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Nothing in life is to be feared, it is only to be understood. Now is the time to understand more, so that we may fear less.

Della vita non bisogna temere nulla, solo capire. Adesso é il momento di capire di più, per avere meno paura.

Dans la vie, rien est à craindre, tout est à comprendre. C'est le moment de comprendre plus, pour avoir moins peur.

Nada en este mundo debe ser temido… Ahora es el momento de comprender mas, para que podamos temer menos.

. Marie Skłodowska Curie, physicst and chemist 16. The number of adult male mice tested in the electrophysiological experiment. …………………244 

TABLES AND FIGURES

ABSTRACT (ENGLISH)

Down syndrome (DS) is the most common genetic cause of intellectual disability (ID)

triggered by the complete or partial triplication of human chromosome 21 (HSA21). While researches advancements improved life conditions of patients, the ID impedes them to lead a normal life. Up to now, although several preclinical and clinical studies are ongoing, no pharmacological curative solutions that improve ID are available for patients with DS. The associated cognitive deficits (CD) are due to a reduction in the volume of the hippocampus (HPC) and in particular dysfunctions in GABAergic and glutamatergic transmissions. The preclinical trial failure and the lack of effective treatments for ID in DS reflect the urgent need to fine-tune a valid translational test and the primary necessity of new therapeutic targets.

The endocannabinoid system (ECS) was shown to be involved in memory and learning functions both in physiological and pathological processes. Recently, it has been suggested that the alteration of the ECS and notably the type-1 cannabinoid receptor (CB1) overexpression and hyperactivation could play a major role for ID in DS mouse models. It has been discovered that Ts65Dn aged mice expressed high levels of the endocannabinoid 2-AG in the brain and CB1 increased expression was found in Ts65Dn and TgDyrk1A mice. Giving strength to the hypothesis, the CB1 antagonist rimonabant improved memory deficits in Ts65Dn and TgDyrk1A mice. Hence, these data on DS mouse models suggesting ECS involvement in DS cognitive deficits encourage further exploration of CB1 activity deregulation.

In the team, we have recently discovered an endogenous modulatory system involving the neurosteroid pregnenolone (Preg) that counteracts the CB1 signaling activity by binding to an allosteric CB1 site, thereby blocking the toxic and addictive effects of the exogenous CB1 agonist, D 9 -tetrahydrocannabinol (THC), in several animal models, thus providing a new therapeutic target for CB1-related pathologies. Although Preg has a suitable therapeutic pharmacological profile, it cannot be used as a medication, mainly due to its downstream steroid metabolism. For this reason, non-metabolized synthetic Preg analogs, named AEF compounds, were developed in collaboration with the biotech Aelis Farma and protected by patents (n° WO2019162328A1 and WO2020127468A1). AEF compounds maintain the pharmacological properties of Preg against CB1

but with an upgraded and further strengthened therapeutic profile. Indeed, AEF compounds have an increase half-life, are not metabolized in steroid hormones and have a very good bioavailability after oral administration. In the thesis work, the AEF0217 compound was studied as a leader candidate for the treatment of ID in DS.

The general objectives of this thesis were:

1) Investigation of the neurobiological bases underlying the CD in DS;

2) Validation of a translational test for the evaluation of CD in DS patients and trisomic Ts65Dn mice;

3) Proposition of a therapeutic solution for CD in DS.

Part I answers to objective 1 of the these and it is divided in two articles: Article 1 investigated the expression pattern of ECS components in the hippocampus (HPC) of Ts65Dn mice, using a combination of proteomic and transcriptomic approaches. We showed that among all the molecules that constitute the ECS, mainly the expression of the CB1 is altered in the HPC of Ts65Dn mice compared to WT littermates. CB1 distribution is differentially segregated between the dorsal and ventral parts of the HPC and within the different cell populations that compose the HPC. CB1 expression is upregulated in GABAergic neurons-enriched areas whereas it is downregulated in glutamatergic ones. This selective expression profile suggests that CB1 could be a pharmacological target for the treatment of the neurological symptoms of this genetic disorder. These results highlight a complex regulation of CB1 encoding gene in Ts65Dn mice that could account for the therapeutic solutions scarcity for this syndrome and reveal the need to further explore the neurobiological bases of cognitive disorder.

Article 2 investigated the neurobiological bases underlying cognitive deficits (CD). Since the neurosteroid pregnenolone (Preg) was shown to be an endogenous allosteric signaling specific negative modulator of the CB1, the current study aimed to further investigate the mechanism of action of Preg in regulating the CB1 activity on CD in Ts65Dn mice. First, we showed a downregulation of the neurosteroidogenesis system in Ts65Dn mice in particular genes encoding Preg synthesis in the dorsal HPC of Ts65Dn mice and a decrease of Preg in the plasma. Second, we demonstrated that exogenous and systemic administration of Preg rescued both synaptic plasticity and CD in Ts65Dn mice, respectively. One of the molecular signatures reflecting the intracellular activity of the CB1 is the phosphorylation and activation of Erk1/2 MAPK . Hence, inhibition of Erk1/2 MAPK activity restored memory impairment in Ts65Dn mice. Our results suggest that CD in DS could be due to a double deregulation namely an increase in the expression of the CB1 and a decrease in the synthesis of Preg which synergistically induces a pathological hyperactivity of the eCB system through an overactivation of CB1-mediated intracellular signaling. Our results also suggest that Preg could be considered as a valuable therapeutic option to improve CB1-dependent CD in Ts65Dn mice.

Part II answers to objectives 2 and 3 of the thesis and is developed in successive parts: introduction, experimental design, materials and methods, results and discussion. Part II describes the validation of the Radial-maze (RM) procedure as a translational test in Ts65Dn mice and DS patients, and shows the effects of the Preg synthetic analog, AEF0217 compound, in reversing cognitive deficits in Ts65Dn mice, suggesting a curative and promising solution in subjects with DS.

In conclusion, the work accomplished during these four years of thesis provides substantial information about the functional role of the CB1 receptor in Ts65Dn mice, a mouse model of Down syndrome. Furthermore, our results not only improve the neurobiological understanding of the CB1 and Preg interaction, but also highlight the therapeutic potential of Preg analogs, in particular the compound AEF0217 associated with the translational "radial maze" test, as a clinical application for cognitive disorders in Down syndrome.

RESUME (FRANÇAIS)

Le syndrome de Down (DS) est la cause génétique la plus fréquente de déficience intellectuelle (ID) due à la triplication complète ou partielle du chromosome 21 humain (HSA21).

Bien que des nombreux progrès aient amélioré les conditions de vie des patients, l'ID les empêche Les objectifs de cette thèse étaient :

1) Identifier les bases neurobiologiques qui sous-tendent le CD dans le DS;

2) Valider un test translationnel pour l'évaluation de CD chez les Down et les souris trisomiques Ts65Dn;

3) Proposer une solution thérapeutique pour le CD dans le DS.

La partie I répond au premier objectif de la thèse et est divisée en deux articles : La partie II répond aux objectifs 2 et 3 de la thèse et est développée en parties successives : introduction, plan expérimental, matériels et méthodes, résultats et discussion. La partie II décrit la validation de la procédure du labyrinthe radial (RM) comme test translationnel chez les souris Ts65Dn et les patients atteints de DS, et montre les effets de l'analogue synthétique de la Preg, le composé AEF0217, dans l'inversion des déficits cognitifs chez les souris Ts65Dn, suggérant une solution curative et prometteuse chez les sujets atteints de DS.

En conclusion, le travail accompli au cours de ces quatre années de thèse apporte des informations substantielles quant au rôle fonctionnel du récepteur CB1 chez les souris Ts65Dn, un modèle murin du syndrome de Down. En outre, l'ensemble de nos résultats permet non seulement d'améliorer la compréhension neurobiologique de l'interaction CB1 et Preg, mais aussi de mettre en avant le potentiel thérapeutique des analogues de la Preg notamment le composé AEF0217 associé au test translationnel du labyrinthe radial (RM) comme application clinique des troubles cognitifs du syndrome de Down.

INTRODUCTION

I. Down syndrome (DS): description and pathophysiology in humans and mice I.1 History Down syndrome (DS), also known as Trisomy 21, is the most common genetic disease of intellectual disability (ID) and the major prevalent chromosomal disorder caused by the triplication of human chromosome 21 (HSA21) [START_REF] Dierssen | Down syndrome: the brain in trisomic mode[END_REF]. For the first time, DS was described by Jean-Etienne-Dominique

Esquirol (in 1834) and Edouard Séguin (in 1846), who portrayed some clinical features ADD [START_REF] Roubertoux | Trisomy 21: from chromosomes to mental retardation[END_REF]. In 1866, John Langdon Down well-defined all the clinical phenotypes of DS, refering to patients under "Mongolism" [START_REF] Patterson | Down syndrome and genetics -a case of linked histories[END_REF]. Only in the early 1970s, the term Down syndrome was accepted. Later, in 1909, the physician George Edward Shuttleworth designated the association between maternal age and the increased risk of DS newborn (Figure 1).

In 1958, the French paediatrician and geneticist Jérôme Jean-Louis Marie Lejeune observed the trisomic aberration of human chromosome 21 with Raymond Alexandre Turpin and Marthe Gautier (4). Successively, in Chicago the parents McGee founded the National Association of Down syndrome (NADS) to investigate for the first time the Down syndrome phenotypes and accept the differences of those patients who, until the moment, were treated as non-humans and were institutionalized in special structures. In the early 70s, parents and scientists started work together, developing support systems for the patients and their families.

In 1994, the fluorescence in situ hybridization and Southern blot dosage analysis of 32 markers specific to HSA21 showed the first phenotypic map [START_REF] Korenberg | Down syndrome phenotypes: the consequences of chromosomal imbalance[END_REF]. In 2000, a group of geneticists sequencied the whole HSA21 and cataloged 329 genes of the HSA21. From the beginning of the 21 st century, DS was better known and several Education Programs and Down syndrome associations were created for researches and families. The international T21 society (T21R) was launched in 2014 with more than 200 scientists, advocates, DS individuals and families to discuss about clinical advances and to develop a multidisciplinary community for DS researches [START_REF] Reeves | Paving the Way for Therapy: The Second International Conference of the Trisomy 21 Research Society[END_REF].

I.2. Risk factors in humans

So far, scientists identified several risk factors that can increase the probability of DS neonates [START_REF] Morris | Recurrences of free trisomy 21: analysis of data from the National Down Syndrome Cytogenetic Register[END_REF], distinguishable in physiological and environmental factors and resumed in Table 1.

The most common physiological factor is maternal age (Figure 2). Mothers aged below 25 have one probability of over 1.400 to have a DS neonate. This probability increases with age. Thus mothers 30 years old have one risk over 1.000. Mothers aged 35 has in one over 350 of the probability, whereas mother aged 42 has one over 60 and one over 12 for pregnant mothers of 49 years old [START_REF] Al-Biltagi | Down syndrome from Epidemiologic Point of View[END_REF]. Actually, age increases the risk of creating errors in the aneuploid oocyte formation and chiasmatic chromosome segregation, predisposing the decreased-age related number of the oocyte in the pool to an augmented possibility of malsegregation or chromosome non-disjunction [START_REF] Allen | Maternal age and risk for trisomy 21 assessed by the origin of chromosome nondisjunction: a report from the Atlanta and National Down Syndrome Projects[END_REF]. In particular, the maternal meiotic error increases with maternal age, independently from their ethnicity. Mothers of [START_REF] Vicente | Craniofacial morphology in down syndrome: a systematic review and meta-analysis[END_REF][START_REF] Jesuino | Craniofacial morphological differences between Down syndrome and maxillary deficiency children[END_REF][START_REF] Alió | Longitudinal maxillary growth in Down syndrome patients[END_REF][START_REF] Latham | The sella point and postnatal growth of the human cranial base[END_REF][START_REF] Suri | Cranial base, maxillary and mandibular morphology in Down syndrome[END_REF] olds have four times more risk to DS new-borns than 20-25 older mothers. After the age of 40, the risk increases up to 8.5/15.1 [START_REF] Allen | Maternal age and risk for trisomy 21 assessed by the origin of chromosome nondisjunction: a report from the Atlanta and National Down Syndrome Projects[END_REF].

Nevertheless, the father aged, the short interval between pregnancies, and other children with the syndrome can similarly contribute to DS's newborn [START_REF] Souza | Recurrence risks for trisomies 13, 18, and 21[END_REF].

In 2005, for the first time, Morris investigated the possibility that the time between the pregnancies could play a role as a risk factor for DS children [START_REF] Morris | Recurrences of free trisomy 21: analysis of data from the National Down Syndrome Cytogenetic Register[END_REF]. Evidence showed that when the gap between two pregnancies was equal or inferior to eighteen months, the risk of carrying a child who develops DS is significantly higher.

Additionally, De Souza found significant evidence that women with a previous trisomic 21 pregnancy expressed an increased risk to have other children affected by trisomy 21 [START_REF] Souza | Recurrence risks for trisomies 13, 18, and 21[END_REF].

Moreover, environmental factors should be taken into account, such as the parent's socioeconomic possibility, the possibility of using a diagnostic test, the exposure to teratogenic factors (chemical products, toxins, cigarette smoking) and the possible maternal diseases (autoimmune deficiency or nutritional shortage). The possibility to use diagnostic tests is the most important environmental 2 0 2 1 2 2 2 3 2 4 2 5 2 6 2 7 2 8 2 9 3 0 3 1 3 2 3 3 3 4 3 5 3 6 3 7 3 8 3 9 4 0 4 1 4 2 4 3 4 4 4 5 4 6 4 7 4 8 4 factor. The most available are the chorionic villus sampling, the ultrasonographic and the maternal serum screening. This component depends on the parents' education, the economic status of the family and the religious influences: in a country that doesn't allow abortion, the number of DS children is higher.

I.3. Epidemiology

As we mentioned, DS is the major chromosomic event -related disorder in the world. It affects 1 out of 650 new-born each year in the United States and 1 out of 1000 in Europe [START_REF] Caban-Holt | Chapter 15 -Down Syndrome[END_REF]. The environmental factors (Table 1) impact the incidence of DS. The prevalence of DS is different among countries, populations, and potential individual risks (Table 2). Developed countries have lower DS new-born, depending on the advanced diagnostic tests, the permission to the abortion, and the capacity to take care of DS phenotypes, such as the cardiac malformation that required specific equipment and precise surgery. Consequently, DS appears as a prevalent genetic disease, influenced by physiological and environmental factors. The number of DS new-born changes within countries and the severity is highly variable. The abnormal cell division of chromosome 21 caused variability and, accordingly, different forms at different severity levels are classified. Table 2. DS new-born among countries per year. The number of new-born per year is represented per several countries: Africa, Arabic country, Asia, Australia, Europe, North and South America. The variability among the countries is discussed in the text.

Countries

I.4. Genetic events leading to DS

The chromosome 21 (HSA21) abnormal cell division causes an extra copy of HSA21 in DS embryo.

The extrachromosomal material can be complete or partially presented in all or a part of the cells.

Consequently, geneticists classified three DS types: trisomy 21 (T21) (Figure 3A), Mosaicism (Figure 3B) and Robertsonian translocation [START_REF] Asim | Down syndrome: an insight of the disease[END_REF] (Figure 3C).

T21 is the most common form (95% of the cases), caused by a failure of HSA21 separation during

Meiosis I or II (non-disjunction). T21 is characterized by a third copy of the 21st chromosome in each body cell (embryo expresses 47 chromosomes rather than 46): karyotype 47, XX, + 21 for females and 47, XY, + 21 for males [START_REF] Patterson | Molecular genetic analysis of Down syndrome[END_REF] (Figure 3A).

Mosaicism patients show a partial triplication of the HSA21: the error or misdivision occurs during cell division, and the third copy of chromosome 21 is expressed in some cells but not in all. Thus, patients show a mixture of two types of cells, 46 chromosomes for some and 47 for others. Mosaicism affects 1% of DS patients. Consequently, DS children do not express all the plethora of DS phenotypes [START_REF] Papavassiliou | The Phenotype of Persons Having Mosaicism for Trisomy 21/Down Syndrome Reflects the Percentage of Trisomic Cells Present in Different Tissues[END_REF] (Figure 3B).

In the Robertsonian translocation, the long arm of HSA21 is attached to another chromosome (usually chromosome 14). The karyotype is normal: 46, XX for female ad 46, XY for male.

Translocation occurs in 4% of the cases, and DS children affected by translocation show the same pathologies as the T21 children [START_REF] Pylyp | Chromosomal segregation in sperm of Robertsonian translocation carriers[END_REF] (Figure 3C).

Regardless of the different genetic forms of DS, patients are touched by common clinical phenotypes that are described below. I.5.1. Brain defects and intellectual disability (ID)

One of the main affected systems is the Central Nervous System. Patients usually show a reduction in the head size (microcephaly), associated with an abnormal flat head characteristic of brachycephaly and brain areas atrophy ( 16), (Figure 5).

Across the development, several abnormalities are remarkable. In the frontal cortex of foetal DS brains, serotonin, gamma-aminobutyric acid (GABA), taurine, and dopamine levels are reduced [START_REF] Whittle | Fetal Down Syndrome Brains Exhibit Aberrant Levels of Neurotransmitters Critical for Normal Brain Development[END_REF].

During gestation to pregnancy, the expression of macrophage (CD68), microglia (HLA-DR), oligodendroglia (Olig2 and TPPP/p25), and astroglia (GFAP) are altered in the germinal matrix (GM), temporal lobe white matter (TeWM) and hippocampus [START_REF] Kanaumi | Non-neuronal cell responses differ between normal and Down syndrome developing brains[END_REF], initiating impairment in neurogenesis and myelination in developing DS brain. Additionally, during gestation, the cortical differentiation and migration of neurons are not organized, leading to arborization deficits and abnormal synaptic connectivity [START_REF] Golden | Development of the superior temporal neocortex is anomalous in trisomy 21[END_REF]. DS newborns show neuronal cell loss (20-25% less than healthy individuals) and altered morphology of dendritic spines in the cortical layers [START_REF] Takashima | Abnormal neuronal development in the visual cortex of the human fetus and infant with down's syndrome. A quantitative and qualitative golgi study[END_REF]. Postnatally (3 months old), several alterations in brain growth are distinguishable, such as flatter lobes, smalls brain areas, reduction in the synaptic density and length, decrease in dendritic spines, alteration in myelination [START_REF] Golden | Development of the superior temporal neocortex is anomalous in trisomy 21[END_REF][START_REF] Schmidt-Sidor | Brain growth in Down syndrome subjects 15 to 22 weeks of gestational age and birth to 60 months[END_REF][START_REF] Becker | Dendritic atrophy in children with Down's syndrome[END_REF][START_REF] Wisniewski | Postnatal delay of myelin formation in brains from Down syndrome infants and children[END_REF]. Post-mortem brains display smaller whole brain volume and simplified gyral appearance. In DS children and young individuals, cortical areas appear reduced and cortical thickness increases [START_REF] Pinter | Neuroanatomy of Down's syndrome: a high-resolution MRI study[END_REF]. Consequently, adults developed disproportionately decreased brain areas, such as the prefrontal cortex, cerebellum and hippocampus, crucial for learning and memory but cortical thickness remains increased [START_REF] Lee | Dissociations in Cortical Morphometry in Youth with Down Syndrome: Evidence for Reduced Surface Area but Increased Thickness[END_REF]. The number of neurons in the ventricle and sub-ventricle zones is lower, suggesting a decrease in the excitatory neuron production, leading to an increase in the inhibitory neural transmission [START_REF] Haydar | Trisomy 21 and early brain development[END_REF]. Additionally, cell cycles expression and proliferation of markers Ki-67 (a marker of cells in S + G(2) + M phases of the cell cycle) and cyclin A (a marker of cells in S phase) are compromised in human foetuses [START_REF] Contestabile | Cell cycle alteration and decreased cell proliferation in the hippocampal dentate gyrus and in the neocortical germinal matrix of fetuses with Down syndrome and in Ts65Dn mice[END_REF], promoting neurogenesis, learning and memory impairment [START_REF] Guidi | Neurogenesis impairment and increased cell death reduce total neuron number in the hippocampal region of fetuses with Down syndrome[END_REF].

Accordingly, most individuals with DS display an impairment in their ability to keep incoming information, in its computation of that for executive cognitive tasks in a short-term delay (working memory), and in their aptitude to store it (long-term memory) [START_REF] Godfrey | Memory profiles in Down syndrome across development: a review of memory abilities through the lifespan[END_REF]. Moreover, DS subjects are deficient in working memory as concerned visuospatial short-term memory [START_REF] Jarrold | Short-term memory in Down syndrome: applying the working memory model[END_REF] and verbal shortterm memory [START_REF] Jarrold | Verbal short-term memory deficits in Down syndrome: a consequence of problems in rehearsal?[END_REF]. They show a disruption in the execution of cognitive tasks, including language, vocabulary problems, and solving problem tasks [START_REF] Dierssen | Down syndrome: the brain in trisomic mode[END_REF]. The mental retardation can be mild, moderate or severe with an Intelligent Quotient (IQ) ranging from 30 to 70 [START_REF] Vicari | Neurodevelopmental and psychiatric issues in Down's syndrome: assessment and intervention[END_REF]. The average IQ of an adult patient is around 50, equivalent to 8-or 9-years old child [START_REF] Vicari | Neurodevelopmental and psychiatric issues in Down's syndrome: assessment and intervention[END_REF]. Intellectual disabilities are correlated with altered neurogenesis, decreased neuronal plasticity such as a decrease of long-term potentiation (LTP) and neurodegeneration that predisposes to Alzheimer disease (AD) [START_REF] Busquets-Garcia | CB1 Receptor Signaling in the Brain: Extracting Specificity from Ubiquity[END_REF].

Additionally, from the age of 40, DS individuals can develop the histopathology of AD, while after the age of 50, AD risk in DS increases up to 70% (34) (Figure 6). As a result, cranial base length (SN), posterior cranial base (BaS) and the cranial base length (BaN) are shorter in DS individuals than controls. The lesser development of the cranial base could be linked to the smaller brain size [START_REF] Jesuino | Craniofacial morphological differences between Down syndrome and maxillary deficiency children[END_REF]. Indeed, after the age of 15, DS brain growth decreases gradually until it stops earlier than controls [START_REF] Alió | Longitudinal maxillary growth in Down syndrome patients[END_REF]. Nevertheless, the cranial base angle (SNBa) was more prominent than controls, suggesting a delay in the intra-sphenoidal synchondrosis fusion in postnatal life, crucial for the flattening mechanism [START_REF] Latham | The sella point and postnatal growth of the human cranial base[END_REF]. At the same time, the maxilla position was evaluated with the SNA angle, which results smaller than controls, similar to the other maxilar and mandibular measurements (CoA, SNB, ANB, NMe, SGo) [START_REF] Suri | Cranial base, maxillary and mandibular morphology in Down syndrome[END_REF].

