that autism can also be caused by environmental factors like immune dysfunction, epigenetic dysregulation, prenatal and perinatal factors drugs and toxic exposure and socioeconomic status (reviewed by Chaste & Leboyer, 2012). Another factor is the mutation of hundreds of genes which are contributing to ASD. Protein synthesis at the synapses, receptors and different ion channels are affected by these mutations and they together cause developmental synaptopathies and channelopathies (reviewed in [START_REF] Ebrahimi-Fakhari | Autism and the synapse: emerging mechanisms and mechanism-based therapies[END_REF]. ASD exhibit a spectrum of disorders and deficits in the behavior of affected children. They demonstrated abnormality of brain structures, impairment in sensory processing and learning disturbances (reviewed in [START_REF] Trottier | Etiology of infantile autism: a review of recent advances in genetic and neurobiological research[END_REF][START_REF] Kootz | Sensory Receptor Sensitivity in Autistic Children: Response Times to Proximal and Distal Stimulation[END_REF].

The standardized criteria to help diagnose ASD provided by the American Psychiatric Association's Diagnostic and Statistical Manual, Fifth Edition (DSM-5; American Psychiatric Associationn, 2013) are as follows:

1. Persistent deficits in social communication and social interaction, currently or by history.

2. Restricted, repetitive patterns of behaviour, interests, or activities, as manifested by at least two of the following, currently or by history.

3. Symptoms must be present during the early developmental period but may not fully manifest until social demands exceed limited capacities or may be masked by learned strategies in later life.

4. Symptoms cause clinically significant impairment in social, occupational, or other important areas of current functioning.

5. These disturbances are not better explained by intellectual disability (intellectual developmental disorder) or global developmental delay. Intellectual disability and autism spectrum disorder frequently co-occur; to make comorbid diagnoses of autism spectrum disorder and intellectual disability, social communication should be below that expected for general developmental level.

SENSORY SYMPTOMS IN ASD

Recent amendments to the DSM-5 now include defects in sensory information processing as part of the diagnostic criteria for ASD. Indeed, defects in the processing of sensory information and multisensory integration are considered almost universal within the ASD population [START_REF] Baranek | Sensory Experiences Questionnaire: discriminating sensory features in young children with autism, developmental delays, and typical development[END_REF][START_REF] Lane | Sensory Processing Subtypes in Autism: Association with Adaptive Behavior[END_REF][START_REF] Marco | Sensory Processing in Autism: A Review of Neurophysiologic Findings[END_REF]. In addition, alterations in sensory responsiveness have been strongly suggested to co-segregate with other ASD-related core symptoms and comorbidities [START_REF] Green | Parent-mediated intervention versus no intervention for infants at high risk of autism: a parallel, single-blind, randomised trial[END_REF][START_REF] Uljarević | Relationship between early motor milestones and severity of restricted and repetitive behaviors in children and adolescents with autism spectrum disorder[END_REF][START_REF] Wigham | The Interplay Between Sensory Processing Abnormalities, Intolerance of Uncertainty, Anxiety and Restricted and Repetitive Behaviours in Autism Spectrum Disorder[END_REF].

Surprisingly, in spite of their widespread occurrence, there is a paucity of studies addressing this aspect of the ASD pathology, or specifically attempting to target this symptom for therapeutic rescue. Recent of research initiatives have begun to study the neurobiological underpinning of atypical sensory processing in Autism and related neurodevelopmental disorders.

The brain receives various sensory inputs from the outside and generate a response according to the specific input. In ASD, much evidence suggests that there is an altered sensitivity to sensory input [START_REF] Ethridge | Neural synchronization deficits linked to cortical hyper-excitability and auditory hypersensitivity in fragile X syndrome[END_REF][START_REF] Güçlü | Tactile sensitivity of normal and autistic children[END_REF][START_REF] Kootz | Sensory Receptor Sensitivity in Autistic Children: Response Times to Proximal and Distal Stimulation[END_REF]. Impairments in sensory processing might even cause other core symptoms such as repetitive behavior and/or social withdrawal. ASD affected children exhibit enhanced sensory discrimination and aberrant sensitivity to different sensory modalities like smell, touch, vision or sound [START_REF] O'riordan | Discrimination in Autism Within Different Sensory Modalities[END_REF][START_REF] Scott | Altered auditory processing, filtering, and reactivity in theCntnap2knockout rat model for neurodevelopmental disorders[END_REF][START_REF] Tomchek | Sensory Processing in Children With and Without Autism: A Comparative Study Using the Short Sensory Profile[END_REF][START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]. These children overreact to a sensory stimulus and therefore try to avoid or seek that sensory stimulus [START_REF] Boyd | Sensory features and repetitive behaviors in children with autism and developmental delays[END_REF]. This hyper or hypo-sensitivity to a sensory input contributes to dysfunction of sensory information integration, processing and different behaviors in ASD [START_REF] Güçlü | Tactile sensitivity of normal and autistic children[END_REF].

HIGH RISK GENES IN ASD

Genetic heritability of ASD is in the order of 14-67% [START_REF] Hallmayer | Genetic Heritability and Shared Environmental Factors Among Twin Pairs with Autism[END_REF]. There are > 250 identified high-risk genes with a strong convergence of their biological functions through network interactions. For example, identified ASD-associated protein complexesdisplay a convergent regulation of FMRP and MECP2 in ASD. ASD related genes control multiple protein-protein interactions, and any mutation of these genes leads to ASD linked behavior deficit [START_REF] Li | Identification of Human Neuronal Protein Complexes Reveals Biochemical Activities and Convergent Mechanisms of Action in Autism Spectrum Disorders[END_REF]. to the gene involved in the dysfunction of that particular brain region). Bottom) Illustration of specific regions which are interrupted in ASD [START_REF] Del Pino | Neural circuit dysfunction in mouse models of neurodevelopmental disorders[END_REF].

The best strategy to study behavioral alterations of in ASD is to investigate factors like genetic, neural and cognitive variations linked to specific individual genes [START_REF] Happé | Time to give up on a single explanation for autism[END_REF].

Manipulation of a specific gene associated with ASD enables us to study different behavioral, functional and structural anomalies linked to the absence or overexpression of that single gene [START_REF] Moy | Advances in behavioral genetics: mouse models of autism[END_REF].

SCOPE OF STUDYING FRAGILE X SYNDROME

Fragile X syndrome (FXS) is the most common inherited form of intellectual disability [START_REF] Riley | Assessing the Fragile X Syndrome Newborn Screening Landscape[END_REF]. FXS is also an attractive model for understanding the neurobiological underpinnings of ASD for the following reasons:

• FXS accounts for an estimated 3-5% of ASD cases.

• 25-50% of males with FXS meet the full diagnostic criteria for ASD [START_REF] Klusek | Consistency between research and clinical diagnoses of autism among boys and girls with fragile X syndrome[END_REF] and most exhibit some autistic symptoms.

• FXS and other ASD genes are intertwined at the molecular level [START_REF] Darnell | Defects in translational regulation contributing to human cognitive and behavioral disease[END_REF][START_REF] Parikshak | Integrative Functional Genomic Analyses Implicate Specific Molecular Pathways and Circuits in Autism[END_REF], pointing to a convergence of molecular pathways leading to cellular and circuit level changes underlying these brain disorders.

• FXS is the most common inherited form of intellectual disability and approximately 30 % of FXS patients have similar characteristics of ASD. They share common features like mental retardation, impaired social relationships, communication and repetitive behavior.

• Researchers observed that children diagnosed with autism have also shown the presence of a fragile site on the X-chromosome and characteristics of fragile X syndrome. [START_REF] August | Familial autism and the fragile-X chromosome[END_REF][START_REF] Brown | Autism is associated with the fragile-X syndrome[END_REF][START_REF] Meryash | Infantile autism associated with the Fragile-X syndrome[END_REF][START_REF] Paul | A comparison of language characteristics of mentally retarded adults with fragile X syndrome and those with nonspecific mental retardation and autism[END_REF][START_REF] Pueschel | Brief report: Screening children with autism for fragile-X syndrome and phenylketonuria[END_REF]. Some of them showed no similarity between FXS and autism in behavior, but most of the studies showed an overlap or considered FXS as a subtype of autism [START_REF] Bailey | Early development, temperament, and functional impairment in autism and fragile X syndrome[END_REF][START_REF] Feinstein | Autism: the point of view from fragile X studies[END_REF].

• Social withdrawal and delayed communication in FXS were significantly correlated with autism. The delay in acquiring essentials skills required to socialize were linked to verbal reasoning in both conditions [START_REF] Budimirovic | Autism spectrum disorder in Fragile X syndrome: Differential contribution of adaptive socialization and social withdrawal[END_REF]. Absence or low levels of fragile X mental retardation protein (FMRP), the protein coded by the Fmr1 gene results in compulsive, self-injurious and autistic behavior in FXS subjects [START_REF] Hall | Compulsive, self-injurious, and autistic behavior in children and adolescents with fragile X syndrome[END_REF].

In addition, the overlap between these two disorders increases the relevance of screening autistic children for FXS. It will help us to understand the different x-linked alterations occur in ASDs (a detailed review by [START_REF] Budimirovic | What Can We Learn about Autism from Studying Fragile X Syndrome?[END_REF].

More than 250 known risk genes have been identified, most accounting for less than 1% of the genetic cause of ASD [START_REF] Jeste | Disentangling the heterogeneity of autism spectrum disorder through genetic findings[END_REF]. As a strategy for dealing with this genetic complexity, ASD has classically been modeled in rodents using transgenic mice presenting monogenic syndromic forms of ASD [START_REF] Ghosh | Drug discovery for autism spectrum disorder: challenges and opportunities[END_REF][START_REF] Jeste | Disentangling the heterogeneity of autism spectrum disorder through genetic findings[END_REF].

Advances in transgenic technology led to development of suitable genetically modified animals for studies into the mechanisms of disease. This was made possible by silencing a targeted individual gene in situ. By silencing a gene, one can study the role of this gene in a disorder.

One can introduce a transgene to eliminate or cause an abnormality by knocking out the transgene [START_REF] Higgins | Genetically Engineered Animal Models of Human Neurodegenerative Diseases[END_REF]. The involvement of an X-linked gene in Fragile X syndrome allowed the scientists to clone the DNA sequence of X-linked fragile sites and therefore develop animal models that enable to study the neurobiological underpinning of this disorder. The Fmr1 -/y mouse, in which the expression of the Fragile X Mental Retardation gene, Fmr1 (mutated in Fragile X syndrome) is abrogated, recapitulates many of the symptoms of ASD (reviewed in [START_REF] Oddi | Monogenic mouse models of social dysfunction: Implications for autism[END_REF].

FRAGILE X CHROMOSOME

The familial transmission of fragile X chromosome was described by Dr. J. Purdon Martin and Julia Bell and they suggested the involvement of a sex-linked recessive gene [START_REF] Martin | A pedigree of mental defect showing sex-linkage[END_REF].

Figure 3: Inheritance pattern of X linked recessive gene.

Further studies analyzing the structure of chromosomes revealed an unusual secondary constriction towards the end of long arm of X chromosome in mentally retarded males and carrier females of a family [START_REF] Lubs | A marker X chromosome[END_REF]. This fragile site appeared to be directly related to the gene responsible for mental retardation [START_REF] Moore | Fragile X-linked mental retardation of macro-orchidism[END_REF]. Later, the fragile site associated to the fragile X chromosome was found to be localized specifically to the band Xq27.3 [START_REF] Harrison | The fragile X: a scanning electron microscope study[END_REF] and was termed FRAXA (Fig 4).

Figure 4: Structure of X chromosome in Fragile X syndrome. A) Electron microscopic view

of a normal X chromosome and B) an X chromosome from an FXS patient [START_REF] Harrison | The fragile X: a scanning electron microscope study[END_REF].

FRAGILE X MENTAL RETARDATION 1(Fmr1) GENE

By 1991, the role of Fmr1 mutations in causing fragile X syndrome was established [START_REF] Verkerk | Identification of a gene (FMR-1) containing a CGG repeat coincident with a breakpoint cluster region exhibiting length variation in fragile X syndrome[END_REF]. The Fmr1 gene is 38kb in length and contains 17 exons [START_REF] Penagarikano | The Pathophysiology of Fragile X Syndrome[END_REF].

Figure 5: Schematic representation of the fragile X mental retardation 1 (Fmr1) gene [START_REF] Penagarikano | The Pathophysiology of Fragile X Syndrome[END_REF]. CGG repeat numbers in normal to full mutation is shown inside the box.

Fmr1 harbors a CCG repeat at 5' untranslated region (UTR) within the first exon [START_REF] Verkerk | Identification of a gene (FMR-1) containing a CGG repeat coincident with a breakpoint cluster region exhibiting length variation in fragile X syndrome[END_REF]. The repeat length is polymorphic and usually range up to 55 repeats in normal individuals. When the expansion is between 55 and 200 repeats, it is called a pre-mutation and if the trinucleotide repeat length is above 200, it is termed full mutation [START_REF] Fu | Variation of the CGG repeat at the fragile X site results in genetic instability: Resolution of the Sherman paradox[END_REF][START_REF] Oberle | Instability of a 550-base pair DNA segment and abnormal methylation in fragile X syndrome[END_REF]. The CCG trinucleotide expansion (or full mutation) in the Fmr1gene locus Xq27.3 leads to the hypermethylation of the gene promoter thereby silencing the gene resulting in the loss or reduced expression of fragile X mental retardation protein (FMRP) [START_REF] Pieretti | Absence of expression of the FMR-1 gene in fragile X syndrome[END_REF][START_REF] Oberle | Instability of a 550-base pair DNA segment and abnormal methylation in fragile X syndrome[END_REF]. This loss of FMRP results in the clinical and cytogenetic expression of FXS.

Apart from CCG trinucleotide expansion, a few other mutations causing the fragile X phenotype have been reported. [START_REF] Boulle | A point mutation in the FMR-1 gene associated with fragile X mental retardation[END_REF] studied the Fmr1 gene of a patient with fragile X phenotype, but without FRAXA, with normal CCG repeats and unmethylated promoter. Instead, they found a single point mutation in the Fmr1 gene suggesting that it caused the clinical abnormalities. Also, deletions affecting part of or the entire gene resulting in FXS associated phenotype are reported [START_REF] Meijer | A deletion of 1.6 kb proximal to the CGG repeat of the FMR1 gene causes the clinical phenotype of the fragile X syndrome[END_REF][START_REF] Hirst | Two new cases of FMR1 deletion associated with mental impairment[END_REF].

FRAGILE MENTAL RETARDATION PROTEIN (FMRP)

FMRP is highly expressed in neurons of the brain and early spermatogonia in the testis in human [START_REF] Devys | The FMR-1 protein is cytoplasmic, most abundant in neurons and appears normal in carriers of a fragile X premutation[END_REF]. FMRP expression in the cytoplasm and nucleus of neurons is slow during the early embryonic stage and increases during development. The maternal mRNAs are responsible for the expression of FMRP during the early development stage. In adult stages, FMRP protein is mainly located in the cytoplasm of the cells [START_REF] Devys | The FMR-1 protein is cytoplasmic, most abundant in neurons and appears normal in carriers of a fragile X premutation[END_REF][START_REF] Kooy | Fragile X syndrome at the turn of the century[END_REF][START_REF] Van Padje | Characterisation of Fmrp in zebrafish: evolutionary dynamics of the Fmr1 gene[END_REF]. In the cytoplasm FMRP is directly associated with polyribosomes, there by regulating the translation machinery of the cell [START_REF] Khandjian | The fragile X mental retardation protein is associated with ribosomes[END_REF]. FMRP is an RNA interacting protein involved in the regulation of RNA stability, subcellular transport and translation of neural mRNAs that code for proteins involved in synapsis development, neural plasticity and brain development. FMRP is also involved in a feedback loop by controlling its own protein levels [START_REF] Brown | Microarray Identification of FMRP-Associated Brain mRNAs and Altered mRNA Translational Profiles in Fragile X Syndrome[END_REF][START_REF] Noto | The impact of FMR1 gene mutations on human reproduction and development: a systematic review[END_REF]. [START_REF] Zangenehpour | Whole-brain expression analysis of FMRP in adult monkey and its relationship to cognitive deficits in fragile X syndrome[END_REF] reported the first 3D whole brain map of FMRP protein expressed in the old-world monkey brain and showed that certain brain structures like cerebellum, striatum and temporal lobe structure have high FMRP levels thereby supporting the notion that FMRP loss is linked to behavioural and cognitive impairment associated with these structures.

NEUROANATOMICAL, BEHAVIORAL AND PSYCHIATRIC

SYMPTOMS AND RELATED CO-MORBIDITIES IN FXS

PATIENTS.

STRUCTURAL ALTERATIONS

Initial neuroanatomical analysis of post-mortem brains of Fragile X patients suggested that there were no gross scale defects in brain structure (Hinton et al., 1991;[START_REF] Reyniers | Postmortem examination of two fragile X brothers with an FMR1 full mutation[END_REF], but rather pointed to microscale changes in the brain circuitry. In particular, these early studies revealed defects in the shape of dendritic spines [START_REF] Rudelli | Adult fragile X syndrome[END_REF]Wisniewski et al 1991;[START_REF] Irwin | Abnormal dendritic spine characteristics in the temporal and visual cortices of patients with fragile-X syndrome: A quantitative examination[END_REF]. Indeed, dendritic spine defects are often cited as a hallmark of FXS, and ID in general (see below). However, more recent volumetric analysis based on a variety of magnetic imaging approaches has revealed a number of structural differences in specific brain areas which may be related to particular symptoms of the disease. In particular changes in grey matter and ventricular volume have been described. These studies demonstrated differences in cerebral, CSF and thalamic volumes pointing to a strong association between arise in the methylation of Fmr1 gene and larger ventricular volume in FXS [START_REF] Reiss | Neurodevelopmental effects of the FMR-1 full mutation in humans[END_REF], Eliez et al., 2001[START_REF] Hoeft | Region-specific alterations in brain development in one-to three-year-old boys with fragile X syndrome[END_REF].

A couple of studies demonstrated a deficit in white matter microstructure in FXS. For instance, [START_REF] Hall | Profiles of aberrant white matter microstructure in fragile X syndrome[END_REF] described an aberrant white matter structure in FXS individuals when compared to typically developing similar age group individuals. FXS individuals exhibited an increase in fractional anisotropic values (FA) suggesting an alteration in white matter density or coherence. In girls with FXS, white matter structures were altered. In particular, FA was significantly lower in inferior longitudinal fasciculus, right internal capsule and left cerebellar peduncle [START_REF] Barnea-Goraly | White matter tract alterations in fragile X syndrome: Preliminary evidence from diffusion tensor imaging[END_REF][START_REF] Villalon-Reina | White matter microstructural abnormalities in girls with chromosome 22q11.2 deletion syndrome, Fragile X or Turner syndrome as evidenced by diffusion tensor imaging[END_REF]. Diffusion tensor imaging (DTI) showed an increased relative density of white matter fibers (left ventral fronto-striatal pathway) which is necessary for the maturation of inhibitory control [START_REF] Haas | Early white-matter abnormalities of the ventral frontostriatal pathway in fragile X syndrome[END_REF]. In general, neuroanatomical studies confirm a change in grey and white matter in FXS patients.

ALTERATIONS IN FUNCTIONAL CONNECTIVITY

Small world index is the balance between local and long-range network segregation and integration. Small world organization in brain networks helps to balance the network integration and segregation by maximizing the efficiency of information transfer at a low network cost. Small-worldness (ratio between normalized clustering to normalized path length) was significantly lower in the FXS group suggesting an unbalance in the circuit organization and a reduced information transfer across different neuronal connections. These deficits led to failure of proper functioning of cognition and behavior of FXS subjects [START_REF] Bruno | Altered Brain Network Segregation in Fragile X Syndrome Revealed by Structural Connectomics[END_REF].

Functional alterations in neuronal connectivity has been investigated using neuroimaging approaches such as functional MRI (fMRI) and electrophysiological approaches such as electroencephalography (EEG). Very few quantitative functional connectivity studies have been conducted in FXS patients. For instance, EEG recordings demonstrated an imbalance in excitatory inhibitory network, hypersensitivity, and cortico-cortical connectivity deficit in FXS patients [START_REF] Wang | A resting EEG study of neocortical hyperexcitability and altered functional connectivity in fragile X syndrome[END_REF]. fMRI studies demonstrated an impairment in the functional and structural connectivity between thalamus and other cortical regions [START_REF] Nair | Impaired thalamocortical connectivity in autism spectrum disorder: a study of functional and anatomical connectivity[END_REF][START_REF] Ethridge | Reduced habituation of auditory evoked potentials indicates cortical hyper-excitability in Fragile X Syndrome[END_REF]2017). There was a long-range hyper connectivity (fronto-posterior) and a local hypoconnectivity (fronto-frontal; posterior-posterior) in FXS [START_REF] Van Der Molen | Resting-State EEG Oscillatory Dynamics in Fragile X Syndrome: Abnormal Functional Connectivity and Brain Network Organization[END_REF]. EEG recordings also revealed a deficit in sensory processing. The FXS individuals showed an increase in signal to noise ratio (SNR) on presentation of an auditory stimulus suggesting hyperexcitability in FXS. Alpha oscillations, which modulate the excitation of local inhibitory circuits were downregulated in the same recordings [START_REF] Ethridge | Neural synchronization deficits linked to cortical hyper-excitability and auditory hypersensitivity in fragile X syndrome[END_REF].

TASK-RELATED FUNCTIONAL STUDIES

Brain regions regulating Fmr1 gene translation are much affected in FXS condition. For example, an fMRI study on FXS females during a visual memory encoding task revealed a significant low activation of left hippocampus and the basal forebrain. FXS also showed an increased activation (hypothesized as a compensatory mechanism) of superior parietal and right precentral gyrus regions. Prefrontal regions associated with social cognition were less activated in fragile X syndrome during face encoding. In a face recognition memory task FXS individuals show significant hyposensitivity and delayed response. These subjects also avoided direct eye contacts and staring at the face [START_REF] Holsen | Prefrontal social cognition network dysfunction underlying face encoding and social anxiety in fragile X syndrome[END_REF]. FXS individuals demonstrated spatial ability and attention deficit. Performance of FXS children in different cognitive tasks like visuo-construction, visuo-spatial memory, visuo-perception and visuo-motor tasks to assess their spatial ability showed a task specific deficit in spatial performance. They performed low in visuo-construction task (spatial deficit) and visuo-motor tasks (sensory motor delay). They also showed significant deficit in attention required tasks like selective attention, divided attention, sustained attention and inhibition [START_REF] Cornish | Spatial Cognition in Males with Fragile-X Syndrome: Evidence for a Neuropsychological Phenotype[END_REF][START_REF] Munir | A neuropsychological profile of attention deficits in young males with fragile X syndrome[END_REF]. Visual motion processing is impaired in Fragile X syndrome. FXS subjects and control groups were presented with a first order (luminance) and a second order (contrast-luminance with grey scale) stimuli. [START_REF] Kogan | Integrative cortical dysfunction and pervasive motion perception deficit in fragile X syndrome[END_REF] reported that majority of FXS subjects were failed to discriminate the direction of motion in a visual motion processing task. But they were able to discriminate the orientation of the stimuli. Children with FXS, upon presentations of faces showing direct eye contact significantly increased the activity of left insula, left dorsal thalamus and left amygdala. Left amygdala demonstrated a negative correlation with the number of successful trials in FXS [START_REF] Greicius | Reduced basal forebrain and hippocampal activation during memory encoding in girls with fragile X syndrome[END_REF][START_REF] Watson | Aberrant Brain Activation During Gaze Processing in Boys with Fragile X Syndrome[END_REF].

INTELLECTUAL DISABILITIES

Fragile X syndrome is one of the most intensely studied neurodevelopmental disorders and has been the subject of numerous reviews (e.g. [START_REF] Gross | Therapeutic Strategies in Fragile X Syndrome: From Bench to Bedside and Back[END_REF][START_REF] Hagerman | Fragile X syndrome[END_REF].

Intellectual disability is often regarded as one of the defining symptoms of this disorder.

Affected males have mild to severe intellectual impairment [START_REF] Hagerman | Advances in the Treatment of Fragile X Syndrome[END_REF][START_REF] Kaufmann | Genotype, molecular phenotype, and cognitive phenotype: Correlations in fragile X syndrome[END_REF][START_REF] Finelli | Neurological findings in patients with the fragile-X syndrome[END_REF][START_REF] Fryns | The psychological profile of the fragile X syndrome[END_REF][START_REF] Hanson | Speech disturbances (cluttering) in mildly impaired males with the Martin-Bell/fragile X syndrome[END_REF][START_REF] Jørgensen | Fragile X-chromosome among child psychiatric patients with disturbances of language and social relationships[END_REF][START_REF] Veenema | The fragile X syndrome in a large family[END_REF], with an IQ ranging from 35-50 [START_REF] Merenstein | Molecular-clinical correlations in males with an expanded FMR1 mutation[END_REF]. The IQ of the affected showed varied from mild to severe mental retardation. Among children with ASD, 55% displayed an intellectual disability (IQ<70). Sixteen percentage of these children had moderate to severe intellectual disability (IQ<50) and 28% exhibited average intelligence (115>IQ>85) and only 3% were of above average intelligence (IQ>115) [START_REF] Charman | IQ in children with autism spectrum disorders: data from the Special Needs and Autism Project (SNAP)[END_REF]. Differences in intellectual ability have been correlated with FMRP levels [START_REF] Kaufmann | Genotype, molecular phenotype, and cognitive phenotype: Correlations in fragile X syndrome[END_REF][START_REF] Arsenault | FMRP Expression Levels in Mouse CNS Neurons Determine Behavioral Phenotype[END_REF][START_REF] Theobald | Individual variation and specific cognitive deficits in the fra (X) syndrome[END_REF]Loesch et al., Tassone et al., 1999). As it is an X-linked disorder, it generally accepted that the lower severity of intellectual and cognitive symptoms and penetrance is observed in females [START_REF] Reiss | The behavioral neurogenetics of fragile X syndrome: Analyzing gene-brain-behavior relationships in child developmental psychopathologies[END_REF][START_REF] Hagerman | Advances in the Treatment of Fragile X Syndrome[END_REF]. FXS subjects typically exhibit speech and language delay, and avoidance of social/ group activities. Aberrant early gesture use is seen FXS during the early development period. FXS children used significantly less gestures. Early gesture use is an initial step to understand and develop social communication and verbal abilities. This could be a reason for the low non-verbal abilities and social impairment in FXS [START_REF] Rague | Early gesture use in fragile X syndrome[END_REF].

PRECLINICAL MOUSE MODEL OF FRAGILE X SYNDROME

The first mouse model for FXS was the Fmr1 knockout mouse. These models were generated by knocking out of Fmr1 gene from the wild type animals through interruption of neomycin cassette in exon 5 using homologous recombination in embryonic stem cells. These mice did not have Fmr1 RNA (the first generation still contains some remaining RNA) and the fragile mental retardation protein (FMRP). The animals were then tested for different behavioral experiments as well as organ weights. Except for the testes, the organs' weights were not significantly different from the ones in wild-type control mice. These mice exhibited FXS like characteristics including cognitive impairment, distinct social behavior and Macroorchidism.