Additionally, muscular hypotonia is quite common leading to keeping the mouth open in the repose [START_REF] Oliveira | Factors associated with malocclusions in children and adolescents with Down syndrome[END_REF]. Morphologically, patients show a shorter nasal root depth, and in second-trimester foetuses the nasal bone length is also used for diagnosis [START_REF] Gianferrari | Absent or shortened nasal bone length and the detection of Down Syndrome in second-trimester fetuses[END_REF].

Concerning the dental situation, patients present a delay in the eruption sequence of both milk and permanent tooth [START_REF] Ondarza | Sequence of eruption of deciduous dentition in a Chilean sample with down's syndrome[END_REF]. Disruption in dental agenesis (excluding the third molar) is a usual feature in DS, affecting 54,6%-58,5% of DS subjects [START_REF] Palaska | Prevalence and patterns of permanent tooth agenesis in individuals with Down syndrome: a meta-analysis[END_REF]. Microdontia [START_REF] Abeleira | Dimensions of central incisors, canines, and first molars in subjects with Down syndrome measured on cone-beam computed tomographs[END_REF], taurodontism [START_REF] Alpöz | Taurodontism in children associated with trisomy 21 syndrome[END_REF] and malocclusion are also very common [START_REF] Doriguêtto | Malocclusion in children and adolescents with Down syndrome: A systematic review and meta-analysis[END_REF]. Other typical features in DS individuals are epicanthic folds, upslanting palpebral fissures, protruding tongue, atlanto-axial instability and some hands peculiarity (short and broad hands, clinodactyly, transverse crease, brachydactyly) [START_REF] Salehi | Down syndrome[END_REF]. 

I.5.2.2. Ear defects

Hearing pathologies are a usual defect, affecting 50/ 80 percent of patients at different levels [START_REF] Keiser | Hearing loss of Down syndrome adults[END_REF].

Usually, hearing issues can be distinguished in the conductive and sensorineural hearing loss. The first case is the most common and it is characterized by a malfunction in the transmission of the sound waves. Briefly, the cochlea, which usually works as a microphone, cannot receive the messages and sent them to the brain because of a middle ear infection, fluid in the middle ears or wax build-up (Figure 8). In the second less common case, the inner ear presents a malformation and the cochlea or the auditory nerves cannot work correctly. DS patients show a conductive hearing loss that is caused by eustachian tube malfunction and middle ear ciliary infection (50). The severe otitis media (fluid in the middle ear) may be present at birth or developed later. Diagnosis is proposed in DS children by a periodical test audiogram, also to prevent semantic and language impairment (51).

I.5.2.3. Vision defects

The visual cortex and several structures associated with vision can be altered in DS individuals, such as the eyelid, lens, iris, cornea and retina (Figure 9). Consequently, patients can present visual pathologies, including hypermetropia, myopia, astigmatism, strabismus, nystagmus, esotropia, refractive error and cataracts [START_REF] Berk | Ocular findings in 55 patients with Down's syndrome[END_REF][START_REF] Caputo | Down Syndrome: Clinical Review of Ocular Features[END_REF]. Visual impairments, as hearing loss, lead to an increased ID in DS patients. Indeed, 51% of adult DS (younger than 50 years old) of patients affected by severe ID are also disturbed by visual impairment and 20% by the combination of visual and ear defects [START_REF] Evenhuis | Prevalence of visual and hearing impairment in a Dutch institutionalized population with intellectual disability[END_REF]. Visual impairments are particularly prevalent in older DS patients, with an estimation 46% and 80% of patients from 50 to 59 and over 60 years old, compared to 13 and 20 % respectively for individuals at the same age affected by other aetiologies [START_REF] Evenhuis | Prevalence of visual and hearing impairment in a Dutch institutionalized population with intellectual disability[END_REF][START_REF]Down syndrome in a population of elderly mentally retarded patients: Genetic-diagnostic survey and implications for medical care -Van Buggenhout[END_REF]. Moreover, thyroid abnormalities are very common in DS patients, including congenital, acquired or subclicnical hypothyroidism and hyperthyroidism [START_REF] Amr | Thyroid disorders in subjects with Down syndrome: an update[END_REF].

I

I.5.2.5. Heart defects

As it was cited, DS patients also present specific cardiac problems. The most common are atrioventricular septal defects in 40% of cases and congenital heart disease (CHD), with a risk of up 50%. Generally, DS subjects present a common atrioventricular junction (instead of a separate right and left atrioventricular junction) and other morphological pathologies, such as defects in the muscular and membranous atrioventricular septum and the shape of the junction. 35% of patients can present Ventricular septal defect (VSD), and display disproportional dimensions of the left ventricle, meaning that the blood from the left to the right ventricle can cause pulmonary hypertension ( 58), (Figure 11). vertebral defects, anal atresia, cardiovascular problems, tracheoesophageal fistula, oesophageal atresia, renal and limb anomalies [START_REF] Holmes | Gastrointestinal disorders in Down syndrome[END_REF]. Additionally, 0,8%-6% of patients in the world are affected by celiac disease [START_REF] Pavlovic | Screening of celiac disease in Down syndrome -Old and new dilemmas[END_REF].

I.5.2.7. Reproductive apparatus issues

Concerning fertility, 70% of DS women are estimated to be fertile, whereas men are not [START_REF] Stefanidis | Causes of infertility in men with Down syndrome[END_REF]. DS children are affected by growth retardation and gonadal insufficiency [START_REF] Arnell | Growth and pubertal development in Down syndrome[END_REF]. Women seem to present menopause at an earlier age [START_REF] Schupf | Early menopause in women with Down's syndrome[END_REF], whereas follicle-stimulating hormone, luteinizing hormone, prolactin, total testosterone, and estradiol levels seem to be altered in men [START_REF] Attia | Sexual and reproductive functions in men with Down's syndrome[END_REF]. Moreover, DS patients may present sexually transmitted disease (STD) with 50-90% transmission risk of gonorrhoea, 0,2% for genital herpes simplex virus (HSV), 0.1-20% for human immunodeficiency virus (HIV) in males, while females globally present less transmission risk within 20% for gonorrhoea, 0,05% for HSV and 0,01-10 % for HIV [START_REF] Dyke | Issues of sexuality in Down syndrome[END_REF].

I.5.2.8. Motor problems

The cerebellum atrophy and the brain maturation disorder can cause motor development delay in DS children. The reduced postural control and the increased mobility of the joints ( 66) lead to a lack of postural control and a general difficulty in the proprioceptive feedback [START_REF] Lauteslager | Disturbances in the Motor Behaviour of Children with Down's Syndrome: The need for a theoretical framework[END_REF]. Indeed, the perception of the movement, the sensory gating and the vestibular stimulation resulted altered in children [START_REF] Uyanik | Comparison of different therapy approaches in children with Down syndrome[END_REF].

Standing position and walking ability are achieved by 10% of children 3 years old and 95% for 3-6 years old [START_REF] Malak | Delays in Motor Development in Children with Down Syndrome[END_REF].

I.6. Phenotypic mapping in DS

So far, the characteristic of extra chromosome HSA21 in DS has been studied attentively. According to the gene hypothesis, the significant DS phenotypes are linked to the gene overexpression in the chromosomic extra copy, leading to the pathologies described above. [START_REF] Korenberg | Down syndrome phenotypes: the consequences of chromosomal imbalance[END_REF] defined the "phenotypic mapping" as a physical molecular region that is likely to contain the genes whose overexpression is responsible for the significant phenotypes in DS.

Phenotypic mapping of HSA21 can help the prognosis of the syndrome and give the basis for identifying the phenotypes and their treatment [START_REF] Korenberg | Down syndrome phenotypes: the consequences of chromosomal imbalance[END_REF].

So far, DS phenotypes have been linked to a specific HSA21 region of 3.8-6.5 Mb on 21q21.22, the so-called Down Syndrome Critical Region (DSCR) [START_REF] Asim | Down syndrome: an insight of the disease[END_REF][START_REF] Delabar | Molecular mapping of twenty-four features of Down syndrome on chromosome 21[END_REF]. The presence of genes in DSCR region is sufficient in mouse model to reproduce DS phenotypes [START_REF] Belichenko | The « Down Syndrome Critical Region » Is Sufficient in the Mouse Model to Confer Behavioral, Neurophysiological, and Synaptic Phenotypes Characteristic of Down Syndrome[END_REF]. Nowadays, the original DSCR is considered limited [START_REF] Pelleri | Partial trisomy 21 map: Ten cases further supporting the highly restricted Down syndrome critical region (HR-DSCR) on human chromosome 21[END_REF] and is currently implemented [START_REF] Cunto | Molecular Pathways of Down Syndrome Critical Region Genes. Down Syndrome[END_REF]. However, this region displays the major genes linked to the main clinical phenotypes described above. In particular, DSCR-related gene expression is studied to explore the biological bases of DS disease and to improve the knowledge about the phenotype geneses (Figure 12).

DSCR displays the expression of Dual-specificity tyrosine phosphorylation-regulated kinase (DYRK1A) and the regulator of calcineurin 1 (RCAN1) genes, which are involved in neural differentiation, axon guidance and neural networks and are crucial in neurocognitive impairments [START_REF] Park | Two key genes closely implicated with the neuropathological characteristics in Down syndrome: DYRK1A and RCAN1[END_REF].

Moreover, some of the DSCR genes are associated to the early age onset of AD, such as Beta secretase 2 (BACE2) and Amyloid precursor protein (APP) [START_REF] Wiseman | A genetic cause of Alzheimer disease: mechanistic insights from Down syndrome[END_REF]. Nevertheless, HSA21 carries 233 coding genes (299 non-coding genes and 29 microRNAs) associated with AD development, but not all genes are dosage-sensitive due to homeostasis and epigenetic events that prevent and regulate gene overexpression [START_REF] Vilardell | Meta-analysis of heterogeneous Down Syndrome data reveals consistent genome-wide dosage effects related to neurological processes[END_REF].

Additionally, DSCR presents GATA 1 and Janus kinase 2 (JAK2) genes mostly involved in leukaemia. GATA1 is a chromosome X-linked transcription factor essential for megakaryocytes differentiation: its mutation can generate anomalies in the proliferation and maturation of megakaryocytes, leading to amyloid megakaryocyte leukaemia (AMKL). Whereas, JAK2 gene provides instructions for cell proliferation and its mutation is correlated to acute lymphoblastic leukaemia (ALL) pathology [START_REF] Bercovich | Mutations of JAK2 in acute lymphoblastic leukaemias associated with Down's syndrome[END_REF].

DSCR region presents approximately 10 genes involved in gastrointestinal issues, including Down syndrome cell adhesion molecule (DSCAM). Indeed, DSCAM seems to be associated with HSCR risk [START_REF] Jannot | Chromosome 21 Scan in Down Syndrome Reveals DSCAM as a Predisposing Locus in Hirschsprung Disease[END_REF], and its mRNA is present in migrating enteric nervous system cells [START_REF] Yamakawa | DSCAM: a novel member of the immunoglobulin superfamily maps in a Down syndrome region and is involved in the development of the nervous system[END_REF].

In the DSCR, the triplication of type-1 angiotensin II receptor (AGTR1) is associated with hypertension [START_REF] Sethupathy | Human microRNA-155 on Chromosome 21 Differentially Interacts with Its Polymorphic Target in the AGTR1 3′ Untranslated Region: A Mechanism for Functional Single-Nucleotide Polymorphisms Related to Phenotypes[END_REF] as well as the overexpression of DSCAM, RCAN1, Potassium Inwardly Rectifying Channel Subfamily J Member 6 (KCNJ6), the collagene VI (COL6A1) seem to contribute to the cardiac heart defects (CHD) [START_REF] Zhang | Molecular mechanisms of congenital heart disease in down syndrome[END_REF]. Nevertheless, the presence of other key portions and the gene alteration in other chromosome regions are not excluded, such as the mutation of Cysteine rich EGF like domain family (CRELD) in chromosomes 25 th and 23 th which also contribute to the cardiac pathogenesis [START_REF] Zhang | Molecular mechanisms of congenital heart disease in down syndrome[END_REF].

I.7. Human cells model of DS: human iPSCs

In order to study and propose a solution for DS pathologies, stem cells system in DS was developed.

So far, stem cells are considered the future of molecular and regenerative medicine as a potential tool to detect molecular disease signaling and assess therapeutic solution.

In 1981, Evan's laboratory developed embryonic stem cells (ESCs) from mouse embryos to create pluripotent cell lines with the ability to self-renew indefinitely [START_REF] Martin | Isolation of a pluripotent cell line from early mouse embryos cultured in medium conditioned by teratocarcinoma stem cells[END_REF]. ESCs were isolated from both males and females embryos and cell cultures are maintained by trypsinization [START_REF] Evans | Establishment in culture of pluripotential cells from mouse embryos[END_REF]. ESCs cells are considered totipotent for their unlimited self-renewal capacity under specific conditions. Indeed, ESCs can be isolated and manipulated and re-entered in the blastocyst to produce functional soma and germ cells [START_REF] Nichols | Naive and Primed Pluripotent States[END_REF]. Consequently, the ESCs are considered a proficient approach for engineering and studying genetic diseases.

In 2006, the Nobel prize winner Yamanaka's, developed specific ESCs from mouse embryonic or adult fibroblasts: the patients-induced pluripotent stem cells (iPSCs) [START_REF] Yamakawa | DSCAM: a novel member of the immunoglobulin superfamily maps in a Down syndrome region and is involved in the development of the nervous system[END_REF]. Human iPSCs are reprogrammed by the Yamanaka's cocktail (characterized by four transcription factors, Oct3/4, Sox, c-Myc and Klf4) which converts the somatic fibroblasts to totipotent cells and contribute to the germline in chimeric mice. The overexpression of those 4 transcription factors regulates the pluripotency and the autoregulatory loop to maintain the pluripotent state independent of the transgenes [START_REF] Hanna | Somatic cell reprogramming and transitions between pluripotent states: facts, hypotheses, unresolved issues[END_REF]. Human iPSCs present several advantages, such as successful safety and adequate stability. Since human iPSCs are derived from adult somatic cells and not embryos, this model overcomes the ethical issues surrounding the use of ESCs. Moreover, iPSCs do not present the scientific problems derived from the human embryos and the cell transplantation, such as tissue rejection, in vivo teratoma and uncontrollable cell proliferation of undifferentiated ESCs [START_REF] Lee | Effects of cell number on teratoma formation by human embryonic stem cells[END_REF]. Despite the human ESCSs and the human somatic cell -derived iPSCs are comparable in morphology, proliferation and differentiation [START_REF] Takahashi | Induction of pluripotent stem cells from adult human fibroblasts by defined factors[END_REF], the generation of human iPSCs from patients' tissues seems to be more handling to reprogram human somatic cells into any cell types (Figure 13).

Nowadays, human iPSCs are used for preclinical studies of three-dimensional organ printing, angiogenesis, and healing [START_REF] Singh | Induced pluripotent stem cells: applications in regenerative medicine, disease modeling, and drug discovery[END_REF]. Since those cells can be specific for all types of genotypes, iPSCs are widely used in genetic diseases, aiming to obtain patient-specific tissues from the same genetic background, investigate disease in preclinical and clinical trials and test possible therapeutic approaches [START_REF] Hanna | Somatic cell reprogramming and transitions between pluripotent states: facts, hypotheses, unresolved issues[END_REF].

In DS, DS fibroblasts transduction reproduced several phenotypes with the four over-expressed factors (Oct3/4, Sox, c-Myc and Klf4) and via the Maloney murine leukaemia virus (MMLV)-derived retrovirus pMXs. In particular, differentiation of the derived iPSCs in neurons allows studying neuron abnormalities such as the synaptic connectivity and development in DS [START_REF] Weick | Deficits in human trisomy 21 iPSCs and neurons[END_REF]. Moreover, DS iPSCs permit neuronal pathology investigations from the astrocytes to investigate neuronal dysfunctions and oxidative stress [START_REF] Chen | Role of astroglia in Down's syndrome revealed by patient-derived human-induced pluripotent stem cells[END_REF].

In the same line, dermal iPSCs were generated from dermal fibroblasts of DS patients to be used in tissue implementation, drug discovery and therapy in DS [START_REF] Mou | Generation of disease-specific induced pluripotent stem cells from patients with different karyotypes of Down syndrome[END_REF]. Moreover, hemopoietic defects and leukaemia can be further explored with iPSC model [START_REF] Maclean | Altered hematopoiesis in trisomy 21 as revealed through in vitro differentiation of isogenic human pluripotent cells[END_REF][START_REF] Chou | Trisomy 21associated defects in human primitive hematopoiesis revealed through induced pluripotent stem cells[END_REF].

Nowadays, the development of iPSCs technology promises to overcome mouse models in disease and sometimes represent more accurately human physiology. However, methods for generating human iPSCs have to become more efficient and speedier. Transfer and transplant of cells, including procedures for eliminating undifferentiated cells, have to be further explored. Thus, further investigations are crucial for the safety and development of this technology. Until that moment, the mouse model remains the most reliable and essential tool for preclinical studies in DS. and numerous mouse models were developed to reproduce the overexpression of the main important HSA21 genes (Figure 14). Several DS-related defects were compared to choose the most representative mouse model, including mortality and genetic transmission, infertility, body weight, heart defects, immune system, brain volume decrease, cognitive and LTP deficits, motor issues, AD neuropathology and neurogenesis deficits (Table 3). Memory deficits were assessed with several cognitive tests. Y-maze and T-Maze are used to assess working memory (WM), while Morris water maze (MWM) (Table 4) contextual fear conditioning (CFC) and novel object recognition (NOR) are commonly used for long-term memory (LTM) evaluations. In the current work, cognitive deficits similarity with DS patients is the major criteria of selection for the most representative mouse model, (Table 4). Ts65Dn mice appear as the most coherent model for cognitive deficits, showing a consistent impairment in Y-maze, T-maze, MWM, CFC and NOR behavioral tests. Even if Ts65Dn male mice are not fertile, the females can carry on the maternal germline, in contrast with other mouse models (Table 3). Moreover, Ts65Dn mice present convenient viability, and the death germline remains very low. Thus, Ts65Dn mice are the most representative and studied model to investigate DS cognitive deficits and to search for therapeutic solutions in DS. the Radial arm maze (RM) [START_REF] Demas | Spatial memory deficits in segmental trisomic Ts65Dn mice[END_REF]. Moreover, other complex mouse models have been developed and the research of innovative models is strongly encouraged. Models created in other species could be a promising new developing tool for studying DS pathologies.

In rats, Y. Herault's lab created CRISPR mediated rearrangement (CRISMERE), allowing to insert selected genetic region of interest with the Cas9 nuclease into one-cell of mouse or rats embryos (128). This advanced engineering high-level technology can be possible to obtain rats DS models but further explorations have to be done for DS.

Additionally, DS mouse models with the most complete similarity with HSA21 are currently needed.

Interestingly, human HSA21 has been inserted transchromosomically in mouse model but the result is not efficient because the humans' proteins could interact differently with the murine genome as well as human sequences can be regulated differently in the mouse genome not-natural environment and the human HSA21 has to be fixed strain by strain (121).

To date, the mouse models remain the most used and representative tool for studying cognitive deficits in DS and Ts65Dn mice are the most used for preclinical studies. So far, memory has been distinguished in long-term (LTM) and short-term/working memory (STM/ WM). In turn, LTM can be differentiated in explicit (or declarative) and implicit (or non-declarative) memory (Figure 15). The explicit or conscious or declarative memory refers to the memory that collects everyday events and facts. This memory can be divided in semantic memory (the memory of facts), episodic memory (the capacity to remember the events in its original context), autobiographical memory (that refers to the events associated on a particular person, object or time), and spatial memory (defined as the information recorder for the formation of a cognitive map) (133) (134). This conscious recollection is flexible storage that can be model through behavioral experiments in animals. After a period of acquisition, the protocol is learned flexibly, meaning that the learned information can be used in a different context: the procedural information can be helpful in everyday situations. The medial temporal lobe (MTL) is the main brain region involved in memory with the hippocampus and the adjacent hippocampal formation (entorhinal, perirhinal, and parahippocampal regions, see the paragraph below), crucial for the declarative memory processes (135).

The implicit or unconscious or non-declarative memory is the capacity to unconsciously remember the performed information rather than recollected. The term refers to the procedural memory (the capacity to learn a protocol), depending on the striatum; the priming learning (the capacity to detect, produce or classify an information for the similarity to another one) and the perceptual learning (which indicates a feedback-guided learning memory, associated with the habit memory, where the subject learns an innate information rather than a fact or an event), depending on the neocortex; the simple conditioning (the ability to remember an information linked to emotions or motor reactions), depends on the amygdala and cerebellum; the non-associative learning (the capacity to learn and remember an innate natural process), involved reflex pathways. Lesions in the MTL and in HPC impaired conscious implicit contextual information in patients, demonstrating the role of MTL on this function (136).

So far, long-term memory (LTM), has been distinguished by short-term memory (STM), defined as the capacity to process the information for a short delay. The STM is distinguished by the working memory (WM), defined as the capacity to store information for the execution of cognitive tasks temporally. STM/WM supports the formation of LTM and it is independent of the MTL. HPC is the central brain region required for several STM/WM tasks, such as reading, writing, learning, speaking and language processing, orientation, problem-solving task, reasoning, mathematical processing (137). According to this model, the CES organizes and supervises the amount of information flows in the other components. The latest is considered the attentional controller, which drives the process using its capacity, individually differentiated and it is proposed as the principal operative actor of the multicomponent WM system.

The visuospatial sketchpad (VSS) takes care of visual (the shape or the colors of an object) and spatial (such as the memory of landmark position with the eye-tracking moving object) data, which are required for the storage of information. In the model, the spatial component can be distinguished in spatial-sequential and spatial-simultaneous processing. In the spatial-sequential constituent, the information is sequentially represented and remembered in a spatial context as in the Corsi block test (short-memory task test, characterized by a sequence of boxes that the subject has to remember and repeat (138)). In contrast, for simultaneous spatial processing, the information is presented in the same time: the subject should remember the known ones, such as in the Visual Pattern test (139) (non-visual memory task test in which the subject has to reproduce a pattern of colored blocks (140)).

The phonological loop (PL) is the verbal storage component of WM. In other terms, it represents the ability to temporarily store verbal information for few seconds unless it is not refreshed with a rehearsal. This loop is based on verbal similarity effects, such as similar sequences (term, them, rem, derm, but no definition, memory, dream, correlation) or similar meaning (deficit, impairment, disruption). The rehearsal refreshes the information and drives the phonological store in which for example, monosyllabic words are easier to retain because are simpler recalled than polysyllabic words. Moreover, the PL is considered essential for learning new words. In young patients with a disruption in the phonological loop, the acquisition of new vocabulary is harder than in normal participants (137). Language impairment can come from the difficulty of hearing and repeating new words, thus from a phonological loop deficit. Consequently, the phonological loop plays an essential role in the WM storage of information.

Furthermore, as is mentioned above, Baddely conceptualized the CES as a pure attentional system without the capacity for storage (137). Since not all the component of the WM system has a shared storage system, Baddely also proposed the presence of the episodic buffer, a fourth component that could be used as a common storage system (141).