They also showed increased exploratory behavior, hyperactivity and deficit in spatial memory but showed normal fertility [START_REF] Bakker | Fmr1 knockout mice: A model to study fragile X mental retardation[END_REF][START_REF] Kooy | Transgenic mouse model for the fragile X syndrome[END_REF]. Fmr1-Knock out mouse in many ways showed features which resembled the clinical characteristics in FXS subjects and therefore it became a reliable model of FXS for testing various phenotypes of ASDs.

Another model was created by knocking the Fxr2, a homologus of Fmr1 gene. The model lacked important phenotypes like macroorchidism and loss of FMRP expression. They showed hyperactivity, impairment in open field and rotarod tests. They also showed a delayed hindpaw stimulation with a hot plate experiment [START_REF] Bontekoe | Knockout mouse model for Fxr2: a model for mental retardation[END_REF]. A conditioned knockout (Fmr1 KO2) was produced later. The crossing of Fmr1 KO2 mice with induced recombinase expressing mice enabled them to produce a mouse that are Fmr1 -/-only in specific neurons [START_REF] Mientjes | The generation of a conditional Fmr1 knock out mouse model to study Fmrp function in vivo[END_REF]. Second generation Fmr1 knockout (Fmr1 -/-; Fmr1 -/y ) mice [START_REF] Mientjes | The generation of a conditional Fmr1 knock out mouse model to study Fmrp function in vivo[END_REF] were used in our study. These mice are distinct from the original Fmr1 -/y mouse line [START_REF] Bakker | Fmr1 knockout mice: A model to study fragile X mental retardation[END_REF] because the second-generation mice are deficient for both Fmr1 RNA and Fragile X mental retardation protein (FMRP) [START_REF] Mientjes | The generation of a conditional Fmr1 knock out mouse model to study Fmrp function in vivo[END_REF]. These mice were generated by backcrossing 129/Sv/C57Bl/6J/FVB founders into a C57Bl/6J background (6 generations). Male wild-type and Fmr1 -/y littermates were generated by crossing Fmr1 +/- females with a wild-type mouse from the same background. Given that Fmr1 is carried on the X chromosome, the resulting male progeny were either Fmr1 +/y (wild-type) or Fmr1 -/y (KO).

Animal models are necessary to reach a better understanding of abnormal behavior, dysfunction of various brain regions, neuroanatomical pathways and molecular mechanisms in neurodevelopmental disorders such as FXS/ ASD. The phenotypes formed due to the loss of FMRP in animal models resemble the phenotypes of FXS in human (a detailed review [START_REF] Kooy | Of mice and the fragile X syndrome[END_REF]. This shows that they have a good construct and face validity. However, face validity is more complicated, since we are sometimes lacking robust behavioral phenotypes. Studies on Fmr1 -/y mice (and in other preclinical models of the disorder such as drosophila, zebra fish and rat) have attempted to model core behavioural /cognitive aspects of the disorder. These findings have been summarized in recent comprehensive reviews (e.g. [START_REF] Hagerman | Fragile X syndrome[END_REF][START_REF] Kazdoba | Modeling fragile X syndrome in the Fmr1 knockout mouse[END_REF][START_REF] Gross | Therapeutic Strategies in Fragile X Syndrome: From Bench to Bedside and Back[END_REF].

COGNITIVE PHENOTYPES

Intellectual disability is one of the key features of Fragile X syndrome and has been examined in Fmr1 -/y mice using a range of behavioral tasks including passive avoidance, fear conditioning, Morris water maze, 8 arm radial maze as well as temporal order object recognition tasks (reviewed in [START_REF] Kazdoba | Modeling fragile X syndrome in the Fmr1 knockout mouse[END_REF][START_REF] Gross | Therapeutic Strategies in Fragile X Syndrome: From Bench to Bedside and Back[END_REF]. Unfortunately, these studies have often resulted in findings that are difficult to replicate between laboratories and are variable in nature. For example, auditory-cued fear conditional paradigms have detected either deficits in the recognition of the context, or the cue, or sometimes no deficits at all (reviewed in [START_REF] Kazdoba | Modeling fragile X syndrome in the Fmr1 knockout mouse[END_REF]. However, it is also possible that the tasks themselves need to be adapted to the specificities of a neurodevelopment model [START_REF] Arsenault | FMRP Expression Levels in Mouse CNS Neurons Determine Behavioral Phenotype[END_REF]. For instance, age of the animal. Several studies have shown that phenotypes may vary with age [START_REF] Gauducheau | Age-specific autistic-like behaviors in heterozygous Fmr1-KO female mice[END_REF]. For example, an age dependent impaired development of startle response was reported in Fmr1 -/y mice. Three to four weeks there was a significant increase in startle response of both Fmr1 -/y and WT animals. At 8 weeks it was diminished in Fmr1 -/y suggesting an immature arrest of startle response in Fmr1 -/y mice [START_REF] Yun | Fmrp is required for the establishment of the startle response during the critical period of auditory development[END_REF]. Studies on Fmr1 KO2 mice (second generation of Fmr1 -/y mouse model, see above) suggest that behavioral phenotypes are also age-dependent. Age dependent changes of behavior was present in heterozygous Fmr1 -/y female mice. In these mice, some of the behavioral abnormalities in social interactions and communication showed during juvenile stage were disappeared in adulthood. At the same time, avoidance of social novelty, hyperactivity and reduced contextual fear response were appeared during the adulthood [START_REF] Gauducheau | Age-specific autistic-like behaviors in heterozygous Fmr1-KO female mice[END_REF]. This led to an important suggestion to include behavioral tasks with greater ethological relevance for testing FXS [START_REF] Kazdoba | Modeling fragile X syndrome in the Fmr1 knockout mouse[END_REF].

To this end, a number of recent studies describe new or improved tasks, which respond to pharmacological or genetic correction and which may have improved face or predictive validity. For example, [START_REF] Oddi | Early Social Enrichment Rescues Adult Behavioral and Brain Abnormalities in a Mouse Model of Fragile X Syndrome[END_REF] described a modified fear conditioning protocol based on classical contextual fear conditioning protocols [START_REF] Frankland | Discriminative and nondiscriminative contextual fear conditioning potentiate the acoustic startle response[END_REF] in which the conditioned stimulus is paired with the unconditioned stimulus (shock). These mice display reduced freezing when presented with the same context 24 hours after the initial conditioning experience [START_REF] Oddi | Early Social Enrichment Rescues Adult Behavioral and Brain Abnormalities in a Mouse Model of Fragile X Syndrome[END_REF]. Fmr1 -/y mice demonstrated differential learning defects in Hippocampus (dentate gyrus mediated) dependent learning paradigm where the animal had to distinguish highly similar representations (Ghilan et al., 2018). Loss of FMRP impaired the functioning of prefrontal cortex (PFC). PFC specific FMRP knockout animals showed deficits in PFC-dependent learning paradigm (trace eyeblink conditioning-TEC) with a stimulus free interval between the cue and the stimulus (air puff) [START_REF] Sinclair | Sensory processing in autism spectrum disorders and Fragile X syndrome-From the clinic to animal models[END_REF].

BEHAVIOR ALTERATIONS

Fmr1 -/y mice exhibited higher activations of mesolimbic/ habenular circuit during the presentation of a reward stimuli (odor of almond). FXS animals did not show any preference to the reward stimuli when a mixture of stimuli presented (Kenkel et al., 2016). Ultrasound vocalization (USV) was impaired in Fmr1 -/y mice. [START_REF] Hodges | Adult Fmr1 knockout mice present with deficiencies in hippocampal interleukin-6 and tumor necrosis factor-[alpha] expression[END_REF] reported an overall lesser duration, enhanced peak and frequency and a lower amplitude USVs in Fmr1 -/y mice.

Changes in vocalizations represent the deficits in communication reported in fragile X syndrome. Both FXS female and male mice showed deficits in a reversal learning of Morris water maze, contextual memory linked to unexpected shocks, decreased startle response and increased social interactions [START_REF] Baker | Male and female Fmr1 knockout mice on C57 albino background exhibit spatial learning and memory impairments[END_REF][START_REF] Dobkin | Fmr1 knockout mouse has a distinctive strain-specific learning impairment[END_REF][START_REF] Mineur | Behavioral and neuroanatomical characterization of the Fmr1 knockout mouse[END_REF][START_REF] Nolan | Reversal learning paradigm reveals deficits in cognitive flexibility in the Fmr1 knockout male mouse[END_REF]. Upon introduction of simple and complex discrimination tasks and their reversal, Fmr1 -/y and WT animals exhibited equal learning abilities. But WT mice showed an increased trial to criterion (TTC, 8 correct trials out of 10 consecutive trials) during the reversal tasks. It confirmed that Fmr1 -/y animals were impaired in attentional set formation to previously learned dimensions [START_REF] Casten | Discrimination learning and attentional set formation in a mouse model of Fragile X[END_REF] were reported in different models of FXS [START_REF] Ding | Behavioral analysis of male and female Fmr1 knockout mice on C57BL/6 background[END_REF]Kim et al., 2014;[START_REF] Rensen | Hyperactivity and lack of social discrimination in the adolescent Fmr1 knockout mouse[END_REF]. FXS mice were highly susceptible to different types of seizures. [START_REF] Ding | Behavioral analysis of male and female Fmr1 knockout mice on C57BL/6 background[END_REF] reported that both juvenile female and male FXS mice exhibited significantly increased levels of audiogenic seizures. The animals were hyperactive in an open field paradigm and were shown significant hypersensitivity to a mild foot shock. They also revealed a low freezing of Fmr1 -/y animals in a contextual fear conditioning paradigm [START_REF] Oddi | Early Social Enrichment Rescues Adult Behavioral and Brain Abnormalities in a Mouse Model of Fragile X Syndrome[END_REF][START_REF] Restivo | Enriched environment promotes behavioral and morphological recovery in a mouse model for the fragile X syndrome[END_REF]. During sleep, hippocampal CA1 pyramidal neurons showed hyperactivity in Fmr1 -/y animals. Low gamma power was observed in non-theta dominated neurophysiological brain states [START_REF] Carr | Transient Slow Gamma Synchrony Underlies Hippocampal Memory Replay[END_REF][START_REF] Pfeiffer | Autoassociative dynamics in the generation of sequences of hippocampal place cells[END_REF]. The enhanced power spectral density (PSD) in low gamma power in Fmr1 -/y CA1 suggested that the hyperactivity was the result of an impairment of CA3 inputs to CA1. The slow sharp-wave ripples in FXS exhibited a longer event duration, shorter oscillation frequency and a reduced CA1-PN firing rates. These changes have adverse effect on memory processing in both human and mice [START_REF] Boone | Abnormal Sleep Architecture and Hippocampal Circuit Dysfunction in a Mouse Model of Fragile X Syndrome[END_REF]. FXS mice also showed hyperactivity dependent enhancement of correct and incorrect responses during attentional learning [START_REF] Kramvis | Hyperactivity, perseveration and increased responding during attentional rule acquisition in the Fragile X mouse model[END_REF]. These prefrontal cortex dependent learning deficits were also resulted from decreased synaptic functioning caused by the absence or low expression of several synaptic proteins in both OFC and PFC. Low expression of c-fos expression in the FXS mice demonstrated the lower activity of neurons in these regions during learning [START_REF] Krueger | Cognitive dysfunction and prefrontal synaptic abnormalities in a mouse model of fragile X syndrome[END_REF].

ANXIETY

Chronic stress had no effect on cognitive and social behavior of Fmr1 -/y mice [START_REF] Lemaire-Mayo | Behavioral effects of chronic stress in the Fmr1 mouse model for fragile X syndrome[END_REF]. For instance, Fmr1 -/y animals exhibited low anxiety levels during chronic stress. [START_REF] Qin | Effects of chronic immobilization stress on anxiety-like behavior and basolateral amygdala morphology in Fmr1 knockout mice[END_REF] reported this change as a deficit in adaptive response of amygdala in FXS.

The disruptions in dendritic and spine morphology of amygdala neurons demonstrated an experience-driven plasticity deficit in Fmr1 -/y mice. In another study [START_REF] Nolan | Deletion of Fmr1 results in sex-specific changes in behavior[END_REF] reported a sex specific behavior alteration following Fmr1 deletion. They demonstrated that the FXS male mice exhibited significant hyperactivity and rearing behavior than the FXS female mice. FXS female mice showed a decreased anxiety, freezing, increased hole-poking behavior and motor coordination. Hippocampus dependent learning tasks were mainly used in detection of cognitive deficits in FXS. Fmr1 -/y mice demonstrated an elevated social anxiety and a lower non-social anxiety. In a study were Fmr1 -/y showed a novelty preference, but less nose contact with the stimulus mouse. The shorter period of nose contact of Fmr1 -/y animals with a novel mouse, and elevated levels of grooming confirmed an increased social anxiety or arousal behavior in FXS. In an elevated zero maze, Fmr1 -/y mice preferred to spend much time in open quadrants. This behavior displayed a decrease in non-social anxiety in FXS [START_REF] Liu | Dissociation of social and nonsocial anxiety in a mouse model of fragile X syndrome[END_REF][START_REF] Mcnaughton | Evidence for social anxiety and impaired social cognition in a mouse model of fragile X syndrome[END_REF].

CIRCUIT LEVEL ALTERATIONS

Circuit formation is depending on the neuronal activity in the brain. During early development stages, brain circuits shapes via an interplay of temporally defined gene expression patterns and spontaneous activity. Later with the development of sensory systems and experience from external stimuli, brain constitute, sharpen and better organize the neuronal circuits. A local regulatory mechanism of axonal sprouting and synaptogenesis also contribute to the new network formation [START_REF] Katz | Synaptic Activity and the Construction of Cortical Circuits[END_REF]. Fmr1 and FMRP are important for the formation of sensory cortical neuronal circuits during this 'critical period' [START_REF] Doll | Fragile X Mental Retardation Protein Requirements in Activity-Dependent Critical Period Neural Circuit Refinement[END_REF].

FMRP is differently expressed in various brain regions and different neuronal population. Due to this variation of expression these regions and cells act differently to the loss of FMRP. A cell with abundant FMRP is expected to have increased consequences due to the loss of this protein [START_REF] Zorio | Cellular distribution of the fragile X mental retardation protein in the mouse brain[END_REF].

DISRUPTION OF NEUROGENESIS

Proper migration and maturation and distribution of neuronal subtypes across different brain layers are crucial for typical circuit formation. FMRP is important for the neurogenesis. Both FXS human and mouse showed alterations in neural stem cell early maturation. This further led to modified gene expressions in the FMRP deficient neuronal progenitor cells. A proper expression of these genes is essential for the neural development in typical human [START_REF] Castrén | Altered differentiation of neural stem cells in fragile X syndrome[END_REF][START_REF] Sunamura | Loss of the fragile X mental retardation protein causes aberrant differentiation in human neural progenitor cells[END_REF]. Fmr1 -/y mouse also demonstrated impairment in neurogenesis. Knocking FMRP out of neural stem and progenitor cells (aNSCs) upregulated the astrocyte differentiation and downregulated the neuronal differentiation in the hippocampus. Absence of FMRP caused failure of neural progenitor cell cycling and a reduction in the neural stem cells and an enhancement in number of neuroblasts. Neurogenesis in hippocampus is essential for hippocampus dependent learning. Any change in the neurogenesis in Fmr1 -/y mice resulted in social anxiety impairment in hippocampus dependent learning in a delayed-nonmatching-to-place radial arm maze (DNMP-RAM) [START_REF] Eadie | Fmr1 knockout mice show reduced anxiety and alterations in neurogenesis that are specific to the ventral dentate gyrus[END_REF][START_REF] Guo | Ablation of Fmrp in adult neural stem cells disrupts hippocampus-dependent learning[END_REF][START_REF] Sourial | Abnormal neural precursor cell regulation in the early postnatal Fragile X mouse hippocampus[END_REF]. FMRP also controls neocortical neurogenesis. FMRP is abundant in the cytoplasm of radial glial cells (RGCs) of embryonic neocortex. Specific knockdown of FMRP using shRNAs depleted the RGCs in WT as in Fmr1 - /y mice. In a typical brain, FMRP prevents RGC to convert to intermediate progenitor cell (IPC) at different stages of neurogenesis in neocortex. So, a depletion led to an altered cell fate in the embryonic neocortex [START_REF] Saffary | FMRP Regulates the Transition from Radial Glial Cells to Intermediate Progenitor Cells during Neocortical Development[END_REF]. FMRP is a key player in the development of cortex. In normal condition, newly evolving progenitor cells proliferate and migrate and form new synaptic connections which are important for the circuit formation. In the absence of FMRP, N-Cadherin (Cdhr) mRNA (which controls neuronal morphology and motility) levels were decreased and these lower levels of N-Cdhr impaired cell differentiation, formation of new synaptic connections and therefore reduced the probability of establishing new circuits (both excitatory and inhibitory) [START_REF] Fata | FMRP regulates multipolar to bipolar transition affecting neuronal migration and cortical circuitry[END_REF].

CHANGES IN CELL SIGNALLING

FMRP downregulate the RNA editing of neuronal mRNAs. In the absence of FMRP, synaptic protein expressions were upregulated during the early postnatal stage and downregulated in the adult. The synthesis of cerebral protein was downregulated by FMRP. Fmr1 knockout mouse showed a significant increase of cerebral protein synthesis in various part of the brain [START_REF] Filippini | Absence of the Fragile X Mental Retardation Protein results in defects of RNA editing of neuronal mRNAs in mouse[END_REF][START_REF] Qin | Postadolescent Changes in Regional Cerebral Protein Synthesis: An In Vivo Study in the Fmr1 Null Mouse[END_REF][START_REF] Tang | Fmr1 deficiency promotes agedependent alterations in the cortical synaptic proteome[END_REF]. Decrease or absence of FMRP reduced the cAMP signal transduction mechanism, which linked to the proper regulation of cognitive functioning of the brain (Berry-Kravis and Ciurlionis, 1998). FMRP is expressed in sub populations of pyramidal neurons and form an association with nitric oxide synthase 1(NOS1)

during early synaptic formation. This interaction increases the translation of NOS 1 and increase the production of nitric oxide (NO) a signaling molecule which is essential for the proper development and functioning of the nervous system [START_REF] Kwan | Species-Dependent Posttranscriptional Regulation of NOS1 by FMRP in the Developing Cerebral Cortex[END_REF][START_REF] Lima-Cabello | An Abnormal Nitric Oxide Metabolism Contributes to Brain Oxidative Stress in the Mouse Model for the Fragile X Syndrome, a Possible Role in Intellectual Disability[END_REF]. Rac1-cofilin signaling pathways that are important for the proper synaptic functioning and sensory processing were modified in FXS. These aberrant changes led to abnormal dendritic spines and synaptic maturation in somatosensory cortex [START_REF] Pyronneau | Aberrant Rac1cofilin signaling mediates defects in dendritic spines, synaptic function, and sensory perception in fragile X syndrome[END_REF]. D1 receptor signaling was impaired in prefrontal, anterior cingulate and striatum neurons of fmr1 -/y mice. This in turn down regulated the phosphorylation of GluR1 receptors in FXS neurons [START_REF] Wang | FMRP Acts as a Key Messenger for Dopamine Modulation in the Forebrain[END_REF]. Astrocyte derived factors like hiver and SPARC are important for the proper development of excitatory synapses. In Fmr1 -/y cortex, there was an increase of hevin and a decrease of SPARC expression. But in hippocampus, hevin levels were significantly lower with no change in SPARC expression. It suggested the role of FMRP in astrocytic signaling and in excitatory neuronal synapse development [START_REF] Wallingford | Altered Developmental Expression of the Astrocyte-Secreted Factors Hevin and SPARC in the Fragile X Mouse Model[END_REF].

In FXS, there was an enhancement of the Adcy1 mRNA levels. In response to the elevated levels of Adcy1 mRNA, ERK1/2 and PI3K signaling were increased in FXS mice. It contributed to different cellular abnormalities like spine density, intracellular signaling and excess protein synthesis in Fmr1 -/y neurons [START_REF] Sethna | Enhanced expression of ADCY1 underlies aberrant neuronal signalling and behaviour in a syndromic autism model[END_REF].

DETERIORATION OF AXONAL GROWTH

FMRP is abundant in dendrites, axons and synapses of WT mice. Immunostaining for FMRP in Fmr1 -/y neurons showed an absence of the protein in these locations. This increased the density of long, thin protrusions, 'the filopodia' in Fmr1 -/y mice. Neuronal activity driven growth of dendritic protrusions including both filopodia and spines were absent in Fmr1 -/y mice. FMRP loss also increased localization of filopodia in the axonal growth cone of FXS mice. The motility, of the growth cone was significantly diminished in FXS [START_REF] Antar | Local functions for FMRP in axon growth cone motility and activity-dependent regulation of filopodia and spine synapses[END_REF].

Fragile X granules (FXG), structures contain FMRP were widely distributed in the CNS. An elevated expression of these granules is seen in the long-range fiber tracks, thalamocortical axons and presynaptic neurons of sensory motor circuits in the Fmr1 -/y mouse neocortex.

Deletion of FMRP of thalamus, showed that FXG is originated by the interactions of thalamocortical and intracortical axons. This pathway specificity demonstrated the role of presynaptic FMRP in regulation of different sensory motor pathways in the brain [START_REF] Akins | Systematic mapping of fragile X granules in the mouse brain reveals a potential role for presynaptic FMRP in sensorimotor functions[END_REF].

5.8.3.4 STRUCTURAL AND FUNCTIONAL CHANGES OF FMR1 -/Y NEURONS Fragile X mouse models displayed dendritic abnormalities in various regions of brain like occipital cortex, olfactory bulb and somatosensory barrel cortex [START_REF] Galvez | Olfactory bulb mitral cell dendritic pruning abnormalities in a mouse model of the Fragile-X mental retardation syndrome: Further support for FMRP's involvement in dendritic development[END_REF][START_REF] Mckinney | Dendritic spine abnormalities in the occipital cortex of C57BL/6 Fmr1 knockout mice[END_REF]. For instance, FMRP is present in newborn granules cells of olfactory bulb. Lack of FMRP increased the spine density, growth and absence of activity dependent dendritic remodeling at the olfactory cortex [START_REF] Scotto-Lomassese | Fragile X Mental Retardation Protein Regulates New Neuron Differentiation in the Adult Olfactory Bulb[END_REF]. FMRP is also widely distributed across primary somatosensory cortex (S1), thalamus (Posteromedial nucleus, PMN) and striatum during early development in WT. (Irwin et al., 2000).

FXS neocortical neurons were characterized by long, tortuous spines with prominent terminal head. These changes contributed to modifications of intrinsic properties, spike generation or neurotransmitter release in Fmr1 -/y neurons (Hinton et al., 1991). CA1 pyramidal neurons in Fmr1 -/y showed an increased action potential duration and firing frequency. On the other hand, the amplitude of after-hyperpolarization and after-depolarization was diminished in Fmr1 -/y neurons [START_REF] Luque | Excitability is increased in hippocampal CA1 pyramidal cells of Fmr1 knockout mice[END_REF]. L 2/3 prefrontal cortex pyramidal neurons in FXS mice showed taller and narrow action potentials in response to current injections. In this study they did not find any differences in neuronal dendritic arborization. They demonstrated the activation of a persistent long-lasting increase in the Na+ current and a fast inactivating K+ current in the soma of Fmr1 -/y neurons. This elevation of sodium current could contribute to circuit level changes in FXS brain [START_REF] Routh | Increased transient Na+ conductance and action potential output in layer 2/3 prefrontal cortex neurons of the fmr1-/y mouse[END_REF].

Dendritic spine abnormalities and changes in synaptic plasticity in FXS are also due to failure of mGluR1 receptor dependent diacylglycerol kinase kappa (Dgkκ) activity in the absence of FMRP. Fmr1 -/y mice exhibited an alteration in motor skill learning in a forelimb reaching task.

Motor learning dependent synaptic strengthening of networks and dendritic spine density were significantly decreased in FXS. These changes contribute to diminished learning in motor related tasks in FXS [START_REF] Padmashri | Altered Structural and Functional Synaptic Plasticity with Motor Skill Learning in a Mouse Model of Fragile X Syndrome[END_REF]. With selective FMRP knockout in astrocytes, [START_REF] Hodges | Adult Fmr1 knockout mice present with deficiencies in hippocampal interleukin-6 and tumor necrosis factor-[alpha] expression[END_REF] reported an enhanced dendritic spine density during adolescence in the motor cortex. These mice showed impairment of motor-skill learning.

Even though the cortical anatomy were not changed much, the cortical maturation was disturbed by the lack of FMRP in FXS. Density of synapses and spines, synaptic protein translations and dendritic morphology changes were visible in Fmr1 -/y mice (Irwin et al., 2000) (Fig 6). Alterations in the development and altered dendritic properties of somatosensory cortex could be a reason for the sensory hypersensitivity in Fragile X syndrome [START_REF] Galvez | Somatosensory cortical barrel dendritic abnormalities in a mouse model of the fragile X mental retardation syndrome[END_REF][START_REF] Till | Altered maturation of the primary somatosensory cortex in a mouse model of fragile X syndrome[END_REF].

ALTERATIONS OF BASIC PROPERTIES OF SYNAPSES

Synaptic dysfunction is thought to underlie the severe intellectual disabilities in FXS.

Impairment of several mechanisms in the brain together contribute to this deficit. In typically developing brain, FMRP interact with microRNA pathways. These interactions are crucial for neural development and formation of new synapses [START_REF] Jin | Biochemical and genetic interaction between the fragile X mental retardation protein and the microRNA pathway[END_REF]. During the early development stage FMRP expression is crucial for the synaptogenesis [START_REF] Gatto | Temporal requirements of the fragile X mental retardation protein in the regulation of synaptic structure[END_REF]. mGluR is one of the factors which stimulates the synthesis of FMRP at the synapses.