II.1.3. WM and short-term memory (STM)

Despite the effort to define and modelized WM differently from the short-term memory (STM), those different cognitive functions are not always clearly distinguishable and the two definitions can be correlated or sometimes overlapped (141,142). Nowadays, several models explaining the status of WM and STM have been proposed (Figure 16). WM and STM can be considered different or the same concepts (Figure 16, model A), whereas they can be used as part of the other (Figure 16, model B). Following this hypothesis, WM can be part of STM and contain STM information or vice versa.

Another accredited model explains WM and STM as two distinct but communicating cognitive processes which are characterized by a transfer of information (Figure 16, model C). Moreover, the WM can be represented as the mental process that integrates the information storage of STM (Figure 16, model D). Lastly, another model proposes an active collaboration between the cognitive executive process and storage is taking into account by the WM and the STM (Figure 16, model E).

WM and STM tasks can be measured within simple span tasks for STM (such as remembering word sequence or keeping in mind spatial positions for a short time period), and complex span tasks for WM. The complex span tasks depend directly or indirectly on the first simple span tasks, manipulating other information, such as classifying in a crescent order a number span (directly connected from the number list) or do an operation (not associated with numbers). Complex span tasks can be also related to a backward span or a n-span task, such as remembering and manipulating elements seen in the screen few elements before (142).

Belonging to the theory of Baddeley and Hitch in 1974, Cowan developed According to the currently used model, WM and LTM differ in duration and in capacity storage. The duration is limited for a question of time, whereas the amount of information limited the capacity. In other terms, when the quantity of data is saturated, the new information replaced the old one.

Consequently, the LTM is needed when the WM is exceeded and the performance is not sufficient. In conclusion, LTM is characterized by knowledge and events and is used to store information over long periods.

II.1.5. STM/ WM and LTM in DS Experimental and neuropsychological evidence shows that DS patients are affected by strong cognitive deficits, both in short-term/working memory (STM/WM) and long-term memory (LTM).

In The hippocampus (HPC) is the main brain region involved in learning and memory. The term is due to the Venetian scientist Julius Caesar Aranzi who first, in 1587, saw the similarity between the seahorse in Latin hippocampus and the brain region S-shaped in humans. The HPC is placed at the edge of the temporal lobe, in the posterior part of the limbic lobe (Figure 15C). Characteristically, the region presents different layers of compacted neurons, organized in many limbs and several subcortical connections. Due to the hippocampal widely diffuse projections cited above (II.1.1 Memory definition) and described below in detail, the HPC is also involved in different neurological and neurodegenerative diseases, such as epilepsy and AD (158).

The hippocampus is divided into the Cornu ammonis (CA) and the dentate gyrus (DG), separated by the sulcus. Below the sulcus, the subiculum (SUB) links the hippocampus with the ventricle through the entorhinal area (EC). The CA, the DG and the SUB elements constitute the hippocampal formation and this set is part of the allocortex. The EC, the perirhinal (PER) and the postrhinal (POR)

together with the presubiculum and the parasubiculum, form the parahippocampal region (Figure 17) (158).

Moreover, in humans, the HPC is divided into several parts: the choroid plexus covers CA1 (the superior region), CA2 (region in the middle), CA3 (the inferior region with the mossy fiber) and CA4.

HPC is sustained by the cerebral artery, with its three branches: anterior, middle and posterior, also supplied by the anterior choroidal artery, whereas the hippocampal veins drain into the basal vein (159).

Different pathways are involved in the hippocampus:

1) The parahippocampal-hippocampal pathway. The PER/POR sends inputs to the EC that gives inputs to the DG, CA1-CA3 and the SUB. Hippocampal outputs from CA1 and SUB, give back signals to the EC, which is mainly linked to the PER/POR (160).

2) The perforant pathway has been initially described by Ramon y Cajal, who defined for the first time two pathways of fibers collection: the "superior" and the "inferior" pathway, coming out The HPC was distinguished in different layers, glutamatergic and GABAergic enriched regions (Figure 21C). In particular, layers enriched with glutamatergic neurons are:

-pyramidal layer (Py) in CA1, CA2 and CA3;

-granular layer (Gr) in DG.

In contrast, GABAergic enriched areas, are considered: -stratum radiatum and lacunosum-moleculare (LMol) in CA1;

-stratum lucidum (SLu) in CA3;

-polymporph layer (Po) in DG.

So far, neuroimaging techniques have shown homogeneity in both humans and rodents of HPC structures (170-172). Nevertheless, in humans and in rodents, HPC placement is different, as shown in Figure 21A,B. The two major divisions in human's posterior and the anterior HPC, correspond in mouse to dorsal (dHPC) and ventral HPC (vHPC) (Figure 21). The dHPC receives inputs from the caudolateral part of the EC. It sends outputs to the dorsal parts of the SUB (within the pre-subiculm and post-subiculum) to the retrosplenial and anterior cingulate cortices, to the caudal and rostral part of the lateral septal nucleus. In contrast, the vHPC receives inputs from the rostromedial part of the EC and sends outputs to the olfactory bulb along with amygdala (173) (Figure 21). Since those structures can be physically distinguishable, functional differences are described in the next paragraph (see "II.2.2. Functions").

II.2.2. Hippocampal-related functions

In most cases, the primary role of HPC is the cognitive process formation and execution. As it was mentioned, HPC and hippocampal projections are involved in all the different forms of memory.

Evidence shows that anteroposterior HPC in humans, equivalent to the dorsal and ventral hippocampus (respectively, dHPC and vHPC), present different cortical and subcortical connections (174). dHPC has been associated with spatial memory (175) and in particular with radial mazeworking memory (176) and conditioned place preference memory learning (177). In the opposite side, vHPC is involved in the stress responses and emotional behavior (178), fear and anxiety (179). Recording of hippocampal neuronal activity in humans reveals the essential role of HPC in explicit or declarative memory within the encoding of elements (facts, events, person, objects, maps) and the storage of information supporting episodic, semantic, autobiographical, spatial memories (180).

Hippocampal-MTL lesions in humans and mice cause amnesia but not episodic memory deficits (181).

In particular, the HPC plays a central role in spatial navigation for the encoding and the retrieval of The HPC also plays a key role in emotional behaviors within the amygdala-hippocampal network.

Real-time functional magnetic resonance imaging neurofeedback (rtfMRI-NF) analyses reveal emotion regulation by HPC and amygdala-hippocampal circuits, which results in overactivated during training (189). Following the amygadal-hippocampal key role on emotional behavior, traumatic events and stress-related disorder find in the HPC plasticity the main mechanisms for emotional learning and memory consolidation (190). Indeed, HPC executes negative feedback in the hypothalamic-pituitary-adrenal (HPA) axes, the system responsible to stress regulation. Stressors induce secretion of corticotropin-releasing factor and vasopressin from the hypothalamus (in the parvocellular neurons of the paraventricular neurons), and those stimulate the release of the adrenocorticotropic hormone from the anterior pituitary, which in turn stimulates glucocorticoid stress hormones release from the adrenal cortex in the body. Those hormones act on the mineralcorticoids (MR) and glucocorticoids (GR) receptors in several limbic regions, including HPC (191). In humans and mice, elevated stress levels impair hippocampal performance on memory tasks and stress glucocorticoid-related behaviors impair plasticity (192).

In the same line, HPC volume can predict late-life depression (193) via the brain-derived neurotrophic factor (BDNF) and neurogenesis alterations (194).

In mice, the exposure to stressors of pregnant animals can induce HPA overactivation and hippocampal neurogenesis impairment (195).

Additionally, in the HPC, long-term potentiation (LTP) and long-term depression (LTD) occur as the primary forms of synaptic plasticity leading to memory formation. LTP has been firstly demonstrated in HPC, with the theta rhythm recorded during exploratory behavior. LTP is characterized by two moments: the early phase (E-LTP, which necessity of 2-3h), independent of protein synthesis, and the long-lasting phase (L-LTP, which requires hours in vitro and weeks in vivo) involving protein synthesis. LTP is induced in CA1-HPC after postsynaptic influx of Ca 2+ through N-Methyl-d-aspartic acid receptor (NMDA) -linked channels (196). The threshold induction can be different according to individual synapses but after activation, the reaction is rapid. Indeed, the responses are made in allor-non manner way and characterized by the contribution of Ca 2+ /calmodulin kinase II (CAMKII)

and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPA) for the Ca 2+ and Lglutamate (L-GLU) levels regulations (197) In order to better understand the cognitive deficits caused by the synaptopathy in DS, we will focus on the LTP processes via GABAergic /glutamatergic balance alteration ( 71) and the process is described below. Due to the depolarization environment, NMDA channels contribute massively to transmission, whereas GABA released is very low. However, during the theta-burst LTP, GABA autoreceptors mediate synaptic inhibition: the effect takes more than 10ms to develop and it can end after seconds, consequently at low frequency, the phenomena are not seen.

II.2.3.2. LTP underlying hippocampal cognitive deficits in DS

As is mentioned above, LTP and LTD are the most representative expressions of synaptic plasticity, indicating the strengthening of the synaptic activity after high-intense and specific stimulations (LTP) or the decrease of the synaptic strength (LTD). In DS, changes in synapses morphologies, alteration of densities dendrites, vascular dysplasia observed in early month brains reveal abnormal dendritic arborization and neuronal development, which trigger cognitive deficits [START_REF] Golden | Development of the superior temporal neocortex is anomalous in trisomy 21[END_REF][START_REF] Schmidt-Sidor | Brain growth in Down syndrome subjects 15 to 22 weeks of gestational age and birth to 60 months[END_REF]219). From the DS foetus's analysis in utero until earlier gestation, (up to 21 weeks) alteration in shape, number, cell proliferation and neurogenesis have been founded in hippocampus and associated to neurodevelopment delays [START_REF] Golden | Development of the superior temporal neocortex is anomalous in trisomy 21[END_REF][START_REF] Schmidt-Sidor | Brain growth in Down syndrome subjects 15 to 22 weeks of gestational age and birth to 60 months[END_REF][START_REF] Contestabile | Cell cycle alteration and decreased cell proliferation in the hippocampal dentate gyrus and in the neocortical germinal matrix of fetuses with Down syndrome and in Ts65Dn mice[END_REF][START_REF] Guidi | Neurogenesis impairment and increased cell death reduce total neuron number in the hippocampal region of fetuses with Down syndrome[END_REF]219,220).

Moreover, during the developing fetal brain, the decrease of neurotransmitters levels GABA, dopamine and serotonin that play a neurotrophic role in the early life phases seem to be associated with the neuronal deficiencies in DS [START_REF] Whittle | Fetal Down Syndrome Brains Exhibit Aberrant Levels of Neurotransmitters Critical for Normal Brain Development[END_REF]221). In the earlier post-natal period until adulthood, significant deficits in brain weight, neuronal morphology, dendritic spine number, density and dendritic atrophy affect DS individuals [START_REF] Takashima | Abnormal neuronal development in the visual cortex of the human fetus and infant with down's syndrome. A quantitative and qualitative golgi study[END_REF][START_REF] Becker | Dendritic atrophy in children with Down's syndrome[END_REF]219,(222)(223)(224). Volumetric neuroimaging studies show that the smaller brain volumes in DS children within the HPC clearly interfere with LTP and memory processes [START_REF] Pinter | Neuroanatomy of Down's syndrome: a high-resolution MRI study[END_REF]225). Indeed, hippocampal volume decrease and corpus callosum measures (226) within DS aging appear correlated with cognitive impairment (227).

Although the evident difficulty in measuring LTP in patients, plasticity was observed altered in the motor cortex of DS. Patients show less LTP-synaptic plasticity under paired associative stimulation (PAS) protocol, used to measure of LTP-changes in the sensorimotor system (228). Neuroimaging during cognitive tasks reveals cognitive deficits in DS in young children and adult patients (201,229,230). In Ts65Dn mice, LTP is impaired and the mechanism supports cognitive deficits (201).

Due to the importance of the GABAergic and glutamatergic system in LTP and synaptic plasticity, alterations in the GABAergic and glutamatergic transmission are studied in DS as a possible explanation of cognitive deficits.

II.2.3.3. GABAergic dysfunction in DS

GABAergic system in DS has been considered fundamental for cognitive deficits and, in particular, for memory. However, electrophysiological investigation in vitro through neuronal cultures and in vivo in the intact brain has to be further investigated.

In patients, GABA neuron expression and GABA levels are explored via immunohistochemistry and spectroscopy techniques. A histological study in DS brain samples shows that GABAergic interneurons parvalbumin and Calbindin-positive non pyramidal-neurons are decreased in number and size of DS cortex (231).

In foetus trisomic brain [START_REF] Whittle | Fetal Down Syndrome Brains Exhibit Aberrant Levels of Neurotransmitters Critical for Normal Brain Development[END_REF] and human post-mortem brain (232), GABA levels are decreased, whereas in DS children, any change in GABA levels were found with proton magnetic resonance spectroscopy ( 1 HMRS) (225) and results were confirmed in vivo 1 HMRS analyses in hippocampi of adult Ts65Dn mice (233). Even though GABA concentrations are lower in AD patients than controls, DS-aged brains with Alzheimer neuropathology show no change (234).

However, in human DS neural progenitor cells (hNPCs) derived from cortex DS foetus, microarray analysis shows that the expression of genes involved in the GABAergic interneurons formation is lower (235). Moreover, the Na-K-Cl transporter (NKCCL) protein, a modulator of GABA transmission and associated with the balance between inhibition and excitation, seems to be overexpressed and transcripted in HPC of both DS human and Ts65Dn mice, suggesting a possible ECl depolarization in DS patients (236).

Furthermore, in a DS study, trisomic iPSCs from Ts21-fribloblasts have been created to evaluate GABAergic neurogenesis and synaptogenesis. The analysis shows an impairment in synaptic activity both in excitatory and inhibitory currents, as frequency of spontaneous postsynaptic currents [START_REF] Weick | Deficits in human trisomy 21 iPSCs and neurons[END_REF].

Another study using Ts21-iPSCs displays an abnormal neuronal differentiation associated with the organization and the density of neurons and anomalies for the genes involved in neurogenesis (237).

For the percentage of neurons with GABAergic markers, any changes have been shown in the GABAergic synapses and the ratio glutamatergic/GABAergic iPSCs.

Overall, GABAergic transmission studies in DS humans seem contradictory and results are not coherent with mouse model studies. Thus, data concerning GABAA depolarization signaling or GABAB-mediated transmission in DS patients are missing and further exploration are needed to find the neurobiological bases of LTP leading cognitive deficits via GABAergic alteration in DS.

II.2.3.4. GABAergic dysfunction in Ts65Dn mice

To find a possible explanation of the DS cognitive deficits, the GABAA signalling contribution to LTP and synaptopathy is widely explored in DS mouse models.

The DS mouse model Ts65Dn is affected by LTP and LTD impairment in hippocampal slices (238) (239) and several GABAergic transmission alterations are found in Ts65Dn mice (Figure 23). Data from bibliography showed that in mice specific alteration of GABergic circuits triggered overinhibition. In the prefrontal cortex of Ts65Dn mice, dendritic synaptic inhibitor loop formed by somatostatin-positive Martinotti cells (MCs) and pyramidal neurons circuits were strongly enhanced, while paravalbumin-positive interneurons were unaltered. Alteration in the circuit underlie inhibition/excitation modificaions resulted in reduced pyramidal-neuron excitation and decrease in excication firing needing for cognitive networks (240).

In Ts65Dn mice, GABA antagonist drugs rescue the LTP deficits demonstrating GABAergic transmission involvement in LTP impairment. Indeed, picrotoxin (PTX) application in hippocampal Ts65Dn slices re-established CA3-CA1 LTP (241). Moreover, chronic treatment with GABAA antagonist pentylenetetrazole (PTZ) in Ts65Dn slices rescues LTP impairment and the benefits are evident up 1-3 months after treatment (242). Accordingly, a5-GABAA selective negative allosteric inhibitor, RO4938581, improves LTP in Ts65Dn mice (243) and the GABAAa5 antagonist (α5IA) rescues spatial-LTM in MWM in Ts65Dn mice without any effect on locomotor activity, anxietyrelated behaviors nor any convulsant or pro-convulsant activity, as it has been founded with PTZ (244,245). Analogously, GABAB antagonist CGP55845 treatment restores potentiation and performant path-DGC synapses (DG-LTP) in Ts65Dn mice (246).

The importance of GABAergic transmission in DG-LTP impairment is also verified in other DS models. Belichenko shows that the GABAergic antagonist PTX can rescue DG-LTP in Ts1Cje, Ts1hr, Dp10, D16, Dp17 mice [START_REF] Belichenko | The « Down Syndrome Critical Region » Is Sufficient in the Mouse Model to Confer Behavioral, Neurophysiological, and Synaptic Phenotypes Characteristic of Down Syndrome[END_REF][START_REF] Belichenko | Down Syndrome Cognitive Phenotypes Modeled in Mice Trisomic for All HSA 21 Homologues[END_REF]108), demonstrating the important role of GABA in the synaptic alteration.

In order to confirm the hypothesis, immunohistochemistry analyses were conducted in Ts65Dn mice.

As a result, GABAergic interneurons number is increased in the cortex and the HPC (247,248).

Moreover the neurogenesis is increased during the development of the progenitor cells in the medial ganglionic eminence (MGE, in which the interneurons are generally produced), and it results in increases in the GABA postsynaptic events of CA1 pyramidal neurons (249).

Moreover, immunohistochemical experiments in Ts65Dn mice show an altered distribution of GABAergic synapses distributed more in the spine neck of trisomic neurons than in the dendrite shaft and the spine heads, possibly leading to abnormal synaptic integration [START_REF] Belichenko | The « Down Syndrome Critical Region » Is Sufficient in the Mouse Model to Confer Behavioral, Neurophysiological, and Synaptic Phenotypes Characteristic of Down Syndrome[END_REF]. However, electrophysiology studies do not show alterations in the GABAergic-dependent release miniature inhibitory currents (mIPSC), in the release at the GABAergic synapses and GABAergic transmission in CA1-HPC adult Ts65Dn mice (250,251).

Nevertheless, the increase of GABAergic events observed in Ts65Dn mice can be caused by improved interneuron excitability instead of an increase in the number of GABAergic synapses [START_REF] Belichenko | The « Down Syndrome Critical Region » Is Sufficient in the Mouse Model to Confer Behavioral, Neurophysiological, and Synaptic Phenotypes Characteristic of Down Syndrome[END_REF].

Thus, data show that GABAergic defective brain development can become standard through compensatory mechanisms in adulthood. The compensatory hypothesis is supported by the fact that mIPSC frequency and GABA transmission evoked are larger in CA1 region of 2 weeks old Ts65Dn but not in controls. Additionally, amplified GABAergic synaptic density has been founded in the inner molecular layer of DG in Ts65Dn adult mice (243,252).

Additionally, the difference in the mIPSC frequency and GABAergic transmission evoked can indicate possible sub-regional modifications. Indeed, mIPSC decreases in CA3 region of Ts65Dn adult mice (253). On the contrary, in the cerebellar granule cells, an increase of excitability, a decrease of GABA inhibition and an enhanced release probability have been found (254). However, GABAA signaling has to be more elucidated on the dynamic network responses and GABAA depolarizing effects.

Moreover, the GABAB/GIRK signaling has been widely studied in Ts65Dn mice because mice presented the triplication of KCNJ6 gene, coding for GIRK2 channel. Actually, the gene maps in HSA21 and Mmu16 and its overexpression has been founded in HPC, in cortex and midbrain.

Interestingly, Ts65Dn mice overexpress GIRK1 protein: show an increase in the hetero-dimerization with GIRK2 subunit and a downstream decrease in the protein turnover can explain the alteration of the protein (255). Consequently, GABAB/GIRK currents are augmented in CA1 pyramidal neurons and DG granule cells in Ts65Dn mice (256).

Therefore, mice display neuronal excitability and plasticity increase, shunting inhibition increase, and a reduction of PSPs. Curiously, in Ts65Dn mice, GABAB subunit 2 is decreased but not GABAB subunit 1, possibly due to a compensatory mechanism of increasing GIRK2 levels (250). However ( 246), GIRK2 overexpression can be associated to other neurotransmitters altered in DS, such as acetylcholine, dopamine, opioid, somatostatin, adenosine and serotonin through their metabotropic GPCRs. For instance, GIRK2 channels are coupled with 5-HT receptor, mediating the hypothermic response after the receptor agonist 8-OH-DPAT (257).

Interestingly, NKCCL gene is also overexpressed in Ts65Dn mice and DS human hippocampi (236). This evidence leads to [Cl -]i increase in CA1 pyramidal neuron of Ts65Dn mice and ECl depolarization comparing to controls. Since ECl was less negative than VREST, GABAA related activation increase outward of Cl -depolarizing currents. Accordingly, the exogenous GABA application in trisomic cells increases the firing frequency of CA1 neurons, blocked by bicuculline (GABAA antagonist). In the same line, NKCCL inhibitor bumetanide restores CA3-CA1 LTP in Ts65Dn mice, proposing the importance of GABAergic and NKCCL signalling in LTP impairment (236).

Globally, Ts65Dn mice presented an overexpression in GABAergic interneurons [START_REF] Belichenko | The « Down Syndrome Critical Region » Is Sufficient in the Mouse Model to Confer Behavioral, Neurophysiological, and Synaptic Phenotypes Characteristic of Down Syndrome[END_REF]258), an increase in GABAergic transmission, both in GABAA ( 236) and GABAB currents (233,242). The decrease on VREST has to be confirmed (241) and LTP is altered in CA1 (239,259,260) and CA3 (241,261). Therefore, data in mice are contradictory with DS patients that show different levels of GABAergic alteration, demonstrating the unpredictability of the GABAergic transmission and the need to explore further GABAergic transmission underlying LTP impairment in DS.

II.2.3.5. Glutamatergic dysfunction in DS

Based on the central role of GluR in LTP, glutamatergic transmission was explored so far in DS. In particular L-GLU has been proposed to have a key role in LTP alteration leading DS cognitive deficits. In DS individuals, L-GLU uptake was found decreased in platelets and fibroblasts (262), whereas glutamate-glutamine levels were not significantly changed in HPC (263). However, L-GLU alterations are supported by pharmacological studies targeting iGluR in AD patients and DS mouse models (264). Preclinical evidence for the NMDA antagonist memantine in the Ts65Dn mice ( 265) and the drug also approved by the Food and Drug Administration for the treatment of AD ( 266), support the possible positive effects of memantine on DS patients. A randomized, double-blind, placebo-controlled clinical trial for memantine has been done. In 22-years old DS patients, nonverbal reasoning, receptive language and vocabulary, short-term phonological memory, verbal and nonverbal working memory and adaptive/behavioral functioning were measured (267). Unfortunately, results do not show any differences for patients and healthy controls (267). This data's contradiction is confirmed in the altered expression pattern of glutamatergic receptors in DS patients via microarray analyses, especially in HPC ( 268). As a valid model, Ts65Dn mice are used to explore glutamatergic system alteration in DS.