Fmr1 RNA positioning in dendrites also required an activation of mGluR. Different learning tasks and activation of Metabotropic glutamatergic receptors (mGluR) showed an increase of FMRP levels. Moreover, FMRP regulates scaffold proteins like Shank 1 and Gutamate receptors in the postsynaptic neurons. Absence of this protein impair all the scaffold protein and glutamate regulating cellular mechanisms in FXS mice [START_REF] Antar | Metabotropic Glutamate Receptor Activation Regulates Fragile X Mental Retardation Protein and Fmr1 mRNA Localization Differentially in Dendrites and at Synapses[END_REF][START_REF] Schütt | Fragile X Mental Retardation Protein Regulates the Levels of Scaffold Proteins and Glutamate Receptors in Postsynaptic Densities[END_REF][START_REF] Sidorov | Fragile X mental retardation protein and synaptic plasticity[END_REF]. Another important example is the dysregulation of Neuroligin 1 (NL-1) which is important for the proper synaptic maturation and function in the absence of FMRP. Downregulation of NL-1 resulted in social interaction impairment and hyperactivity in FXS mice [START_REF] Dahlhaus | Altered neuroligin expression is involved in social deficits in a mouse model of the fragile X syndrome[END_REF]. Rab3A, a presynaptic protein important for the release of neurotransmitters at the synapse is significantly down regulated in the absence of FMRP. This change reduced the neuropeptide release in the neocortex [START_REF] Annangudi | Neuropeptide Release Is Impaired in a Mouse Model of Fragile X Mental Retardation Syndrome[END_REF].

fmr1 gene expression in presynaptic neurons regulate the number of synaptic connections to a cell [START_REF] Hanson | Presynaptic Fmr1 Genotype Influences the Degree of Synaptic Connectivity in a Mosaic Mouse Model of Fragile X Syndrome[END_REF]. For example, absence of postsynaptic FMRP in cochlear nucleus showed immature somato-dendritic morphology and delayed synaptogenesis [START_REF] Wang | Postsynaptic FMRP regulates synaptogenesisin vivoin the developing cochlear nucleus[END_REF]. On the other hand, excitatory synapses to auditory brain stem were increased in FXS [START_REF] Garcia-Pino | Enhanced Excitatory Connectivity and Disturbed Sound Processing in the Auditory Brainstem of Fragile X Mice[END_REF]. Development of both pre and postsynaptic inhibitory neurotransmission is altered in FXS differently across age. Postnatal age 10 (P10) showed a decreased inhibitory postsynaptic current (IPSC) amplitude, which was increased at P14 and again went back to higher amplitude at P16 and then significantly decreased after P21 [START_REF] Vislay | Homeostatic Responses Fail to Correct Defective Amygdala Inhibitory Circuit Maturation in Fragile X Syndrome[END_REF].

CHANGES IN SYNAPTIC PLASTICITY

Synaptic dysfunction is a key feature of FXS. FMRP plays a great role in regulation of these mechanisms. Single cell discharges and LFP oscillations formed by synaptic interactions of several cells exhibited aberrantly weak interactions between individual cells and neuronal networks in FXS mice [START_REF] Talbot | Normal CA1 Place Fields but Discoordinated Network Discharge in a Fmr1-Null Mouse Model of Fragile X Syndrome[END_REF]. Studies show that there was an increase in the mGluR activation dependent long-term depression (LTD) in the absence or reduction (premutation) of FMRP. This exaggeration of LTD could contribute to the delay of synaptic maturation, development and cognitive impairment in FXS [START_REF] Bear | The mGluR theory of fragile X mental retardation[END_REF][START_REF] Huber | Altered synaptic plasticity in a mouse model of fragile X mental retardation[END_REF][START_REF] Iliff | Impaired activitydependent FMRP translation and enhanced mGluR-dependent LTD in Fragile X premutation mice[END_REF][START_REF] Till | A presynaptic role for FMRP during protein synthesis-dependent long-term plasticity in Aplysia[END_REF][START_REF] Weiler | Synaptic synthesis of the Fragile X protein: possible involvement in synapse maturation and elimination[END_REF]. Chemical induced long term potential (LTP) in hippocampus was upregulated by FMRP by regulating the phosphorylation of extracellular signal-regulated kinase (ERK)1/2. Dysfunctions of this signaling pathway actively contribute to impairment of synaptic plasticity and function, learning and memory in Fmr1 -/y mice [START_REF] Bassell | Fragile X Syndrome: Loss of Local mRNA Regulation Alters Synaptic Development and Function[END_REF][START_REF] Desai | Early Postnatal Plasticity in Neocortex of Fmr1 Knockout Mice[END_REF][START_REF] Gu | Impaired conditioned fear and enhanced long-term potentiation inFmr2 knock-out mice[END_REF][START_REF] Shang | Fragile X mental retardation protein is required for chemically-induced long-term potentiation of the hippocampus in adult mice[END_REF]. Another study demonstrated the LTP induced by theta burst stimulation (TBS) and the LTD initiated by low frequency stimulus (LFS)were reduced in the Schaffer collateral pathway in hippocampus. In this study they also demonstrated an alteration of Αlpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) mediated short term plasticity and increase in 3,5-dihydroxyphenylglycine (DHPG) induced LTD. These modifications of LTP, LTD and AMPARs significantly impaired the spatial learning and social behavior of Fmr1 -/y mice [START_REF] Cheng | The implication of AMPA receptor in synaptic plasticity impairment and intellectual disability in fragile X syndrome[END_REF][START_REF] Huber | Altered synaptic plasticity in a mouse model of fragile X mental retardation[END_REF][START_REF] Tian | Loss of FMRP Impaired Hippocampal Long-Term Plasticity and Spatial Learning in Rats[END_REF]. An imbalance of AMPA and NMDA ratio were visible during early postnatal development in Fmr1 -/y [START_REF] Pilpel | Synaptic ionotropic glutamate receptors and plasticity are developmentally altered in the CA1 field of Fmr1 knockout mice[END_REF]. This imbalance was resulted in enhanced development of excitatory synapses in FXS during critical period. It was associated with chloride homeostatic deficit which is caused by a chloride co-transporter NKCC1 in juvenile FXS mice. This deficit is considered as the cause of inhibitory excitatory imbalance, aberrant NMDA only silent synapses, LTP and whisker evoked responses in somatosensory cortex of Fmr1 -/y mice [START_REF] Pyronneau | Aberrant Rac1cofilin signaling mediates defects in dendritic spines, synaptic function, and sensory perception in fragile X syndrome[END_REF]. A reduced LTP and mGluR1 expression was reported in cerebral cortex, and an increased LTP in lateral amygdala of FXS mice [START_REF] Li | Reduced Cortical Synaptic Plasticity and GluR1 Expression Associated with Fragile X Mental Retardation Protein Deficiency[END_REF][START_REF] Suvrathan | Characterization and reversal of synaptic defects in the amygdala in a mouse model of fragile X syndrome[END_REF][START_REF] Tabet | Fragile X Mental Retardation Protein (FMRP) controls diacylglycerol kinase activity in neurons[END_REF]. Absence of FMRP resulted in a reduction of protein kinase A (PKA) at the synapses of Angular cingulate cortex (ACC) neurons. Impairment of PKA signaling caused a loss of pre-LTP in ACC of FXS mice [START_REF] Koga | Impaired Presynaptic Long-Term Potentiation in the Anterior Cingulate Cortex of Fmr1 Knock-out Mice[END_REF]. In an experiment where the unilateral whisker stimulations (with an artist's brush across the right vibrissal area) and motor-skill learning tasks (balance beams, chains, ladders, and other obstacles) showed an increased FMRP immunoreactivity compared to the non-trained FXS mice had strengthened the concept of association of the fragile X protein with the synaptogenesis and activity dependent plasticity (Irwin et al., 2000;[START_REF] Todd | Sensory stimulation increases cortical expression of the fragile X mental retardation protein in vivo[END_REF].

ALTERATIONS OF NETWORK SYNCHRONY

Cognitive functions are regulated by the integration and segregation of different neuronal population from distinct regions of the brain. This neuronal synchrony is very crucial for the proper functioning of the brain. Different imaging techniques showed impairments of these synchrony in neurodegenerative disorders [START_REF] Uhlhaas | Neural Synchrony in Brain Disorders: Relevance for Cognitive Dysfunctions and Pathophysiology[END_REF]. Presence of FMRP in excitatory neurons are crucial to maintain the normal network synchrony in the neocortex.

Deletion of Fmr1 at the excitatory neurons produced longer spontaneous UP states [START_REF] Hays | Altered Neocortical Rhythmic Activity States in Fmr1-/-y Mice Are Due to Enhanced mGluR5 Signaling and Involve Changes in Excitatory Circuitry[END_REF]. Fmr1 -/y mice exhibited an alteration in neuronal synchrony during early postnatal period. 2-photon calcium imaging showed that the number of neurons participated in the peaks of synchrony were significantly higher compared to WT. Single cell recordings from layer 2/3 neurons exhibited increased firing rates during the UP and DOWN states. These neuronal activity deficits were persistent across sleep and wakefulness in FXS. Under the isoflurane anesthesia, Fmr1 -/y animals showed network activity and higher firing rate as similar as in unanesthetized Fmr1 -/y mice. Isoflurane anesthesia is mediated by boosting the inhibitory GABAA receptors in the brain, which could be impaired in FXS mice and causing the hyperexcitability of the network [START_REF] Gonçalves | Circuit level defects in the developing neocortex of Fragile X mice[END_REF]. In a movement or at rest, brain networks switch between activated or inactivated states. WT and Fmr1 -/y mice showed similar cortical modulations during movement and quiet rest. Multiunit activity in both WT and Fmr1 - /y animals were increased during the movement. Interestingly the activated state prolonged only in Fmr1 -/y across the quiet rest period. Interactions between interneurons and interneuronexcitatory neuron interactions were altered in Fmr1 -/y mice. It caused a low cortical synchrony in FXS [START_REF] Berzhanskaya | Disrupted Cortical State Regulation in a Rat Model of Fragile X Syndrome[END_REF].

Autistic brain showed a poor synchrony and contact between the cortical regions. Circuit level underconnectivity led to alterations in sensory information processing in a task dependent manner. Correct sensory information is crucial for developing social interactions and failing this cause abnormal behavior towards a social stimulus in ASD [START_REF] Just | Cortical activation and synchronization during sentence comprehension in high-functioning autism: evidence of underconnectivity[END_REF].

HYPO-HYPER CONNECTIVITY

Fmr1 -/y mice displayed a structural and functional hyper or hypoconnectivity in primary visual cortex (V1) (Fig 7). Structural and functional mapping in Fmr1 -/y mice showed a hypoconnectivity between cortico-cortico, striatal-cortico networks from early development until the adulthood [START_REF] Zerbi | Dysfunctional Autism Risk Genes Cause Circuit-Specific Connectivity Deficits with Distinct Developmental Trajectories[END_REF]. In developing barrel cortex of Fmr1 -/y mice demonstrated 40 % decrease in the layer 4 (L4) excitatory neuronal projection to layer 3 (L3).

Absence of FMRP did not change the average synaptic strength between L4 and L3 cells. But L4 axons were significantly more diffused in Fmr1 -/y animals [START_REF] Bureau | Circuit and Plasticity Defects in the Developing Somatosensory Cortex of Fmr1 Knock-Out Mice[END_REF]. (Haberl et al, 2015).

Mesolimbic/ habenular reward circuit is altered in FXS. In the absence of FMRP, mice showed higher activations of this circuit during the presentation of a reward stimuli (odor of almond). They also exhibited higher functional activations of dorsal lateral striatum and lower activation of retro splenial cortices (Kenkel et al., 2016). Furthermore, ASDs demonstrated a reduced local connectivity in prefrontal cortex and thalamus. They also displayed a reduced long-range connectivity in prefrontal cortex and an increased long-range connectivity in Thalamus [START_REF] Tomasi | Reduced Local and Increased Long-Range Functional Connectivity of the Thalamus in Autism Spectrum Disorder[END_REF]Volkow, 2017, Liska et al., 2017). S1) and the primary motor cortex (M1). Adapted from [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF].

Motor or somatosensory circuit impaired in Fmr1 -/y mice. For instance, whisker related somatosensory cortex was highly sensitive to tactile (whisker) stimulation in FXS. Fmr1 -/y mice showed exaggerated sensory response to whisker stimulations (Fig 8). In a gap cross task, KO animals showed reduced learning in crossing longer distance compared to WT animals.

Perceptual learning required sensory motor integration [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF][START_REF] Arnett | Deficits in Tactile Learning in a Mouse Model of Fragile X Syndrome[END_REF].

It is suggested that abnormal elimination or formation of synapses could be contributing to the hyper-local connectivity and a hypo-long range connectivity in ASD [START_REF] Sporns | Theoretical Neuroanatomy: Relating Anatomical and Functional Connectivity in Graphs and Cortical Connection Matrices[END_REF].

EXCITABILITY

Both FXS individuals and Fmr1 -/y mice are hyperexcitable. The hyperexcitability in FXS emerges two to three weeks after the birth. Interestingly two days before the eye-opening, juvenile FXS rats demonstrated a hyposensitivity towards a visual stimulus coupled with low spiking rate and absence of thalamus dependent early gamma oscillations. Later stages of development there was an enhancement of excitatory neuronal activity and reduced inhibition in FXS and were resulted in hyperexcitability (Berzhanskaya et al., 2016). Another aspect of hyperexcitability in FXS is the impairment of synaptic scaling. Synaptic scaling is required for the neurons to maintain the scale of synaptic strength during severe changes in neuronal activity. Absence of FMRP leads to suppression of epilepsy-associated ubiquitin e3 ligase and dephosphorylation of gene Nedd4-2 and caused a failure of ubiquitination and down-regulation of GluA1 subunit of AMPA. This failure triggered synaptic downscaling in FXS hippocampal neurons and form aberrant excitability in FXS [START_REF] Geschwind | Autism: Many Genes, Common Pathways?[END_REF]Lee et al., 2018a). CaMKIIα levels were increased in the absence of FMRP. Elevated CaMKIIα enhanced the phosphorylation of Homer, a protein important for mGluR receptor signaling. Impairment of mGluR5-Homer protein interactions led to circuit hyperexcitability in in Fmr1 -/y neurons [START_REF] Ronesi | Disrupted Homer scaffolds mediate abnormal mGluR5 function in a mouse model of fragile X syndrome[END_REF][START_REF] Guo | Elevated CaMKIIα and Hyperphosphorylation of Homer Mediate Circuit Dysfunction in a Fragile X Syndrome Mouse Model[END_REF]. Furthermore, inhibitory GABAA receptors in the brain, which could be impaired in Fmr1 -/y mice and causing the hyperexcitability of the network [START_REF] Gonçalves | Circuit level defects in the developing neocortex of Fragile X mice[END_REF]. Local excitation of fast spiking interneurons (FS) in L4 was impaired in FXS. A reduction in the FS excitatory drive onto excitatory neurons were eventually led to increased intrinsic excitability in L4 pyramidal neurons. Overall, decreased inhibition and increased excitatory neuronal activity increased the UP-state duration in Fmr1 -/y mice demonstrated a circuit level excitability [START_REF] Gibson | Imbalance of Neocortical Excitation and Inhibition and Altered UP States Reflect Network Hyperexcitability in the Mouse Model of Fragile X Syndrome[END_REF].

To better understand the pathology behind the sensory information processing deficit in FXS, we focused on a wide array of methods which address changes in neurons, circuits and behavior of Fmr1 -/y mice. With these we looked at different sub-types of layer 2/3 pyramidal neurons in the hind paw related primary somatosensory cortex. We studied the neocortical neuronal activity at rest and activity changes in response to intrinsic events and external stimuli.

MOUSE NEOCORTEX

The neocortex consists of glia and neurons that are defined by their cellular composition and defined connectivity. Mouse neocortex is composed of different layers (1, 2/3, 4, 5 and 6) (Fig

9)

. These layers are placed on top of white matter, which is a mix of axons and glia. Neuronal properties [START_REF] Jiang | Principles of connectivity among morphologically defined cell types in adult neocortex[END_REF]. These interneurons form electrical and chemical synapses with excitatory neurons and other interneurons. These interactions are essential to regulate neuronal synchrony and coordinate different regions in the cortex [START_REF] Galarreta | Electrical synapses between Gaba-Releasing interneurons[END_REF].

TACTILE SYSTEM IN RODENTS

Touch is one of the most important senses in our body. In contrast to other sensory modalities like vision, audition and olfaction, somatic sensation provides both the physical nature and the spatiotemporal pattern of objects [START_REF] Hartmann | A night in the life of a rat: vibrissal mechanics and tactile exploration[END_REF]. The tactile system develops before all other sensory systems and it is critical for the development of motor skills, as well as social and physical relationships with other members of a society [START_REF] Cascio | Somatosensory processing in neurodevelopmental disorders[END_REF][START_REF] Mikkelsen | Autism spectrum disorder in the scope of tactile processing[END_REF]. Our tactile world is rich. With the help of touch sensation, we identify, discriminate and react differently to various objects around us. Attention is required for the earliest stages of sensory processing. Tactile attention includes selective processing of the features of objects and of the spatial coordinates within which the stimuli appear. Various studies in humans collectively show that a relevant tactile information alone stimulated the activity of somatosensory-motor cortices (reviewed in [START_REF] Burton | Attending to and Remembering Tactile Stimuli: A Review of Brain Imaging Data and Single-Neuron Responses[END_REF]. (receptors) to the somatosensory integration areas.

Rodents tactile system mainly consisting of a well-defined whisker system and paw system (hind paw and forepaw). Mice use the whiskers for social communication, texture discrimination and object recognition. On the other hand, paws are used mainly for the movement, discrimination of objects and self-grooming (Aronoff R and CH Petersen, 2008;[START_REF] Hirasawa | Brief hind paw stimulation is sufficient to induce delayed somatosensory discrimination learning in C57BL/6 mice[END_REF][START_REF] Carlson | Recovery of tactile function after damage to primary or secondary somatic sensory cortex in infant Macaca mulatta[END_REF] In some cases, sensory information will be sent from neocortex to other brain regions. For instance, tactile sensations associated with discriminative touch from whiskers also relayed to CA1 regions of hippocampus [START_REF] Pereira | Processing of tactile information by the hippocampus[END_REF]. Furthermore, sensory evoked responses measured using fMRI demonstrated a wide range of functional connectivity of S1-HP to anterior, medial, parietal cortices, and motor, cingulate and prefrontal cortices [START_REF] Schroeter | Contributions of structural connectivity and cerebrovascular parameters to functional magnetic resonance imaging signals in mice at rest and during sensory paw stimulation[END_REF]. WT mice were able to discriminate two different foot stimuli (electrical and mechanical) and associate these with somatosensory discrimination learning [START_REF] Hirasawa | Brief hind paw stimulation is sufficient to induce delayed somatosensory discrimination learning in C57BL/6 mice[END_REF]. Removal of SI and SII in adult macaque produced severe and irreversible impairment on a variety of tactile tasks like texture and size discrimination [START_REF] Carlson | Recovery of tactile function after damage to primary or secondary somatic sensory cortex in infant Macaca mulatta[END_REF].

In this study I focused on Layer 2/3 pyramidal neurons of hind paw related primary sensory cortex. We classified the neurons according to their response towards a tactile sensory 

AIM OF THE CURRENT STUDY

Fragile x syndrome (FXS) is the most common heritable form of intellectual disability and the best-known cause of autism, and is caused by hypermethylation of a single gene, Fmr1 (Brown et al., 1982a;1982b;[START_REF] Penagarikano | The Pathophysiology of Fragile X Syndrome[END_REF]. It is well characterized by changes in structural and functional connectivity in the developing brain [START_REF] Cascio | Somatosensory processing in neurodevelopmental disorders[END_REF]Lai et al., 2016;[START_REF] Zerbi | Dysfunctional Autism Risk Genes Cause Circuit-Specific Connectivity Deficits with Distinct Developmental Trajectories[END_REF]. In FXS patients, there is a high prevalence of sensory information processing defectsa feature shared with ASD (Haigh, 2017;Posar and Visconti, 2017;[START_REF] Robertson | Sensory perception in autism[END_REF]. FXS mice display a higher cortical network synchrony, local and long-range connectivity deficits. These changes affect the circuits and pathways associated with sensory perception and integration in FXS and are considered an important cause of cognitive and behavioural impairment in ASD [START_REF] Contractor | Altered Neuronal and Circuit Excitability in Fragile X Syndrome[END_REF][START_REF] Gonçalves | Circuit level defects in the developing neocortex of Fragile X mice[END_REF]Haberl et al., 2015;[START_REF] Del Pino | Neural circuit dysfunction in mouse models of neurodevelopmental disorders[END_REF][START_REF] Zerbi | Dysfunctional Autism Risk Genes Cause Circuit-Specific Connectivity Deficits with Distinct Developmental Trajectories[END_REF]. Modifications of excitatory circuits lead to changes in spontaneous cortical network activity and impairment of functional properties and connectivity of individual neurons. These alterations of circuits and individual neuronal structural and functional properties together contribute to the aberrant sensory processing in FXS (Baum et al., 2015;[START_REF] Bhakar | The pathophysiology of fragile X (and what it teaches us about synapses)[END_REF][START_REF] Kogan | Integrative cortical dysfunction and pervasive motion perception deficit in fragile X syndrome[END_REF][START_REF] Fata | FMRP regulates multipolar to bipolar transition affecting neuronal migration and cortical circuitry[END_REF][START_REF] Hays | Altered Neocortical Rhythmic Activity States in Fmr1-/-y Mice Are Due to Enhanced mGluR5 Signaling and Involve Changes in Excitatory Circuitry[END_REF][START_REF] Juczewski | Somatosensory map expansion and altered processing of tactile inputs in a mouse model of fragile X syndrome[END_REF].

During the early development, there seems to be a reduced connection probability of glutamatergic inputs between different layers in the primary somatosensory cortex of Fmr1 -/y mice [START_REF] Bureau | Circuit and Plasticity Defects in the Developing Somatosensory Cortex of Fmr1 Knock-Out Mice[END_REF]. It is known that the hypermethylation of the Fmr1 gene affects different protein interactions, receptors and ion channels which are crucial for neuronal intrinsic excitability in the brain [START_REF] Brown | Fragile X mental retardation protein controls gating of the sodium-activated potassium channel Slack[END_REF]Deng et al., 2013;[START_REF] Ferron | Fragile X mental retardation protein controls ion channel expression and activity[END_REF][START_REF] Frick | Ion channel dysfunction and FXS. Fragile X syndrome from genetics to targeted treatment[END_REF][START_REF] Johnston | Dendrites and disease[END_REF][START_REF] Sunamura | Loss of the fragile X mental retardation protein causes aberrant differentiation in human neural progenitor cells[END_REF][START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]. In a normal brain, cortical excitatory neurons show a difference in input-output connectivity to neuronal subtypes of various layers. This dissimilarity creates diverse intrinsic electrophysiological properties and aberrant sensory responses to different sensory stimuli. (Douglas and Martin, 2004;Estebanez et al., 2015;[START_REF] Milenkovic | A somatosensory circuit for cooling perception in mice[END_REF]Pinto and Dan, 2015).

Consistent with clinical studies, [START_REF] Dahlhaus | Of Men and Mice: Modeling the Fragile X Syndrome[END_REF][START_REF] Puts | Impaired tactile processing in children with autism spectrum disorder[END_REF]Tavassoli et al., 2016) Fmr1 -/y mice display sensory hypersensitivity and hyperexcitability to multiple sensory modalities [START_REF] Ethridge | Neural synchronization deficits linked to cortical hyper-excitability and auditory hypersensitivity in fragile X syndrome[END_REF][START_REF] Gibson | Imbalance of Neocortical Excitation and Inhibition and Altered UP States Reflect Network Hyperexcitability in the Mouse Model of Fragile X Syndrome[END_REF][START_REF] Rotschafer | Auditory Processing in Fragile X Syndrome[END_REF]Takarae and Sweeney;[START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF][START_REF] Dahlhaus | Of Men and Mice: Modeling the Fragile X Syndrome[END_REF]. In FXS, there is an overall effect on the number of local synapses, ion channels, membrane excitability and circuit activities of the cell types.

Individual neurons in different brain regions as well as within the same brain region are affected in FXS. These changes in neuronal properties could be the cause of hypersensitivity and hyperexcitability in FXS [START_REF] Gibson | Imbalance of Neocortical Excitation and Inhibition and Altered UP States Reflect Network Hyperexcitability in the Mouse Model of Fragile X Syndrome[END_REF][START_REF] Kalmbach | Cell-Type Specific Channelopathies in the Prefrontal Cortex of the fmr1-/y Mouse Model of Fragile X Syndrome[END_REF][START_REF] Sinclair | Sensory processing in autism spectrum disorders and Fragile X syndrome-From the clinic to animal models[END_REF].

Thus, it is important to do measurements from identified neuronal subtypes in the neocortex.

Study of intrinsic properties and sensory evoked responses of individual excitatory neurons are important to understand sensory outputs, integration of information, sensory perception, learning and cognition in FXS [START_REF] Arieli | Dynamics of Ongoing Activity: Explanation of the Large Variability in Evoked Cortical Responses[END_REF][START_REF] Katz | Synaptic Activity and the Construction of Cortical Circuits[END_REF][START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF].

Previous studies from our laboratory [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]Haberl et al., 2015, Zerbi,…… Arjun A Bhaskaran et al., 2018) and others demonstrated an increased hyperexcitability and dysfunctions in neocortical circuits and behavioral deficits in FXS mice. Therefore, we propose an alteration in spontaneous, intrinsic and circuit level alterations in hind paw related primary cortex layer 2/3 in FXS mice leading to atypical sensory information processing in FXS mice.

Here we addressed various questions. First, examined if a cortical excitatory neuron (in a typically developing brain), which responds to a sensory stimulus is different in their functional properties from a neighboring cortical excitatory neuron which do not respond to the same stimulus. Second, we verified if these neurons are altered functionally and structurally in a mouse model of fragile X syndrome. Third, what could be the possible mechanisms involved in these alterations. Finally, we tested whether targeting ion channels (previously known to have deficits in FXS) pharmacologically could rescue some of these defects.

To answer these questions, we used whole cell patch clamping in vivo coupled with a hind paw sensory stimulation and recorded spontaneous, intrinsic properties and the evoked responses to the stimulus. we identified three sub-types of neurons in the hind paw related primary somatosensory cortex (S1-HP) of wild type littermate. We classified them as suprathreshold responders (neurons responded with action potentials, APs), subthreshold responders (neurons responded with no APs) and non-responders (neurons did not show any response). We explored spontaneous, intrinsic and sensory stimulus evoked activities of these neuronal sub-types. We then probed the properties of the same sub-types of neurons in Fmr1 -/y mice. We looked at the cortico-cortical and thalamocortical connectivity in these mouse model. Later we tested the sensory motor ability of Fmr1 -/y mice in an adhesive removal test.

MATERIALS AND METHODS

ETHICAL STATEMENT

All experimental procedures were performed in accordance with the EU directive 2010/63/EU and French law following procedures approved by the Bordeaux Ethics Committee (CE2A50).

Mice were housed in a SPF animal facility before experiments, kept on a 12 h: 12 h light: dark cycle and always had ad libitum access to food and water. All experiments were performed in the light phase.

ANIMAL BACKGROUND

A Second generation Fmr1 knockout (Fmr1 -/-; Fmr1 -/y ) mice [START_REF] Mientjes | The generation of a conditional Fmr1 knock out mouse model to study Fmrp function in vivo[END_REF] were used in our study. These mice are distinct from the original Fmr 1-/y mouse line [START_REF] Bakker | Fmr1 knockout mice: A model to study fragile X mental retardation[END_REF] because they are deficient for both Fmr1 RNA and Fragile X mental retardation protein (FMRP) [START_REF] Mientjes | The generation of a conditional Fmr1 knock out mouse model to study Fmrp function in vivo[END_REF]. These mice were generated by backcrossing 129/Sv/C57Bl/6J/FVB founders into a C57Bl/6J background (6 generations). Male wild-type and Fmr1 -/y littermates were generated by crossing Fmr1 +/-females with a wild-type mouse from the same background. Given that Fmr1 is carried on the X chromosome, the resulting male progeny were either Fmr1 +/y (wild-type) or Fmr1 -/y (KO).