II.2.3.6. Glutamatergic dysfunction in Ts65Dn mice

Currently, the imbalance of excitatory/inhibitory neurotransmitter transmission [START_REF] Belichenko | The « Down Syndrome Critical Region » Is Sufficient in the Mouse Model to Confer Behavioral, Neurophysiological, and Synaptic Phenotypes Characteristic of Down Syndrome[END_REF], resulting from the alteration of GABAergic inhibitory system (269), and the glutamatergic excitatory transmission (270) are studied to explicit the synaptopathy-induced cognitive deficit.

The overexpression of HSA21 genes can cause abnormal coding of protein synthesis, which dysregulates NMDA physiological function, leading to DS pathologies in mice. In particular, Dual specificity tyrosine-phosphorylation-regulated kinase 1A (DYRK1A) contributes to alterations in NMDA surface expression and processes (271). Physiologically, NMDA acts at the cell surface and several molecules participate in its functional changes. Whereas, in pathological condition, DYRK1A overexpression contributes to the expression surface and the internalization of NMDA receptor via the phosphorylation of Ser 1048 sit, transgenic DS mouse model that overexpress DYRK1A (TgDyrk1A mice), shows NMDA overexpression in cell surface, of which, after phosphorylation, triggers the internalization and the overexpression in primary cortical cell surface neurons (272).

Accordingly, glutamatergic drugs could improve motor and learning deficits in DS mouse model.

Notably, NMDA antagonist MK-801, seems to play a role in the protein expression and phosphorylation of Ts65Dn and Ts1Cje mice (273). Indeed, biochemical analysis shows that MK-801 treatment alters HSA21-coding gene TIAM1, DYRK1A and phosphorylation of Akt, Erk1/2 and Elk in a localization-dependents way in the cortex and HPC of mice. Moreover, MK-801 treatment rescues locomotor deficits in DS mouse models (273).

Furthermore, in Ts65Dn mice, the acute injections of NMDA antagonist memantine rescues memory deficit in the fear conditioning test (265). Its chronic treatment improves memory in NOR and water radial-arm maze (156).

Globally, the above studies show an alteration in the glutamatergic system and in the responses of glutamatergic drugs that influence DS mouse model's signaling of several genes and proteins, leading to DS defects.

III.

Translational and therapeutic approaches in DS III.1. Clinical studies Currently, the only therapies proposed are physical therapies (274), speech-language therapies, (which consists in the improvement of communication skills and a correct use of the language, with possible consequences on the verbal memory) (275), occupational therapies, targeting the everyday life tasks (eating, getting dressed, writing, using a computer) (276) and emotional and behavioural therapies (277).

Nowadays, cognitive deficits remain the most limiting factors in the everyday life and numerous drugs have been tested in clinical experiments for the current issues. Only the antioxidant molecule ECGC seems to ameliorate cognitive deficits, and acid folinic coupled to thyroxine shows positive effect for psychomotor deficits. A brief description of the main pharmacological proposition is offered in Table 5. Nevertheless, clinical studies are not real benefit for the intellectual weakening of the children and display the need for further pharmacological therapy research for DS cognitive deficits.

1) Antioxidant molecules have been tested in DS and in mouse models to improve the peculiar cognitive impairment (278). Indeed, oxidative stress result from an imbalance in the metabolism of free radicals such as reactive oxygen species (ROS), which are linked with the neuropathology of AD dementia-like disease in DS ( 279) and cognitive deficits also in other pathologies (such as epilepsy ( 280), neuropsychiatric disorders (281) and autism spectrum disorders (282)). In HSA21 and in Mmu16, the gene responsible for the ROS destruction, SOD1, is overexpressed.

Thus, ROS production is altered in both humans and mice. Indeed, the increase of SOD1 raises the hydrogen peroxide, which induces cellular injury in DS pathologies. The ratio between SOD1

and the glutathione peroxidase (GPX) has been correlated to the memory weakness in DS (283).

In DS patients, alteration in cellular energy production and ROS formation cause mitochondrial dysfunctions (284). Furthermore, oxidative stress and mitochondrial dysfunctioning seem to be increased by APP overexpression in HSA21 and in Mmu16, as well as Aβ production (285).

Evidence confirms that oxidative damage causes mutations in mitochondria leading to memory impairment in DS (279).

Consequently, in order to limit oxidative stress and improve cognitive impairment, CoenzimeQ10 (CoQ10), acid folic, lipoic acid (LA), vitamin E and epigallocatechin-3-gallate (EGCG)

antioxidant molecules have been tested in DS.

The CoQ10 was tested to treat DNA damage in DS, but its efficacy was not founded in DS compared to healthy control (286). Moreover, the reduced form ubiniquol-10 did not show any improvement in the oxidative imbalance of DS children (287).

In the same line, the acid folic efficacy was verified. Since patients have a common reduced plasma concentration of homocysteine, CBS, methionine, S-adenosylhomocysteine, Sadenosylmethionine and a general folate deficiency, the acid folic and a combination of Rivastigmine was tested in a 20-week double-blind, placebo-controlled trial with 22 DS children aged 10-17 years old (305). The study displayed a good safety (exploring reports of adverse events, laboratory parameters, and electrocardiograms) but the drug did not show any improvement for the cognitive and language deficits (clinical trials #NCT00748007, #NCT01084135).

Galantamine was tested in DS patients that developed AD (306) but no positive effects were founded. Although those acetylcholinesterase inhibitors show no effects, nicotine was tested as an acetylcholine receptor agonist and the clinical trial is ongoing (clinical trial #NCT01778946). 2,3,4,5, and cannabinoid systems (MAGL inhibitor and rimonabant). Prenatal or neonatal treatment targeting the vasoactive intestinal peptides (NAPVSIPQ and SALLRSIPA) and the sonic hedgehog pathway agonist have been tested respectively (Table 6).

1) Several antioxidant molecules were tested in Ts65Dn mice and in vitro cells derived from Ts65Dn mice but contradictory findings resulted in behavioural cognitive tests. Treatment in Ts65Dn mice with the antioxidant Vitamine E or α-tocopherol, from the day of conception throughout the pregnancy to the end of the behavioural test, attenuated cognitive impairments spatial-LTM and WM in the water-escape RM (295) and MWM (318).

In contrast, the antioxidant lipoic acid (LA) treatment decreases oxidative stress markers in mice overexpressing APP, but it does not improve in spatial-WM tested in the Y-maze (319). EGCG, the major polyphenol of green tea, can potentially treat neurogenesis impairment in DS.

Among its several roles in the brain, EGCG inhibits DYRK1A in mice and seems to restore mitochondrial dysfunction in neural progenitor cells derived from Ts65Dn HPC (333). Ts65Dn 

III.3. Cognitive assessment: the lack of a translational test

Despite the increasing number of drugs for WM improvement in DS mouse models, all the therapies proposed in mice were not so efficient in improving cognitive deficits in humans, except for ECGC data on memory deficits (Tables 5 and6). Clinical trial failures can be due to several problems of translationality. Among the others, the ADMET and the timing of the treatment, the choice of preclinical animal model and cognitive test, the number of participants and the lack of standardized outcomes are the most relevant issues (353). In my project, we point out the need of a translationality between mice and humans to find an applicable test to evaluate the cognitive deficits in mice and humans.

To date, behavioral tests in mice, such as CFC, NOR or MWM, are not reproducible in humans and any therapies cannot truly be translationally tested in mice and in humans.

However, several cognitive tests have been proposed to assess cognitive deficits in humans. Different scales were used and tests were classified accordingly to patient ages. Those tests are described below in Table 7.

For infant individuals (from 0-3 years), different family questionnaires have been developed in order to evaluate as soon as possible the neurodevelopment disorder and to improve the intervention (354).

Table 7. Summary of paradigms in cognitive tests both in DS patients and mouse models. From the left, the table shows the comparison between the cognitive paradigms and the correspondent cognitive tests in humans and the analogous mouse paradigms in the preclinical studies. Unfortunately, any paradigm considered in DS patients finds an analogue in mice. However, even if analogous mouse paradigms are not found, preclinical studies are associated with the cognitive tests in humans for the cognitive paradigms. The questionnaire is administered by a professional team (with at least a Master's degree) which answers with 1 (positive) or 0 (not positive). The Bayley-IV is the most used for developmental assessment and it is widely used in the world.

-Language ENvironment Analysis (LENA) (358), a digital language system software created to evaluate speech development and vocalization in different languages (English, Spanish, French, Mandarin, Korean and Vietnamese) of children from 2 months to 48 months.

-Griffith Mental Development Scale (GMDS) is a questionnaire developed for children from 2 to 8 years, characterized by six areas within locomotor, personal-social, hearing and language, eye and hand co-ordination, performance, practical reasoning, in order to evaluate psychomotor skills of the children. The scale is used in many countries and adapted following cultural differences (359).

-Piagetian object concept scale (360) consists of an object searching tasks of a hiding toy: the child has to choose one of two identical occluders to find the hiding toy; the difficulty of the test increases accordingly to the correct choice. (369,372). ACTB added the necessity to control group, test-retest availability (results have to be demonstrated 6 months later), variation in populations, reliability with a particular brain region (e.g. with fMRI analysis), applied in a wide age range of populations and easily adaptable in different cultures and contexts. The tests must not be dependent on poor motivation, attention or language skill. ACTB revisit existent tests (including CANTAB), with the light of the rules cited above. Thus, ACTB is characterized by the following sessions: a) For verbal comprehension and production is used the verbal and nonverbal Kaufman Brief Intelligence Test, 2 nd edition (KBIT-II) (373). In the verbal version, subjects have to link points to pictures based on a word or phrase. For the nonverbal protocol, semantic or visuospatial completion are used and parent reports are evaluated. b) For the WM and the inhibitory control, modified dots task is used. According to a visual stimulus, the subject has to press a button following a particular rule and the test is couple with fMRI measurements (374). c) Spatial memory is measured with the virtual computer generated arena, where the subject can navigate to find a fixed hidden target (375). d) Motor sequencing is measured with the finger sequencing task generated by tapping a finger to a lever in succession in the correct order (376). e) Visuomotor tracking and hand-eye coordination are measured with NEPSY visuomotor precision test in which the subject has to follows two tracks with a pen (377).

Tasks are completed with CANTAB battery of tests (369).

Unfortunately, the most completed accredited and used NIX Toolbox, CANTAB and ACTB clinical tests are unfulfilled if we compare those to the preclinical trials (372,378,379).

Until now, as already mentioned in Table 7, the principal used behavioral tests for hippocampal memory evaluation in mice are essentially the following:

• Morris water maze, MWM for spatial long-term memory (380);

• The novel object recognition (NOR) for the short-term and long-term memory (381);

• The Y-maze (Y-M) (382) and T-maze (T-M) (383) for the working memory:

• The fear conditioning test (FC) for the pavlovian learning and memory (384); These testes are the most used tools for the evaluation in DS mouse models of cognitive impairment.

In particular, for more than 30 years, MWM has been mostly recommended for the assessment of visuospatial learning and memory. The subject is placed in an open watered arena with an escape platform: mice are trained to learn the position of a platform and the number of trials, the speed, and the latency determines the detection of spatial impairments. Thus, the test allows to discriminate the acquisition and consolidation of the information, including the possibility to test the retention and the retrieval memory. Although MWM has proven to be a robust and reliable test to assess preclinical treatments for hippocampal memory deficits in several cognitive disorders (i.e., AD (385) and PD (386)), the outcomes in mice are not directly reliable in humans.

In the same line, NOR test has been used for short and long-term memory evaluation in mice. The test is based on the innate curiosity of the mouse to explore the novelty (381) and consequently, the time used to explore the object is used as an index of memory. Different phases can be tested within the acquisition, the consolidation or the recall and both short-term and long-term delay can be used as an index of STM and LTM in disease-related cognitive impairments (387). Although the test is an efficient pharmacological tool for testing preclinical drugs in rodents (388), the testing conditions are not reproducible in humans and NOR cannot be considered a translational test.

The innate curiosity to explore the novelty is also used in Y-maze test (Y-M) and T-maze (T-M), where the mouse can freely explore three equal arms (382) (383). The alternation of the visited areas is measured as an index of working memory. Though the tests cannot find comparable measurements in humans, they are widely used for preclinical drug evaluation thanks to their efficient detection of memory deficits in mice with minimum resources (389).

Fear conditioning test (FC) is also used to assess learning and memory deficits (384). The mouse is exposed to a conditioned stimulus (CS, such as new context and/or tone) with an unconditioned stimulus (US, an electric footshock); the fear behavior of freezing under the CS without the US is measured as an index of memory. Under different variables, the test can measure acquisition, consolidation and reconsolidation components of memory in rodents. Thus, CFC is used for drug evaluation in preclinical studies within different conditions in DS mouse models (390).

Unfortunately, both MWM and the CFC tests are based on a negative reinforcer, i.e., the animals have to learn a task to avoid a punishment, while NOR and Y-M tests are less stressful and can be performed without reinforcements. Negative reinforcement-based learning is not commonly used in humans, primarily trained with positive reinforcers. However, the motivation to obtain the reward can induce variabilities among species and individuals and the learning involve different brain mechanisms. Context of reinforcement and motivational control is known to be modulated by the dopamine (DA) system. DA neurons are mostly presented in the ventral tegmental area (VTA) and substantia nigra pars compacta (SNc), which send projection to basal ganglia (striatum, pallidum, substantia nigra pars reticulate, subthalamic nucleus) and prefrontal cortex (PFC). DA neurons encode for a reward-prediction error that teaches signals to guide behavior in humans and rodents (391)(392)(393). Positive-reinforcement and reward expectations involved the mesolimbic pathway. At the same time, fear memories and negative-reinforcements implicated DA release in the striatum and increase of DA in the nucleus accumbens (NAc) occurs in direct responses to footshock and aversive stimuli (394-396).

Negative-mediated learning reinforcement also implicates GABA and other monamine neurotransmitter systems, including corticostriatal and amygdala (397). In particular, the basolateral amygdala complex (BLA) can control both positive and negative-mediated memories with two different neuron populations (398). BLA neurons projecting to NAc mediates positive reinforcement, whereas neurons to centromedial amygdala control negative reinforcement.

In conclusion, the evaluation and comparison of the same memory paradigms should be carefully conducted using positive and negative reinforcements-mediated learning because the same paradigms of memory since different processes are involved.

Accordingly, most of the tools generally used in animals show a low face validity since they do not measure comparable outcomes with the DS cognitive impairments and are based on different learning processes.

Searching for more translational analyses of cognitive skills in mice that are known to be impaired in DS subjects, we validated a translational test based on positive reinforcers (see paragraph "Objective of the thesis V.2."), to allow the preclinical evaluation of Preg-derivate pharmacological treatment.

IV.

The endocannabinoid system (ECS): a novel therapeutic target

IV.1. Generality

Cannabis sativa is one of the most used and abused plants for its pharmacological and psychotropic effects and its consumption date back over 12000 years to the Indian hemp (399).

To date, the illicit derivate of this plant (marijuana, pot, bhang, hashish, etc.) are widely used across the world. Even if this plant has been used for hundred years, the first phytocannabinoid, cannabinol (CBN), was isolated only at the end of 19 th century, followed by a second phytocannabinoid, the After calcium increase influx and glutamatergic activity, they are synthesized and they act via a retrograde signalling on the CB1 in the presynaptic neurons, inhibiting neurotransmitter release. CB1 is expressed in the presynaptic neuron, in mitochondria and astrocytes. Figure 24 B. CB1 expression in cells. CB1 is differently expressed in presynaptic cells: it is highly expressed in glutamatergic neurons and even more in GABAergic neurons. and guanosine triphosphate (GTP). In contrast, β and γ subunits are associated in a tightly linked βγ complex. GPCR stimulation will trigger the exchange of nucleotide GDP to GTP on Gα subunit, promoting its dissociation from βγ subunits. Both α-GTP bound and βγ subunit complexes then stimulate multiple downstream signalling cascades (417).

CB1 can be coupled to various different Gα subtypes, thus eliciting several responses. CB1 is classically known as a Gi/o coupled receptor, whose activation induces an inhibition of adenylate cyclase and consequently a decrease in cyclic adenosine monophosphate (cAMP) levels. This canonical signaling pathway was challenged with the demonstration of CB1 switch from Gi/o to Gs (418,419). Gs, as CB1 signaling, was demonstrated under conditions of co-stimulation with the type two dopamine receptor (D2) in primary rat striatal neurons (418). This switch seems to be highly dependent of the expression of CB1 receptors and G-proteins (420 In addition to the typical G protein-dependent signaling, the CB1 can act in a G protein-independent manner through association with other molecules such as β-arrestins (439). β-arrestins are key mediators of the inactivation or "arrest" of ligand activated GPCRs. Three main functions have been described. First, after the receptor phosphorylation by G protein-coupled receptor kinases (GRK), βarrestins bind CB1 and induces the inactivation of the receptor by uncoupling with the G proteins.

The second crucial role of β-arrestins is associated with the internalization of the receptor. Finally, the Ligand-Receptor-Environment complex will dictate the signaling capacity of the system (442). The expression of each actors of the described complex engages a single receptor to activate multiple signaling pathways in a brain structure-selective manner differentially. In this paradigm the agonist ligands will favor a conformation of receptor that will be engaged in a specific signalling (443). This functional selectivity or ligand bias has been clearly demonstrated for the CB1 signaling where the CB1 receptor can adopt multiple unique conformations depending upon agonist occupancy (444).

IV.2.3. CB1 localization in the central nervous system (CNS)

The distribution of cannabinoid receptors has been identified by quantitative autoradiography, in situ hybridization, and immunocytochemistry. CB1 is mainly expressed in the central and peripheral nervous system and, to a lower extent, in several peripheral tissues such as the adrenal gland, gastrointestinal tract, heart, liver, lung, prostate, uterus, ovary, testis, bone marrow, thymus and tonsils (445-447). In the CNS, the CB1 represents the most widely-expressed receptor protein from the GPCR family. In the brain, CB1 is highly expressed in olfactory bulb, hippocampus, basal ganglia and cerebellum (447). Moderate CB1 expression is found in the cerebral cortex, septum, amygdala, hypothalamus, and parts of the brainstem and the dorsal horn of the spinal cord. Finally, low CB1 expression is found in structures like the thalamus or the ventral horn of the spinal cord (447). CB1

is highly expressed on presynaptic terminals where it is responsible for the retrograde signaling of endocannabinoid. Moreover, very high CB1 messenger RNA (mRNA) levels are detected in hippocampal and neocortical GABAergic interneurons whereas CB1 is generally low expressed in glutamatergic neurons. The CB1 is also present in the neurons of the major neurotransmitter systems (glutamate, GABA, serotonin, noradrenalin, acetylcholine) and possibly also in dopaminergic neurons (448). Low doses of CB1 are found in astrocytes, oligodendrocytes and microglia, where it mediates synaptic transmission (449,450).

In mammals, CB1 is one of the most abundant GPCR in the brain, highly expressed in GABAergic neurons (around 80%), but also in glutamatergic neurons, glia (451) and astrocytes ( 452), (Figure

B).

CB1 is also present in noradrenergic terminals and CB1 antagonists can increase the levels of norepinephrine in limbic regions (453). Recently, it has been discovered the presence of CB1 in mitochondria (mtCB1) surface (Figure 24. A), where it can regulate the cell metabolism (454).

Although the mtCB1 is relatively low expressed, it has been demonstrated that mtCB1 may be of central importance for cellular respiration, energy balance and DSI in HPC.

In the brain, the CB1 is present in the cortex, hypothalamus, cerebellum, amygdala and HPC of the mouse brain. In particular, in the HPC pyramidal layers express low CB1 in glutamatergic neurons, while the Po layer of the DG and LMol of CA1 and CA3 expressed high levels of CB1 in GABAergic neurons (455). In the neocortex, low expressions of CB1 are located in layers I and IV, whereas CB1

receptor is more abundant in the primary and secondary motor areas, sensory areas and olfactory areas. High levels of CB1 are also found in the piriform cortex and the olfactory nucleus (456). In the amygdala, anterior, posterior and basolateral parts, in the entorhinal and perirhinal cortical areas, in striatum and hypothalamus, in situ hybridization studies showed low and high levels of CB1 (455).

IV.2.4. Functions

Considering its diffuse localization in CNS and in the periphery, ECS is involved in several physiological and pathological phenotypes. Indeed, although evidence shows a crucial role of ECS in the brain, ECS also plays an essential role in the periphery, such as in the immune response (457), lipogenesis (458) and bone mass (459), as well as in the cardiovascular system (460), reproduction (461) and male fertility (462), gastrointestinal system (463) and skin health (464). However, ECS role is crucial in CNS where the system controls a plethora of processes, such as emotional process, including anxiety and stress (465), general mood control (466) and fear extinction. In addition, ECS regulates circadian cycles (467), food intake and energy balance (460), general metabolism (468) and body temperature (469).

Additionally, several studies show the crucial role of ECS in social ( 470) and motor-related behaviours (471) (472). So far, ECS role is linked to pain responses (473), reward processing ( 474)

and drug addiction disease (475), as well as cognitive procedures such as memory ( 476) and neurodegenerative disorder (477).

Focusing on the primary receptor of ECS, the literature showed that CB1 controls learning and memory processing (478), regulating the synaptic transmission both on a short (tens of seconds) and a long timescale and inducing DSE and DSI via CB1 expression in glutamatergic or GABAergic terminals (450). Furthermore, in the glutamatergic terminals, CB1 controls and regulates synaptic functions, preventing neurons from glutamate excitotoxicity (479). In contrast, in GABAergic neurons is involved in LTM ( 480) and the lack of CB1 in those neurons seems to be essential for pyramidal cells inflammation and neurodegeneration (481).

In rodents and humans cannabis users, CB1 activation causes WM and decision-making deficits (482) reversibly after 4-6 weeks of cannabis abstinence (483).

The primary psychoactive agonist of CB1, THC, causes STM and hippocampal deficits in mice (484), and the chronic administration of the synthetic CB1 agonist CP 55,940 produces WM impairment in adolescent rats (485).

The CB1 agonist WIN impairs cognition and LTP (486) via dHPC. Indeed, infusion in dHPC-CA1 mice of WIN causes amnesia in the STM and LTM tasks of the NOR test (487), LTP impairment and LTD increase (478). In the same region, the infusion of the cannabinoid reuptake inhibitor AM404

causes LTP deficits and LTD increase (478), demonstrating the essential role of dHPC in cognitive deficits mediated by ECS.

Moreover, the dual FAAH/MAGL inhibitor JZL195/JZL184 displays spatial-STM task impairment in MWM after injection in mice (488). Thus, the abnormal increase of eCBs levels causes cognitive deficits of THC-induced effects, confirming the crucial ECS involvement in memory processes.

However, CB1 antagonist rimonabant blocks memory impairment effects of JZL195/JZL184.

Accordingly, several drugs have been developed to restore CB1-mediated cognitive deficits. In particular, in male rats, the CB1 antagonist rimonabant (or SR141716A) reverses reference and STM deficits after THC injections (489) and improves WM in RM test (490).

Validating the hypothesis, CB1-knockout mice CB1(-/-) present spatial-LTM task impairment in MWM with a substantial reversal task deficit: despite the new platform location, the mice continue to return to the original place, demonstrating increased perseverance and a strong LTM memory deficit (491). In the same experiment, THC administration to CB1(+/+) mice impair MWM task in a cued working memory version of the task (491).

Those evidence confirm the crucial role of CB1 underlying memory processes, propose the receptor as a valid potential target in memory impairment and suggest that pharmacological therapies targeting CB1 could rescue memory deficits in neurodegenerative diseases.

IV.2.5. Endogenous regulation by pregnenolone (Preg)

Pregnenolone (Preg) is an important steroid in mammalians and in invertebrates (492), produced in the classically known steroidogenic tissues of gonads and adrenal gonads (493) as well as in the brain (494), tissue adipose (495) and intestine ( 496). In all those steroidogenic tissues, steroids are synthetized de novo in the mitochondria from cholesterol thanks to the cleavage of the cytochrome P450scc (P450scc or CYP11A1) (Figure 27). The enzyme is crucial for steroidogenesis and its loss or mutations can cause rare hormonal disorders, such as 46,XY disease of sex development and primary adrenal failure (497). Cholesterol is produced from the hydrolysis of cytoplasmatic cholesterol esters by the hormone sensitive lipase (HSL). Once produced in the cytoplasm, cholesterol is transported with the transport membrane steroidogenic acute regulatory protein (StAR) [START_REF] Pylyp | Chromosomal segregation in sperm of Robertsonian translocation carriers[END_REF][START_REF] Rodrigues | Neuroimaging assessment in Down syndrome: a pictorial review[END_REF] from the outer mitochondrial membrane (OMM) to the inner mitochondrial membrane (IMM). The GABAA and NMDA receptors seem to be linked to their chemical structure. For instance, allopregnanolone, a derivate of PROG, acts mainly on GABAA receptors as an inhibitory modulator.

In contrast PREG-S, the sulfate derivate of Preg, is an excitatory neurosteroid via the inhibition of GABA current and the activation of NMDA. Preg has a poor affinity for GABAA and NMDA Despite this very selective molecular mechanism, Preg can antagonize all the effects of THC. In contrast, Preg does not have the side effects of orthosteric CB1 antagonists such as inducing anxietylike behaviors and reduction in spontaneous food intake (501). For that reason, Preg can be a promising molecule to regulate CB1-linked pathologies avoiding the adverse effects of CB1 antagonists. However, Preg seems to be effective only on the Erk1/2 MAPK phosphorylation, avoiding cannabinoid toxicity caused by CB1 hyperactivation and cannabinoid deficiency caused by CB1 blockade. Indeed, total CB1 blockade causes anxiety and depression side effects (501). For instance, despite the promising role in smoking cessation, obesity and associated metabolic disorder, rimonabant (SR141716) cannot be administered for its anxiogenic and depressive effects (clinical trial #NCT00481975). Actually, a randomized, double-blind, placebo-controlled study in obesity patients treated with rimonabant, showed weight loss and decreased the body mass but anxiety and depression behaviors (502), but rimonabant was withdrawn from the market due to its adverse effects.

Although the results obtained with Preg as an inhibitor of THC effects are very encouraging (500), this endogenous compound is not druggable compound (492). Preg has three main drawbacks: 1) it has a very short half-life (20-40 min), which is a drawback for therapeutic use 2) it is rapidly converted in other active steroids (i.e., progesterone, testosterone), which may target other receptors and induce toxicological side effects, and 3) it has extremely poor bioavailability after per os administration, which is a significant obstacle for oral treatment in humans (480). In rats, high doses of Preg (50mg/kg) administered intraperitoneally induce a 3-fold increase of allopregnanolone 45min later, and in human Preg ingestion of 50 mg is found in urine converted in 5beta metabolites (492).

Other delivery forms have been proposed to avoid the first passage effect and the rapid metabolism of Preg, such as the delivery of intranasal Preg, but low bioavailability has been observed as well (503) and not more than 23% was found in the blood.

For these reasons, in collaboration with the biotech Aelis Farma In conclusion, the literature clearly shows that ECS alterations are affected in DS mouse models suggesting an essential role for ECS in cognitive deficit. However, further neurobiological analyses have to be done to explore the potential of CB1 in DS as a suitable target for cognitive improvements and in particular, to investigate the role of Preg in regulating the CB1 activity. Indeed, since CB1 orthosteric antagonists are not clinically usable due to adverse psychiatric effects, alternative therapeutic tools are needed.

V.

Objectives of the thesis

This thesis work has been designed to meet three objectives: In particular, CB1 overexpression leading to increased activity seem to play a role in the memory processes of DS mouse models (340). outcomes translated from patients to mice, as the visual discrimination touchscreen tasks, the majority remained to be appropriately converted (379,505). Consequently, those suggestions led to inefficient therapies. Indeed, advanced therapeutic approaches need to be tested in an innovative complete translational test in order to examine a potential treatment efficacy from mice to patients safely.

In this scenario, the RM test was proposed as a translational test for memory evaluation in DS patients and Ts65Dn mice. This test has been used previously for translational studies in aged mice and elderly patients with cognitive deficits (506). Consequently, the handily and efficient results in aging recommend the test as a potentially helpful tool for memory evaluation and therapeutic assessment in humans and mice. In PART II, the validation of the strategy, within the experimental design, the results and a related discussion are proposed.

V.3. Aim III. Propose Preg-like compounds as a therapeutic solution for CD in DS

We proposed a therapeutic strategy based on a Preg synthetic analog for the WM impairment.

Although Preg can protect the brain from CB1 overactivation and its pharmacological profile is perfectly suited to a therapeutic profile, Preg cannot be used as a medication. This problematic led to development of AEF therapeutic compounds that maintain the pharmacological properties of Preg against CB1 without its main drawbacks. AEFs show increase half-life, are not metabolized in steroid States and 1 in 1000 in Europe (Caban-Holt, Head and Schmitt, 2015), is the most common genetic cause of mental retardation with severe learning and cognitive deficits (CD) [START_REF] Gardiner | Down Syndrome: From Understanding the Neurobiology to Therapy[END_REF] for which there is currently no pharmacological treatment. DS is characterized by a plethora of physical phenotypes that impact many body systems (Dierssen, 2012) as a result of an aberrant gene regulation. Indeed, DS is caused by the presence of an extra full or partial chromosome 21 (HSA21), which triggers gene overexpression [START_REF] Lana-Elola | Down syndrome: searching for the genetic culprits[END_REF] and protein synthesis alterations (Antonarakis, 2017). If this mis-expression was initially attributed and limited to the down syndrome critical region (DSCR) [START_REF] Belichenko | The « Down Syndrome Critical Region » Is Sufficient in the Mouse Model to Confer Behavioral, Neurophysiological, and Synaptic Phenotypes Characteristic of Down Syndrome[END_REF], nowadays DSCR is no longer considered sufficient, and genes exploration studies currently suggest new targets out of HSA21 that may participate to the pathological phenotypes of DS [START_REF] Ahmed | Loss of Correlations among Proteins in Brains of the Ts65Dn Mouse Model of Down Syndrome[END_REF]. Even if physical rehabilitation and surgical interventions at birth have helped patients to develop normally [START_REF] Vis | Down syndrome: a cardiovascular perspective[END_REF], CD prohibits them to lead a normal life [START_REF] Gardiner | Pharmacological approaches to improving cognitive function in Down syndrome: current status and considerations[END_REF] reflecting the need to identify new brain molecular targets for CD in DS [START_REF] Sturgeon | Pathways to cognitive deficits in Down syndrome[END_REF].

To this aim, we used the DS mouse model Ts65Dn [START_REF] Davisson | Segmental trisomy of murine chromosome 16: a new model system for studying Down syndrome[END_REF]).

Among the different models (Herault et al., 2017), Ts65Dn mice have the best face validity as they recapitulate the majority of phenotypes observed in DS, including learning and memory impairments (Reeves et al., 1995;[START_REF] Escorihuela | Impaired short-and long-term memory in Ts65Dn mice, a model for Down syndrome[END_REF][START_REF] Martínez-Cué | Differential effects of environmental enrichment on behavior and learning of male and female Ts65Dn mice, a model for Down syndrome[END_REF]. The CD occurring both in DS subjects and Ts65Dn mice are mainly due to neuroanatomical and functional alterations in brain areas related to cognition, in particular the hippocampus [START_REF] Insausti | MR volumetric analysis of the human entorhinal, perirhinal, and temporopolar cortices[END_REF]Aylward et al., 1999;Teipel et al., 2003;[START_REF] Kurt | Deficits of neuronal density in CA1 and synaptic density in the dentate gyrus, CA3 and CA1, in a mouse model of Down syndrome[END_REF]Lorenzi and Reeves, 2006).

Among the diverse brain target systems that affect hippocampal-dependent CD, the endocannabinoid system (ECS) has been shown to play a major role (Marsicano and Lafenêtre, 2009;[START_REF] Puighermanal | Cellular and intracellular mechanisms involved in the cognitive impairment of cannabinoids[END_REF]. The ECS is a biological signaling system that encompasses lipidbased mediators called endocannabinoids (eCBs), their synthesizing and degrading enzymes, and two primary receptors [START_REF] Cota | CB1 receptors: emerging evidence for central and peripheral mechanisms that regulate energy balance, metabolism, and cardiovascular health[END_REF]Lu and Mackie, 2016) and α,β-hydrolase-12 (ABDH12) (Basavarajappa, 2007).

CB1 was shown to play an essential role in learning and memory (Zanettini, 2011;[START_REF] Busquets-Garcia | Dissecting the cannabinergic control of behavior: The where matters[END_REF]Busquets-Garcia, Bains and Marsicano, 2018) and the ECS is deregulated in several disease characterized by altered memory processes, including Alzheimer's disease [START_REF] Ramirez | Prevention of Alzheimer's Disease Pathology by Cannabinoids: Neuroprotection Mediated by Blockade of Microglial Activation[END_REF]), Huntington's disease [START_REF] Maccarrone | The endocannabinoid pathway in Huntington's disease: A comparison with other neurodegenerative diseases[END_REF]), Parkinson's disease [START_REF] Kim | Transient receptor potential vanilloid subtype 1 mediates cell death of mesencephalic dopaminergic neurons in vivo and in vitro[END_REF], amyotrophic lateral sclerosis [START_REF] Bilsland | Increasing cannabinoid levels by pharmacological and genetic manipulation delay disease progression in SOD1 mice[END_REF] and multiple sclerosis (Rice and Cameron, 2018).

Interestingly, the ECS was recently shown to be altered in DS mouse models (Lysenko et al., 2014;Navarro-Romero et al., 2019). Lysenko and collaborators found a 50% increase in 2-AG in the total brain of aged Ts65Dn mice (Lysenko et al., 2014) while Navarro-Romero and collaborators showed that the CB1 antagonist rimonabant was able to reverse CD in both Ts65Dn and TgDyrk1A DS mouse models (Navarro-Romero et al., 2019). These data therefore suggest that CB1 could be a promising target for innovative therapeutic strategies aimed at improving intellectual disability in DS.

However, CB1 is known to have a complex expression pattern, being localized in several brain cell types (neuron/glial cells) and subcellular compartments that have quite opposite behavioral functions through the activation of multiple and selective signaling pathways [START_REF] Busquets-Garcia | Dissecting the cannabinergic control of behavior: The where matters[END_REF]Busquets-Garcia, Bains and Marsicano, 2018).

Considering the functional importance of the hippocampus (HPC) in memory processes, here we specifically analyzed the expression pattern of ECS components in the HPC of adult male Ts65Dn mice using various molecular approaches. The results show that among all the molecules that constitute the ECS, mainly the expression of the CB1 is altered in the HPC of Ts65Dn mice.

This alteration targeted more specifically the dorsal part of the hippocampus, with a specific segregation within the different populations of neurons.

RESULTS

CB1 encoding gene (Cnr1) expression in the dorsal and ventral hippocampus of Ts65Dn mice

The HPC is a brain structure with functionally distinct areas. The dorsal hippocampus (dHPC) is preferentially involved in memory-related functions [START_REF] Moser | Spatial learning with a minislab in the dorsal hippocampus[END_REF]Ferbinteanu and McDonald, 2001;[START_REF] Pothuizen | Dissociation of function between the dorsal and the ventral hippocampus in spatial learning abilities of the rat: a withinsubject, within-task comparison of reference and working spatial memory[END_REF], whereas the ventral hippocampus (vHPC) has a preferential role in processing stress responses and emotional information [START_REF] Henke | Hippocampal pathway to the amygdala and stress ulcer development[END_REF][START_REF] Kjelstrup | Reduced fear expression after lesions of the ventral hippocampus[END_REF].

Navarro and colleagues observed an increase in CB1 protein in the HPC of Ts65Dn mice (Navarro-Romero et al., 2019). However, given the importance of the functional segregation of the HPC in memory processes, we first analyzed the CB1 protein levels in the dorsal and ventral HPC to see whether a differential gene expression between dorsal and ventral part could be consistent with memory dysfunctions (Fig. 1). Immunoblotting analysis revealed a significant increase of CB1 protein levels in the dHPC (Fig. 1A) but not in the vHPC (Fig. 1B) of Ts65Dn mice as compared to control littermates (WT). Consistently, using qRT-PCR analysis with primers targeting both the coding (amplicon 1) and non-coding (amplicon 2) regions of Cnr1 gene (Fig. 2A), revealed that CB1 mRNA expression was also significantly increased in the dHPC (Fig. 2B) but not in the vHPC (Fig. 2C) of Ts65Dn mice as compared to WT. Neither CB1 mRNA or protein expression was altered in the prefrontal cortex (PFC) of Ts65Dn mice (Fig. S1), which is another key structure underlying the cognitive deficits observed in DS [START_REF] Rowe | Cognitive executive function in Down's syndrome[END_REF]. Therefore, these results

showing a selective increased expression of CB1 in the dHPC are in agreement with a potential role of CB1 supporting CD in Ts65Dn mice (Zanettini, 2011;[START_REF] Busquets-Garcia | Dissecting the cannabinergic control of behavior: The where matters[END_REF]Navarro-Romero et al., 2019).

mRNA expression of ECS components in dHPC and vHPC of Ts65Dn mice

We then went on to investigate the gene expression of ECS enzymes involved in the synthesis and degradation of eCBs in the dHPC and vHPC of Ts65Dn mice (Fig. 3). The eCBs are derived essentially from phospholipids (N-arachidonoyl phosphatidyl ethanolamine, NAPE and phosphatidylinositol 4,5-bisphosphate, PIP2) [START_REF] Sugiura | Biosynthesis of Anandamide and 2-Arachidonoylglycerol[END_REF]. The main enzymes of eCBs synthesis are the N-arachidonoyl phosphatidyl ethanolamine phospholipase D (NAPE-PLD) for AEA, and the phospholipase C (PLCγ1) and the diacylglycerol lypase (DAGLα/β) for 2-AG. In the dHPC, qRT-PCR analysis of mRNAs encoding AEA synthesis enzymes showed a slight (less than 10%) but significant decrease in Nape-pld mRNA whereas for 2-AG synthesis a significant increase in Daglβ transcripts were observed while Daglα transcripts showed an opposite trend (Fig 3B). The degradation of eCBs involved the Fatty acid amide hydrolase (FAAH) that metabolizes AEA into ethanolamine (ETA) and arachidonic acid (AA), whereas the monoacylglycerol lipase (MAGL) converts 2-AG in glycerol and AA, and the α,β-hydrolase-12 (ABDH12) metabolizes 2-AG in AA (Fig. 3A). In the dHPC, the expression of genes encoding AEA and 2-AG degradation enzymes was unaffected (Fig 3B). In the vHPC, genes encoding enzymes involved both in the synthesis and degradation of AEA and 2-AG were also similar between genotypes (Fig. 3C). In addition, we found that the mRNA expression of Cnr2, encoding for the CB2 receptor, was unaffected both in the dorsal and ventral HPC of Ts65Dn mice as compared to control littermates (Fig. 3B andC).

Levels of endocannabinoids 2-AG and AEA in dHPC and vHPC of Ts65Dn mice

We also determined levels of the main eCBs (AEA and 2-AG) in the dorsal and ventral HPC of Ts65Dn mice using mass spectrometry analysis. In agreement with the mRNA expression analysis, results showed that AEA, but not 2-AG, was decreased in the dHPC of Ts65Dn mice as compared to control littermates (Fig. 4A). Conversely, analysis of the vHPC showed no differences between Ts65Dn and WT mice (Fig. 4B).

Distribution of CB1 mRNA-expressing cells in subpyramidal areas of the dHPC in TS65Dn mice

The HPC is divided into distinct subfields referred to as CA1, CA2/CA3 and DG (Dentate Gyrus) including GABAergic-and glutamatergic neurons-enriched areas that play a prominent role in some of the HPC-mediated behaviors [START_REF] Abrous | Adult neurogenesis: from precursors to network and physiology[END_REF][START_REF] Martin | The rodent hippocampus and spatial memory: from synapses to systems[END_REF].

CB1 is not equally distributed within these hippocampal areas, showing high levels of expression in GABAergic interneurons and low levels of expression in glutamatergic cells and astrocytes (Marsicano and Lutz, 1999;[START_REF] Kawamura | The CB1 cannabinoid receptor is the major cannabinoid receptor at excitatory presynaptic sites in the hippocampus and cerebellum[END_REF][START_REF] Kano | Endocannabinoid-mediated control of synaptic transmission[END_REF]Han et al., 2012). Having found a selective increase in CB1 expression in the dHPC of Ts65Dn (Figs. 1 and2), we therefore investigated whether Cnr1 mRNA expression was different within hippocampal areas by using double fluorescent in situ hybridization (D-FISH) to label the mRNAs of CB1 and of glutamic acid decarboxylase 65 kDa and 67 kDa (GAD), a marker of GABAergic neurons [START_REF] Houser | Localization of mRNAs encoding two forms of glutamic acid decarboxylase in the rat hippocampal formation[END_REF]. CB1 mRNA was significantly increased in GABAergic interneurons referred to as GADpositive cells in CA1-LMol, CA3-SLu and DG-Po layers of Ts65Dn mice compared to control littermates (Fig. 5A,B,C,D,E). Consistent with previous studies (Chakrabarti et al., 2010), the number of GAD-expressing cells was increased in Ts65Dn mice compared to control littermates (Fig. 5F). The decreased percentage of CB1-GAD-positive cells over total GAD positive cells in Ts65Dn mice compared to control littermates indicated that the proportion of GABA neurons expressing CB1 is significantly lower than the population of GABA neurons not expressing CB1 in Ts65Dn mice (Fig. 5G), suggesting that the inhibitory control of CB1 on GABAergic neurons might be reduced in the dHPC of Ts65Dn mice compared to control mice. However we found that the intensity of CB1 mRNA expression in GABAergic neurons was not different between Ts65Dn and WT mice, indicating that the number of CB1 in GABAergic neurons is similar between the two genotypes (Fig. 5H). No differences were found in the vHPC (data not shown).

Pattern of CB1 mRNA-expressing cells in pyramidal areas of dHPC in TS65Dn mice

FISH analysis revealed that the expression levels of CB1 mRNAs expressed by pyramidal neurons were largely decreased in the pyramidal layers (Py) in CA1 and CA3 and in the granular layer (Gr) in DG of Ts65Dn mice compared to control littermates (Fig. 6). No differences were found in the vHPC (data not shown).

DISCUSSION

DS, a genetic disorder caused by the trisomy of the human chromosome 21 (HSA21), is responsible for the dosage imbalance of multiple genes that notably are responsible to hippocampaldependent learning and memory deficits (Dierssen, 2012;Antonarakis, 2017). The ECS has also been shown to play a crucial role in hippocampal cognitive-related functions (Marsicano and Lafenêtre, 2009;[START_REF] Jacob | Cannabinoid CB1 receptor deficiency increases contextual fear memory under highly aversive conditions and long-term potentiation in vivo[END_REF]. Therefore, in this study, we explored the ECS within the HPC of Ts65Dn mice as a relevant target system that could be affected in DS. Ts65Dn mice showed an alteration of the expression of CB1 in the dorsal part of the HPC and a specific distribution of CB1 within the different cell populations that compose the dHPC.

CB1 mRNA and protein expression and localization in the HPC of Ts65Dn mice.

Using several molecular approaches, our data showed a selective increase in Cnr1 mRNA and CB1 protein expressions in the dHPC, but not in the vHPC and PFC of Ts65Dn male mice.

These results suggest that the CB1 selective increase restricted to the dHPC could support the cognitive impairment of Ts65Dn mice. Surprisingly, Navarro and colleagues reported no difference in CB1 expression at mRNA level and a weak increase at protein level, reflecting likely the fact that all the experiments were performed on entire HPC homogenates, leading to a dilution effect (Navarro-Romero et al., 2019).

Several other genes related to the main components of ECS were investigated, namely the CB2, the eCBs degradation enzymes (ABHD12, FAAH and MAGL), and the eCBs biosynthesis enzyme (NAPE-PLD, PLCγ1 and DAGLα/β). There was no change in the expression of these ECS-related genes in the Ts65Dn mice in the vHPC. In the dHPC of Ts65Dn mice, we found a small but significant decrease in the Nape-pld encoding gene responsible for AEA synthesis, together with a decrease in AEA level, whereas 2-AG remained unaltered. Interestingly, it has been hypothesized that AEA and 2-AG differentially regulated synaptic processes operating in tonic and phasic modes, respectively.

AEA as a 'tonic' signaling molecule would regulate basal synaptic transmission, whereas 2-AG as a 'phasic' signaling molecule being released upon stimulation would mediate specific forms of synaptic plasticity [START_REF] Ahn | c-Rel, an NF-κB family transcription factor, is required for hippocampal long-term synaptic plasticity and memory formation[END_REF][START_REF] Katona | Multiple functions of endocannabinoid signaling in the brain[END_REF]. Therefore, we cannot rule out that the decrease in AEA could compensate for the CB1 overexpression in order to regulate CB1 'tonic' activity in the dHPC of Ts65Dn mice. However, this simple dichotomy is being complicated by the specific expression and regionalization pattern of the CB1 receptor within the dHPC. Indeed, using FISH we found higher levels of CB1 in the Lmol and SLu layers of CA1 and CA3 areas and in the Po layer of the dentate gyrus as compared to control mice, together with significantly lower levels of expression in the Py layer of CA1 and CA3 and the granule cell layer of the dentate gyrus. This complex pattern of alterations in the levels of CB1 mRNA in different subregions of the dHPC may be linked to specific mechanisms, including: i) a positive transcriptional loop for CB1 expression (Laprairie, Kelly and Denovan-Wright, 2012), ii) a dosage imbalance of certain transcription factors (Antonarakis, 2017), or iii) the consequence of cell density and migration alterations during embryologic development (Moser and Moser, 1998;Fanselow and Dong, 2010).