ELECTROPHYSIOLOGY EXPERIMENTS

INTRACELLULAR SOLUTION

The major content of our solution is potassium methane-sulfonate (KMeSO3). is added to maintain G-protein mediated responses.

1x intracellular solution was freshly prepared every day prior to the experiments. A proper mix of internal solution (2x) and ddH2O resulted in an osmolarity of 280 to 290 mmol. The final intracellular solution was filtered using a 0.22-μm pore-size centrifuge filter (Costar Spin-X).

PHARMACOLOGICAL TREATMENT

To study the cause of alterations in spontaneous, intrinsic and evoked responses, different ion channels and receptors were targeted.

To target BKca channels, mice were treated with BMS-191011. A stock of 50 mM of BMS191011 was prepared in DMSO and were stored as 20 µL aliquots at -20°C. For the cortical application of the drug, it was diluted to a final concentration of 100 µM in PBS (dilution 1:500).

Cortical applications of BMS-191011 was performed at least 30 minutes prior to the whole cell patch clamp experiments.

ANIMAL PREPARATION

About 4-5 weeks old male Fmr1 -/y mice and their WT littermates were chosen randomly for the experiment. Animals were kept in the experiment room and allowed to habituate for at least 30 minutes prior to the anesthesia. It helped us to reduce the stress and respiratory events partially during the experiments.

Mice were anesthetized with a mixture of ketamine (100 mg.kg-1) and xylazine (10 mg.kg-1) and administered via intraperitoneal injections. After 5 minutes, the absence of reflex was verified with a gentle air puff to the eyes and pinches on the tail and toes (upper and lower limbs). If the reflexes were absent, experimental protocols were started. The head of the animal was shaved and cleaned properly. Mice were head-fixed using non-puncture ear-bars and a nose-clamp (SR-6M, Narishige). The head of the animal was kept not too low or high to avoid abnormal breath and heart rate. In all the experiments, temperature was maintained at 37°C.

Conductive adhesive strips (~1 cm2) were placed on and under the hind-paw (HP) and in some experiments, above and below the fore-paw (FP). For local anesthesia, a few drops of lidocaine were injected under the skin covering the skull and waited at least for 2 minutes. The skin was cut with a scalpel or scissors and exposed the skull. The surface of the skull was cleaned well to get rid of tissues and muscles. The target region (1 mm posterior to bregma, 1.5 mm lateral)

was marked using the stereotactic manipulator. The stereotaxic coordinates were previously assessed in a set of control experiments using intrinsic optical imaging. The surface (1mm x 1mm) around the marking was thinned carefully using a dental drill (World Precision Instruments). Phosphate buffered saline (1X PBS) was supplemented to cool down the surface during the drill. With forceps, the thickness of the thinned skull was observed. Four sides of the thinned skull were scratched without damaging the cortex and the bone flap was carefully flipped and removed. Immediately PBS was applied on the craniotomy to prevent drying and bleeding. Using a sponge, the blood (if bleeding) and the PBS solution were removed. The surface was let to dry briefly until a slight shiny dura appeared. With a needle (always a new needle) tip, a small hole was made on the dura. Using fine tipped forceps, the hole was expanded, and the dura was completely removed. PBS was applied again to prevent surface drying. In some cases where blood vessels were encountered, the dura hole expansion was restricted to a smaller region to avoid bleeding.

For thalamic stimulation experiments, a small hole (300 µm approx.) was drilled (1.95 mm posterior to bregma, 1.5 mm lateral) to fix the electrode.

WHOLE CELL PATCH CLAMP in vivo

All signals were acquired using a Multiclamp 700B amplifier and Clampex 10.4 software (Axon Instruments). Data were low-pass filtered at 3 kHz and sampled at 20 kHz.

Pipettes with an open-tip resistance of 4-6 MΩ were pulled from borosilicate glass using a PC-10 puller (Narishige) and filled with intracellular solution (1x). The pipette was attached to the head stage. The PBS solution was removed completely from the skull surface. Then the pressure inside the pipette was increased (> 200 mBar). Pipette was lowered until it touched the surface of the brain and that point was taken as zero. PBS was applied again. In current clamp, the offset was set to zero. Then the system was switched to voltage clamp to monitor the test pulse (+10 mV, 5-10 ms, repetition rate > 10 Hz). To perform recordings in layer 2/3, the electrode was lowered until 125 mm at an angle of 30º. At this level the pressure was lowered to 30-50 mBar and changed to STEP mode. Further the pipette was lowered at 2 µm steps until the presence of a cell was detected. The cell-pipette interactions were identified by a rapid bouncy reduction in the test pulse (≥ 20%). Once the cell contact was confirmed, the pipette was advanced to one or two steps and the pressure was released immediately. A tremendous reduction in the pulse was visible and immediately the holding voltage was changed to -70 mV. Most of the cells were sealed immediately. In some cases, a suction was required for the giga seal (>1GΩ). After attaining the giga seal, a sharp suction pulse was used to achieve a whole cell mode. After recording the pipette was gently removed (slow steps).

Each experiment ranged from 2 to 3 hours.

HIND PAW (HP) AND FOREPAW (FP) STIMULATIONS

Sensory responses were evoked by applying current pulses (2 ms, 100 V, 30 mA) via conductive adhesive strips (~1 cm 2 ) placed on and under the HP and FP, as described previously [START_REF] Palmer | The Cellular Basis of GABAB-Mediated Interhemispheric Inhibition[END_REF]. These electrodes covered the entire paw (toes and palm, both glabrous and hairy skin). Once the whole cell was achieved, the HP was stimulated 40 times with at least 3 sec of interval (~0.3 Hz) and recorded evoked responses of the attached cell.

After, we stimulated the FP and tested if the same cell responds to both HP and FP. In a few experiments the cells were filled with biocytin for post-hoc neuronal labeling (Fig ,A,B).

VENTRAL POSTERIOR MEDIAL NUCLEUS (VPM) OF THALAMUS STIMULATIONS

VPM (1.955 mm posterior to bregma, 1.5-1.75 mm lateral and 3-4 mm depth) was stimulated (200µs, 200 µA, 10 s interval, 20 trials per stimulation session) using a concentric bipolar electrode (FHC, CBARC 50) [START_REF] Viaene | Properties of the thalamic projection from the posterior medial nucleus to primary and secondary somatosensory cortices in the mouse[END_REF]. First, a stimulation of HP (as previously explained) was done. Later VPM was stimulated and the thalamus evoked responses were recorded from the same neuron. After the completion of the experiment, a lesion was made at VPM using injection of current pulses (2 mA, 2 ms, 40 trials)

ADHESIVE REMOVAL TEST

We performed the adhesive removal test as explained in [START_REF] Bouet | The adhesive removal test: a sensitive method to assess sensorimotor deficits in mice[END_REF]. Briefly, adhesive removal test is used to study the sensory motor deficits related to the paw and mouth. Mice 

PERFUSION

Following biocytin filling (1-5mg/ ml Biocytin) of the recorded neurons, the brains were fixed by transcardial perfusion with 4% paraformaldehyde in PBS and post-fixed for 2h at room temperature (RT). Subsequently, 80-µm-thick tangential slices were cut using a vibratome (Leica).

9.11 IMMUNOHISTOCHEMISTRY

BIOCYTIN STAINING FOR RECONSTRUCTION

After the perfusion, biocytin filled neurons were detected using streptavidin-Alexa Fluor 555

(1:1,000, 2h at RT). 9.12 DATA ANALYSIS

SPONTANEOUS AND INTRINSIC PROPERTIES

To determine the AP threshold, we measured the membrane potential at the beginning of the rising phase of the first AP occurring during the IV curve protocol. AP half-width was determined by measuring the duration of these first APs at half-amplitude (from threshold to the peak). For recording/analysis of the afterdepolarization (ADP), trains of three APs at various frequencies were generated by brief somatic current injections (1 nA, 1.08 ms), and those AP trains occurring during down states were selected for the analysis. Three to six trials were averaged, and the ADP amplitude (from baseline) was measured 5 ms after the peak of the last AP. AP half-width ratio was measured as the ratio between the third and first AP. To measure input resistance, we injected 500-ms-long hyperpolarizing (-100 pA) current and measured the membrane potential deflection at 300 ms relative to baseline after bridge balance correction. We determined average up-and down-state membrane potentials by plotting the distribution of membrane potential values. Up-state frequency and duration analysis were adapted from [START_REF] Beltramo | Layer-specific excitatory circuits differentially control recurrent network dynamics in the neocortex[END_REF]. Briefly, the spontaneous down-to up-state transitions were identified as membrane depolarization crossing a threshold set at 1/3 of the amplitude down-to up-state. Only transitions in which the signal remained for more than 150 ms above the threshold were considered. All analysis was performed using ClampFit 10.4 software (Axon Instruments). In WT mice, 43.48 % (20 out of 46 cells) of L2/3-PN were sub-threshold R-cells, and 41.3 % (19/46) NR-cells. There was no significant difference in this distribution between Fmr1 -/y and WT mice (Fmr1 The result section is structured in the following way. (Section 10.9) to test the impact of these cellular/circuit deficits for the behavioral output.

Finally, Section 10.10 will describe the effects of pharmacological targeting of BKCa channels on sensory stimulus evoked responses.

In some of the chapters we included the properties of NR-cells in our analysis. These neurons might either respond to tactile stimulation of the hind-paw digits (rather than the palm) or encode sensory modalities such as temperature or pain. Nonetheless, we think it is interesting to describe some of their properties in WT mice, as well as their alterations in Fmr1 -/y mice. Ongoing spontaneous activity in the brain is important for encoding information about our surrounding environment [START_REF] Arieli | Dynamics of Ongoing Activity: Explanation of the Large Variability in Evoked Cortical Responses[END_REF]. This spontaneous firing activity is intrinsically produced in the cortex and critical for sensory perception, learning and cognition [START_REF] Gilbert | Brain States: Top-Down Influences in Sensory Processing[END_REF]. To learn more about this ongoing activity in L2/3 PN of the S1-HP region and to probe its alteration in Fmr1 -/y mice, we measured the spontaneous firing rate, and the frequency and amplitude of Up-/ Down-states. In WT mice, we found that NR-cells displayed a non- 

SPONTANEOUS FIRING ACTIVITY IN WT AND FMR1

SPONTANEOUS FIRING ACTIVITY OF NR-AND R sub -CELLS IN

FMR1 -/Y MICE Previous studies reported alterations in Up/-Down-states and network hyperexcitability for layer 4 cells of the S1-barrel cortex in Fmr1 -/y mice [START_REF] Gibson | Imbalance of Neocortical Excitation and Inhibition and Altered UP States Reflect Network Hyperexcitability in the Mouse Model of Fragile X Syndrome[END_REF][START_REF] Hays | Altered Neocortical Rhythmic Activity States in Fmr1-/-y Mice Are Due to Enhanced mGluR5 Signaling and Involve Changes in Excitatory Circuitry[END_REF].

We tested whether these phenotypes were also present in the L2/3 network of S1-HP of Fmr1 - /y mice. We first compared the Up-/ Down-states of NR-and Rsub-cells in Fmr1 -/y mice. We found that the Down-state was significantly more depolarized in NR-cells compared to Rsub-cells (Fmr1 - /y NR, -74.4 ± 6.64 mV; Fmr1 -/y Rsub-, -78.89 ± 5.89 mV; Mann-Whitney U-test; p < 0.05) (Fig 13,B), while Upstate was significantly more hyperpolarized in Rsub-cells (Fmr1 -/y NR-, -70.17 ± 5.91 mV; Fmr1 -/y Rsub-, -74.16 ± 5.50 mV; Unpaired t-test; p < 0.05) (Fig 13,C).

Interestingly, and in contrast to WT mice, the spontaneous firing pattern of Rsub-cells in Fmr1 - /y mice was significantly increased when compared to NR-cells (Fmr1 

Statistical significance was calculated by unpaired student t-test (for normal distribution) and

Mann-Whitney U-test (Not normal distribution).

Next, I will compare the genotype dependent variations for Rsub-and NR-cells. First, we measured a significant difference in the UP-/Down-states between Rsub-and NR-cells in Fmr1 - /-y mice (Fig, 13), which was not observed for WT mice. Across genotypes, however, there was no difference in this feature for Rsub-cells (unpaired t-test, p > 0.05). There was no genotype effect on Up-state for either cell type (cf. WT mice, Mann-Whitney U-test, p > 0.05). Second, we found that the spontaneous firing of Rsub-cells was significantly increased in Fmr1 -/y mice (cf. WT mice, Mann-Whitney U-test, p < 0.01) (Fig 14,B), while there was no difference for NR-cells across genotypes.

In conclusion, we observed cell-type specific alterations in spontaneous activity in Fmr1 -/y mice, which might give rise to changes in the ongoing activity and the processing of sensory information within the L2/3 network of S1-HP.

INTRINSIC EXCITABILITY PROPERTIES OF NR-AND R sub -

CELLS

We then asked if these genotype specific changes in the spontaneous activity of NR-/ Rsub neuronal populations are caused by an alteration in their intrinsic excitability properties. The intrinsic properties of neurons crucially regulate their input/ output function due to the presence of ion channels in the membrane of neurons. Thus, any change in the functional properties or expression levels of ion channels will alter the integration of information in neurons-for example as a consequence of plasticity or in disorders (reviewed in [START_REF] Frick | Plasticity of dendritic excitability[END_REF][START_REF] Szlapczynska | Plasticity and Pathology of Dendritic Intrinsic Excitability[END_REF][START_REF] Johnston | Dendrites and disease[END_REF].Our lab and others previously reported an increase in the intrinsic excitability of S1-L5 pyramidal neurons in Fmr1 -/y mice [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF][START_REF] Zhang | Altered intrinsic properties and bursting activities of neurons in layer IV of somatosensory cortex from Fmr-1 knockout mice[END_REF]reviewed in Johnston et al., 2016;[START_REF] Frick | Ion channel dysfunction and FXS. Fragile X syndrome from genetics to targeted treatment[END_REF].

Here, we probed if similar alterations in the intrinsic properties were also present in L2/3 PN of S1-HP in Fmr1 -/y mice. First, we investigated the intrinsic properties of NR-and Rsub-cells in WT mice, and then compared these measurements with those from neurons in Fmr1 -/y mice.

INTRINSIC PROPERTIES OF NR-AND R sub -CELLS IN WT MICE

Characterization of the action potential firing properties in response to current injections showed significant differences between NR-and Rsub-cells in WT mice (Fig. 15). The number of APs as function of current injected was not different between the two groups (Fig The amplitude of the first AP within a train of WT-Rsub-cells was significantly higher The number of APs fired at 2 times rheobase was not distinct within the two Fmr1 -/-y populations (Fmr1 -/y NR-, 7.85 ± 3.91; Fmr1 -/y Rsub-, 8.69 ± 4.99; Unpaired t-test; p > 0.05) (Fig 16,G). There were also no differences in AP threshold (Fmr1 -/-y NR-, 39.26 ± 12.32 mV;

Fmr1 -/y Rsub-, 37.96 ± 13.42 mV; p > 0.05) and AP amplitude within Fmr1 -/y mice (Fmr1 -/-y NR-, 48.29 ± 7.94 mV; Fmr1 -/y Rsub-, 49.67 ± 15.44 mV; p > 0.05) (Fig 16,B,C). In contrast, the AP halfwidth was altered in Fmr1 -/y NR-and Rsub-cells showed an increased spike halfwidth compared to the WT population. Fmr1 -/y NR-cells showed a trend of increased AP halfwidth compared to Fmr1 -/y Rsub-cells (Fmr1 -/y NR-, 2.019 ± 0.43 ms; Fmr1 -/y Rsub-, 2.315 ± 0.72 ms; Unpaired t-test; p = 0.07) (Fig 16,D).

Overall, the NR-and Rsub-cells demonstrated a variation from the properties of similar cell population in WT mice. For instance, the number of APs evoked as a function of current injected and the AP firing were higher in both NR-and Rsub-cells of Fmr1 -/y mice. Also, the spike amplitude difference of NR-and Rsub-cells no longer existed in Fmr1 -/y mice. Another key characteristic that we noticed was the increase of AP halfwidth in both NR-and Rsub-cells of Fmr1 -/y mice. This confirms the previous finding pointing towards the role of FMRP in regulation of AP duration in hippocampus and other cortical regions [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF], Deng et al., 2013). When we compared the AP amplitudes of WT and Fmr1 -/y neurons, there was a significant decrease of amplitude of Fmr1 -/y Rsub-cells (data did not show; Unpaired t-test; p < 0.05). When the AP halfwidth values obtained from Fmr1 -/y Rsub-and NR-cells were compared with the WT-Rsub-and NR-cells we found a significant increase in AP halfwidth of Fmr1 -/y Rsub-cells (WT-Rsub-vs Fmr1 -/y Rsub-, p < 0.05) (Fig 17,B)and a trend of increase in Fmr1 -/y NR-cells (Unpaired t-test; p = 0.09; data did not show). The AP-threshold was not different in any comparison (p > 0.05).

To probe a change in the afterdepolarization (ADP) in Fmr1 -/y mice we evoked a train of three APs by injection of three 1 nA current pulses (pulse width of 1 ms, intra-pulse interval of 23 ms and 1 s duration). We observed an increase in ADP amplitude in Fmr1 Above results suggest alterations of spontaneous and intrinsic properties of NR-and Rsub-cells within and between the genotypes. These data confirm the network dysfunction and intrinsic hyperexcitability in Fmr1 -/y mice.

MORPHOLOGY OF NR-AND R sub-CELLS

Next, we examined if there is any correlation between the functional and structural properties of these neurons. Neuronal excitability is crucial for the proper development of dendrites and an hyperexcitability could lead to abnormal dendritic development [START_REF] Frangeul | Input-dependent regulation of excitability controls dendritic maturation in somatosensory thalamocortical neurons[END_REF]Galves et al., 2003Galves et al., , 2005;;[START_REF] Irwin | Dendritic spine and dendritic field characteristics of layer V pyramidal neurons in the visual cortex of fragile-X knockout mice[END_REF][START_REF] Amatrudo | Influence of Highly Distinctive Structural Properties on the Excitability of Pyramidal Neurons in Monkey Visual and Prefrontal Cortices[END_REF]. NR-and Rsub-cells from WT mice differed in their spontaneous and intrinsic properties and we probed differences in their neuronal morphology. In Fmr1 -/y mice alterations of morphology of dendrites and axons are well established [START_REF] Irwin | Dendritic spine and dendritic field characteristics of layer V pyramidal neurons in the visual cortex of fragile-X knockout mice[END_REF][START_REF] Neuhofer | Functional and structural deficits at accumbens synapses in a mouse model of Fragile X[END_REF][START_REF] Till | Altered maturation of the primary somatosensory cortex in a mouse model of fragile X syndrome[END_REF]. The hyperexcitability of NR-and Rsub-cells of Fmr1 -/y mice from our study is also pointing towards a potential alteration of neuronal morphology of Fmr1 -/y mice. To investigate any changes in morphology of these neurons, biocytin labelled NR-and Rsub-neurons (refer 

Figure 19: Dendritic morphology of NR-and Rsub-cells of WT mice. Apical dendritic features-(A-D). A) Mean apical dendritic segment length in WT mice

C, D).

Morphology of NR-and Rsub-in WT mice showed a difference in their apical dendritic properties. WT-NR-cells showed a higher mean apical dendritic length. We then examined the basal dendritic morphology of WT mice. In summary, we demonstrated a promising trend of morphological differences of apical and basal dendrites between NR-and Rsub-cells in WT mice. Next, we probed the morphology of NR and R cells in Fmr1 -/y mice.

APICAL DENDRITIC MORPHOLOGY OF NR-AND R sub CELLS IN

FMR1 -/Y MICE.

We observed a general decrease of mean apical dendritic length (Fmr1 In summary, apical dendritic morphology of Rsub-cells in Fmr1 -/y mice demonstrated a decrease in mean apical lengthand a trend of decrease in number of endings.

We further investigated the changes of basal dendrites of NR-and Rsub-cells within Fmr1 -/y mice.

BASAL DENDRITIC MORPHOLOGY OF NR-AND R sub -CELLS IN

FMR1 -/Y MICE.

In contrast with WT data, we did not find any differences in mean basal dendritic length (Fmr1 We noticed differences of basal dendritic morphology in Fmr1 -/y mice which were not like the morphological distinctions that we saw in WT mice. These results together confirm that the NR-and Rsub-cells are morphologically separated in WT mice in various apical and dendritic properties. These morphological features are disappeared in Fmr1 -/y mice. Notably, new morphological changes that were not present in WT mice appeared in Fmr1 -/y mice.

ALTERATIONS IN STRUCTURAL MORPHOLOGY OF R sub CELLS IN FMR1 -/Y COMPARED TO WT MICE

We first examined the mean and total length of Apical dendrites between WT and Fmr1 -/y mice.

Apical dendrites of Fmr1 -/y Rsub-cells showed a significant decrease in mean (Unpaired t-test; p < 001) and total length (Unpaired t-test; p < 0.05) (Fig 21,E,F). Next, we compared the basal dendrites of WT and Fmr1 -/y mice to see if any morphological alteration occurred in the mutant NR-and Rsub-cells. Mean basal dendritic length of both Rsub-cells showed a trend of decrease in Fmr1 -/y mice (Unpaired t-test; p > 0.05) (Fig 22,E). We did not see any differences in other parameters in any cell sub-types between genotypes.

Figure 21: Decreased mean, total apical dendritic length, number of endings and nodes in Fmr1 -/y -Rsub cells. Comparison of Apical dendritic features between WT-NR and Fmr1 -/y -NR cells (A-D). A) Mean apical dendritic segment length (WT-NR

Figure 22: Mean basal dendritic length is decreased in Fmr1 -/y Rsub cells. Comparison of basal dendritic features between WT-NR and Fmr1 -/y -NR cells (A-D). A)

Comparison of basal dendritic features between WT-Rsub and Fmr1 -/y -R cells (E-H). E) Fmr1

Overall, comparison of morphology of NR-and Rsub-cells of WT and Fmr1 -/y mice showed a significant alteration of apical and dendritic morphology. This trend of increase could explain the changes in network, intrinsic properties that we observed in Fmr1 -/y mice. Considering the low number of neurons in each group, in future we require a greater number of neuronal reconstructions to support the trend.

In conclusion, NR-cells were distinguishable from Rsub-cells in a number of properties, including spontaneous firing activity, intrinsic excitability, and dendritic arborization, supporting the idea they belong to a different population within the L2/3 network of S1-HP. In addition, we found that some of these measures were altered in Fmr1 -/y mice. In the current study, we did not attempt to characterize the functional role of NR-cells under normal physiological, or pathological, conditions. We presume that these neurons process information related to other sensory modalities, such as thermoregulation or pain [START_REF] Milenkovic | A somatosensory circuit for cooling perception in mice[END_REF] or other higher order functions [START_REF] Casas-Torremocha | Posterior Thalamic Nucleus Modulation of Tactile Stimuli Processing in Rat Motor and Primary Somatosensory Cortices[END_REF].

The next chapters focus on sensory information processing in Rsub-cells, and their alterations in Fmr1 -/y mice. We have shown that Rsub-cells in Fmr1 -/y mice display an increased spontaneous firing rate and intrinsic excitability (and also some differences in the morphology of apical dendrites) when compared to those of WT mice. It is well known that the ongoing spontaneous activity (Petersen et al., 2003) and intrinsic properties of neurons have an important role in determining the characteristics of sensory responses to various stimuli. For example, an identical sensory stimulus can evoke different neuronal responses dependent on the pre-stimulus intrinsic activity levels [START_REF] Bolt | Beyond the evoked/intrinsic neural process dichotomy[END_REF]. Next, we explored sensory stimulus evoked responses in light of our findings of altered excitability and spontaneous activity. Hyperexcitability to sensory stimulus is a key component in FXS. Previous studies showed that both FXS individuals and Fmr1 -/y mice are hypersensitive to auditory and tactile stimuli [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF][START_REF] Knoth | Alterations of visual and auditory evoked potentials in fragile X syndrome[END_REF][START_REF] Rotschafer | Auditory Processing in Fragile X Syndrome[END_REF][START_REF] Scott | Altered auditory processing, filtering, and reactivity in theCntnap2knockout rat model for neurodevelopmental disorders[END_REF]. We measured HP stimulated evoked sensory responses in contralateral S1-HP L2/3 pyramidal neurons in WT and in Fmr1 -/y mice and then analyzed the suprathreshold (AP) responses and sub-threshold responses (postsynaptic potential, PSP) responses evoked by the hind paw stimulations.

Second, in some mice we also stimulated the contralateral forepaw to probe changes in the receptive field properties in Fmr1 -/y mice. Third, we directly stimulated VPM and recorded from S1-HP L2/3 neurons to probe any circuit deficit in these mice. Finally, we demonstrated pharmacological correction of some of these identified alterations in Fmr1 We then measured the mean number of APs per stimulus (average pre-stimulus APs were subtracted from the average post-stimulus APs). We observed an increased mean evoked activity with APs per stimulus in Fmr1 -/y Rsupra cells (WT-Rsupra cells, 0.325 ± 0.23 Hz; Fmr1 - /y Rsupra cells, 0.675 ± 0.33 Hz; p < 0.05) (Fig 23,J). We then examined the coefficient of variation in WT and Fmr1 -/y Rsupra cells. The Fmr1 -/y Rsupra cells showed a significantly reduced coefficient of variation (WT-Rsupra cells,1.72 ± 0.739; Fmr1 -/y Rsupra cells, 0.886 ± 0.52; p < Next, we investigated whether the properties of sub-threshold responses evoked by the hind paw stimulation differed between neurons from Fmr1 -/y and WT mice. Responses of Fmr1 -/y mice also displayed an increased half-amplitude duration (WT-R, 29.25 ± 6.71 ms; Fmr1 -/y Rsub-, 49.34 ± 20.13 ms; Unpaired t-test; p < 0.05) (Fig 24,D). We did not see any differences in latency between the genotypes (Fig 24,E,F).

These changes in sub-threshold responses support the notion that neocortical L2/3 pyramidal neurons of S1-HP are hyperexcitable in response to a hind paw tactile stimulation in Fmr1 -/y mice. Together with changes in their spontaneous activity, intrinsic excitability and morphology, this points to a substantial hyperexcitability of somatosensory neocortical circuits that may underlie tactile sensory hypersensitivity in Fmr1 -/y mice.

Cortico-cortical interactions are crucial for the integration of information within and across sensory modalities [START_REF] Hodkinson | Cortico-Cortical Connections of Primary Sensory Areas and Associated Symptoms in Migraine[END_REF]. Alterations in synaptic inputs might induce reorganization of cortex [START_REF] Humanes-Valera | Increased cortical responses to forepaw stimuli immediately after peripheral deafferentation of hindpaw inputs[END_REF]. We previously demonstrated a reorganization in the local and brain-wide connectivity impinging on the primary visual cortex, V1 (Haberl et al., 2015). An enlargement of receptive fields of neurons and networks has been demonstrated in ASD individuals [START_REF] Schauder | Larger Receptive Field Size as a Mechanism Underlying Atypical Motion Perception in Autism Spectrum Disorder[END_REF][START_REF] Schwarzkopf | Larger Extrastriate Population Receptive Fields in Autism Spectrum Disorders[END_REF].