Functional consequences of CB1-related alterations

Alteration of CB1 expression could have a powerful impact on neuronal activity as a neurobiological substrate underlying cognitive deficits. In addition, CB1 activity could be further increased as a result of its constitutive activity [START_REF] Fong | Constitutive activity in cannabinoid receptors[END_REF]. Since the role of CB1 signaling is to suppress presynaptic transmitter release leading to inhibition of the presynaptic neurons to maintain excitation/inhibition homeostasis [START_REF] Silva-Cruz | Dual Influence of Endocannabinoids on Long-Term Potentiation of Synaptic Transmission[END_REF], an overactivity of the receptor could tilt the balance in favor of inhibition, exacerbating the DS pathology. In agreement, the CB1 antagonist rimonabant has been shown to restore the excitatory tone and LTP in the hippocampus, in turn improving cognitive performance of Ts65Dn mice (Navarro-Romero et al., 2019). In addition, altered glutamatergic/GABAergic cell proportion also supports the excitatory/inhibitory imbalance hypothesis to explain DS cognitive impairments [START_REF] Hernández-González | Altered Distribution of Hippocampal Interneurons in the Murine Down Syndrome Model Ts65Dn[END_REF]. The increased number of GABAergic interneurons expressing CB1 would elicit increased GABA signaling that in turn would result in a decreased general excitability of pyramidal neurons, preventing LTP and thus affecting hippocampal-related tasks (Kleschevnikov et al., 2004).

Furthermore, we cannot exclude a possible alteration in the expression of astroglial CB1, which can only be detected by electron microscopy because of its extremely low expression in this cell type (Han et al., 2012). Indeed, activation of astroglial CB1 by exogenous cannabinoids was shown to be associated with induction of astroglia-dependent hippocampal LTD in vivo at CA3-CA1 synapses to mediate spatial working memory impairment (Han et al., 2012). Finally, even more deeply compartmentalized, activation of mitochondrial CB1 by Δ 9 -tetrahydrocannabinol (THC), through a decrease in mitochondrial metabolism and thus a reduction in hippocampal synaptic transmission, leads to a decrease in memory performance [START_REF] Hebert-Chatelain | A cannabinoid link between mitochondria and memory[END_REF]. Interestingly, several studies revealed that mitochondrial dysfunctions are strongly associated with DS (Lott, 2012;Perluigi and Butterfield, 2012;[START_REF] Helguera | Adaptive Downregulation of Mitochondrial Function in Down Syndrome[END_REF].

Ts65Dn mice as a reliable model to explore ECS alteration in DS

In our study, we used the well characterized Ts65Dn mouse model of DS. Creating a suitable mouse model of DS has been proven challenging due to the length of the triplicated sequence ( 35Mb) of HSA21, but also because its orthologs in mouse map span segments of three different chromosomes: Mmu16, Mmu17, Mmu10 [START_REF] Davisson | Segmental trisomy of murine chromosome 16: a new model system for studying Down syndrome[END_REF]. Despite other DS mouse models display higher construct validity than Ts65Dn mice (Herault et al., 2017), this one bears the best face validity, recapitulating most of the features of DS, including neuronal abnormalities and cognitive deficits [START_REF] Aziz | Lifespan analysis of brain development, gene expression and behavioral phenotypes in the Ts1Cje, Ts65Dn and Dp(16)1/Yey mouse models of Down syndrome[END_REF]. For these reasons, and due to its relatively high fertility, Ts65Dn mice are to date the main model used for preclinical studies to investigate the cognitive deficits of DS, with many studies reporting the reversal of the phenotype by using different drugs and small molecules (Gupta, Dhanasekaran and Gardiner, 2016). To complete our findings showing a significant increase in CB1 in the dHPC, further analyses investigating ECS and in particular CB1 in different DS mouse models with triplicated segments different from those of Ts65Dn mice should be performed. For example, a similar strategy could be performed in the TgDyrk1A mouse model in which the kinase Dyrk1A is overexpressed [START_REF] Altafaj | Neurodevelopmental delay, motor abnormalities and cognitive deficits in transgenic mice overexpressing Dyrk1A (minibrain), a murine model of Down's syndrome[END_REF], and that displays a CB1 increase in the whole HPC (Navarro-Romero et al., 2019).

CB1 as a potential therapeutic target for cognitive improvement in DS

Finding a potential drug that improves CD available to DS subjects is a challenging issue. To date, among the different compounds tested, only the antioxidant epigallocatechin-3-gallate reached phase 3 clinical studies for CD. Among the diverse brain target systems that were shown to improve hippocampal-dependent CD in preclinical mouse models, recent works suggested that the ECS could be a potential therapeutic target in DS (Lysenko et al., 2014;Navarro-Romero et al., 2019).

Administration of JZL184, a MAGL inhibitor blocking the degradation of 2-AG, to aged Ts65Dn mice expressing Alzheimer's disease symptomatology (Hobson-Rohrer and Samson-Fang, 2013) was reported to improve long-term memory and synaptic plasticity (Lysenko et al., 2014). However administration of JZL184 to C57Bl/6 mice was shown to induce addictive-like effects similar to THC, including analgesia, hypothermia, and hypomotility [START_REF] Delong | Pharmacological evaluation of the natural constituent of Cannabis sativa, cannabichromene and its modulation by Δ(9)-tetrahydrocannabinol[END_REF], suggesting that this compound cannot be used in clinical trials. Recently, pharmacological inhibition of CB1 using the antagonist rimonabant was shown to restore memory deficits in Ts65Dn mice providing evidence that CB1 is a relevant target for the improvement of CD associated with DS (Navarro-Romero et al., 2019). Unfortunately, CB1 receptor antagonists such as rimonabant by inhibiting the entire CB1 activity are clinically incompatible as a CD therapy due to their adverse effects [START_REF] Christensen | Efficacy and safety of the weight-loss drug rimonabant: a meta-analysis of randomised trials[END_REF][START_REF] Seely | AM-251 and rimonabant act as direct antagonists at mu-opioid receptors: implications for opioid/cannabinoid interaction studies[END_REF]. Another potential treatment option to consider is the use of the neurosteroid pregnenolone (PREG). PREG has been recently shown to act as a potent endogenous allosteric signal-specific inhibitor of CB1 protecting the brain from cannabis intoxication (Vallée et al., 2014).

In addition, PREG was shown to block a wide spectrum of THC-induced endophenotypes typically associated with psychotic-like states, including impairments in cognitive functions, somatosensory gating and social interaction [START_REF] Busquets-Garcia | Pregnenolone blocks cannabinoid-induced acute psychotic-like states in mice[END_REF], revealing that signal-specific inhibitors mimicking PREG effects can be considered as promising new therapeutic tools to improve CB1mediated CD.

In conclusion, our data show a selective increase in CB1 expression and distribution according to GABAergic and glutamatergic neuronal subtypes within distinct subfields of the dHPC thereby likely determining the ability of eCBs to deregulate the excitatory and inhibitory CB1mediated balance in specific cell subpopulations in Ts65Dn mice.

MATERIALS AND METHODS

Animals. Three to four months old male Ts65Dn mice (n=38) and control (WT) littermates (n=41)

were used. Ts65Dn mice were created by mating female carriers 17 16 chromosome (B6C3H-Ts65Dn) with B6EiC3HF1 hybrid males, obtained by crossing C57BLr/6JEi with C3Hr/HeSnJ mice (Reeves et al., 1995). Five different batches of mice were used in these experiments: Western blot (n=8 per genotype), qRT-PCR (n=11 control and n=8 Ts65Dn), eCB measurement (n=8-9 per genotype) and laser capture microdissection coupled to qRT-PCR (n=8 mice per genotype) assays.

Fluorescence in situ hybridization experiments were performed on Ts65Dn and control littermate male mice (n=5 mice per genotype), and on one full CB1 knockout (CB1-KO) male mouse as probe control [START_REF] Marsicano | The endogenous cannabinoid system controls extinction of aversive memories[END_REF]. Experiments were performed during the light phase (from 7 am to 7 pm) and animals were kept in collective cages under a 12 h light/dark cycle under controls (22ºC, 60% humidity) with water and food (A04-10 pellets, Scientific Animal Food & Engineering) ad libitum.

Animals were acclimated to the housing conditions for two weeks prior to the start of the experiments; they were bred and PCR-genotyped in the Magendie Neurocentre Institute.

Sacrifice for molecular analysis. Each mouse was sacrificed by decapitation. The prefrontal cortex and dorsal and ventral hippocampus were collected, rapidly frozen and kept at -80°C until analyses.

Surgery for in situ hybridization analysis. Mice were anesthetized by intraperitoneal injection (IP) of a mixture of pentobarbital (Exagon, 200mg/kg) and the anesthetic lidocaine (Lurocaine® 20 mg/ml) purchased from Centravet (Dinan, France) at the dose of 10 µl/g. Animals were perfused through the left ventricle with tampon phosphate-buffered saline (PBS 0.1 M, pH= 7.4) in heparine (5000 UI/L) for 2 minutes followed by 4% formaldehyde dissolved in PBS (0.1 M, pH= 7.4) for 5 minutes. After perfusion, brains were removed from the skull and post-fix in the same fixative solution for 24 hr at 4°C. The day after, brains were embedded with sucrose 30% for 3 days, frozen and kept at -80°C. Serial brain coronal cryosections were cut at the cryostat (30 µm rabbit polyclonal antibody (# ab23703, Abcam, France) at 1/5000 dilution. The membranes were then washed twice for 7 min with TBS/T and incubated 1 h at room temperature in TBS/T containing anti-rabbit IgG-HRP (# 7074S, 1/5000, Cell Signaling Technology, USA) secondary antibody at 1/5000 dilution. After TBS/T and TBS washings, the signal was revealed following chemiluminescent detection (Immobilon Forte Western HRP Substrate, Millipore, USA). The X-ray films (BioMax MR film, Kodak, USA) used to detect the chemiluminescent signal, were scanned in transmission mode using a GS-800 scanner (Bio-Rad Laboratories, CA, USA) following the manufacturer's instructions.

The same membrane was reused for the control hybridization with the monoclonal anti α-Tubulin (#NR356, 1/50000, Amersham, USA) and revealed with the anti-mouse IgG-HRP secondary antibody (#7076, 1/20000, Cell Signaling Technology, USA) (Bouarab et al. 2021).

Endocannabinoid measurements. Mice were sacrificed by decapitation. Brains were quickly removed and dHPC and vHPC were taken, and stored at -80 °C until use. Measurements of AEA and 2-AG were carried out as previously described [START_REF] Matias | Endocannabinoids measurement in human saliva as potential biomarker of obesity[END_REF]. Brain structures were homogenized and extracted with chloroform/methanol/Tris-HCl (50 mM, pH 7.5, 2:1:1, vol/vol) containing internal deuterated standard (AEA-d4 and 2-AG-d5), and the dried lipid extract was purified using solid-phase extraction (SPE C18 Agilent, France). Mass spectral analyses were conducted on a TSQ Quantum triple quadrupole instrument (Thermo-Finnigan) furnished of an atmospheric pressure chemical ionization source and operating in positive ion mode. AEA and 2-AG levels were determined by isotope-dilution using a calibration curve. Endocannabinoid levels were then normalized by the weight of fresh tissue.

Quantitative real time polymerase chain reaction (qRT-PCR).

Total RNA was extracted using a standard chloroform/isopropanol protocol and purified by incubation with Turbo DNA-free (Fischer Scientific) (Chomczynski and Sacchi, 1987). The purity and concentration of RNA samples were determined from OD260/280 readings using ND1000 UV spectrophotometer (Thermo Scientific) and RNA integrity was determined by capillary electrophoresis using the RNA 6000 Nano LabChip kit run on the Bioanalyzer 2100 (Agilent Technologies). cDNA was synthesized from 2 µg of RNA with Maxima RT (Fischer Scientific) using a mix of random primers (Fischer Scientific) and oligo(dT)18 primers (Fischer Scientific). Transcript-specific primers were generated with Primer Express software (Applied Biosystems) based on GenBank sequence information, verified by NCBI BLAST search, and custom synthesized (Eurogentec). The sequences of all primer pairs can be found in Table 1. Each primers set was tested by melting curve analysis and gel electrophoresis for the absence of primer-dimer artifacts and multiple products. Amplification efficiency of each set was determined by qPCR, using repetitive dilution series of cDNA. Only primers with an efficiency of ~2

were used.

The quantification cycle (Cq) value was measured using the second derivative maximum method implemented in the LightCycler® Real-Time PCR System (Roche Applied Science). For each primer set, a no-template control was performed, and Cq values with a difference <6 cycles were discarded.

PCR conditions and LightCycler® 480 SYBR Green I Master mix (Roche Applied Science) were used in a reaction of 10 μl, using transcript-specific primers (0.6 μM) and 2 μl cDNA equivalent to 4 ng total RNA input. An initial denaturation step at 95 °C for 5 min was followed by 45 cycles of 95°C for 15 sec, 61°C for 15 sec. The PCR data were exported and analyzed with the IT tool GEASE (Gene Expression Analysis Software Environment) developed at the Magendie Neurocentre.

Relative gene expression levels of the transcripts were analyzed using the comparative Cq method

(2-∆∆CT) implemented in GEASE, as detailed by Livak and Schmittgen (2001) using two reference genes for normalization. Based on twelve genes selected as potential reference genes, we used the geNorm software package [START_REF] Vandesompele | Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes[END_REF] to find the most stable genes and to determined how many reference genes should minimally be used for normalization. The reference genes used for the analysis were Eef1a1 (eukaryotic translation elongation factor 1 alpha 1), Gapdh (GAD65/GAD67) mRNA for GABAergic neurons have been performed as described below (Marsicano and Lutz, 1999;[START_REF] Terral | Cannabinoid signalling regulates inflammation and energy balance: the importance of the brain-gut axis[END_REF]. For each structure, a single experiment was performed in two days of protocol. Brain slices (three per animal) were selected at different selected 2. Image quantification. The number of cells and the intensity of signal were evaluated for CB1positive cells, GAD65/67 positive cells and CB1 in GAD65/67-positive cells within for different regions of dHPC and vHPC. In the hippocampi analysis were performed in fixed area as described in Fig. 5 (Patterson, 2009). Its etiology starts with developmental abnormalities of varying severity, affecting most organs and organ systems leading to the appearance of numerous physical and neurological deficits. DS subjects are affected by several clinical features, such as craniofacial dimorphism, cardiac malformations, haematology anomalies, immune deficiency and severe intellectual disability displaying an average IQ of 30-40 [START_REF] Bittles | The four ages of Down syndrome[END_REF]Gupta et al., 2016;[START_REF] Malinge | Insights into the manifestations, outcomes, and mechanisms of leukemogenesis in Down syndrome[END_REF][START_REF] Weijerman | Clinical practice. The care of children with Down syndrome[END_REF]. Notably, DS patients show learning and memory deficits in hippocampal-related tasks and a strong predisposition to an early development of neurodegenerative diseases (Dierssen, 2012;[START_REF] Hartley | Down syndrome and Alzheimer's disease: Common pathways, common goals[END_REF][START_REF] Lott | Cognitive deficits and associated neurological complications in individuals with Down's syndrome[END_REF].

While researches advancements have improved patients' life conditions, learning impairments and cognitive deficits (CD) remain the limiting factor for everyday life. Several mechanisms have been suggested to underlie these CD, including alterations in hippocampal synaptic plasticity generated by an excitatory/inhibitory imbalance of neuronal circuits and also a deficit in adult hippocampal dentate gyrus new born cells (Clark et al., 2006;Kleschevnikov, 2004).

Numerous studies agree that the neurobiological bases of this pathology are multifactorial and are thought to be the result of gene-dosage imbalance and altered gene-environment interactions (Antonarakis, 2017;[START_REF] Beach | Aneuploidy Causes Non-genetic Individuality[END_REF] together with chromatin posttranslational deregulation [START_REF] Hervé | Aneuploidy: the impact of chromosome imbalance on nuclear organization and overall genome expression[END_REF][START_REF] Letourneau | Domains of genome-wide gene expression dysregulation in Down's syndrome[END_REF][START_REF] Mendioroz | Trans effects of chromosome aneuploidies on DNA methylation patterns in human Down syndrome and mouse models[END_REF]. HSA21 mouse ortholog genes are distributed in the mouse chromosomes Mmu17, Mmu16 and Mmu10. Genetic engineering has allowed the generation of multiple DS mouse models to assess the genotypephenotype relationship in DS to test new therapeutic solutions. In this study, we used the Ts65Dn mouse model of DS, created by Mmu16 distal region translocation into Mmu17 centromere [START_REF] Davisson | Segmental trisomy as a mouse model for Down syndrome[END_REF]. Despite the reported weaknesses (Herault et al., 2017), the Ts65Dn mouse model is currently the one with the best face validity to study preclinical drugs evaluations as it recapitulates the majority of phenotypes observed in DS, including learning and memory deficits impairments [START_REF] Escorihuela | Impaired short-and long-term memory in Ts65Dn mice, a model for Down syndrome[END_REF][START_REF] Martínez-Cué | Differential effects of environmental enrichment on behavior and learning of male and female Ts65Dn mice, a model for Down syndrome[END_REF]Reeves et al., 1995). In addition, converging conclusions using several DS mouse models highlight the hippocampus (HPC) as a key structure for many types of memory where neuroanatomical and functional dysfonctioning are observed (Aylward et al., 1999;Guidi et al., 2008;[START_REF] Insausti | MR volumetric analysis of the human entorhinal, perirhinal, and temporopolar cortices[END_REF][START_REF] Kurt | Deficits of neuronal density in CA1 and synaptic density in the dentate gyrus, CA3 and CA1, in a mouse model of Down syndrome[END_REF]Lorenzi and Reeves, 2006;Teipel et al., 2003).

Understanding the neurobiolgical mechanism underlying the CD observed in DS is still an open question since no pharmacological treatment is currently available to address these learning and memory deficits.

Interestingly, among the diverse brain targets the endocannabinoid system (ECS) was shown to play a pivotal role affecting hippocampal-dependent CD and synaptic plasticity [START_REF] Akirav | The role of cannabinoids in modulating emotional and non-emotional memory processes in the hippocampus[END_REF][START_REF] Busquets-Garcia | Dissecting the cannabinergic control of behavior: The where matters[END_REF]Marsicano and Lafenêtre, 2009;[START_REF] Monory | Cannabinoid CB1 receptor calibrates excitatory synaptic balance in the mouse hippocampus[END_REF][START_REF] Puighermanal | Cellular and intracellular mechanisms involved in the cognitive impairment of cannabinoids[END_REF]Vallée et al., 2014;Zanettini, 2011). The ECS is a complex cell signaling system composed of endogenous endocannabinoid ligands (anandamide, AEA and 2-arachidonoylglycerol, 2-AG) able to activate two main cannabinoid receptors, the type-1 (CB1) and type-2 (CB2) cannabinoid receptors. AEA and 2-AG are tighly regulated by a set of enzymes involved in their synthesis and degradation (Basavarajappa, 2007). Notably, the CB1 has been shown to have a major role in regulating neuronal excitability [START_REF] Freund | Role of endogenous cannabinoids in synaptic signaling[END_REF] while CB1-deficient mice displayed enhanced memory and long-term potentiation [START_REF] Bohme | Enhanced long-term potentiation in mice lacking cannabinoid CB1 receptors[END_REF][START_REF] Busquets-Garcia | Dissecting the cannabinergic control of behavior: The where matters[END_REF]Han et al., 2012;[START_REF] Jacob | Cannabinoid CB1 receptor deficiency increases contextual fear memory under highly aversive conditions and long-term potentiation in vivo[END_REF][START_REF] Monory | Cannabinoid CB1 receptor calibrates excitatory synaptic balance in the mouse hippocampus[END_REF]. Recent evidence has proposed that cognitive processes also affected in DS (Kleschevnikov, 2004;Reeves et al., 1995) could arise from an upregulation of the activity of the ECS system (Lysenko et al., 2014) and in particular that of CB1 (Navarro-Romero et al., 2019). For instance, pharmacological inhibition of CB1 using the CB1 orthosteric antagonist rimonabant (SR141716A) was able to restore hippocampal-dependent memory and synaptic plasticity deficits in DS (Navarro-Romero et al., 2019). In addition, we previously described a selective CB1 expression and distribution according GABAergic and glutamatergic neuronal subtypes within distinct subfields of the dorsal HPC that might account for CD in Ts65Dn mice (Di Franco et al., to be submitted). Furthermore, data from our laboratory also revealed that CB1 activity was tightly regulated by the neurosteroid Pregnenolone (Preg) (Tomaselli and Vallée, 2019). Indeed, Preg has been shown to act as an allosteric inhibitor of CB1 signaling thus protecting the brain from the harmful effects of an overactivation of the ECS system notably induced by Δ-9-tetrahydrocannabinol (THC) intake [START_REF] Busquets-Garcia | Pregnenolone blocks cannabinoid-induced acute psychotic-like states in mice[END_REF]Vallée et al., 2014) therefore revealing Preg as a new endogenous mechanism regulating CB1 activity.

In this report, we therefore investigated whether Preg deregulation could account in part for the deregulation of CB1 activity in the hippocampus of Ts65Dn mice. The study of its mechanism of action enabled us to consider Preg as a new pharmacological target to improve CB1-dependent synaptic plasticity and memory deficits in Ts65Dn mice.

RESULTS

Downregulation of the neurosteroidogenesis system in Ts65Dn mice

We investigated the role of Preg in the regulation of CB1 activity for the following reasons.

First, Preg has been shown to act as a potent endogenous negative allosteric modulator of CB1 activity (Vallée et al., 2014). Second, we previously showed a selective increase in CB1 expression and distribution between the dorsal and ventral part of the hippocampus and within distinct subfields Vallée, 2016). In the dHPC, qRT-PCR analysis of genes encoding neurosteroidogenesis enzymes revealed a significant decrease for Cyp11a1 gene in Ts65Dn mice compared to control WT mice.

Interestingly, Lss gene encoding lanosterol synthase, a key four-ringed intermediate in cholesterol biosynthesis [START_REF] Strushkevich | Structural basis for pregnenolone biosynthesis by the mitochondrial monooxygenase system[END_REF]) also showed a significant decreased expression (Fig. 1B).

In the vHPC, genes encoding neurosteroidogenesis enzymes were unaffected (Fig. 1C).

Nevertheless, a non-significant decreasing trend was also observed for the Cyp11a1 gene encoding P450scc. The lack of significance could be explained by the high degree of variability in raw qRT-PCR data, as the gene is very low expressed in the brain. As a result, these data suggest that the level of circulating Preg might be altered in Ts65Dn mice. In order to assess this hypothesis, we examined the Preg level in the plasma of mice of both genotype (Fig. 2). The result showed that Preg levels were significantly decreased in the plasma of Ts65Dn mice compared to control WT mice.

Effect of Pregnenolone on hippocampal-dependent memory deficits in Ts65Dn mice

We measured CD in two hippocampal-dependent behavioral tasks that showed to be affected in Ts65Dn mice (Faizi et al., 2011;Navarro-Romero et al., 2019). Spontaneous alternation in a Ymaze was measured to analyze the working memory (WM) phenotype in Ts65Dn mice (Fig. 3A-C).