To test whether the connectivity of S1-HP is reorganized leading to alterations in receptive fields, we stimulated the contralateral forepaw (FP) while recording in S1-HP. We noticed is the long onset latency of the FP stimulation evoked sub-threshold responses in S1-HP L 2/3 pyramidal neurons of WT and Fmr1 -/y mice (WT, 33.8 ± 8.6 ms; Fmr1 -/y , 36.45 ± 8 ms; Mann-Whitney U test; p > 0.05). We performed HP and FP stimulations while measuring the responses in the same HP L2/3 PN (WT = 36 cells, Fmr1 -/y = 41 cells) (Fig 25,A). FP stimulation evoked both supra (WT-Rsupra= 9, Fmr1 -/y Rsupra = 8) and sub-threshold responses (WT-Rsub-=27, Fmr1 -/y Rsub-= 33) in the S1-HP L2/3 pyramidal neurons. Accordingly, we classified the cells into cells that responded to both stimuli (HP + /FP + ) and those that responded only to HP stimulation (HP + / FP -) (Fig 25,B,C,D,E). In WT 30.5 % of R-cells (both sub and supra) responded to both HP and FP stimuli, whereas in Fmr1 -/y mice this ratio was substantially increased (53.65%; Mann-Whitney U test; p = 0.07).

66.66 % (n = 6/ 9) of WT-Rsupra cells responded to both stimuli and 75 % of Fmr1 -/y Rsupra cells (n= 6/ 8) were responded to both stimuli. We did not see any difference between the distribution of HP + /FP + and HP + /FP -suprathreshold responders among the genotype (p > 0.05, Fisher's exact test) (Fig 25,H).

Interestingly 48.48 % (n= 16/ 33) of Fmr1 -/y Rsub-cells responded to both HP and FP stimulations. We discovered that only 18.5 % of WT-Rsub-cells (n = 5/ 27) responded to HP and FP stimulations. There was a significant increase of number of Fmr1 -/y R cells responded to HP and FP stimuli (Fisher's exact test, p < 0.05) (Fig 25,F).

VENTRAL POSTEROMEDIAL NUCLEUS (VPM) OF THALAMUS STIMULATIONS

Peripheral tactile receptors are connected to the cortex via lemniscal and paralemniscal pathways. These pathways relay information via the thalamus [START_REF] Mo | Synaptic properties of the lemniscal and paralemniscal pathways to the mouse somatosensory thalamus[END_REF][START_REF] Bureau | Interdigitated Paralemniscal and Lemniscal Pathways in the Mouse Barrel Cortex[END_REF]. Thalamocortical interactions are very important in regulating sensory perception and motor control [START_REF] Manita | A Top-Down Cortical Circuit for Accurate Sensory Perception[END_REF][START_REF] Petersen | Synaptic computation and sensory processing in neocortical layer 2/3[END_REF][START_REF] Sreenivasan | Parallel pathways from whisker and visual sensory cortices to distinct frontal regions of mouse neocortex[END_REF].

Thalamocortical networks undergo functional and structural changes in ASDs in human and rodents [START_REF] Nair | Impaired thalamocortical connectivity in autism spectrum disorder: a study of functional and anatomical connectivity[END_REF][START_REF] Tomasi | Reduced Local and Increased Long-Range Functional Connectivity of the Thalamus in Autism Spectrum Disorder[END_REF]Volkow, 2017, Bureau et al., 2008).

Next, we investigated the contribution of the thalamocortical projection to the observed alterations in HP stimulus evoked responses by directly stimulating the projection from ventral posteromedial nucleus (VPM) while recording in S1-HP. We then compared the responding neuronal populations in wild type and Fmr1 -/y mice S1-HP to those obtained by HP stimulation (Fig 26,A,B,C,D).

THALAMIC VPM EVOKED EPSPs WERE ALTERED IN FMR1 -/Y

MICE

Variability between individual trials (a total membrane potential shift) were higher in Fmr1 -/y mice. We found that the noise (standard deviation of the baseline within a 200 ms time window before the onset of stimulus) was significantly increased in Fmr1 -/y -Rsub cells (WT-Rsub, 0.97 ± 0.466 mV; Fmr1 -/y -Rsub, 1.689 ± 0.956 mV; p < 0.05) (Fig 27,E,F,G). Response amplitude was higher in Fmr1 -/y -Rsub cells (WT-Rsub, 6.11 ± 2.95 mV; Fmr1 -/y -Rsub, 9.047 ± 4.03 mV; p < 0.05) (Fig 27,H,I,J). We did not see any difference in signal to noise ratio between the genotypes (WT-Rsub, 13.76 ± 5.45; Fmr1 -/y -Rsub, 13.93 ± 6.93; p > 0.05).

Figure 26: VPM stimulation evoked EPSPs in HP L2/3 PN were altered in Fmr1

Mann-Whitney U-test). Features of IPSPs preceded by the VPM evoked EPSPs (D, i-iv). (D, i) IPSPs in Fmr1

Inhibitory like response in Fmr1

Overall, we noticed an increased trial to trial variability (noise) and increase signal (response amplitude) in Fmr1 -/y -Rsub cells compared to WT-Rsub cells.

10.9 ALTERED SENSORY MOTOR FUNCTIONS OF FMR1 -/Y

MICE IN AN ADHESIVE REMOVAL TEST

The aforementioned alterations in the intrinsic properties of L2/3 S1 neurons, in their dendritic morphology, spontaneous firing activity, and in their responses to tactile sensory stimulation may all be expected to impact on the way in which Fmr1 -/y mice respond to their environment.

To explore this question, we used a simple test of sensory-motor function which examines the ability of the animal to detect and remove a piece of adhesive tape placed on the plantar surface of the paw. We modified this test, compared to published protocols in mice, to test sensory motor function related to hind paw in Fmr1 -/y mice. We evaluated these interactions separately for first paw (in the illustrative example, the right hind paw) or the remaining hind paw (second paw). In general, the mouse used either its fore paw, or its mouth, to remove the adhesive strip (both types of interactions were scored). We did not observe any difference in the latency to first contact with either first paw (WT, 146.93 ± 56.14 s; Fmr1 Lastly, we calculated the total time (duration) required from the point of first contact until the complete removal of both strips. We observed that the WT animals completed the task within a shorter timeframe compared to Fmr1 FXS and in the Fmr1 -/y mouse [START_REF] Dahlhaus | Of Men and Mice: Modeling the Fragile X Syndrome[END_REF], Deng et al., 2013, reviewed in Contractor et al., 2015). In addition to its canonical role as a modulator of mRNA translation, stability and transport, FMRP also fulfills non-canonical functions via direct protein-protein interactions.

For example, FMRP binds to, and regulates the functional properties of several ion channels, such as potassium (K + ) channels like Slack and BK (big potassium Ca 2+ and voltage activated), and calcium (Ca 2+ ) channels. Thus, the loss of FMRP causes channelopathies and thereby abnormal dendritic and cellular function [START_REF] Brown | Fragile X mental retardation protein controls gating of the sodium-activated potassium channel Slack[END_REF]Deng et al., 2013;[START_REF] Ferron | Fragile X mental retardation protein controls ion channel expression and activity[END_REF][START_REF] Ferron | Fragile X mental retardation protein controls synaptic vesicle exocytosis by modulating N-type calcium channel density[END_REF]reviewed in Frick et al., 2017) in the CNS of Fmr1 -/y mouse. Previously, we identified a dysfunction of BKCa channels as a mechanism to underlie neuronal/dendritic hyperexcitability of L5 pyramidal neurons of S1-BC in Fmr1 -/y mice in vitro [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]. We thus decided to target these ion channels pharmacologically to determine whether our observed pathophysiological changes are linked to dysfunction of BKCa channels. *p < 0.05, **p < 0.01, ns p > 0.05 (Fmr1 -/y -treated mice compared to wild type and Fmr1 -/y mice). Statistical significance was calculated using One-way ANOVA (analysis of variance) followed by Bonferroni multiple comparison post-hoc test.

Even though we did not observe any difference in upstate threshold, frequency and duration in non-treated Fmr1 -/y Rsub-and NR cells (Fig, 13), we found significant change in the upstate frequency in BMS-treated neurons (BMS-Fmr1 -/y NR-, 1.183 ± 0.14 Hz; BMS-Fmr1 -/y Rsub-,1.35 ± 0.13 Hz; p < 0.05) (data not shown). BMS treatment significantly reduced the upstate frequency of Fmr1 -/y Rsub-cells (Fmr1 -/y Rsub-vs BMS-Fmr1 -/y Rsub-, p < 0.05) (data not shown). Upstate duration and threshold were not different (data not shown).

Previously we demonstrated that in WT mice NR-cells showed more spontaneous firing activity compared to Rsub-cells (Fig, 12). In contrast Fmr1 -/y Rsub-cells were exhibited more firing rate compared to NR-cells (Fig, 13). BKca channel treatment resulted in a pattern that was similar to WT animals (Fig 29,E). BMS-191011-treated Fmr1 -/y Rsub-and NR-cells demonstrated no difference in spontaneous firing (BMS-Fmr1 -/y NR-, 0.0273 ± 0.05; BMS-Fmr1 -/y Rsub-, 0.002 ± 0.004; p > 0.05). BMS-treated Fmr1 -/y Rsub-cells showed a trend towards a decrease of the spike rate compared to non-treated Fmr1 -/y Rsub-cells (p = 0.09) (data not shown).

10.10.2 BK Ca CHANNEL OPENER, BMS191011 RESCUED SOME OF THE

INTRINSIC PROPERTIES OF FMR1 -/Y CELLS

In FXS, loss of FMRP reduces the activity of BK channels, and thereby causes AP broadening, an increase in presynaptic calcium influx and elevated neurotransmitter release (Deng et al., 2013). We previously demonstrated some of these alterations in neocortical L5 pyramidal neurons of S1-BC in Fmr1 -/y mice [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]. In agreement with the latter study we found that in L2/3 pyramidal neurons of S1-HP the AP halfwidth was significantly increased in both non-treated Fmr1 -/y Rsub-and NR-cells when compared to WT neurons. Bath application of BMS191011 reduced the spike halfwidth of Fmr1 -/y -Rsub-cells in Fmr1 -/y mice.

BMS-Fmr1 -/y -Rsub-(p < 0.05) cells demonstrated significantly reduced AP halfwidth values that of non-treated Fmr1 -/y mice (Fig 29,F). After the treatment Rsub-and NR-cells of Fmr1 -/y mice did not show any difference in AP halfwidth when compared to the same cell types in WT mice (Mann-Whitney U test; p > 0.05). There were no differences between the Rsub-and NR-cells of treated Fmr1 -/y mice (BMS-Fmr1 -/y NR-, 1.99 ± 0.44 ms; BMS-Fmr1 -/y Rsub-, 1.896 ± 0.28 ms; p > 0.05).

We did not observe any difference in the rheobase after the treatment. The average number of spikes at 2 times rheobase was increased for both treated NR and R cells (BMS-Fmr1 -/y NR-, 9.06 ± 4.15; BMS-Fmr1 -/y Rsub-, 9.86 ± 2.41; p > 0.05) (data not shown). Maximum number evoked spikes were not changed with the treatment. Treated Fmr1 -/y Rsub-and NR-cells showed similar firing rates with the non-treated Fmr1 -/y cells (Mann-Whitney U test; p > 0.05). BMS-Fmr1 -/y Rsub-cells were showed a significant increase in maximum evoked firing compared to WT-R-cells (p < 0.01) (data not shown). Average spikes fired at the maximal current steps (500, 550 pA) were significantly different between BMS-KO NR and R cells (p < 0.05). BMS-KOR were also fired spikes significantly higher compared to WT R cells (p < 0.05).

BMS191011 treatment reduced the average number of spikes in Fmr1 -/y NR cells at the maximal current steps (data not shown). EPSP peak amplitude was significantly higher in non-treated Fmr1 -/y mice compared with their WT littermates. BMS1901011 treatment substantially reduced the EPSP amplitude of Fmr1 -/y mice. There was no significant difference between treated Fmr1 -/y mice with either WT nor non-treated Fmr1 -/y mice (WT-Rsub-, 6.11 ± 2.95 mV; Fmr1 -/y Rsub-,9.047 ± 4.03 mV, BMS-Fmr1 -/y Rsub-,7.16 ± 1.38 mV; p > 0.05) (Fig 29,C). Half amplitude duration of non-treated Fmr1 -/y Rsub-cells was significantly broader compared with WT-Rsub-cells. BMS treatment reduced the half amplitude duration in Fmr1 -/y Rsub-cells. We did not see any significant differences between WT and treated Fmr1 -/y mice (WT-Rsub-, 29.25 ± 6.71 ms; BMS-Fmr1 -/y

Rsub-, 38.55 ± 11.17 ms; p > 0.05) also between treated and non-treated Fmr1 -/y mice (Fmr1 -/y

Rsub-, 49.17 ± 20.54; BMS-Fmr1 -/y Rsub-, 38.55 ± 11.17 ms; p > 0.05) (Fig 29,D).

DISCUSSION

11.1 OUR FINDINGS Sensory hypersensitivity, hyperexcitability and defects in sensory perception have been demonstrated in both human patients with ASD (reviewed in [START_REF] Robertson | Sensory perception in autism[END_REF][START_REF] Tavassoli | Sensory reactivity, empathizing and systemizing in autism spectrum conditions and sensory processing disorder[END_REF] and, in Shank2 and Fmr1 -/y mice [START_REF] Aloisi | Altered surface mGluR5 dynamics provoke synaptic NMDAR dysfunction and cognitive defects in Fmr1 knockout mice[END_REF][START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF], reviewed in Contractor et al., 2015[START_REF] Sinclair | Sensory processing in autism spectrum disorders and Fragile X syndrome-From the clinic to animal models[END_REF][START_REF] Schmeisser | Autistic-like behaviours and hyperactivity in mice lacking ProSAP1/Shank2[END_REF].

The neocortex of Fmr1 -/y mice was shown to be hyperexcitable under basal conditions [START_REF] Gibson | Imbalance of Neocortical Excitation and Inhibition and Altered UP States Reflect Network Hyperexcitability in the Mouse Model of Fragile X Syndrome[END_REF][START_REF] Gonçalves | Circuit level defects in the developing neocortex of Fragile X mice[END_REF][START_REF] Hays | Altered Neocortical Rhythmic Activity States in Fmr1-/-y Mice Are Due to Enhanced mGluR5 Signaling and Involve Changes in Excitatory Circuitry[END_REF], but so far only few studies have investigated the neurobiological mechanisms underlying these defects (e.g. [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF].

In my thesis work, I studied the intrinsic/morphological properties and spontaneous activity, as well as the processing of hind-paw related sensory information in different L2/3 pyramidal neuron sub-types of the hind-paw related primary somatosensory cortex. I then probed alterations in the neocortical circuit in Fmr1 -/y mice. To do this, I combined in vivo whole cell patch clamp recordings with hind-paw stimulation in anesthetized WT and Fmr1 -/y littermates.

We found a wide spectrum of cell-type specific spontaneous and intrinsic excitability changes, which in turn resulted in hyperexcitability of neocortical circuits in Fmr1 -/y mice (Fig 121314151617).

Notably, we identified an enhanced spontaneous firing and action potential output in response to intrinsic excitability (Fig 14,17) in Rsub cells of Fmr1 -/y mice. We also showed difference in the dendritic morphology of these neuronal sub-types in Fmr1 -/y mice (Fig 1819202122). We demonstrated that these changes correlated with cellular level hyperexcitability to a tactile sensory stimulus in Fmr1 -/y Rsub and Rsupra cells (Fig 2324). Further investigation on thalamocortical projections to these neurons showed a circuit level deficit in Fmr1 -/y mice (Fig

26).

We also confirmed that these changes in intrinsic excitability and sensory hypersensitivity resulted in in sensory motor behavior deficits in Fmr1 -/y mice (Fig 28). Hyperexcitability in Fmr1 -/y mice was previously attributed partly to BKCa channel dysfunction [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF].

We demonstrated that direct cortical application of BKCa opener (BMS-191011) pharmacologically rescued some of the altered parameters in Fmr1 -/y mice (Fig 29).

CELL TYPES IN SENSORY INFORMATION PROCESSING

The neocortex contains many different neuron types with diverse structural and functional characteristics. In my study, I identified three main subtypes of pyramidal neurons (NR-, Rsuband Rsupra-cells) within layer 2/3 of S1-HP (Fig, 11). These neuronal populations were distinguished by their spontaneous, intrinsic and morphological properties. In a typically developing brain, the neuronal diversity gives rise to the complexity of neocortical circuits and their manifold functions [START_REF] Fishell | The Neuron Identity Problem: Form Meets Function[END_REF]. It is generally accepted to classify neocortical neurons into two broad categories: Pyramidal neurons that provide excitation and form local and long-ranging connections, and inhibitory interneurons primarily modulating local circuits. Within these neuronal classes there are many neuronal sub-types [START_REF] Cembrowski | Continuous Variation within Cell Types of the Nervous System[END_REF][START_REF] Zaitsev | Electrophysiological classes of layer 2/3 pyramidal cells in monkey prefrontal cortex[END_REF], Nelson et al., 2006). Cell to cell variability is a critical feature of complex biological systems. Heterogeneity in intrinsic properties is essential for efficient representation of sensory information. An intrinsically heterogenous population of neurons encodes a richer array of stimuli compared to homogenous neuronal population [START_REF] Tripathy | Intermediate intrinsic diversity enhances neural population coding[END_REF]. Recent advances in RNA sequencing (RNA-seq) of single cells revealed a continuum of gene expression patterns even within a neuronal population. A combination of transcriptome information with other higher-order properties like intrinsic, morphological, connectivity and response properties will help us to gain a more complete understanding of the rich diversity of cell types within a particular brain region [START_REF] Cembrowski | Continuous Variation within Cell Types of the Nervous System[END_REF][START_REF] Mo | Epigenomic Signatures of Neuronal Diversity in the Mammalian Brain[END_REF][START_REF] Sugino | The Transcriptional Logic of Mammalian Neuronal Diversity[END_REF][START_REF] Tasic | Adult mouse cortical cell taxonomy revealed by single cell transcriptomics[END_REF][START_REF] Zeng | Neuronal cell-type classification: challenges, opportunities and the path forward[END_REF]. Overall, all neurons serving the same function that differs from functions of other neurons are viewed as members of the same type. These neurons have unique functions and properties as an individual and homogenous functions and properties as members within a population. Classification of distinct neurons within and across populations is important to understand how the brain works under normal conditions and fails to work in physiopathological conditions [START_REF] Sharpee | Toward Functional Classification of Neuronal Types[END_REF][START_REF] Zeng | Neuronal cell-type classification: challenges, opportunities and the path forward[END_REF].

We found that neurons that responded to HP stimulus (i.e. in a sub-threshold manner), and those that did not respond, demonstrated differences in spontaneous firing rates, dendritic morphology, and intrinsic properties. NR-cells were spontaneously (not significant) more active (Fig 12). Spontaneous activity is essential to connect neurons with cellular specificity and to refine these connections with subcellular precision in developing excitatory neurons [START_REF] Winnubst | Spontaneous Activity Drives Local Synaptic Plasticity In Vivo[END_REF]. Spontaneous activity together with intrinsic properties are also involved in working memory, arousal and synaptic homeostasis during sleep (Kanth, [START_REF] Ramaswamy | Cell-type specific modulation of neocortical UP and DOWN states[END_REF].

In Fmr1 -/y mice we found changes in the spontaneous activity, intrinsic properties, and HP evoked sensory responses in both L2/3 populations. For example, NR-and Rsub-cells showed abnormal spontaneous and intrinsic properties compared to the corresponding WT populations.

Most of these changes differentially affected these two populations, attesting to modality specific alterations of these neocortical circuits. In contrast to the spontaneous firing rate in WT mice, Fmr1 -/y mice Rsub-cells showed higher spontaneous firing rates than NR-cells (Fig

13, 14).

In my study I focused on stimulation of the tactile receptor system of the paws, and not on other sensory modalities such as temperature or pain [START_REF] Milenkovic | A somatosensory circuit for cooling perception in mice[END_REF]. We therefore did not investigate the functional consequences of alterations in NR-cells for sensory information processing in Fmr1 -/y mice.

In Fmr1 -/y mice, alterations in the number of synapses, ion channel function, concomitant membrane excitability and overall circuit activity have been described. Deletion of Fmr1 in excitatory neurons produces longer spontaneous UP states [START_REF] Hays | Altered Neocortical Rhythmic Activity States in Fmr1-/-y Mice Are Due to Enhanced mGluR5 Signaling and Involve Changes in Excitatory Circuitry[END_REF]. The neocortex showed functional connectivity changes. For example, alterations in the synaptic properties were demonstrated for the projection from L4 to L2/3 pyramidal neurons of S1-BC during the development. In addition, the excitatory drive to fast spiking (FS) interneurons in L4 was reduced in Fmr1 -/y mice. This led to an overall decrease in the local feedback inhibition in neocortical layer 4. Furthermore, impairment in FS mediated disynaptic inhibitition together with an increase in the intrinsic membrane excitability of excitatory neurons increased the excitability of neocortical networks [START_REF] Gibson | Imbalance of Neocortical Excitation and Inhibition and Altered UP States Reflect Network Hyperexcitability in the Mouse Model of Fragile X Syndrome[END_REF]. These changes in neuronal properties could contribute to neocortical hyperexcitability and sensory hypersensitivity in FXS [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]Haberl et al., 2015;[START_REF] Aloisi | Altered surface mGluR5 dynamics provoke synaptic NMDAR dysfunction and cognitive defects in Fmr1 knockout mice[END_REF][START_REF] Gibson | Imbalance of Neocortical Excitation and Inhibition and Altered UP States Reflect Network Hyperexcitability in the Mouse Model of Fragile X Syndrome[END_REF][START_REF] Kalmbach | Cell-Type Specific Channelopathies in the Prefrontal Cortex of the fmr1-/y Mouse Model of Fragile X Syndrome[END_REF][START_REF] Sinclair | Sensory processing in autism spectrum disorders and Fragile X syndrome-From the clinic to animal models[END_REF].

In agreement with our previous study on L5 pyramidal neurons of S1-BC and S1-HP [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF], we found that L2/3 pyramidal neurons of S1-HP were also hyper-excitable. The maximum number of action potentials fired (following current injection) was significantly increased in both NR-and Rsub-cells of Fmr1 -/y mice (Fig 16,17). Changes in Na + and K + channels contributing to enhanced action potential firing in response to current injections had also been demonstrated for L2/3 neurons of the prefrontal cortex (PFC) of Fmr1 -/y mice [START_REF] Routh | Increased transient Na+ conductance and action potential output in layer 2/3 prefrontal cortex neurons of the fmr1-/y mouse[END_REF]. Even though we did not notice any difference in the amplitude of the first AP, we found a significant increase in AP halfwidth in both NR-and Rsub-cell populations in Fmr1 - /y mice. This finding is in agreements with a previous study on CA3 hippocampal pyramidal neurons showing an increased AP duration following the loss of FMRP (Deng et al., 2013).

We also demonstrated that the ADP amplitude and the AP-halfwidth ratio in response to a train of 3 current pulses were significantly increased in Fmr1 -/y Rsub-cells (Fig, 17). These results agree with a previous finding from our lab where experiments were conducted in L5 neurons and dendrites [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]. The broadening of action potential and the increased ADP resulted from a dysfunction of large-conductance calcium activated potassium (BK) channels (Deng et al., 2013;[START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF].

IMPORTANCE OF CELLULAR MORPHOLOGY IN SENSORY PERCEPTION

Dendritic and axonal length, diameter and branching patterns are the most informative among morphological properties for defining a cell [START_REF] Zeng | Neuronal cell-type classification: challenges, opportunities and the path forward[END_REF]. In our study, the NR-and Rsub-cells in WT animals showed differences in morphological features. The average apical dendritic length and total apical dendritic length was different between these two population.

NR-cells have a shorter basal and apical dendrite (Fig 1819202122). This differences in morphological features could correlate with differences in the brain-wide projections of neurons [START_REF] Matsubara | Comparative morphology of three types of projection-identified pyramidal neurons in the superficial layers of cat visual cortex[END_REF]. Morphological and functional characteristics of dendrites influence signal integration and propagation, and thus sensory perception. Sensory information processing in the brain takes place within the neuronal dendrites performing complex computations [START_REF] London | DENDRITIC COMPUTATION[END_REF]. For instance, dendrites of L 2/3 visual cortex neurons consist of dendritic hotspots which code for multiple sensory stimuli. The dendritic hotspots for similar stimulus were widely scattered over different dendrites. On the other hand, the dendritic hotspots coding for different stimuli are distributed within a dendritic tree among neighboring dendritic segments. Neurons that demonstrated a highly tuned output signal receive heterogeneous input signals. This shows that the sensory integration involves distributed inputs across dendrites which later summated to form a reliable output [START_REF] Jia | Dendritic organization of sensory input to cortical neurons in vivo[END_REF].

Electrophysiological properties of neurons can be modified as a consequence of changes in dendritic morphology [START_REF] Amatrudo | Influence of Highly Distinctive Structural Properties on the Excitability of Pyramidal Neurons in Monkey Visual and Prefrontal Cortices[END_REF][START_REF] Mainen | Influence of dendritic structure on firing pattern in model neocortical neurons[END_REF]. Both apical and basal dendritic total length and average segment length of NR-and Rsub-cells were substantially decreased in Fmr1 -/y mice. Fmr1 -/y Rsub-cells also displayed a reduced number of endings and nodes (Fig,(20)(21)(22). Dendritic abnormalities have been demonstrated in various brain regions, including the occipital cortex, olfactory bulb and somatosensory barrel cortex [START_REF] Galvez | Olfactory bulb mitral cell dendritic pruning abnormalities in a mouse model of the Fragile-X mental retardation syndrome: Further support for FMRP's involvement in dendritic development[END_REF][START_REF] Mckinney | Dendritic spine abnormalities in the occipital cortex of C57BL/6 Fmr1 knockout mice[END_REF]. FMRP is widely distributed across primary somatosensory cortex (S1), thalamus (posteromedial nucleus, PMN) and striatum during early development in WT. In the absence of FMRP, cortical maturation is disturbed, leading to a change in the density of synapses and spines, synaptic protein translation and dendritic morphology in Fmr1 - /y mice. These alterations during development might underlie sensory hypersensitivity in Fragile X syndrome [START_REF] Galvez | Somatosensory cortical barrel dendritic abnormalities in a mouse model of the fragile X mental retardation syndrome[END_REF][START_REF] Till | Altered maturation of the primary somatosensory cortex in a mouse model of fragile X syndrome[END_REF].

Even though we found significant differences in morphology of NR and Rsub cells within and between genotypes, we might require a greater number of reconstructions for the final conclusion.

TOUCH-A POTENTIAL SENSORY SYSTEM FOR STUDYING SENSORY PROCESSING

Most of the tactile response studies so far have been performed utilizing the primary whisker barrel cortex (S1-BC) of rodents. Few studies have addressed processing of other touch sensation information such as the one transmitted by the glabrous skin of the primate hand or the rodent paw [START_REF] Bibliography Abraira | The Sensory Neurons of Touch[END_REF]Ginty, 2013, Orefice et al., 2016). In my study I used electric stimulations of HP to simulate and study the characteristics of tactile sensory responses evoked in HP-S1 L2/3 pyramidal neurons (Fig, 11). Using mild stimuli applied via conducting adhesive strips on and below the glabrous skin of hind paw of the mouse. In our study we showed a deficit in HP stimulation evoked tactile sensory responses of S1-HP L2/3 neurons.

We observed a substantial increase of number of AP firing neurons in Fmr1 -/y mice compared to the WT littermates. These Fmr1 -/y Rsupra neurons exhibited increased number of APs per session as well per stimulus (Fig, 23). We also found that HP stimulation evoked sub-threshold sensory responses of Fmr1 -/y mice that are significantly different in peak amplitude and halfwidth duration when compared to WT neurons (Fig, 24). We also noticed several changes in VPM evoked responses in S1-HP pyramidal neurons in L2/3. We observed differences in EPSP peak amplitude and a substantial increase of half-width duration (Fig, 26). It suggests that in Fmr1 -/y mice, both AP and EPSP eliciting responses are highly altered.

The utility of the Fmr1 -/y model for studying atypical sensory experience/sensory hypersensitivity is supported by additional studies in the first generation Fmr1 -/y mutant. For example, single unit extracellular recordings performed in the auditory cortex of anesthetized mice following the presentation of acoustic stimuli of different frequency demonstrated sensory hyperresponsiveness in Fmr1 -/y mice, compared with WT controls [START_REF] Rotschafer | Altered auditory processing in a mouse model of fragile X syndrome[END_REF]. In the whisker barrel cortex, intrinsic optical imaging combined with C2 whisker stimulation demonstrated that a larger cortical area is excited in Fmr1 -/y compared to the WT mice [START_REF] Arnett | Deficits in Tactile Learning in a Mouse Model of Fragile X Syndrome[END_REF]. Similarly, a previous study from our lab pointed to an increased activation of the S1 barrel region, following D2 whisker stimulation using the same Fmr1 -/y model as the present study [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]. In particular, the authors showed that in Fmr1 - /y mice hyperexcitability implicated not only the large-scale network but also the way information is processed at the subcellular level in individual S1 neurons. Abnormally enhanced spontaneous network activity and hyperexcitability might contribute to exaggerated responses to sensory stimuli in Fmr1 -/y mice. An additional study from our lab suggested that at the network level, atypical sensory responsiveness might also be caused by a local hyperconnectivity and a long range hypoconnectivity impinging on the primary visual cortex of Fmr1 -/y mice (Haberl et al., 2015). Similarly, the defects we observed in the VPM evoked responses in S1-HP L2/3 pyramidal neurons suggest a possibility of a long-range circuit level dysfunction in Fmr1 -/y mice (Fig, 26). This is supported by functional mapping studies (e.g. [START_REF] Bureau | Circuit and Plasticity Defects in the Developing Somatosensory Cortex of Fmr1 Knock-Out Mice[END_REF], Haberl et al., 2015[START_REF] Zerbi | Dysfunctional Autism Risk Genes Cause Circuit-Specific Connectivity Deficits with Distinct Developmental Trajectories[END_REF]. For example, in Fmr1 -/y mice connections from L4 to L3 were weak. In contrast, L5A and L5B projections to L3 was maintained. At the same time, Fmr1 -/y mice showed a balance between synaptic depression and an enhancement of intra-cortical connectivity [START_REF] Bureau | Circuit and Plasticity Defects in the Developing Somatosensory Cortex of Fmr1 Knock-Out Mice[END_REF]. As these layers actively receive inputs from thalamus, we assumed these changes could have resulted from a network deficit which includes thalamus and other cortical layers which send information to L2/3 neurons. For instance, during the first 10 postnatal days, in Fmr1 -/y mice displayed aberrant cortical neuronal properties. In WT during this period, the thalamocortical network undergoes a coordinated developmental refinement, which is essential for proper tactile coding.

Examination of the physiological properties of L4 neurons in acute brain slices of these mice, showed elevated intrinsic excitability, increased feedforward inhibitory drive and altered thalamocortical synaptic kinetics. This data suggested cortical hypersensitivity to thalamocortical inputs [START_REF] Domanski | Abnormal thalamocortical activation of somatosensory cortex in the young Fmr1-KO mouse model of Fragile X Syndrome[END_REF]. Another feature we observed in VPM evoked responses was the strong IPSP following the EPSP (Fig 26). Excitatory inhibitory imbalance is present in Fmr1 -/y mice. During development intracellular chloride were maintained by Na + -K + -Cl-co-transporter (NKCC1) [START_REF] Kaila | Cation-chloride cotransporters in neuronal development, plasticity and disease[END_REF]. NKCC1 is highly expressed in Fmr1 -/y mice neocortex at p10. This high expression of NKKC1 induces a prolonged depolarization of excitatory GABA neurons in L4 neurons of Fmr1 -/y mice [START_REF] He | The Developmental Switch in GABA Polarity Is Delayed in Fragile X Mice[END_REF](He et al., , 2018)).

SPARSENESS IN NEOCORTEX

Sensory information processing in the neocortex is very complex. To reach a better understanding of this process, one needs to identify the cellular components of the respective neocortical circuits and their properties. In my thesis, I classified two types of neurons with respect to whether they responded to hind paw stimulation in anesthetized mice. Approximately 50 % of the neurons responded to the stimulation while the remainder of the population did not respond at all (neither in a sub-nor in supra-threshold manner). Amongst the responder cells, only ~16 % responded with an action potential at some of the trials. Similar sparse action potential firing was reported in S1-BC of mice, [START_REF] Crochet | Synaptic Mechanisms Underlying Sparse Coding of Active Touch[END_REF][START_REF] Kock | Layer-and cell-type-specific suprathreshold stimulus representation in rat primary somatosensory cortex[END_REF] rat visual cortex of [START_REF] Medini | Cell-type-specific sub-and suprathreshold receptive fields of layer 4 and layer 2/3 pyramids in rat primary visual cortex[END_REF] and oral somatosensory cortex [START_REF] Clemens | Multisensory and Motor Representations in Rat Oral Somatosensory Cortex[END_REF]. The number of AP firing in S1-HP L2/3 pyramidal neurons in Fmr1 -/y mice was comparable with WT. But we found a decrease of 6 % of sub-threshold responder cells in Fmr1 -/y mice. That suggest an increased proportion of silent cells (NR-) in Fmr1 -/y mice (Fig 23). These sparse firing could be a result of scattered excitatory inputs or, synaptic properties or lower intrinsic neuronal excitability. Other reasons for the sparse firing in the cortex might be a low fraction of neurons firing action potentials response to sensory stimulus or few action potentials fired per responding neuron, and stimulus specificity/ inappropriate stimulus. Firing sparseness has previously been demonstrated for, supra-granular layers when compared to infragranular layers [START_REF] Barth | Experimental evidence for sparse firing in the neocortex[END_REF]. In our data, we did not see any difference in recording depth for subthreshold responders of WT and Fmr1 -/y mice. Notably, we discovered a significant difference of recording depth of suprathreshold responders in WT and Fmr1 -/y mice (Fig, 23).

The sparse firing could be a result of change in the brain state from anesthetized to alert or motivated could increase the number of neurons firing an AP [START_REF] Barth | Experimental evidence for sparse firing in the neocortex[END_REF]. For instance, in layer 2/3 S1-BC in anesthetized head fixed mice, the majority of pyramidal neurons fired very little or not at all following tactile sensation evoked in the principal whisker. But in a non-anesthetized head fixed mouse exploring objects at close proximity elicited APs in 22-25 % of the total L2/3 cells recorded with a probability of 10 % per contact. [START_REF] Crochet | Synaptic Mechanisms Underlying Sparse Coding of Active Touch[END_REF][START_REF] Lee | Elucidating Neuronal Mechanisms Using Intracellular Recordings during Behavior[END_REF].

BIMODAL NEURONS IN NEOCORTEX

Perception is considered a multisensory process. It involves the integration of visual, auditory, tactile, gustatory and olfactory information. Different neocortical circuits processing these various sources of information interact and form a multisensory percept [START_REF] Choi | Bottom-up and top-down modulation of multisensory integration[END_REF].

Neocortical neurons might specifically code for a single modality or integrate two or several types of stimuli. In my thesis, I have shown that there are at least two main neuronal populations in S1-HP. For example, I found a set of neurons which respond (R-) to hind paw stimulation and another group of neurons (NR-) that did not (Fig, 11). These NR-cells likely code for a different sensory modality. Amongst the R-cell population, we showed that ~30 % (Rsub-and Rsupra-cells together) responds not only to hind paw stimulation, but also to forepaw sensory stimulus in WT mice (Fig, 25), suggesting an inter-limb connectivity in L2/3 S1-HP. This proportion of cells is matching with the bimodal responses of neurons of the somato-visual area, which is located between V1 and S1 of mice. Most of the latter neurons were located in layer 5 rather than layer 2/3. The majority of these neurons display bimodal PSP responses and less those containing APs, and only few responded with an AP when V1 and S1 stimuli are presented simultaneously [START_REF] Olcese | Cellular and Synaptic Architecture of Multisensory Integration in the Mouse Neocortex[END_REF]. The same neocortical regions can code for two different stimuli that are part of a common receptive field. For instance, intrinsic imaging of forepaw S1 during cooling and tactile stimulation showed an overlapping response signal to both cool and tactile stimulus [START_REF] Milenkovic | A somatosensory circuit for cooling perception in mice[END_REF]. These sensory inputs carried by distinct sensory organs convey important information about the environment. Our brain integrates these multisensory modalities to identify if there are matching or if the incoming information must be considered and processed separately [START_REF] Senkowski | Crossmodal binding through neural coherence: implications for multisensory processing[END_REF].

Multiple sources of sensory information converge onto, and are being integrated by, individual neocortical neurons. After this initial integration, these neurons interact with neurons from other neocortical brain regions [START_REF] Van Atteveldt | Multisensory Integration: Flexible Use of General Operations[END_REF]. Distinct regions behave differently to the same stimulus. For example, an arousal state caused by free running of a mouse on a treadmill causes a depolarization followed by hyperpolarization in primary visual and auditory cortices. In contrast, in somatosensory and secondary visual areas arousal produces hyperpolarization. In all these areas, trains of sensory stimuli initiate similar sensory responses.

These results show that in normal conditions these brain areas behave differently towards arousal but act similarly to a sensory stimulus [START_REF] Shimaoka | Effects of Arousal on Mouse Sensory Cortex Depend on Modality[END_REF]. Multimodal integration takes place in different regions of brain. Integration of tactile and auditory stimuli within the auditory cortex was previously shown in macaque monkeys using fMRI-BOLD measurements.

The constant arrival of signals and their latencies are vital in shaping sensory processing and integration [START_REF] Rohe | Distinct Computational Principles Govern Multisensory Integration in Primary Sensory and Association Cortices[END_REF]. The brain needs to determine which signals originate from the same sources based on their co-occurrence in time and space [START_REF] Wallace | Unifying multisensory signals across time and space[END_REF].

The sensory processing of auditory stimulus in the auditory cortex was disrupted by the simultaneous activation of the tactile stimulus, and tactile stimulus alone induced depolarization in auditory cortex [START_REF] Kayser | Integration of Touch and Sound in Auditory Cortex[END_REF]. In a recent study, neurons of the primary visual cortex (V1) L2/3 of mouse were shown to encode tactile stimuli (whisker) during active exploration of a controlled tactile environment [START_REF] Kandler | Encoding of Tactile Context in the Mouse Visual Cortex[END_REF]. Behavior goals determine the relevance of the input information and the appropriate actions to be chosen. Attention helps to choose these inputs and actions. Many integrative processes are adaptive to this behavior goal. The sensory stimulus arriving first in a sensory area (with a faster latency) can reset the phase of oscillations before the arrival of another sensory stimulus [START_REF] Van Atteveldt | Multisensory Integration: Flexible Use of General Operations[END_REF].

Addition of a supporting input (double input stimulation) enhances the multisensory responses in single neurons [START_REF] Chabrol | Synaptic diversity enables temporal coding of coincident multisensory inputs in single neurons[END_REF].

FOREPAW-HINDPAW NETWORK

In our study we showed that 18 % of the Rsub cells (75% of the total R-cell population) and 66 % of the Rsupra cells (25% of the total R-cell population) responding to hindpaw stimulation also responded to forepaw stimulus in WT mice (Fig, 25). Coordinated hind limb movement is required for the locomotion. A precise yet flexible control of interlimb coordination allows an animal to maintain dynamic stability in a continuously changing environment. Inputs from both limbs activate all the pathways that project to the spinal cord. Somatosensory feedback from the limbs activates parallel excitatory and inhibitory descending and ascending pathways that project to a specific network which control specific limb or in parallel project to the network that control the other limb (reviewed in [START_REF] Frigon | The neural control of interlimb coordination during mammalian locomotion[END_REF].

The sensory neocortex consists of topographic representations or maps of receptor surfaces representing the sensory environment. These orderly representations of sensory surfaces have been demonstrated for auditory, visual, tactile and other sensory modalities. Representation of multiple maps helps to process distinct stimulus features. For example, multiple small maps promote the formation of more efficient connections between frequently interacting neurons.

These maps are amenable and can be refined by neuronal activity. They are, in turn, important for modulating the sensory perception [START_REF] Kaas | Topographic Maps are Fundamental to Sensory Processing[END_REF]. In Fmr1 -/y mice, I demonstrated an approximate 50 % increase in the R-cell population (~24 % increase from WT population) in S1-HP L2/3 responding to both HP and FP stimulus. The Rsupra cells did not show a difference in the proportion compared to the WT. 75% of the Rsupra cells (19.5 % of the total R-population) responded to both HP and FP in a suprathreshold manner. Subthreshold responders demonstrated a huge difference that of WT littermates. 48.8 % of Fmr1 -/y Rsub-cells (39 % of the total R-population) responded to both HP and FP (Fig, 25). There is an overlap between the HP and FP region in S1 [START_REF] Morales-Botello | Imaging the Spatio-Temporal Dynamics of Supragranular Activity in the Rat Somatosensory Cortex in Response to Stimulation of the Paws[END_REF]. These interconnected somatosensory areas could reorganize during a central or peripheral deafferentation or injury. For instance, a complete deafferentation of hind paw induced by injury or pharmacological blocks could increase the sensory responses at forepaw cortex [START_REF] Humanes-Valera | Increased cortical responses to forepaw stimuli immediately after peripheral deafferentation of hindpaw inputs[END_REF]. In rodents, tactile information can be considered extremely important given the size of the neocortical sheet devoted to this information. Even a simple manipulation of early tactile experience in mice (trimming of whisker) resulted in enlarged receptive field properties, reduced angular tuning, enhanced responsiveness and a change in the temporal patterns of stimulus evoked discharges of cortical neurons [START_REF] Simons | Early experience of tactile stimulation influences organization of somatic sensory cortex[END_REF].

postsynaptic protein PSD95, NMDA receptors [START_REF] Sailer | Immunolocalization of BK channels in hippocampal pyramidal neurons[END_REF], amongst others, enabling their various roles in regulating calcium influx, transmitter release and excitability.

In my study, I demonstrated alterations in the intrinsic firing properties of neocortical L2/3 pyramidal neurons in Fmr1 -/y mice. For instance, Fmr1 -/y NR-and Rsub neurons showed increased number of APs in response to a depolarization current injection (Fig 17). The first AP measurements showed an increased AP halfwidth compared with their WT littermates (Fig, 17). A similar AP broadening was observed in L5 pyramidal neurons of the somatosensory and entorhinal cortex in the absence of FMRP due to BKCa channel dysfunction (Deng et al., 2013;[START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]. Similarly, the abnormal broadening of APs in L2/3 pyramidal neurons was caused by a dysfunction of BKCa channels. In our study, a direct cortical application of the BKCa channel agonist, BMS191011, significantly reduced the AP halfwidth in Fmr1 -/y neurons.

We also revealed an increased ADP-amplitude and AP-halfwidth ratio in Fmr1 -/y Rsub neurons (Fig 17). Even though we have not done any experiment to show a rescue of these properties in vivo, previous findings from our lab showed an application of BMS191011 in vitro rescued these aberrant properties in the dendrites and soma of L5 neurons in Fmr1 -/y mice [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF]. We further demonstrated an exaggerated evoked sensory response in Fmr1 -/y mice.

Fmr1 -/y Rsub showed an increased peak amplitude, and halfwidth duration (Fig, 24). Cortical application of BMS191011 rescued the peak amplitude and halfwidth duration (Fig 29). This

shows that BMS has both peripheral and local effect.

A NOISY BRAIN IN FRAGILE X SYNDROME

Variability is one of the noticeable features of behavior. Change of the state of neural circuits and the noise (fluctuations or disturbances that are not part of the signal) contribute to this variability in the behavior. Noise is an important determinant of transfer of information in the brain [START_REF] Faisal | Noise in the nervous system[END_REF]. In our study we calculated the baseline fluctuation (calculated as SD of baseline) in WT animals. These fluctuations (noise) were significantly larger in Fmr1 -/y mice (Fig E,F,G). Noise is essential for the cortical neurons to produce precise spike sequences from synaptic input and therefore for processing of information within the neocortex [START_REF] Mainen | Reliability of spike timing in neocortical neurons[END_REF]. Increased noise in the system can modify the spike timing and thus increase trial-to-trial variability [START_REF] Faisal | Noise in the nervous system[END_REF]. Opening and closing of ion channels (75 % of the total neuronal membrane noise at rest is coming from K + channel fluctuations) create intrinsic electric noise for the neuron (Donnell & Rossum, 2014). This contributes to fluctuations in membrane potential and an increase in the spontaneous firing of the neuron (Donnell & Rossum, 2014). The increase of noise of neuronal activity in Fmr1 -/y mice could be due to the channelopathies, defects in circuit level deficits (thalamo-cortical or FP-HP network) identified in our study and previous work [START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF], Haberl et al., 2015[START_REF] Zerbi | Dysfunctional Autism Risk Genes Cause Circuit-Specific Connectivity Deficits with Distinct Developmental Trajectories[END_REF][START_REF] Contractor | Altered Neuronal and Circuit Excitability in Fragile X Syndrome[END_REF]. Furthermore, a change in any protein production and degradation, synaptic vesicle fusion, and signaling molecule-receptor interactions could contribute to the noise. A minute change (fluctuations) in the system will alter the whole cell response [START_REF] Faisal | Noise in the nervous system[END_REF].

Using fMRI, evoked responses in visual, somatosensory and auditory cortices have recently been investigated in Autism individuals (Dinstein et al., 2012, Haigh et al., 2015). In these studies, an increase in noise (response standard deviation) and no change in the signal (mean amplitude of the response) was found in ASD patients. As a result, the signal-to-noise ratio was significantly weaker in ASD individuals, decreasing the reliability of the responses. In our experiments in the somatosensory cortex of Fmr1 -/y mice we found an increase in both the signal and the noise compared to WT littermates. Thus, on average the signal-to-noise ratio was unaltered between genotypes. We noticed a negative correlation between the noise and signal amplitude in individual WT and Fmr1 -/y neurons (data not shown). This could be explained as a strategy of brain to detect and transmit weak signals. For example, at low noise levels, sensory signal does not cross the threshold, and a higher noise could completely mask the signal (Faisal et al., 2009). Previous studies demonstrate similarities between FXS human and mice (reviewed in [START_REF] Dahlhaus | Of Men and Mice: Modeling the Fragile X Syndrome[END_REF]. We found that Fmr1 -/y mice were extremely relevant for the study of deficits in human. For example, the changes that we observed in spontaneous activity and intrinsic properties (increased AP output) match with findings from EEG recordings in humans. [START_REF] Wang | A resting EEG study of neocortical hyperexcitability and altered functional connectivity in fragile X syndrome[END_REF] showed that there is an increased Gamma power (intrinsic excitability and disrupted E/I balance) in FXS individual compared to healthy control. FXS individuals on presentation of an auditory stimulus displayed a gradual decrease in habituation of spikes suggested an elevation of sensitivity towards sensory stimulus [START_REF] Ethridge | Reduced habituation of auditory evoked potentials indicates cortical hyper-excitability in Fragile X Syndrome[END_REF]. Our data also demonstrated an increase in response amplitude (EPSPs) and AP firing (suprathreshold) [START_REF] Tomasi | Reduced Local and Increased Long-Range Functional Connectivity of the Thalamus in Autism Spectrum Disorder[END_REF]. We found an increase in peak amplitude and an increased IPSP like signal following VPM stimulation (Fig 26). Even though we did not make further experiments to prove if there is a circuit deficit between thalamus and HP-S1 region, we presume that circuit dysfunction could be one of the reasons contributing to this change. In Fmr1 -/y mice we identified a receptive field expansion (functionally) between hind paw and forepaw region (Fig 25). In ASD individuals increased receptive fields have been reported in the visual cortex [START_REF] Schauder | Larger Receptive Field Size as a Mechanism Underlying Atypical Motion Perception in Autism Spectrum Disorder[END_REF]. Finally, we identified sensory motor impairment in Fmr1 -/y mice (Fig 28), which has been previously reported in ASD human literature [START_REF] Cascio | Somatosensory processing in neurodevelopmental disorders[END_REF][START_REF] Friefeld | Sensorimotor coordination in boys with fragile X syndrome[END_REF], Güçlü et al., 2007). Apart from the aforementioned similarities, we are the first to describe trial-to-trial variability and noise in the Fmr1 -/y mouse model, which has so far only been studied in Autism individuals.

CONCLUSION

The processing of hind paw related tactile information in mice is a poorly studied topic. In my project I investigated this question in L2/3 pyramidal neurons (PN) of the S1-HP region using whole-cell patch-clamp recordings in head fixed, anesthetized mice. The analysis of spontaneous firing, intrinsic excitability, morphological and evoked response properties of S1-HP L2/3 neurons in WT suggests the existence of several PN sub types in this layer, namely neurons that do not respond to tactile stimulation of the HP palm, those that respond in a subthreshold fashion, and those that fire action potentials in some stimulation trials. Our investigation of these aforementioned properties revealed a variety of specific alterations in these different sub-types in Fmr1 -/y mice (mouse model of fragile X syndrome). We found that the spontaneous activity of neurons in WT and Fmr1 -/y neurons are very low. But, a comparison between WT and Fmr1 -/y neurons demonstrated a significant increase of spontaneous firing in Fmr1 -/y -Rsub neurons. Intrinsic excitability properties of NR and Rsub cells revealed that L 2/3 neurons in Fmr1 -/y mice are hyperexcitable. Furthermore, we found that the hyperexcitability and change in spontaneous firing rate contribute to an exaggerated tactile sensory response.

Apart from the aforementioned alterations, Fmr1 -/y neurons displayed an increased failure rate, trial-to-trial variability, a cortico-cortical network reorganization and an altered thalamocortical functional connectivity. We also demonstrated that these modifications together contributed to a noisy brain and an impairment in sensory motor behavior in a simple sensory-motor task. Direct cortical application of a BKCa channel opener pharmacologically corrected the main excitability phenotype, spontaneous firing rate, and evoked response properties including peak amplitude and halfwidth duration of Fmr1 -/y neurons.

Overall our study reveals some of the neurobiological underpinnings of atypical sensory information processing within the S1-HP L2/3 network of Fmr1 -/y mice. These alterations might give rise to altered sensorimotor behavior. Finally, our findings support the idea that BKCa channels might be suitable targets for ameliorating neocortical hyperexcitability and sensory processing deficits in fragile x syndrome and autism spectrum disorder. Prof Helmchen (Zurich) provides me with the experience and tools to now address these questions in the Fmr1 -/y model.

This chapter is structured in the following way. First, I will talk about different viral approaches for targeting local circuits (here, M1 and S1-BC) and a specific pathway (M1 → S1). Second, I will explain the validation of injected viral vectors using an Optotetrode. Third, I will talk about the texture discrimination task that we used in the experiment. Finally, I will talk about the preliminary data that we obtained from the project.

13.1 METHODS AND MATERIALS

VIRAL INJECTIONS

To carry out inhibition on the population level we expressed a redshifted Channelrhodopsin called JAWS in pyramidal neurons of primary somatosensory and motor cortices (Fig 30,A).

Illumination of light causes an increase in chloride pump activity, inducing an increased hyperpolarization and inhibition of the neuronal activity [START_REF] Chuong | Noninvasive optical inhibition with a red-shifted microbial rhodopsin[END_REF]. are activated and induced an inhibition of excitatory neurons [START_REF] Zhao | Cell type-specific channelrhodopsin-2 transgenic mice for optogenetic dissection of neural circuitry function[END_REF].

For pathway specific inhibitions we injected an improved version of Cre dependent chlorideconducting Channel rhodopsin (AAV2/9-CamKII-iChloC-DIO-2A-tdimer2) in M1. We then injected a retrograde adenovirus (AAV6-pgk-Cre) in S1bf (primary somatosensory barrel cortex). All the neurons which express this retrograde virus in M1 (primary motor cortex) were labelled with iChloC [START_REF] Wietek | An improved chloride-conducting channelrhodopsin for light-induced inhibition of neuronal activity in vivo[END_REF]. Later with blue light the chloride pump in these neurons were enhanced pathway specific inhibitions were achieved (M1→ S1bf) (Fig 30,C).

ANIMALS AND SURGICAL PROCEDURES

All procedures of animal experiments were carried out according to the guidelines of the Veterinary Office of Switzerland and approved by the Cantonal Veterinary Office in Zurich. A total of 7 male mice (2-6 months age) were used in this study. To implant fiber and optotetrode, mice were anesthetized with 2% isoflurane (mixed in pure oxygen). Body temperature was maintained at 37ºC. To prevent inflammation and pain during anesthesia, a 0.1µl/g bw of Metacam was injected subcutaneously. Prior to implantation, connective tissue was removed from the skull bone. The bone was additionally polished, dried and iBond (Kulzer, Total Etch) was applied to ensure best adhesion of the skull to the connective dental cement. To further stabilize the implant on the skull we used Charisma (Kulzer, A1) to produce a thin ring on the skull rim. Both iBond and Charisma require UV light curing. Small slit-like craniotomies were made to allow for virus injections and implantation of fiber (carried out on the same day).