Spontaneous alternation is based on the natural propency of mice to explore novel environment [START_REF] Miedel | Assessment of Spontaneous Alternation, Novel Object Recognition and Limb Clasping in Transgenic Mouse Models of Amyloid-β and Tau Neuropathology[END_REF]. As previously shown (Faizi et al., 2011), our results confirmed a spontaneous alternation deficit in Ts65Dn mice compared with control WT mice (Fig. 3A). We found that systemic pretreatment of control WT mice with Preg (6 mg/kg, s.c.) did not alter behavioral performance per se in the spontaneous alternation task (Fig. 3A). Three of the four groups alternated significantly above chance level when comparing their alternation percentages against the reference value of 50%, with the exception of Ts65Dn Veh mice indicating a spontaneous alternation deficit (Fig. 3A).

WM deficits in Ts65Dn were not due to a hypolocomotor deficit since the number of total entries in the maze arms was higher than in WT mice (Fig. 3B), and it was not correlated to the alternation performance (Fig. 3C). Alternatively, WM deficits in Ts65Dn mice were not due to hyperlocomotion either since Preg treatment reversed these deficits without altering the motor hyperactivity of these mice (Fig. 3A-C). Our data clearly showed that Preg fully blocked the cognitive impairment in the spontaneous alternation task in Ts65Dn mice (Fig. 3A). We then assessed the effect of Preg on short-(STM) and long-term (LTM) memory in the novel object recognition (NOR) task (Fig. 3D,E).

This behavioral paradigm is based on the natural tendency of rodents to explore novel items.

Inferences about cognitive performance can be drawn based on the amount of time rodents spent exploring the displayed items [START_REF] Cohen | Assessing rodent hippocampal involvement in the novel object recognition task. A review[END_REF]. Our results showed that when tested 10 min (Fig. 3D) and 24 h (Fig. 3E) after the acquisition reflecting STM and LTM respectively, Ts65Dn mice displayed severe cognitive impairment compared to control WT mice (Fig. 3D,E), confirming also previous results (Navarro-Romero et al., 2019). In addition systemic pretreatment with Preg (6 mg/kg, s.c.) rescued CD of Ts65Dn mice in both NOR tasks, but did not alter behavioral performance in WT mice (Fig. 3D,E), demonstrating that blocking CB1 specifically improves hippocampal-dependent STM and LTM impairments in Ts65Dn mice. In addition, other behavioral outcomes including motor coordination (Fig. S1A), sensory motor gating (Fig. S1B), anxiety-like (Fig. S1C) and depression-like (Fig. S1D) behaviors were not significantly different from control WT mice (Fig. S1), supporting the specificity of the hippocampal-dependent deficits in the cognitive tests.

Pregnenolone rescued hippocampal synaptic plasticity in Ts65Dn mice

Cognitive processes, such as learning and memory has been strongly linked to synaptic plasticity (Bliss and Collingridge, 1993). In addition, numerous studies have revealed impaired hippocampal synaptic plasticity in different Down's mouse models and in particular in Ts65Dn [START_REF] Costa | Deficits in hippocampal CA1 LTP induced by TBS but not HFS in the Ts65Dn mouse: A model of Down syndrome[END_REF]Siarey et al., 1997) suggesting that altered plasticity may contribute to the DS cognitive disability. Indeed a significant reduction of the amount of theta-burst stimulation (TBS)induced LTP at hippocampal CA3-CA1 synapses in Ts65Dn mice compared to control littermates has been demonstrated [START_REF] Costa | Deficits in hippocampal CA1 LTP induced by TBS but not HFS in the Ts65Dn mouse: A model of Down syndrome[END_REF]. We therefore investigated whether Preg could also rescue long-term potentiation (LTP) elicited by TBS (Fig. 4). As already demonstrated [START_REF] Costa | Deficits in hippocampal CA1 LTP induced by TBS but not HFS in the Ts65Dn mouse: A model of Down syndrome[END_REF], overall LTP was decreased in Ts65Dn mice compared to control WT mice treated with vehicle (Fig. 4A,C). As for the behavioral tasks (Fig. 3), LTP was not altered in hippocampal slices from control WT mice exposed to Preg (100 nM) (Fig. 4B,C). In contrast, we found that exogenous Preg treatment in Ts65Dn mice normalized LTP to controls level (Fig. 4B,C) demonstrating that blocking CB1 specifically improved hippocampal synaptic plasticity in Ts65Dn mice.

Inhibition of Erk1/2 MAPK activity restored memory impairment in Ts65Dn mice

Evidence might suggest that deregulation of the extracellular signal-regulated kinases 1/2 mitogen activated protein kinase (Erk1/2 MAPK ) pathway activity could underlie the CD observed in Ts65Dn mice. Indeed, analysis of post-mortem brains of DS patients revealed increased levels of P-Erk1/2 MAPK proteins [START_REF] Swatton | Increased MAP kinase activity in Alzheimer's and Down syndrome but not in schizophrenia human brain[END_REF]Siddiqui et al., 2008). In addition, an increase in the activity of this pathway on cognitive processes was classicaly reported in response to the activation of the CB1 receptor by different agonists (Busquets-Garcia et al., 2018;[START_REF] Laprairie | Type 1 Cannabinoid Receptor Ligands Display Functional Selectivity in a Cell Culture Model of Striatal Medium Spiny Projection Neurons[END_REF]Vallée et al., 2014). In this experiment, we measured whether the activity of this pathway was deregulated in Ts65Dn mice and could account for CD. The results showed a significant increase in Erk1/2 MAPK protein phosphorylation in the hippocampus of Ts65Dn mice compared to control WT mice (Fig. 5A,C) while there was no difference in total Erk1/2 MAPK between groups (Fig. 5B), thus reflecting an specific increase of Erk1/2 MAPK activity. This increase in P-Erk1/2 MAPK was abolished by the selective inhibitor of Erk1/2 MAPK phosphorylation SL327 (30 mg/kg; Fig. 5A,C). These results suggested that blocking the activation of Erk1/2 MAPK should reverse the CD in Ts65Dn mice. In order to assess this hypothesis, we examined the behavioral effects of a sytemic injection of SL327 on the Y-maze hippocampal-dependent memory test. As previously shown (Fig. 3A), cognitive performance of Ts65Dn mice was impaired (not different from chance) in this behavioral task (Fig. 5D). Again, WM deficits in Ts65Dn mice were not due to hyperlocomotion since SL327 treatment reversed these deficits without altering the motor hyperactivity of these mice (Fig. 5E). In addition, there was no correlation between spontaneous alternation and the number of arm entries made (Fig. 5F). Finally, CD were abolished following systemic injection of SL327 (Fig. 5D), indicating that CD in Ts65Dn mice are mediated by the activation of the Erk1/2 MAPK signaling pathway.

DISCUSSION

CB1 was shown to be a key regulator of synaptic plasticity and memory processes since the activation or blocking of this receptor have a direct impact on these aforementioned processes [START_REF] Akirav | The role of cannabinoids in modulating emotional and non-emotional memory processes in the hippocampus[END_REF][START_REF] Busquets-Garcia | Dissecting the cannabinergic control of behavior: The where matters[END_REF]Marsicano and Lafenêtre, 2009;[START_REF] Monory | Cannabinoid CB1 receptor calibrates excitatory synaptic balance in the mouse hippocampus[END_REF][START_REF] Puighermanal | Cellular and intracellular mechanisms involved in the cognitive impairment of cannabinoids[END_REF]Vallée et al., 2014;Zanettini, 2011). In this study, we investigated the mechanism of action of Preg in regulating the CB1 activity on synaptic plasticity and CD in Ts65Dn mice. We found a decrease in plasma levels of Preg together with a decrease of Preg synthesis encoding gene Cyp11a1 that catalyzes the mitochondrial conversion of cholesterol in Preg in the dorsal HPC of Ts65Dn mice. Consequently, ex vivo and in vivo administration of Preg rescued synaptic plasticity and memory deficits in Ts65Dn mice, respectively. Furthermore, inhibition of CB1induced Erk1/2 MAPK activity restored memory impairment in Ts65Dn mice.

Functional consequences of Preg downregulation

Long considered an inactive precursor of neurosteroidogenesis, an increasing number of studies are now emerging to support a role for Preg in many biological processes [START_REF] Busquets-Garcia | Pregnenolone blocks cannabinoid-induced acute psychotic-like states in mice[END_REF][START_REF] Frau | Prenatal THC exposure produces a hyperdopaminergic phenotype rescued by pregnenolone[END_REF]Vallée et al., 2014), including memory. Indeed, the improvement of cognitive performance has been demonstrated in several working memory paradigms [START_REF] Busquets-Garcia | Pregnenolone blocks cannabinoid-induced acute psychotic-like states in mice[END_REF][START_REF] Melchior | Neurosteroids block the memory-impairing effects of ethanol in mice[END_REF]Vallée et al., 2014). Our results increment this list by showing that systemic administration of Preg, similar to rimonabant (Navarro-Romero et al., 2019), restored CD in Ts65Dn mice. The neuroactive sulfated form of Preg (Preg-S) has also been implicated in the regulation of mood processes and memory [START_REF] Porcu | Neurosteroidogenesis Today: Novel Targets for Neuroactive Steroid Synthesis and Action and Their Relevance for Translational Research[END_REF]Vallée, 2016;[START_REF] Vallée | Neurosteroids in learning and memory processes[END_REF]. Nevertheless our data suggest that the observed effects are specific to Preg and likely not due to Preg-S since the sulfated form does not cross the blood-brain barrier (BBB) [START_REF] Liere | Novel lipoidal derivatives of pregnenolone and dehydroepiandrosterone and absence of their sulfated counterparts in rodent brain[END_REF]Vallée, 2016). BBB passage of Preg-S was shown to require the presence of transporter proteins [START_REF] Grube | Neurosteroid Transport in the Brain: Role of ABC and SLC Transporters[END_REF]. Although Preg-S could be uptake across the BBB in rodents, it would be rapidly metabolized in favor of free Preg [START_REF] Qaiser | Uptake and metabolism of sulphated steroids by the blood-brain barrier in the adult male rat[END_REF]. Further studies will required to assess the impact of transporters on neurosteroid homeostasis in Ts65Dn mice. The present evidence suggested that a lipoidal form of Preg instead of a sulfated form may be related to CD recovery in Ts65Dn mice. In addition, it is unlikely that the pro-mnesic effect of Preg involves other downstream metabolites since in our experimental conditions Preg administration does not increase the levels of other steroids (Vallée et al, 2014). This is consistent with the reported amnesia-like effect of allopregnanolone [START_REF] Silvers | Impairments in spatial learning and memory: ethanol, allopregnanolone, and the hippocampus[END_REF], one of the major steroid metabolites of Preg (Vallée, 2016).

Long-term potentiation (LTP) of synaptic transmission is a commonly used model to study synaptic changes that may underlie learning and memory [START_REF] Citri | Synaptic plasticity: multiple forms, functions, and mechanisms[END_REF]. We showed that the improvement of cognitive performance of Ts65Dn mice following Preg administration was accompanied by change in synaptic plasticity. Indeed, Preg significantly normalized the decrease of LTP in Ts65Dn mice to control WT values. Evidence suggest that our results are consistent with a specific action of Preg in the modulation of CB1-dependent synaptic activity. Indeed, in agreement with a previous study (Navarro-Romero et al., 2019) we showed an increase in CB1 levels in the dHPC of Ts65Dn mice (Di Franco et al., to be submitted) and CB1 receptor-deficient mice were previously shown to have increased hippocampal LTP [START_REF] Bohme | Enhanced long-term potentiation in mice lacking cannabinoid CB1 receptors[END_REF][START_REF] Jacob | Cannabinoid CB1 receptor deficiency increases contextual fear memory under highly aversive conditions and long-term potentiation in vivo[END_REF]. Our data extend the previous works of Navarro and colleagues showing that CB1 pharmacological inhibition using the CB1 antagonist rimonabant restored hippocampal synaptic plasticity (Navarro-Romero et al., 2019) and particularly with those obtained by Tanaka and colleagues who showed that de novo synthesis of neurosteroids is required for normal synaptic transmission and plasticity in the dentate gyrus of the rat hippocampus. Indeed, aminoglutethimide (AMG), an inhibitor of P450scc enzyme that inhibits the production of Preg, was shown to decrease LTP induced by high-frequency stimulation (HFS) while bath application of Preg alone almost completely prevented the AMGinduced depression of the fEPSP recordings [START_REF] Tanaka | Continuous de novo synthesis of neurosteroids is required for normal synaptic transmission and plasticity in the dentate gyrus of the rat hippocampus[END_REF]. It has previously been

shown that bath application of the CB1 agonist (THC) on the measure of field excitatory postsynaptic currents (fEPSCs) in NAc principal neurons in rat brain slices reliably inhibited synaptic transmission.

The effect of THC was reversed when slices were pre-treated with Preg (100 nM) (Vallée et al., 2014). In addition, the exogenous administration of Preg directly on the slice, which cannot be metabolized into its sulfated derivative, reinforces the specificity of the effects of Preg at the expense of Preg-S, suggesting that Preg modulate synaptic functions in the HPC of Ts65Dn mice to promote learning and memory.

We found that inhibition of Erk1/2 MAPK activity with SL327, similar to Preg, restored cognitive performance in Ts65Dn mice. Interestingly, an increase in the activity of this pathway has been reported in Down subjects and in DS mouse models [START_REF] Swatton | Increased MAP kinase activity in Alzheimer's and Down syndrome but not in schizophrenia human brain[END_REF]Herault et al., 2017;Siddiqui et al., 2008). In addition, Preg was shown to act as an endogenous signaling-specific inhibitor of excessive CB1 receptor signaling to inhibit selective signaling pathways that are triggered by cannabinoids and notably to antagonize the activation of Erk1/2 MAPK ) (Vallée et al., 2014). As a result, our data suggest that the improvement of cognitive performance by Preg may be mediated by a decrease in CB1-dependent Erk1/2 MAPK activity. However, we cannot exclude the involvement of other signaling pathways such as mammalian target of rapamycin (mTOR) signaling pathways.

mTOR-controlled signaling pathways regulate many integrated physiological functions of the nervous system including neuronal development, synaptic plasticity, memory storage, and cognition [START_REF] Bockaert | mTOR in Brain Physiology and Pathologies[END_REF]. In particular, an early hyperactivation of the mTOR components within the HPC in DS has been observed [START_REF] Iyer | mTOR Hyperactivation in down syndrome hippocampus appears early during development[END_REF]. Interestingly, it has also been reported that the CB1 activation within the HPC also upregulated mTOR pathway and its downstream translational machinery to mediate THC-induced amnesia (Puighermanal et al., 2009). The role played by Preg in inhibiting mTOR activation will require further analysis to be assessed.

Could the decrease in Preg be the consequence of transcriptional deregulation?

We found mRNA of Preg synthetizing P450scc enzyme was largely decreased in the dorsal HPC. Although not significant a decreasing trend in the ventral HPC and in the prefrontal cortex (data not shown) was also observed while we have seen a overall decrease of Preg in the plasma.

Our results prompted for a transcriptional hypothesis of the deregulation of the Cyp11a1 gene encoding P450scc enzyme, even if this gene is not contained in the HSA21 mouse ortholog.

Cyp11a1 gene maps on chromosome 9 (Chr9:58006411-58027023 bp, + strand) in mouse. Among the proteins known to be encoded by HSA21, 31 proteins are transcription factors that may influence the expression of other genes in the genome (Antonarakis, 2017). We propose two transcription factors shown to play a role in DS potentially controling the transcription of the Cyp11a1 gene and for which in silico analysis of the promoter sequence revealed that they could bind to specific binding sites. These transcription factors are Runx1 (Runt-related transcription factor 1) and Sim2 which genes map on mouse chromosome 16: 92601466-92826074 bp and chromosome 16: 94085104-94127032 bp, respectively. Runx1 encodes a nuclear factor involved in epigenetic mechanisms notably in leukemia [START_REF] Zaidi | Epigenetic mechanisms in leukemia[END_REF]. Although Runx1 was shown to play a role in cell fate specification and axonal projections of dorsal root ganglion neurons [START_REF] Yoshikawa | Runx1 selectively regulates cell fate specification and axonal projections of dorsal root ganglion neurons[END_REF], its implication in behavior or neurological phenotype has never been reported. However, Runx1 was shown to influence chromatin structure and therefore gene accessibility that could explain the decrease of Cyp11a1 gene in the dorsal HPC and in other brain structure, although not significant (Antonarakis, 2017). The downregulation of the P450scc enzyme could also be explained by the upregulation of Sim2. Indeed, Sim2 was shown to be a potent repressor of transcription in mammalian one-hybrid experiments [START_REF] Moffett | The murine Sim-2 gene product inhibits transcription by active repression and functional interference[END_REF] requiring heterodimerization with an Arnt partner protein to affect transcription of target genes [START_REF] Kewley | The mammalian basic helix-loop-helix/PAS family of transcriptional regulators[END_REF]. Interestingly, in silico analysis of the Cyp11a1 gene promoter sequences revealed binding sites for Arnt protein suggesting that Sim2 as a member the basic helix-loop-helix/Per-Arnt-Sim homology (bHLH/PAS) group of transcriptional regulators could potentially repress Cyp11a1 gene transcription. Giving strength to this hypothesis, overexpression of Sim2 in mice and rats displayed similarity with the phenotype of Ts65Dn mice, including long-term memory deficits as assessed in the water maze and in contextual fear conditioning [START_REF] Chrast | The mouse brain transcriptome by SAGE: differences in gene expression between P30 brains of the partial trisomy 16 mouse model of Down syndrome (Ts65Dn) and normals[END_REF][START_REF] Ema | Mild Impairment of Learning and Memory in Mice Overexpressing the mSim2 Gene Located on Chromosome 16: An Animal Model of Down's Syndrome[END_REF][START_REF] Meng | Effects of overexpression of Sim2 on spatial memory and expression of synapsin I in rat hippocampus[END_REF]. In addition, since it has been demonstrated that CB1 expression is also controled by a positive transcriptional regulation loop [START_REF] Laprairie | Type 1 Cannabinoid Receptor Ligands Display Functional Selectivity in a Cell Culture Model of Striatal Medium Spiny Projection Neurons[END_REF], the loss of the inhibitory regulation of Preg on CB1 could favor the increase in CB1 expression in particular in GABAergic neurons-enriched areas where CB1 expression were shown to be upregulated. Alternatively, the decrease in Preg could also be related to a cellular dilution effect of astrocytes relative to the total number of neurons. As astrocytes are the most active steroidogenic cells in the brain [START_REF] Mensah-Nyagan | Neurosteroids: expression of steroidogenic enzymes and regulation of steroid biosynthesis in the central nervous system[END_REF][START_REF] Zwain | Neurosteroidogenesis in astrocytes, oligodendrocytes, and neurons of cerebral cortex of rat brain[END_REF] and

given that the number of CB1-expressing inhibitory interneurons is increased in Ts65Dn mice (Chakrabarti et al., 2010), the deficit in Preg production could therefore no longer control CB1 activity, thus leading to CB1 hyperactivation.

Effects of Preg on behavioral working memory paradigms, relevance to humans

We showed that Preg was able to restore cognitive deficits in Ts65Dn mice in Y-maze and NOR working memory paradigms, known to involve the hippocampus (Antunes and Biala, 2012;Faizi et al., 2011;Kraeuter et al., 2019). These two procedures were chosen because they are based on similar tasks that have been proven in human Down's patients (e.g., Cantab Pattern Recognition Memory) (Edgin et al., 2010;[START_REF] Edgin | Human and mouse model cognitive phenotypes in Down syndrome[END_REF], and in which DS patients have shown impairments.

Y-maze and NOR tests are performed without reinforcements whereas other classicaly used tests such as Morris water maze (MWM) [START_REF] Stasko | Experimental parameters affecting the Morris water maze performance of a mouse model of Down syndrome[END_REF] and the conditional fear conditioning (CFC) [START_REF] Vidal | Lack of behavioral and cognitive effects of chronic ethosuximide and gabapentin treatment in the Ts65Dn mouse model of Down syndrome[END_REF] tests are based on a negative reinforcer, i.e. the animals have to learn a task to avoid a punishment. Negative reinforcement-based learnings are not commonly used in humans, mostly trained with positive reinforcers. The Y-maze test measures spontaneous alternation which relies on the natural tendency of mice to explore novelty in a low-stress environment (Faizi et al., 2011;Kraeuter et al., 2019). The mouse is placed in the center of the maze, spontaneously and freely explores the three arms alternating visits with a preference for the less recently visited arm. The NOR test is also based on innate curiosity of mice to spontaneous novelty preference. Accordingly, mice explore longer novel objects [START_REF] Ennaceur | One-trial object recognition in rats and mice: methodological and theoretical issues[END_REF] therefore showing 'recognition' of an object that they have already encountered by exploring it less. These two behaviors assess working memory, which consists of short-term retention of information and organization of that information to implement appropriate behavior. Additionally, NOR test also assess long-term memory, defined as the capacity to store and record information in a long period of time (Cowan, 2008). In addition, spatial orientation in these two behavioral tasks relied on an selfcentered process where the mouse uses its own body as a reference point in the spatial environment for which Down subjects were shown to be deficient (Edgin et al., 2010;[START_REF] Edgin | Human and mouse model cognitive phenotypes in Down syndrome[END_REF]Robbins et al., 1994). Our results suggest that Preg might have a good therapeutic efficacy in clinical phase studies in patients with Down syndrome.

Preg as a therapeutic target: limitations and solution

We previously showed that Preg was a signaling-specific CB1 receptor inhibitor since it reverts a wide range of acute consequences of THC including memory impairments that resemble acute cannabis intoxication and related psychosis state [START_REF] Busquets-Garcia | Pregnenolone blocks cannabinoid-induced acute psychotic-like states in mice[END_REF]Vallée et al., 2014). In addition, since systemic injections of rimonabant (Navarro-Romero et al., 2019) or Preg used in this study fully blocked the CD in Ts65Dn, our results thus support that the aforementioned Preg effect in hippocampal-dependent memory tasks is mediated by the activation of CB1 receptors.

Nevertheless, an assessment in these behavioral effects of the potential involvement of other brain regions, including the prefrontal cortex which is another key structure underlying the CD observed in DS (Rowe et al., 2006) and different cell populations in the brain will require further studies. In addition, it is also worth considering that the plasma Preg decrease could have a larger impact notably on other pathologies for which variations in Preg levels have been observed. Indeed, preclinical and clinical data have shown a specific role for Preg in the pathophysiology of stress and drug abuse disorders, including anxiety, major and post-partum depression, premenstrual syndrome, post-traumatic stress disorders and on disorders related to alcohol and cannabis abuse, including psychoses such as schizophrenia (Tomaselli and Vallée, 2019;Vallée, 2016) which could predispose Down patients to the development of this type of pathology.