First, using intrinsic imaging, we mapped S1bf, S1-hindlimb (HL) and S1 forelimb (FL). Later ~120 nl of a retrograde adenovirus (AAV6-pgk-Cre) were delivered into S1bf at a rate of 20 nl/min. Coordinates for primary motor cortex were determined using the Allen brain atlas and previous studies [START_REF] Chen | Pathway-specific reorganization of projection neurons in somatosensory cortex during learning[END_REF]. To specifically tag the M1 neurons projecting to S1bf, an improved version of Cre dependent chloride-conducting Channel rhodopsin (AAV2/9-CamKII-iChloC-DIO-2A-tdimer2) was injected in M1. A custom setup with a syringe and a barometer was used to control pressure injections. To allow for local diffusion and to avoid possible refluxes, the glass injection pipettes (10-15 µm diameter) were kept in place after injection for 10 min. All the implantations were done superficially (100-200 µm from the pia surface). Prior to fiber implantation we slightly scratched the dura surface using a fine needle. The opto-tetrode was implanted at around 200 µm depth in M1 and a ground screw was placed contralateral to the implant hemisphere. After, the craniotomy was sealed with Vaseline, which melts at body temperature and completely covers the craniotomy. Next, we applied dental cement (Tetric EvoFlow A1) on the skull and around the implant followed by UV light curing. A light-weight metal head post was additionally cemented to the skull, allowing for painless head-fixation during the behavioral experiments. After two weeks of recovery, the mice were habituated to head-fixation and trained in the texture discrimination task. We waited at least three weeks for sufficient expression of the injected virus. Then we started the texture discrimination experiment (Fig 32,A). Mice were first accommodated to head fixation through a series of short-duration head fixations. After starting water scheduling, each mouse was first trained to lick upon a texture presentation (Fig 32,D). After this shaping period we added presentations of either the go-texture (sandpaper grit size P100) or the no-go texture (sandpaper grit size P1200) and trained the mouse to discriminate the two texture types [START_REF] Chen | Behaviourdependent recruitment of long-range projection neurons in somatosensory cortex[END_REF]. For the go-texture the mouse had to lick at a waterspout to receive a water droplet as reward (Hit trial). Failure to lick was considered a Miss trial. For the nogo-texture the mouse had to refrain from licking so that lick/no-lick events were interpreted as false alarm (FA) and correct reject (CR) responses, respectively.

The two texture types were presented with 50% probability. Each trial started with a TTL pulse to synchronize the calcium recording with the behaviour setup. One second after trial start, a first 2-kHz auditory tone (2 pulses of 100-ms duration at 50-ms interval) signalled the start of the texture approach (~90º to the whisker pad). It took 2 s for the texture to reach the end position so that the first whisker-to-texture touch occurred in the interval 2-3 s after trial start.

Textures stayed in contact with the whiskers for 2 seconds and were retracted afterwards. Upon texture retraction a second 4-kHz auditory tone (4 pulses of 50 ms duration at 25-ms interval)

signalled the start of 2-s report period, during which a water drop was delivered if the mouse licked correctly for the go-texture (Hit trial). A loud white noise sound stimulus of 4-s duration was presented as punishment if the mouse licked for the nogo-texture (FA trial). Both reward and punishment were omitted if the mouse did not lick (CR and Miss trials for nogo-texture and go-texture presentations, respectively). The lick detector was reachable throughout the entire session. Textures were presented pseudo-randomly with no more than 3 presentations of the same texture type in 3 consecutive trials. After learning the texture discrimination task mice reported their decision by starting to lick during the late period of a texture presentation (3.5-4 s after trial start) and then during the response period (5-7 s after trial start). Lick rate and whisker movements (video recording) were also calculated (Fig 32,E).

The proximal end of the optic fiber is connected to the optical set up for the optogenetic illumination. Omicron LuxX 473-nm laser is used to activate ChR2-tagged interneurons of V-GAT mouse line and iChloC expressing pyramidal neurons to target specific pathways. For the activation of JAWS expressing pyramidal neurons we used Coherent BioRay 640 laser. To achieve stable CW operation, lasers were run at 80% of maximal output power. A variable neutral density filter (NDC-25C-4M; Thorlabs) was used to control the fluorescence excitation power at the fiber tip.

Inhibition trials were set to a probability of 25% of the total session. We applied a 4-s long period of light stimulation from 2-6 s after trial start using a waveform generator (Agilent 33500B; TTL-triggered from the DAQ board for behavior control). Optogenetic protocols were adapted from [START_REF] Sych | High-density multi-fiber photometry for studying large-scale brain circuit dynamics[END_REF] With the JAWS, we restricted our inhibition to a smaller population of pyramidal neurons. To see a better and wider inhibitory effect, we used V-GAT mice. 

CONCLUDING REMARKS

Fragile X syndrome is a genetic condition that causes a range of developmental problems. Also, fragile X mental retardation protein regulates pathways and processes governing connectivity.

It is important to study the systematic brain wide mapping of neuronal circuits. A combination of the different opsins to excite and inhibit specific neuronal populations and pathways coupled with imaging, physiological and behavioral approaches can give a better understanding of neuronal circuit function under healthy condition and its alteration in diseases. The behavior defects in FXS can be a contribution of perceptual alterations. To tackle such questions, we need to combine neuronal activity, genetic tools and behavior. Functional measurements using 2-photon imaging and GECIs) and manipulative approaches (using optogenetics) can provide genetically and anatomically high-yield circuit level access.

To understand how cellular and circuit level alterations impact on behavioral outcome in Fmr1 - /y mice, I performed optogenetics in awake WT mice performing a complex sensory-based behavior task. Specifically, the animal must choose two different textures according to the reward and punishment that they receive [START_REF] Chen | Behaviourdependent recruitment of long-range projection neurons in somatosensory cortex[END_REF]. During the task, specific pathways projecting to S1 were inhibited. To do this, we used sophisticated viral approaches and validated the inhibition/ excitation effect of various injected opsins using optotetrodes (Fig, 30-36) [START_REF] Wietek | An improved chloride-conducting channelrhodopsin for light-induced inhibition of neuronal activity in vivo[END_REF]. We also analyzed multi-neuronal activities. We found that inhibition of local circuits (M1, S1) via enhancement of interneurons not direct inhibition of pyramidal neurons significantly reduced the performance of the mouse in the task. We also found that pathway specific inhibitions (M1→S1) significantly decreased the performance of the animal. We demonstrated that both false alarm rate (FA) and miss rate (Miss) were significantly modified with local inhibitions (via interneuron activation) of M1 or S1. Even though M1→ S1 pathway inhibition reduced the overall performance of the animals, only false alarm rate is significantly modified. In these animals miss rate remain constant before and after the inhibition (Fig 37-39).

We will next investigate performance of Fmr1 -/y mice in this discrimination paradigm. In parallel to this behavioral task, I will perform anatomical tracing (Haberl et al., 2015) using retrograde viral tracers (injected into S2, M1 or S1), brain clearing and 3D visualization and mapping approaches [START_REF] Renier | Mapping of Brain Activity by Automated Volume Analysis of Immediate Early Genes[END_REF].

Even though this is a preliminary data, we presume that a combination of the texture discrimination task, optogenetics and 2-photon imaging will help us to identify structural and functional connectivity impairment in Fmr1 -/y mice. Munich) pseudotyped with its native glycocoprotein was amplified and purified as described previously by (Haberl et al. 2015).

OUTLINE

STEREOTAXIC INJECTIONS AND SLICE PREPARATION

Stereotaxic injections were performed in 12-week-old Fmr1-/y and wild-type littermate mice using protocols approved by the Ethics Committee of Bordeaux (CE50). Mice were anesthetized with isoflurane (4%) and maintained under isoflurane anesthesia (2%) throughout the procedure. Mice were placed in stereotaxic frame and purified viral particles injected in the right caudate putamen using a 10 μL glass syringe equipped with a 34G beveled needle (Nanofil, World Precision Instruments); coordinates with respect to bregma: -0.88 mm anterior/posterior, +3mm lateral/medial. Injections of 500 nl each were performed at two positions dorsal/ventral: -2.8mm and -3mm (with respect to pia). Injection volume and speed (50 nL/ min) were monitored using an Ultra Micro Pump (World Precision Instruments) as described in [START_REF] Haberl | Dual anterograde and retrograde viral tracing of reciprocal connectivity[END_REF]. Mice were perfused one week after injection and the brains were sectioned as described by Haberl et al. 2015. 14.3.1.3 

FLUORESCENCE MICROSCOPY AND ANALYSIS

Red fluorescent protein (mCherry) expression in neurons in selected fore-brain regions was used to quantify the projection density. We used a scanning mosaic wide-field fluorescence acquisition system (NanoZoomer, Hamamatsu) equipped with a 20× 0.75 numerical aperture objective to acquire the images. Labelled neurons were mapped using the Allen Mouse Brain Atlas (Allen Institute for Brain Science). We used NDP.view2 (Hamamatsu) and manually counted labeled neurons within manually drawn regions of interest. 
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 1 Figure 1: A picture of Donald Grey Triplett. The first person diagnosed with Autism.
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 2 Figure 2: Dysfunction of neural circuits during postnatal development in mouse models of ASD. Top) Schematic representation of areas affected in ASD (Each area is coloured similar
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 6 Figure 6: Dendrites in Fragile X syndrome. A) Schematic representation of dendritic spine morphology. B) Dendritic spine morphology of control and C) Fragile X individual(Irwin et 

Figure 7 :

 7 Figure 7: Reorganization of V1 inputs in Fmr1 -/y mice. The figure shows hyper-local connectivity and hypo-long range connectivity in Fmr1 -/y mice (Haberl

Figure 8 :

 8 Figure 8: Accelerated spread of evoked neocortical activity in Fmr1 -/y mice. The figure shows Typical cortical responses to single D2 whisker deflections monitored by VSD imaging in wildtype (WT, top) and Fmr1 -/y (bottom) mice. Resting fluorescence of VSD-stained unilateral craniotomies are shown on the far left as averaged Gaussian-filtered fluorescent signals (n = 30 trials) at different times after D2 deflection. Cortical responses were measured over a large area (the green dashed line delimits the craniotomy) covering the barrel cortex (S1) and the

  morphology, layer thickness, gene expression and the distribution of the cellular markers are different between cortical regions.

Figure 9 :

 9 Figure 9: Mouse neocortex. A) Map of the central nervous system (Swason et al., 2000) representing cerebral cortex and other brain regions. B) representation of different layers in neocortex of the mouse S1-barrel cortex (Matthew T.K, Book chapter, Neocortex).

Figure 10 :

 10 Figure 10: Tactile system in rodents. A) Representation of whisker system and the flow of information from the receptors (hair follicles) to sensory and motor cortices. B) Whiskers are mainly used for social communication, texture discrimination and object localization. C) Top view of the mouse brain displaying barrel cortex (SW), hind paw (HL) and fore paw (FL) cortices. D, F) Paws are mainly used for movement, discrimination of objects and selfgrooming. G) schematic showing the tactile sensory information flow from the periphery

  (Fig 10).The hind paw of the mice consists of low threshold mechanoreceptors like Merkel cells and Pacinian corpuscles under the glabrous skin of the hind paw of mice. The information reaches the peripheral receptors and from there this information is carried into brain stem dorsal column nuclei (DCN) via dorsal horn. A second order neuron carry sensations from DCN to the thalamus and provide excitatory input into the thalamus via the lemniscal pathway. The excitatory-inhibitory balance within the thalamus shapes the responses to tactile stimuli.Finally, a third order thalamocortical neuron forwards the stimulus to the somatosensory cortex[START_REF] Bibliography Abraira | The Sensory Neurons of Touch[END_REF][START_REF] Aguilar | Tactile responses of hindpaw, forepaw and whisker neurons in the thalamic ventrobasal complex of anesthetized rats[END_REF][START_REF] Orefice | Peripheral Mechanosensory Neuron Dysfunction Underlies Tactile and Behavioral Deficits in Mouse Models of ASDs[END_REF] (Fig 10).

  stimulation of hind paw (Fig 11) of mouse. We further studied different parameters including spontaneous activity, intrinsic properties and characteristic features of hind paw evoked sensory responses.

  Ethylene glycolbis (β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) is added to the solution to stabilize the intracellular free calcium ion concentration. HEPES [4-(2-hydroxyethyl)-1piperazineethanesulfonic acid)] helped to maintain the pH of the solution. Energy molecules like Magnesium/Sodium ATPs (adenosine triphosphate) are added to the solution to promote sodium potassium gradients across the cell membrane. Sodium GTP (Guanosine triphosphate)

  were habituated to the new environment at least 30 minutes prior to the experiment (experiment room is different from that of housing). Then the animals were kept in a testing box (new regular transparent box used to house the mice) for another 60 seconds. Rectangular similar sized adhesive tapes were applied to the plantar surface of right and left hind paws of the animal with equal pressure. Each animal was always held by similar experimenter and the other experimenter stick the adhesive tapes on the paws. After the adhesive tape placement, the animals were gently kept in the testing box. Direct observations were made by two experimenters standing on each side of the testing box. Contact time (the time point where the mouse sensed the presence of adhesive strips on the paw) to right and left paws, 'Start of removal' time and the 'end of removal' were measured with the help of timers. With these values we also calculated the 'total duration' (from contact time to the finish of removal).

  9.11.1.1 REAGENTSThe slices were washed 3 to 5 times with 0.1M PB. Then the slices were treated with permeabilization solution (0.7% triton X in 1x PBS), incubation at RT for 2 hours. The slices were stained with Streptavidin-Alexa 555, 1:1000 + 0.3% tritonX in 1x PBS, incubation at RT in dark for 2.5 hours. After the staining, the slices were washed 3 to 5 times with 0.1M PB. The slices positive for biocytin were mounted in Mowiol and allowed to dry for semi-automated Neurolucida reconstructions. 9.11.2 DAPI (4,6diamidino-2-phenylindole dihydrochloride) DAPI was mainly used to identify the layers and the target regions. A stock solution 5mg/mL of DAPI was prepared in ddH2O and stored at -20ºC. The slices were left in DAPI (1: 10000) for 15-20 minutes on a shaker. The slices were then washed three times (10 minutes interval) with 1x PBS and mounted in Mowiol for further identifications.

  9.12.2 EVOKED RESPONSE ANALYSISParameters of evoked sub-threshold synaptic potentials were calculated from an averaged trace of 40 successive trials. Onset was computed as the earliest point, less than 50 ms after stimulation, at which Vm crossed a baseline +3 standard deviation thresholds. Sweeps for which an onset less than 50 ms could not be detected were counted as failures. Peak latency was calculated as the time from the onset of the stimulus to the maximum peak of the averaged response. The duration of the synaptic responses was calculated by measuring the width of the averaged response at half-maximal amplitude. The duration of the synaptic responses was calculated by measuring the width of the averaged response at half-maximal amplitude. Noise is calculated as the standard deviation measured within a 200 ms time window just before the stimulus onset. Signal to Noise ratio is represented as the ratio between mean response amplitude and the standard deviation of the baseline.The calculation of evoked supra-threshold responses and their coefficient of variation were adapted from (de[START_REF] Kock | Layer-and cell-type-specific suprathreshold stimulus representation in rat primary somatosensory cortex[END_REF]. Briefly, the number of APs was quantified within a 200ms-long time window following the stimulus onset and averaged over 40 stimulus trials. The average spontaneous activity (0-200 ms window before stimulus) was then subtracted from this value. The coefficient of variation was calculated by dividing the number of APs within 200 ms following the stimulus by the standard deviation on a trial-by-trial basis. AP jitter is analysed by plotting trials in function of time to peak of spikes within a 100 ms time window just after the stimulus onset. All analysis was performed using Clampfit 10.4 software (Axon Instruments) and Python.9.12.3 STATISTICAL TESTS USEDAll the values were first tested for outliers (Grubb's outlier test) followed by normality check using Shapiro-Wilk normality test. If the values were normally distributed an unpaired t-test is used. For non-normally distributed parameters we used Mann-Whitney's U-test. To compare three or more groups, we used two-way repeated ANOVA (GraphPad Software) followed by Bonferroni post-hoc analysis. P values < 0.05 were considered significant (* P < 0.05, ** P < 0.01, *** P < 0.001). Boxplots indicated the median value (middle line), the 25 th and 75 th percentiles (box), and the highest and lowest values (whiskers). 10 RESULTS 1 10.1 DEFECTS IN TACTILE STIMULUS EVOKED RESPONSES OF LAYER 2/3 PYRAMIDAL NEURONS IN THE FMR1 -/Y MOUSE MODEL OF FRAGILE X SYNDROME The three main aims of my PhD thesis were (1) the characterization of hind paw (HP) stimulus elicited sensory responses in layer (L) 2/3 pyramidal neurons of the corresponding primary somatosensory cortex (S1-HP) in mice (Fig 11), (2) the identification of the circuit alterations underlying atypical sensory information processing in Fmr1 -/y mice, and (3) the testing of a pharmacological approach for the correction of sensory defects.To address these aims, I performed in vivo whole-cell patch-clamp recordings from individual L2/3 pyramidal neurons (PN) to measure their intrinsic properties, spontaneous activity, and paw stimulus evoked responses in anaesthetized wild type (WT) and Fmr1 -/y mice. In addition, I used direct electrical stimulation of the thalamic projections from the ventral posteromedial nucleus (VPM) to the S1-HP to probe alterations in this pathway to the sensory deficits in Fmr1 -/y mice. Finally, I utilized a HP dependent behavioral task to evaluate a possible link between atypical sensory processing and a behavioral outcome. 10.1.1 CLASSIFICATION OF LAYER 2/3 PYRAMIDAL NEURONS ACCORDING TO THE PRESENCE OF SENSORY STIMULUS EVOKED RESPONSES Stimulation of the HP elicited either no response in L2/3 PN of the contralateral S1-HP region, a sub-threshold response (EPSP only), or in few neurons supra-threshold responses (action potentials) in some of the trials (FIG 11). Accordingly, we classified the recorded neurons into two main groups. Those responding to the hind-paw stimulation were classified as 'responder' (R) cells (including both sub-and supra-threshold responders), and those that did not respond as 'non-responder' (NR) cells (Fig 11, C).

Figure 11 :

 11 Figure 11: Hind paw related primary somatosensory cortex (S1-HP) layer 2/3 (L2/3)

  First, I describe the spontaneous firing properties of NR-and R-cells in WT mice and compare these properties to those of neurons from Fmr1 -/y animals (Section 10.2, 10.2.1 to 10.2.3). Similarly, I will then analyze the intrinsic properties of these neurons (Section 10.3, 10.3.1 to 10.3.3) and their dendritic morphology (Section 10.4, 10.4.1 to 10.4.5) for both neuronal populations and genotypes. The main part will be devoted to the characterization of HP stimulus evoked responses in WT mice and their alterations in Fmr1 -/y mice (Section 10.5-10.8). Next, I used a sensory motor behavior paradigm

Figure 12 :

 12 Figure 12: Spontaneous firing activity in WT mice. A) Example traces of spontaneous firing

  significant spike rate when compared to Rsub-cells (WT-NR-, 0.0185 ± 0.012 Hz; WT-Rsub-, 0.011 ± 0.005; p > 0.05) (Fig 12, G). The membrane potential (Vm) at Up-/ Down-states was comparable between WT-NR-and WT-Rsub-cells (Down-state; WT-NR-, -76.60 ± 6.53 mV; WT-Rsub-, -75.05 ± 8.77 mV; p > 0.05) ( Up-state; WT-NR-, -71.28 ± 3.42 mV; WT-Rsub-, -71.16 ± 7.75 mV; p > 0.05) (Fig 12, B, C). Similarly there was no difference for the Up-states with respect to their threshold (WT-NR-, 2.09 ± 1.49 mV; WT-Rsub-, 1.38 ± 0.62 mV; p > 0.05), frequency (WT-NR-, 1.13 ± 0.16 Hz; WT-Rsub-, 1.039 ± 0.209 Hz; p > 0.05), and duration (WT-NR-, 418.64 ± 116.02 ms; WT-Rsub-, 357.09 ± 81.8 ms, p > 0.05) (Fig 12, D, E, F).

Figure 13 :

 13 Figure 13: Differences in spontaneous firing rate and UP-/Down-states between NR-and
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 23 SPONTANEOUS ACTIVITY IS ALTERED IN FMR1 -/-Y MICEIn the previous two chapters I described specific differences in Up-/Down-states and spontaneous firing rates between Rsub-and NR-cells in WT mice. Interestingly, these cell-type dependent differences disappeared in Fmr1 -/-y mice, reflecting cell-type-and circuit specific alterations in this disorder(Fig 12,[START_REF]SENSORY MOTOR BEHAVIOUR Adhesive removal test has been used for testing sensory-motor deficits in rodents[END_REF].

Figure 14 :

 14 Figure 14: Spontaneous firing rate of Rsub-cells was significantly increased in Fmr1 -/y

15 ,

 15 E; p > 0.05). Accordingly, the maximum number of evoked APs (WT-NR, 20.63 ± 10.60; WT-Rsub-, 18.59 ± 5.45; unpaired t-test p > 0.05) (Fig 15, F), and the number of APs fired at 2 times rheobase (WT-NR, 7.38 ± 4.87; WT-Rsub-, 9.53 ± 3.22; p > 0.05) (Fig 15, G) were comparable.

Figure 15 :

 15 Figure 15: Increase in AP amplitude of Rsub-versus NR-cells in WT mice. A) Example traces

  compared to WT-NR-cells (WT-NR-, 45.83 ± 7.62 mV; WT-Rsub-, 58.53 ± 12.6 mV; unpaired t-test; p < 0.01) (Fig15, C). WT-NR-cells exhibited an increase in AP halfwidth (WT-NR-, 2.39 ± 1.01 ms; WT-Rsub-, 1.825 ± 0.43 ms; p > 0.05) (Fig15, D). AP-threshold did not show any differences between the two population of neurons (WT-NR-, 38.17 ± 14.24 mV; WT-Rsub-, 40.49 ± 7.27 mV; Unpaired t-test; p > 0.05).In conclusion, except for the amplitude of APs, NR-and Rsub-cells of WT mice showed similar firing properties in response to step current injections.10.3.2 INTRINSIC PROPERTIES OF NR-AND R sub -CELLS IN FMR1-/-Y MICE Fmr1 -/y NR-and Rsub-cells showed a larger average number of spikes (8-10 spikes/ step current) at the maximal current injection steps (450-550 pA) compared with WT neurons (Fig16, E), suggesting an increase in intrinsic excitability and a concomitant change in the firing properties. Furthermore, Fmr1 -/y NR-and Rsub-cells showed a higher maximum evoked number of spikes compared to the WT animals. Within the genotype Fmr1 -/y NR-and Rsub-cells did not display any differences their maximum evoked responses (Fmr1 -/y NR-, 23.15 ± 8.2; Fmr1 -/y Rsub-, 23.68 ± 6.5; Mann-Whitney U-test; p > 0.05) (Fig16, F).

Figure 16 :

 16 Figure 16: Decrease in AP duration of NR-versus Rsub-cells in Fmr1 -/y mice. A, B) Example traces of voltage responses to 500 pA current injection in NR-and Rsub-cells of Fmr1 -/y mice.B)There was no difference in AP threshold of Fmr1 -/y -NR and Fmr1 -/y -Rsub-cells (Fmr1 -/y -NR, median = 37.10 mV, n = 32; Fmr1 -/y -Rsub, median = 39.48 mV, n = 20; p > 0.05, unpaired t-test). C) There were no differences in AP amplitude between these cells (Fmr1 -/y -NR, median = 53.02 mV, n = 32; Fmr1 -/y -Rsub,median = 52.22 mV, n = 20; p > 0.05, unpaired t-test). D) Fmr1 -/y -Rsub cells showed a trend of increase AP halfwidth (Fmr1 -/y -NR, median = 2.11 ms, n = 30; Fmr1 -/y -Rsub, median = 2.20 ms, n = 20; p = 0.07, unpaired t-test) E) Average number
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 33 INTRINSIC PROPERTIES WERE CHANGED IN FMR1 -/Y COMPARED TO WT MICE The average number of APs as a function of current injected was significantly increased in Fmr1 -/y Rsub-cells (Unpaired t-test p< 0.05) (Fig 17, C). Thus, the maximum number of APs was approximately increased by 66 % in Fmr1 -/y Rsub cells (point-by-point comparison using unpaired t-test; current steps between 450 and 550 pA) (p < 0.05) cells (Fig 17, C). The maximum evoked firing was significantly increased in Fmr1 -/y Rsub-cells when compared with WT-Rsub-cells (p < 0.01) (Fig 17, D).WT-NR-cells did not show any difference in the average number of spikes at maximal current steps when compared with Fmr1 -/y NR-cells (not shown, p > 0.05).

Figure 17 :

 17 Figure 17: Intrinsic properties of Rsub cells were modified in Fmr1 -/y mice. (A) Example

Figure 18 :

 18 Figure 18: Morphology of neuron subtypes in WT and Fmr1 -/y mice. A) Example of a biocytin

  methods and Fig18, A, B, C), were reconstructed using Neurolucida (MBF) and then analyzed in Neuroexplorer software (MBF). The parameters describing Apical and basal dendrites were quantified[START_REF] Marx | Improved biocytin labeling and neuronal 3D reconstruction[END_REF]. 10.4.1 APICAL DENDRITIC MORPHOLOGY OF NR-AND R sub CELLS IN WT MICE. Mean length of apical dendrite segments was significantly higher in WT-Rsub-cells (WT-NR-, 32.95 ± 3.99 µm; WT-Rsub-, 46.43 ± 9.38 µm; Unpaired t-test; p < 0.05) (Fig 19, A).

Figure 20 :

 20 Figure 20: Dendritic morphology of NR-and Rsub-cells of Fmr1 -/y mice. Apical dendritic features-(A-D). A)Mean apical dendritic segment length in Fmr1 -/y mice was significantly higher in NR cells (Fmr1 -/y -NR, median = 35.1 µm, n = 9; Fmr1 -/y -Rsub, median = 22.1 µm,

  , median = 33.16 µm, n = 6; Fmr1 -/y -NR, median = 35.1 µm, n = 9; p > 0.05, unpaired t-test), B) Total apical dendritic length (WT-NR, median = 737.85 µm, n = 6; Fmr1 -/y -NR, median = 719 µm, n = 10; p > 0.05, Mann-Whitney U-test), C) Number of endings (WT-NR, median = 11, n = 7; Fmr1 -/y -NR, median = 10, n = 10; p > 0.05, Mann-Whitney U-test) and D) Number of nodes of Fmr1 -/y -NR-and Fmr1 -/y -Rsub-cells (Fmr1 -/y -NR, median = 6, n = 8; Fmr1 -/y -Rsub, median = 3.5, n = 6; p > 0.05, unpaired t-test) were unchanged. Comparison of Apical dendritic features between WT-Rsub and Fmr1 -/y -Rsub cells (E-H). Fmr1 -/y -Rsub cells showed a significant decrease in E) Mean apical dendritic segment length (WT-Rsub, median = 45.94 µm, n = 5; Fmr1 -/y -Rsub, median = 22.1 µm, n = 5; p < 0.001, unpaired t-test), F) Total apical dendritic length (WT-Rsub, median = 781 µm, n = 5; Fmr1 -/y -Rsub, median = 400.3 µm, n = 6; p < 0.05, unpaired t-test), G) Number of endings (WT-Rsub, median = 12, n = 5; Fmr1 -/y -Rsub, median = 4.5, n = 6; p < 0.05, unpaired t-test) and H) Number of nodes (WT-Rsub, median = 9, n = 5; Fmr1

  Mean basal dendritic segment length (WT-NR, median = 77.43 µm, n = 7; Fmr1 -/y -NR, median = 70.32 µm, n = 12; p > 0.05, unpaired t-test), B) Total basal dendritic length (WT-NR, median = 774.3 µm, n =5; Fmr1 -/y -NR, median = 826.65 µm, n = 12; p > 0.05, unpaired t-test), C) Number of endings (WT-NR, median = 17.5, n = 8; Fmr1 -/y -NR, median = 13.5, n = 12; p > 0.05, unpaired t-test) and D) Number of nodes (Fmr1 -/y -NR, median = 10, n = 8; Fmr1 -/y -Rsub, median = 7, n = 12; p > 0.05, Mann-Whitney U-test) of Fmr1 -/y -NR-and Fmr1 -/y -Rsub-cells were unchanged.
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 5 HINDPAW STIMULATIONS EVOKED RESPONSES IN S1-HP L2/3 PYRAMIDAL NEURONS As stated at the beginning of the Results section, stimulation of the HP elicited either no response in L2/3 PN of the contralateral S1-HP region, a sub-threshold response (EPSP only), or supra-threshold responses (action potentials) (Fig 11, C).

  05) (Fig23, A). We measured the ongoing spontaneous firing before the sensory stimulus, and the combined sensory stimulus evoked and spontaneous activity within a time window of 200 ms duration following the sensory stimulus. Fmr1 -/y mice showed no difference in average pre-stimulus APs compared to WT-mice (WT-Rsupra cells, 0.007 ± 0.012 Hz; Fmr1 - /y Rsupra cells, 0.095 ± 0.158 Hz; p > 0.05) (Fig23, B, C). In contrast, we found that the poststimulus APs fired per trial were significantly higher in Fmr1 -/y Rsupra cells (WT-Rsupra cells, 0.332 ± 0.77 Hz; Fmr1 -/y Rsupra cells, 0.77 ± 0.349 Hz; p < 0.05) (Fig23, B, C). We also observed an increased AP firing per trial during the post-stimulation period compared to prestimulation period in both WT and Fmr1 -/y mice (WT-Rsupra cells = p < 0.05; Fmr1 -/y Rsupra cells = p < 0.0001) (Fig23, B, C).

Figure 23 :

 23 Figure 23: Increased AP firing and altered AP Jitter in suprathreshold responders of Fmr1 - /y mice. (A) Depth of recording in WT and Fmr1 -/y mice. The majority of WT-Rsupra cells were

  0.05) (Fig 23, L). Interestingly, none of these 17 Rsupra cells (both WT and Fmr1 -/y ) demonstrated any response failure. WT-Rsupra and Fmr1 -/y Rsupra cells displayed a combination of EPSP and AP responses in each session (40 trials). We further measured the proportion of EPSPs and APs per session in response to the hind paw stimulus. WT-Rsupra cells responded with APs in 32.5% of the stimulation trials, while Fmr1 -/y Rsupra cells exhibited responses with APs in 65% of the trials (WT-Rsupra number of trials with AP = 91/ 280 trials, Fmr1 -/y Rsupra number of trials with AP = 260/400, p < 0.0001) (Fig 23, G, H). This finding was in agreement with the total number of spikes per each session. The total number of APs elicited in each session (40 trials) was significantly elevated in Fmr1 -/y Rsupra cells (WT-Rsupra cells, 13.29 ± 9.27; Fmr1 -/y Rsupra cells, 30.8 ± 14; p < 0.05) (Fig 23, I).

  subthreshold responses of Rsub cells in WT and Fmr1 -/y animals. Responses had an onset latency of ~25 ms in WT mice, which tended to be increased, albeit nonsignificantly, in Fmr1 -/y neurons (WT-Rsub, 25.52 ± 8.78 ms; Fmr1 -/y Rsub, 28.31 ± 12.10 ms; p > 0.05). Figure 24 A displays raw traces from an individual WT and Fmr1 -/y subthreshold responder cell and Figure 24 B represent the grand average (including failures) of all EPSPsfor both genotypes, illustrating the major alterations for neurons of Fmr1 -/y mice.

Figure 24 :

 24 Figure 24: Hind paw stimulation evoked subthreshold responses in WT and Fmr1 -/y mice in

Figure 25 :

 25 Figure 25: Increased occurrence of HP L2/3 PN responding to both HP and FP stimulations

  10.7.2 INCREASED INHIBITION FOLLOWING EPSPs DURING VPM STIMULATION IN FMR1 -/Y MICE VPM stimulation evoked an EPSP, followed by a pronounced inhibitory post synaptic potential (IPSP) in HP-L2/3 PN of Fmr1 -/y mice. Fig. 28A shows the average responses for all recorded neurons (WT Rsub-, n = 6; Fmr1 -/y Rsub-, n = 13). Analysis showed that the Fmr1 -/y EPSPs were accompanied by stronger IPSPs (Fig 26, D).

10. 8

 8 INCREASED INTRA-TRIAL VARIATIONS AND FAILURE RATES OF EPSP RESPONSES IN FMR1 -/Y MICE There was a significantly higher number of failure traces in HP evoked responses in Fmr1 -/y mice (WT-Rsub HP = 79/520; Fmr1 -/y -Rsub HP = 203/984; p < 0.01, Fisher's exact test) (Fig 27, B). We measured the trial-to-trial variation (noise) in responses evoked by HP stimulation (Fig 27, D).

Figure 27 :

 27 Figure 27: Increased trial-to-trial variability in Fmr1 -/y mice. (A)Example traces from a WT-

Figure 28 :

 28 Figure 28: Fmr1 -/y mice displayed sensory motor deficits in an adhesive removal test for

  We scored the latency to the first contact (the moment the animal first senses and reacts to the adhesive strips attached to the paws; (Fig 28 D, E), the start of the 'removal' phase (Fig 28 F, G) and the end of the 'removal' phase (Fig 28 H, I) and the total duration of the first contact (Fig 28 J, K).

  10.10.1 BK Ca CHANNEL OPENER RESCUED SOME OF THE PROPERTIES OF FMR1 -/Y NEURONS Our initial characterization of the spontaneous firing properties of NR-and Rsub-cells in Fmr1 - /y and WT littermates demonstrated a number of significant alterations in these properties (Fig12-14).We explored whether direct neocortical S1-HP application of BMS191011 can correct these alterations. BMS treatment significantly depolarized the Down-state of Fmr1 -/y Rsub-cells (Fmr1 -/y Rsub-, -78.32 ± 5.85 mV; BMS-Fmr1 -/y Rsub-, -70.04 ± 4.50; p < 0.001) (data not shown). As a consequence, the difference in Down-states between NR-and Rsub--cells of Fmr1 - /y mice (Fig,14) was not observed following BMS191011 application (BMS-Fmr1 -/y NR-, -73.15 ± 8.07 mV; BMS-Fmr1 -/y Rsub-, -70.04 ± 4.50 mV; p > 0.05).

Figure 29 :

 29 Figure 29: BMS191011 rescued some of the altered evoked response, spontaneous and

  10.10.3 EFFECT OF BK Ca CHANNEL OPENER ON ALTERED EPSPs OF FMR1 -/Y CELLS Since sensory disturbances are one of the most reliably measured and prominent features of FXS, we decided to measure the effect of pharmacological intervention on sensory-evoked responses in the L2/3 S1 neurons. BMS191011 was administered (refer Methods) via direct cortical application.
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 32 RELEVANCE OF CURRENT STUDY IN TRANSLATIONAL RESEARCH Animal ASD models are powerful tools for studying dysfunctions in ASD. Investigations into sensory behaviors provide strong translational tools for the autism research (reviewed in Robertson & Cohen 2017). For translational research three objectives are important. 1.Construct validity: The cause behind the deficit should be similar in origin (for example, Fmr1 gene mutation) Face validity: behavior of the animal must show a strong resemblance to human behavior (for example, sensory hypersensitivity) 3.Predicitive validity: the results obtained by pharmacological treatment should be able to translate to human (for example: rescue using BKca openers) (reviewed in Robertson & Cohen 2017).

Figure 30 .

 30 Figure 30. Viral injection for manipulation of neurons during behaviour. A) JAWS injectionin M1 of wild-type mice and inhibition using red light (640 nm, CW mode (continuous illumination). All pyramidal neurons expressing JAWS are inhibited. We repeat this in S1-BF for another set of experiments where we inhibit all S1 pyramidal neurons expressing JAWS.B) ChR2 expression in interneurons (VGAT-ChR2-EYFP mouse line). Inhibition of allpyramidal neurons via activation of interneurons using a blue light(473 nm, 40 HZ, 5 ms). We target M1 and S1-BF in different experiments. C) Pathway targeted expression of iChloC

Figure 31 .

 31 Figure 31. Optotetrode preparation. A) Schematic of custom-designed optotetrode. Cross section of optotetrode tip comprising the UM22-100 fiber surrounded by four tetrodes. B) The screw to control the depth of fiber tip. C) Connector with 16 channels to record multiple neurons extracellularly. D) Optic fiber and the tetrode tips. E) Placement of optotetrode in the target region.

  13.1.3 TEXTURE DISCRIMINATION TASK Mice were first injected with different viral constructs for various inhibition experiments. The target areas were primary motor cortex (M1), primary somatosensory barrel cortex (S1bf) and secondary somatosensory cortex (S2) (Fig 32, B, C).

Figure 32 .

 32 Figure 32. Texture discrimination task and experiment outline. A) Experimental time window. B, C) Area of interest and intrinsic mapping of S1bf, S1 HL and S1 FL. D) texture discrimination task. E) schematic representation of texture discrimination task and inhibition protocol.

Figure 34 .

 34 Figure 34. Inhibition of S1 pyramidal neurons via interneuron excitation in VGAT mice reduced the overall performance and increased FA and MISS rates. A) Interneuron driven inhibition of S1bf pyramidal neurons led to a significant drop of average performance. Each

Figure 35 .

 35 Figure 35. JAWS mediated M1 pyramidal neuron inhibition dropped the overall performance and increased FA and MISS rates. A) Inhibition of M1 pyramidal neurons did not change the average performance of the animals. Each data point denotes an individual session performance percentage. Each animal and the corresponding data points are similarly colour coded (M1). B) Overall performance, d' also not modified with the inhibition. Each data point represents d'prime of an individual session (B, left). Mean d'prime change (∆d') is-0.072 ± 0.09(B, right). C) FA rate and D) Misses are not affected with inhibition. Data presented as mean ± SEM for panels (A, C and D),Boxplot (B, right) show the median, interquartile and range. Animals n = 1; sampled 400 trials without replacement, 8 independent draws followed by Wilcoxon signed rank test.
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 2 .4 INTERNEURON DRIVEN INHIBITIONS OF M1 PYRAMIDAL ACTIVITY DECREASED THE OVERALL PERFORMANCE OF THE ANIMAL IN THE TEXTURE DISCRIMINATION TASK Next, we measured the performance of the V-GAT mice while inhibiting M1 partially (Fig 30,B). We performed the experiment on 3 animals across 11 days. We found a significant reduction in the average performance of the animal with M1 inhibition (Performance in %; NoLight = 92.54 ± 0.83; Light = 89.12 ± 1.24; mean ± SEM; Wilcoxon signed rank test; p = 4.88 e-04) (Fig36, A).

Figure 36 .

 36 Figure 36. Inhibition of M1 pyramidal neurons of VGAT mice decreased the performance and increased both FA and MISS rates. A) Interneuron driven inhibition of M1 pyramidal neurons is significantly dropped the average performance. Each data point denotes an individual session performance percentage. Each animal and the corresponding data points are similarly colour coded (M1, M2, M3). B) Overall performance, d' is reduced with inhibition. Each data point represents d'prime of an individual session (B, left). Mean d'primechange(∆d') is -0.304 ± 0.09(B, right). C) False alarm and D) Misses are increased with inhibition. Data presented as mean ± SEM for panels (A, C and D),Boxplot (B, right) show the median, interquartile, and range. Animals n = 3; sampled 400 trials without replacement, 4 independent draws followed by Wilcoxon signed rank test.

Figure 37 .

 37 Figure 37. M1→ S1 pathway specific inhibition reduced the overall performance through increased FA rate modulations. A) Pathway specific inhibition (M1 pyramidal neurons projecting to S1bf) significantly dropped the performance. Each data point denotes an individual session performance percentage. Each animal and the corresponding data points are similarly colour coded (M1, M2). B) Overall performance, d' is reduced with inhibition.Each data point represents d'prime of an individual session (B, left). Mean d'prime change

Figure 38 .

 38 Figure 38. Optotetrode recordings and measurements. A) Confocal image showing the fiber tip and the cells (in red) labelled with iChloc. B) Distinct neuronal behaviour during the texture discrimination task without inhibition. (a) a neuron showing similar activation pattern during both Go and NoGo trials. (b) Single unit which is active during texture presentation (2.5 s-4 s) in Go trials. The same unit shows no activity during this period (c) Another neuron which is positively activated during the texture presentation in both Go and NoGo trials and then shows an increased activation in CR trials during lick period (4 s-6 s). This neuron shows a decrease in activity just after entering the lick period (d) Example of a single unit showing increased activation in Go trials during lick period. The same neuron showed a diminished activity during CR trials. C) Spiking activity of a single unit to Hit and CR trials before and after the inhibition. D) The graph shows inhibition driven neuronal modulations during Go (hit) and NoGo (CR) trials. A few cells are modulated during texture presentation time and a few other cells are changed their firing during lick period (Wilcoxon rank sum test, p < 0.05).

Figure 39 .

 39 Figure 39. Whisker movement and Lick rate during inhibition. A) Whisker angle during 'Hit' before and after the inhibition. B) Lick rate of the animal for Hit trials. C) Whisker envelope during 'False alarm' with and without inhibition. D) Lick rate during false alarm.

  

  

  

  

  

  

  -/y -Rsub, median = 2.205 ms, n = 20; p < 0.01, unpaired t-test). (C) There was no difference in AP firing for current injections up to 350 pA (repeated measurements two-way ANOVA). But there was a significant increase of AP

	firing in Fmr1 -/y -Rsub cells in at the maximum current steps (450-550 pA). (D) Maximum evoked
	firing rate was significantly increased in Fmr1 -/y -Rsub cells (WT-Rsub, median = 20, n = 27;
	Fmr1 -/y -Rsub, median = 24, n = 19; p < 0.01, unpaired t-test). (E) Grand average of injection
	of 3 consecutive current pulses of 1 nA (pulse width of 1 ms, intra-pulse interval of 23 ms and
	1 s duration). ADP-amplitude is represented with an arrow (F) Averaged AP-halfwidth ratio
	(third/ first AP) in the 40 Hz frequency range was significantly higher in Fmr1 -/y -Rsub cells
	(WT-Rsub, median = 1.007, n = 7; Fmr1 -/y -Rsub, median = 1.029, n = 7; p < 0.05, unpaired t-

test). (G) Average ADP-amplitude at 40 Hz was significantly greater in Fmr1

-/y -Rsub cells (WT-Rsub, median = 1.66 mV, n = 6; Fmr1 -/y -Rsub, median = 2.72 mV, n = 7; p < 0.05, unpaired ttest). Boxplots show the median, interquartile, range and individual values. *p < 0.05 (Fmr1 - /y compared to wild type). Statistical significance was calculated by unpaired student t-test (for normal distribution) and Mann-Whitney U-test (Not normal distribution).

  The first AP halfwidth (WT-Rsub-, 1.055 ± 0.058 ms; Fmr1 -/y Rsub-, 1.091 ± 0.103 ms; Mann-Whitney U-test; p > 0.05) and third AP halfwidth (WT-Rsub-, 1.064 ± 0.06 ms; Fmr1 -/y

	Rsub-, 1.121 ± 0.10 ms; Mann-Whitney U-test; p > 0.05) were not different within and between
	the genotype. Interestingly AP halfwidth ratio (3 rd AP halfwidth/ 1 st AP halfwidth) was
	significantly increased in Fmr1 -/y Rsub-neurons (WT-Rsub-, 1.007 ± 0.01 ms; Fmr1 -/y Rsub-,
	1.027 ± 0.014 ms; Unpaired t-test; p < 0.05) (Fig 17, F).

-/y Rsub-neurons (WT-G).

  -/y -Rsub cells showed a significant decrease in Mean apical dendritic

	segment length (WT-Rsub, median = 83.32 µm, n = 5; Fmr1 -/y -Rsub, median = 64.5 µm, n = 7;
	p < 0.05, unpaired t-test). F) Total apical dendritic length (WT-Rsub, median = 1225.4 µm, n
	= 5; Fmr1 -/y -Rsub, median = 1032.7 µm, n = 7; p > 0.05, unpaired t-test), G) Number of endings
	(WT-Rsub, median = 23, n = 5; Fmr1 -/y -Rsub, median = 21, n = 7; p > 0.05, unpaired t-test) and
	H) Number of nodes (WT-Rsub, median = 16, n = 5; Fmr1 -/y -Rsub, median = 14, n = 7; p > 0.05,
	unpaired t-test) were unchanged. Boxplots show the median, interquartile, range and
	individual values. *p < 0.05, ns p > 0.05 (Fmr1 -/y compared to wild type). Statistical significance
	was calculated by unpaired student t-test (for normal distribution) and Mann-Whitney U-test
	(Not normal distribution).

  bipolar electrode was placed in the VPM. The numbers indicate the sequence of stimulation.

	Example traces (40 trials) of a neuron responding to hind paw stimulation in blue and VPM
	evoked responses of the same neuron in green is represented. B) Average VPM evoked
	responses of all recorded neurons (without failure traces) in WT and Fmr1 -/y mice (data
	represented as mean ± SD). VPM evoked EPSP response features (C, i-iv). (C, i) VPM evoked
	EPSP responses in Fmr1 -/y Rsub cells showed an increased peak amplitude (WT-Rsub, median =
	2.54 mV, n = 6; Fmr1 -/y -Rsub, median = 9.15 mV, n = 8; p < 0.01, Mann-Whitney U-test). There
	were no differences in halfwidth duration (WT-Rsub, median = 23.74 ms, n = 6; Fmr1 -/y -Rsub,
	median = 19.64 ms, n = 8; p > 0.05, unpaired t-test) (C, ii) and area under the curve (WT-Rsub,
	median = 181.07 mV.ms, n = 6; Fmr1 -/y -Rsub, median = 99.41 mV.ms, n = 8; p > 0.05, unpaired

-/y mice. A) Schematic representation of HP and VPM stimulations while recording from S1-HP L2/3 PN.

A t-test) (C, iii). (C, iv)

Rise-slope (20-80%) was significantly increased in Fmr1 -/y mice (WT-Rsub, median = 0.332 mV/ ms, n = 6; Fmr1 -/y -Rsub, median = 0.587 mV/ ms, n = 8; p < 0.05,

  -/y mice (first paw; WT, 83.87 ± 91.61 s; Fmr1 -/y ,109.38

	± 102.02 s; Mann-Whitney U-test; p > 0.05; second paw; WT, 39.8 ± 27.64 s; Fmr1 -/y , 225.5
	± 258.02 s; Unpaired t-test; p < 0.05) (Fig 28, K).
	10.10 PHARMACOLOGICAL RESCUE APPROACH USING AN
	OPENER OF BK Ca CHANNELS
	Absence of FMRP is strongly associated with sensory hypersensitivity both in patients with

  conforming hypersensitivity in both FXS human and mice. Less reliable evoked responses have been reported previously in ASD individuals(Dinstein et al., 2012, Haigh et al., 2015, reviewed in Robertson & Cohen, 2017). We found that WT individual neurons demonstrated more precise AP firing timing compared to Fmr1 -/y mice. In Fmr1 -/y cells AP timing was significantly more scattered over a time window of 0-60 ms following the stimulus (a combination of early and very late AP jitter). In contrast WT cells mainly fired between 20-45 ms (Fig23), suggesting WT sensory responses are much reliably locked to the stimulus.Another striking similarity that we noticed is the defect in thalamocortical network. For example,[START_REF] Nair | Impaired thalamocortical connectivity in autism spectrum disorder: a study of functional and anatomical connectivity[END_REF] reported a decreased functional connectivity between thalamus to prefrontal, parieto-occipital, motor and somatosensory regions. Another study displayed a reduced local but increase long range functional connectivity in ASD individuals

  13 FUTURE PERSPECTIVE AND PRELIMINARY DATAMy work to date(Bony, Bhaskaran et al and Bhaskaran et al, in preparation) and that of my colleagues[START_REF] Zhang | Dendritic channelopathies contribute to neocortical and sensory hyperexcitability in Fmr1-/y mice[END_REF] Haberl et al., 2015) provide strong evidence that neocortical circuits are altered in the Fmr1 -/y mouse. At this point our findings are based on studies in anesthetized animals. Since these circuit-based changes are likely to have profound consequences for cortical signal flow underlying behavior and, importantly behavioral abnormalities are the main indicators of autistic pathology. It will therefore be important to evaluate the role of circuit alterations in an appropriate behavioral context. Manipulations of specific pathways and local circuits during a texture discrimination task will permit me to do this in the context of sensory-based decision-making. The ongoing project in the host lab of

Figure 33. JAWS mediated S1 pyramidal neuron inhibition decreased the overall performance and increased FA and MISS rates

  with permission. Experiments were continued until the mice mice we have recorded different number of sessions and trials. Furthermore, mice had individual performance levels, some could discriminate textures with above 90% correct trials while others were close to 75%. To account for variations in sample number (that is, the number of trials and samples from which the performance, FA and Miss rates are calculated) and mouse-to-mouse variations in performance levels we used a random draw of same amount of trials into sessions to estimate performance. Total number of draws and consequently total number of trials which contribute to the calculation of performance levels was the same across all mice. For each of these session performances (performance %, dprime and Δd'), fa and miss rates is calculated for each mouse. As changes in performance during optogenetic perturbation followed non-normal distribution we have used Wilcoxon signed rank test to calculate significance levels. All graphs are made using MATLAB. Appropriate modifications and arrangement of the figures without the manipulation of the data were done using Inkscape. There were no differences in the rate of FA (FA rate in %; NoLight = 5.92 ± 1.32; Light = 8.18 ± 1.40; mean ± SEM; Wilcoxon signed rank test; p = 0.25) and MISS (MISS rate in %; NoLight = 10.86 ± 1.16; Light= 12.9 ± 1.39; mean ± SEM; Wilcoxon signed rank test; p = 0.38) showed a substantial but a non-significant increase (Fig33, C and D).

	FA rate with inhibition, (iFA rate) (%) = (iFA/ (iFA + iCR)) *100 13.2 RESULTS 2 inhibition. Each data point represents d'prime of an individual session (B, left). Mean d'prime
	Miss rate is calculated as below, change (∆d') is -0.307 ± 0.17 (B, right). C) False rate and D) Miss rate were not changed with 13.2.1 JAWS MEDIATED INHIBITION OF S1-BF PYRAMIDAL NEURONS S1 pyramidal neuron inhibition. Data presented as mean ± SEM for panels (A, C and D),
	Miss rate (%) = (Miss/ (Hit+ Miss)) *100 DID NOT AFFECT THE OVERALL PERFORMANCE IN TEXTURE Boxplot (B, right) show the median, interquartile, and range. Animals n = 2; sampled 200
	Miss rate with inhibition (iMiss rate) (%) = (iMiss/ (iHit+ iMiss)) *100 DISCRIMINATION TASK trials without replacement, 4 independent draws followed by Wilcoxon signed rank test.
	Texture discrimination task is whisker dependent in mice. In this experiment whisker plays a The overall performance d' is not changed during the inhibition (d'performance; NoLight = Spikes recorded with optotetrode were sorted in Tint software. Whisker angle, lick rate and crucial role in touch, sense and detection of different textures to make a choice. S1bf is one of 2.90 ± 0.15; Light = 2.59 ± 0.11, mean ± SEM; Wilcoxon signed rank test; p = 0.1484) (Fig spike parameters were processed and analysed using MATLAB. 13.1.6 STATISTICAL TESTS the important areas corresponding to the control of sensory inputs and outputs to the whisker regions. We tested this by expressing JAWS, a redshifted channel rhodopsin enhancing chloride pump in S1 bf pyramidal neurons. With the help of light (Fig 30, A) we inhibited the activity of JAWS expressing neurons with a red light (650 nm) from 2 s to 6s after the trial started. A total of 25 % inhibition trials were provided during each session. We performed the experiment on two animals for a total of 10 days. The average performance of the animals was 33, B). 13.2.2 ACTIVATION OF INTERNEURONS IN S1-BF ALTERED THE
	not altered with JAWS mediated inhibition in S1 (Performance in %; NoLight = 91.65 ± 1.04; OVERALL PERFORMANCE OF THE MOUSE IN TEXTURE
	DISCRIMINATION TASK

Across Light = 89.48 ± 0.87; mean ± SEM; Wilcoxon signed rank test; p = 0.109) (Fig 33, A). . A) Inhibition of JAWS expressing S1bf pyramidal neurons showed no impact on average performance. Each data point denotes an individual session performance percentage. Each animal and the corresponding data points are similarly colour coded (M1, M2). B) Overall performance, d' was not changed with

  This chapter includes a collaborative project that I completed during my PhD. In this work, in collaboration with Dr. Valerio Zerbi and Prof. Dr. Nicole Wenderoth (ETH Zurich) I performed neuronal tracing using modified retrograde Rabies virus. Structural connectivity data obtained from this project strengthened the data obtained with MRI showing a functional hypoconnectivity deficits in Fmr1 -/y mice.

	14.3 METHODS
	14.3.1 RETROGRADE TRACING USING GLYCOPROTEIN-DELETED
	RABIES VIRUS
	14.3.1.1 VIRUS PRODUCTION

SAD ΔG-mCherry (a kind gift from Prof. K-K-Conzlemann, Ludwig-Maximillian University,

CHAPTER 2 CHAPTER 4

CHAPTER 5 stop licking. After each experiment they were provided with a few drops of normal water (limited to keep them thirsty for the next day).

POST-HOC IMMUNOHISTOCHEMISTRY

One to two months after the training, mice were anaesthetized (100 mg /kg body weight (bw) ketamine and 20 mg /kg bw xylazine) and perfused transcardially with 4% paraformaldehyde in phosphate buffer, pH 7.4. After perfusion, tissue was removed from the skull and the head including the multi-fiber implant was additionally fixated in 4% paraformaldehyde for one week. Then, the ventral (bottom) side of the skull bone was removed and the brain was carefully extruded. Coronal sections (75 -100 µm thickness) were cut with a vibratome (VT100, Leica).

Sections were mounted onto glass slides and confocal images were acquired with Olympus FV1000. respectively, among all trials in a session without photoinhibition. Likewise, FA is the number of false alarms (wrong licks) and CR is the number of correct rejections. iHit, iMiss, iFA, and iCR denote the same variables for the trials with photoinhibition.

For analysis of the performance change, we calculated the d' measure as described in (Chen et al., 2015) previously. Briefly,

The effect of photoinhibition was quantified as the difference of d' values for each session Δd' = d'(photoinhibition) -d'(control)

We also calculated the FA rate in % and Miss rate in %: -FA rate (%) = (FA/ (FA+ CR)) *100