Targeting Preg represents a promising therapeutic option since CB1 receptor orthosteric antagonists such as rimonabant by inhibiting the entire CB1 activity are clinically incompatible as a cognitive disorder therapy due to their adverse effects [START_REF] Christensen | Efficacy and safety of the weight-loss drug rimonabant: a meta-analysis of randomised trials[END_REF][START_REF] Seely | AM-251 and rimonabant act as direct antagonists at mu-opioid receptors: implications for opioid/cannabinoid interaction studies[END_REF].

Although Preg has a suitable therapeutic pharmacological profile, it cannot be used as a medication, mainly due to its downstream steroid metabolism. Preg has three main drawbacks: 1) it has a very 

MATERIAL AND METHODS

Animals

Three to four months old male Ts65Dn mice (n=122) and control (WT) littermates (n=121) were used. Ts65Dn mice were created by mating female carriers 17 16 chromosome (B6C3H-Ts65Dn)

with B6EiC3HF1 hybrid males, obtained by crossing C57BLr/6JEi with C3Hr/HeSnJ mice (Reeves et al., 1995). Different batches of mice were used in these independent experiments: AlphaLISA (WT Veh, n=7; WT SL327, n=8; Ts65Dn Veh, n=7; Ts65Dn SL327, n=8 To evaluate between-run and within-run accuracy and precision, quality control samples were prepared and intra-and inter-assay coefficients of variation met acceptance criteria (<20%) for pregnenolone. Using calibration curves (linearity R 2 >0.99), the amount of Preg was determined by isotopic-dilution (using deuterium-labelled internal standards containing less than 0.3% of nondeuterated compound).

Quantitative real time polymerase chain reaction (qRT-PCR)

Total RNA was extracted using a standard chloroform/isopropanol protocol and purified by incubation with Turbo DNA-free (Fischer Scientific) (Chomczynski and Sacchi, 1987). The purity and concentration of RNA samples were determined from OD260/280 readings using ND1000 UV spectrophotometer (Thermo Scientific) and RNA integrity was determined by capillary electrophoresis using the RNA 6000 Nano LabChip kit run on the Bioanalyzer 2100 (Agilent Technologies). cDNA was synthesized from 2 µg of RNA with Maxima RT (Fischer Scientific) using a mix of random primers (Fischer Scientific) and oligo(dT)18 primers (Fischer Scientific). Transcriptspecific primers were generated with Primer Express software (Applied Biosystems) based on GenBank sequence information, verified by NCBI BLAST search, and custom synthesized (Eurogentec). The sequences of all primer pairs can be found in Table 1. Each primers set was tested by melting curve analysis and gel electrophoresis for the absence of primer-dimer artifacts and multiple products. Amplification efficiency of each set was determined by qPCR, using repetitive dilution series of cDNA. Only primers with an efficiency of ~2 were used.

The quantification cycle (Cq) value was measured using the second derivative maximum method implemented in the LightCycler® Real-Time PCR System (Roche Applied Science). For each primer set, a no-template control was performed, and Cq values with a difference <6 cycles were discarded.

PCR conditions and LightCycler® 480 SYBR Green I Master mix (Roche Applied Science) were used in a reaction of 10 μl, using transcript-specific primers (0.6 μM) and 2 μl cDNA equivalent to 4 ng total RNA input. An initial denaturation step at 95 °C for 5 min was followed by 45 cycles of 95°C for 15 sec, 61°C for 15 sec. The PCR data were exported and analyzed in the informatics tool GEASE (Gene Expression Analysis Software Environment) developed at the Magendie Neurocenter. Relative gene expression levels of the transcripts were analyzed using the comparative Cq method (2-∆∆CT) implemented in GEASE, as detailed by Livak and Schmittgen (2001) using two reference genes for normalization. The Genorm method was used to determine the reference gene [START_REF] Vandesompele | Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes[END_REF]. Relative expression analysis was corrected for PCR efficiency and normalized against reference genes. The reference genes used for the analysis were Eef1a1

(eukaryotic translation elongation factor 1 alpha 1), Gapdh (glyceraldehyde-3-phosphate dehydrogenase), Hprt (hypoxanthine guanine phosphoribosyl transferase), Nono (non-POUdomain-containing, octamer binding protein), Sdha (succinate dehydrogenase complex flavoprotein subunit A) and Tuba4a (tubulin, alpha 4A). Statistical significance of differences (p < 0.05) between experimental groups was determined by the non-parametric two-tailed Mann-Whitney test.

Protein extraction from hippocampus and protein quantitation

Extraction of total proteins from mice hippocampus was performed in AlphaLISA SureFire Ultra lysis buffer supplemented with protease and phosphatase inhibitors (#P8340 and #P0044, Sigma, USA) using the Precellys 24 homogenizer (a benchtop device for biological samples grinding, lysis, and homogenization; Bertin Technologies, Montignyle -Bretonneux, France). A two cycles homogenizing protocol (30 sec at 5000 rpm) with a 10-sec pause between the two cycles using ceramic CK14 beads (#03961-1-0032, Bertin Technologies) have been used. Then the samples were centrifuged three times at 10.000 rpm, 10 min at 4°C. Supernatants were kept for quantitation. Total proteins quantitation was done using a Direct Detect X spectrometer that analyses the number of amide bonds (Merck Millipore) by mid-infrared spectroscopy. Then the protein samples were stored at -80 o C until use [START_REF] Zanese | Alpha technology: A powerful tool to detect mouse brain intracellular signaling events[END_REF].

AlphaLISA Analysis

p-Erk1/2 T202/Y204 (ALSU-PERK-A10K, and ALSU-PERK-A500), total Erk1/2 MAPK (ALSU-TERK-A10K, and ALSU-TERK-A500) levels were quantified using AlphaLISA SureFire Ultra kits, following PerkinElmer's instructions. In an OptiPlate-384 white opaque microplate (PerkinElmer, USA) were poured 10 μl/well of diluted protein samples and 5 μl of acceptor mix (containing both antibodies and Acceptor beads) [START_REF] Zanese | Alpha technology: A powerful tool to detect mouse brain intracellular signaling events[END_REF]. The plate was sealed with a transparent adhesive film and put at room temperature for one or two hours of incubation for AlphaLISA SureFire Ultra and AlphaScreen SureFire. Then five μl of donor mix (containing Donor beads) were poured into the wells under subdued light (<100 lux). The plate was sealed again, covered with foil, and put at room temperature in the dark for the second incubation of the same duration of the first. Then the plate was read with an Alpha technology-compatible plate reader (EnSpire Alpha plate reader, PerkinElmer) using default AlphaLISA/Screen settings. Alpha measurements were performed in duplicates: each sample was systematically transferred in two independent wells, and the mean Alpha signal value of both wells was used [START_REF] Zanese | Alpha technology: A powerful tool to detect mouse brain intracellular signaling events[END_REF]. The samples were diluted in lysis buffer at the desired concentration: 0.625 μg of total proteins in 10 μl of lysis buffer was used to measure p-Erk1/2 T202/Y204 and total Erk1/2 MAPK .

Behavioral procedures

Y-maze. Spontaneous working memory was assessed with the Y-maze test (Kraeuter et al., 2019).

The Y-maze device consists of 3 identical arms, each arm was 40 cm long, 12 cm high, 3 cm wide at the bottom and 10 cm wide at the top. The arms converged in an equilateral triangular central area. Mice were habituated to the room 1 h before the test begins. An individual mouse was placed in the central area and allowed to move freely in the maze during an 8 min session. An arm entry was counted when all four paws were in the arm. The apparatus was cleaned at the end of each trial (ethanol, 20%). Noldus Ethovision XT12 tracking software was used to draw the three different arms zones (1-2-3), scoring was performed manually. The light in each arm was equivalent (19-23 lux) and higher in the center (24-26 lux). Preg injection was done 30 minutes before the test. Alternation was defined as successive entries into the three arms, on overlapping triplet sets. Spontaneous alternation was calculated as the ratio of actual to possible alternations (defined as the total number of arm entries minus 2) and expressed as a percentage (%). Spontaneous alternation (%) is then calculated with the following formula [START_REF] Miedel | Assessment of Spontaneous Alternation, Novel Object Recognition and Limb Clasping in Transgenic Mouse Models of Amyloid-β and Tau Neuropathology[END_REF]. The mice were sacrificed 30 min later for molecular analysis.

Novel object recognition (NOR). Short-term (STM) and long-term (LTM) memory was assessed with the NOR test using two different protocols. The device was a L-maze from Noldus (36 cm x 7.2 cm x 15 cm x 90°angle (L x W x H)) and the illumination was monitored at 25 lux. Both protocols started with a 1 st day of habituation in which the mouse explored the maze for 15 minutes (habituation phase). For STM, the second day, the mouse was placed in the same L-maze for 10 min (acquisition phase) where two identical objects were presented (2 marbles or 2 dices). After 10 min (retention time) in the homecage, the mouse was placed again in the same maze for 10 min (test phase) where one object was replaced with a new one (novel object). For LTM, the second day, the mouse explored the L-maze for 10 min (acquisition phase) with the two identical objects, before returning to the homecage. 24 h later (retention time), the mouse was placed again in the L-maze for 10 min (test phase) with a novel object and a familiar one. In both protocols, Preg injection was done immediately after the acquisition phase. The objects used were a red marble (3.5 cm of diameter) and a green dice (2.5 x 2.5 x 2.5 cm). The L-maze and objects were cleaned up with water and then alcohol (20 %) between each mouse.

The time of object exploration was measured both manually and with the Noldus Ethovision XT12 tracking software. We measured the time of exploration as an index of STM (10 min of retention)

and LTM (24 h of retention) since innate curiosity of the mouse to explore the novelty is a criterion of memory (Antunes and Biala, 2012). Discrimination index is calculated with the following formula. (Komada et al., 2008).

Rotarod (RO).

The test measures motor coordination of mice on a rotating rod. Mice were tested for two consecutive days within five trials per day for the first day and four trials per day for the second day. The apparatus was cleaned between each trial (ethanol, 20%). An inter-trial time of 5 min was fixed and an increasing speed (5 rpm to 40 rpm or plus 1 rpm every 8 sec) was performed.

Motor coordination is measured by the latency to fall in seconds (sec) (Deacon, 2013).

Prepulse inhibition test (PPI).

This paradigm is commonly used to evaluate sensorimotor gating as well as attentional processes involved in information selection processing. The SR-LAB startle apparatus with digitized electronic output (SR-Lab, San Diego Instruments, #2325-0400 ) and Digital sound level meter (FLIR Systems, Extech, #407730) were used as described below (Ioannidou et al., 2018). The protocol was divided in a first habituation period followed by the test session and the apparatus was cleaned at the end of each trial (ethanol, 20%). During the habituation (5 min), the constant background noise of 70 decibel (dB) white noise (depending on the noise of the environment) was displayed. Later, during the test, trials with a startle pulse alone and trials with a prepulse were randomized. Background noise and startle stimulus were the same as in habituation.

The prepulse was a white noise of 20 milliseconds (ms) duration. As stimuli, three different prepulse intensities (73, 76 and 82 dB), a pulse of 120 dB and an interstimulus intervals of 100 ms were used sequentially. Thus, three different prepulse-pulse trials with the startle pulse alone trials were pseudorandomized for 10 times each. Inter-trial intervals were either 20 sec or randomized between 10 and 25 sec. The reaction time to the major stimulus in milliseconds (msec) is an index of sensory motor gating.

Sucrose test preference (STP).

This paradigm is a reward-based test to assess anhedonia 

Statistics

All experiments involving mice were performed according to the protocols approved by the Aquitaine- To study the molecular and cellular bases of ID and develop new therapeutic solutions, clinical trials have to be supported by preclinical studies in animal models. Although the limits of Ts65Dn mouse models (121), mice remain the most useful tool for DS cognitive studies and preclinical drug evaluations.

Unfortunately, even if the preclinical studies evidenced several efficient drugs, most of them showed no efficacy or no published effective results in DS patients (353).

To date, the main clinical tests for cognitive performance evaluation and potential therapeutic studies are the touch-screened tests based on the Cambridge Neuropsychological Test Automated Battery (CANTAB) and the ARIZONA Cognitive Test Battery (ACTB). Although some behavioral outcomes have been translated from patients to mice, as the visual discrimination touch-screened tasks, the conversion of the majority of them is still ongoing (379) (505).

The absence of translational tests and the dissimilarities between the cognitive tests used in mice and humans may cause the inefficiency of those drugs in humans.

Among others, differences in translational paradigms, the small amount of subject among the variability of DS patients, and the lack of standardization make harder the comparisons of the outcomes. Moreover, the multiple and different levels of evaluation, the criteria of the recruitment, the methods to evaluate correct performances (507) and the difficulty to universalize data collection (508) can have a crucial role in translational paradigms differences among the species. Clear guidelines defined for cognitive tests in DS and clinical outcomes should be developed from preclinical cognitive tests, taking into account preclinical markers, neuroimaging studies and brain networks involved in cognitive processes.

Besides, the temporal reliability is crucial in the development of translational outcomes, calculated in a test-retest after at least six months (372). Indeed, several cognitive tests fail in the follow-up, demonstrating that the outcome is not obvious and researcher should systematically verify the reliability. For example, in the assessment of set-shifting as a component of WM in patients, the forced-choice discrimination task with change in dimension revealed no test-retest reliability (374)

and the virtual computer-generated arena test for the assessment of spatial memory (509).

In addition, the normality of value distributions should not show inter and intra groups differences, as it can happen in some tests (372). To limit the variability and decrease differences in the responses, patients usually perform different IQ scales due to the scarcity of an unique standardized scale (372).

Unlikely, energy and time in term of sustained attention are very precious in DS patients, and the time spent to perform different IQ scales can be crucial for IQ performances and result in poor outcomes (510).

Furthermore, the test should be independent of the cultural context, hearing and verbal skills to be easily adaptable in alternative forms across the different nationalities.

Hence, translational research implies the most accurate match possible between the human disease and the in vivo model of the disease (511). For this aim, investigations of several multifactorial clinical and preclinical validity are performed, mainly including the comparative evaluation of 1) the human and models symptoms, 2) the human diagnostic tool and animal test, and 3) the rescue of cognitive deficits (Table 8). 

• Genetic criteria

Evidences display the complexity of DS and confirm the difficulty of studying DS with DS mouse models. To date, all reported models have their own advantages and limits (see "INTRODUCTION.

1.8. Mouse models of DS"). Although Ts65Dn mice is the most valid mouse model for studying ID in DS, the mouse is equivalent for the 55% to HSA21, within approximately 94 orthologues genes of the 170 HSA21-genes coding protein [START_REF] Gupta | Mouse models of Down syndrome: gene content and consequences[END_REF]. The studies of non-cognitive behaviors in mice are contradictory among laboratories and a battery of behavioral test should be systematically performed in each batch of mice. Indeed, the genomic complexity in DS as well in mice and the extra genes not present on HSA21 (125) can lead to high variability among studies and individuals.

• DS symptoms in DS humans and animal models

As described in the general introduction, DS patients are mainly affected by severe working memory (WM) deficits, within the difficulty to keep incoming information and organize them in the shortterm delay for the execution of cognitive tasks [START_REF] Jarrold | Short-term memory in Down syndrome: applying the working memory model[END_REF]. In particular, WM components impairment of visuo-spatial memory and phenological loop are aggravated by central executions deficits [START_REF] Jarrold | Verbal short-term memory deficits in Down syndrome: a consequence of problems in rehearsal?[END_REF].

Additionally, DS patients show long-term memory disruptions, supported by deficits in explicit and implicit memories [START_REF] Godfrey | Memory profiles in Down syndrome across development: a review of memory abilities through the lifespan[END_REF]. For studying DS cognitive deficits, Ts65Dn mouse model is, to date, one the most validated model [START_REF] Guidi | Neurogenesis impairment and increased cell death reduce total neuron number in the hippocampal region of fetuses with Down syndrome[END_REF]. Among several mouse models that has been developed (121), only Ts65Dn mice show similar cognitive impairment to DS patients in all the main current available cognitive tests ( ). Although more than 20 molecules were efficient in DS mouse models for cognitive enhancements (Table 6), only the antioxidant epigallocatechin gallate (ECGC) seems to improve cognitive deficits in DS patients (289, 290).

Thus, the complexity of DS genetic disease (127), the limitation of mouse models (121), and the scarcity of translational outcomes raise the need to develop a more accurate test available in humans and mice.

So far, a translational test can be considered valid when it achieves the face validity ("whether it looks right"), construct validity ("whether it arise through the right mechanisms"), and predictive validity ("whether the results in the model will translate to humans") goals (Figure 28). In other terms, face validity is the degree of phenomenological similarity between the content of the test and a concept (e.g., whether the task appears to assess working memory). Construct validity is the extent to which a task actually probes the expected underlying outcome (i.e., in the working memory assessment, the subjects perform well for the good reasons). Predictive validity is the ability of a measure obtained in the task to predict a subsequent outcome, such as responses to a treatment (e.g., whether the performance score obtained in a working memory task in mice after administration of a pro-cognitive drug are predictive in humans). The constructs are not absolutes and their considerations take into accounts dissimilarities across the species. The majority of preclinical tests does not look similar to clinical one (face validity dissimilarities), they used different features for the achievement of the paradigms (construct validity), and the outcomes reveal no prediction from mice to humans (predictive validity).

o Face validity

Face validity is a subjective construction that consists in the development of a protocol, which is physical related to the expected paradigm across the species. In other terms, the face validity ensures that the attended procedure appear similar in humans and mice (512,513). For this aim, relevant are the visual and physical similarities of the tests in humans and mice. Face validity influences constructrelated validity of the tests (514) and criteria of test selection (515). For instance, face validity determines motivation to perform on a test, which affects performances (515). However, it can be hard to acquire it in clinical and preclinical tests because of protocol dissimilarities. This component should take into account when improving face validity during the development of translational tests.

o

Construct validity

To date, the current behavioral tests for memory assessment in mice did not correctly respect the criteria for being considered translational. Indeed, cognitive tests can be performed using noncognitive paradigms in mice compared to humans. Notably, in humans, cognitive tests are mainly positive reinforced (for example, coins reward in RM), while negative reinforcements are often used in mice (i.e., water avoidance in MWM or footshock avoidance in FC for learning tasks).

Moreover, mice behaviors are mostly simplified and the tasks are less complex than in humans (i.e. Furthermore, DS is a complex genetic disease characterized by the triplication of HSA21 in which the deregulation of gene expression is not limited to HSA21 genes but is more a genome-wide effect (516). Despite the cognitive deficits remain the most limiting phenotype in everyday life, brain networks alteration and brain structures modifications can trigger several linked pathologies (see "INTRODUCTION. I.5 Clinical phenotypes"). For instance, the cerebellum atrophy in DS can cause motor issues: patients display a delay in the motor development, a reduced control of postural [START_REF] Aruin | A Coactivation Strategy in Anticipatory Postural Adjustments in Persons with Down Syndrome[END_REF], and a general difficulty in the proprioceptive feedback [START_REF] Lauteslager | Disturbances in the Motor Behaviour of Children with Down's Syndrome: The need for a theoretical framework[END_REF][START_REF] Uyanik | Comparison of different therapy approaches in children with Down syndrome[END_REF]. However, standing position and walking ability performances are impaired in the early stages of DS life but can improve with aging [START_REF] Malak | Delays in Motor Development in Children with Down Syndrome[END_REF], showing a delay in motor development. In Ts65Dn mice, motor defects are not easily and coherently detected, confirming the dissimilarities across the species in non-cognitive behaviors (517,518).

Moreover, decrease of HPC volume in DS can lead to hippocampal network alterations, triggering other pathologies in non-cognitive behaviors (other than memory processes). In particular, since the amygdala-hippocampal network can support emotions (189,190) and HPC negative feedback is essential in HPA axis, HPC alterations in DS patients can result in stress and anxiety behaviors (191).

Additionally, HPC volume can predict late-life depression (193) and anhedonia could be a consequence of HPC size deficits. Accordingly, low percentage of anxiety symptoms (0,8% up to 4.5%) [START_REF] Vicari | Neurodevelopmental and psychiatric issues in Down's syndrome: assessment and intervention[END_REF] and depression episodes (5,2 %) can be observed in DS patients (519) and related to brain structure alterations [START_REF] Vicari | Neurodevelopmental and psychiatric issues in Down's syndrome: assessment and intervention[END_REF]. In the same line, attention-deficit /hyperactivity disorder (ADHD) with a disruption in impulsivity, essentially linked to prefrontal cortex deficits, can be observed in DS individuals (520). Hence, Ts65Dn mice show several stereotypes, including hyperactivity ( 521), but the non-cognitive behaviors linked to emotions, anhedonia and anxiety are hardly assessed and are not coherently presented in the models (522,523). Thus, to validate a translational test for CD, it should be considered non-cognitive influences because of 1) the complexity of brain networks and 2)

the dissimilarities between mice and humans in non-cognitive behaviors. In other terms, cognitive assessments have to use cognitive processes both in DS humans and mice. However, construct validity and face validity are strictly correlated.

o

Predictive validity

The complexity of DS chromosomal disease and the scarcity of translational outcomes are the prevalent reasons of drug's treatment failures in DS. Predictive validity is crucial for pharmacological assessments across the species in behavioral tests (524) and it is generally assessed using drug with known effects in human and mice. Drug efficacy or inefficacy in behavioral tests help to validate the translationality of the test. For instance, antidepressant agent and ineffective drugs in humans must show the same results in mice (525). In other terms, to validate predictive validity the effects of a known drug in humans have to present the same effects in mice, while non-effective therapies in humans, should display no consequences in mice using the test in question. For instance, antidepressant effects of fluoxetine (well-known in humans) should be confirmed on mice in MWM to validate the predictive validity of the test.

However, even if a valid test should assess pharmacological efficacy correctly, the possible drug failure is not necessarily linked to the test itself. Indeed, it could be a consequence of pharmacokinetics and pharmacodynamic dissimilarities between humans and mice. Notably, the presence of drug metabolites, the differences in the administration time or in drug concentration can cause drug differences across the species, without involving any test. Indeed, treatment can be administered acutely or chronically, with significant differences in efficacy in the same species and compared to others. Moreover, drugs are rarely administered per os in mice, which remains the most used delivery route in patients.

Consequently, even though predictive validity is reached in translational trials, drug failure cannot be rule out when a treatment is adapted from mouse models to DS patients, giving the between-species variability.

o Current status: translational paradigms in behavioral tests So far, it is known that translational tests should be characterized by face validity, construct validity and predictive validity (526). Though the ongoing efforts to develop similar physical cognitive protocols (face validity) within a similar procedure (construct validity) for testing therapeutic approach (predictive validity), several factors can contribute to the failure the achievement of the goal. Up till to now, the only used cognitive tests for preclinical drugs in Ts65Dn mice are the Ymaze, the MWM and the NOR, both for short-term/WM and long-term memories. The MWM and the NOR are reproduced in an analogous way in humans with virtual protocols (527,528).

For the virtual MWM (527) the face and predictive validity are respected, even if the construct validity presented several different paradigms across the species. The water avoidance used in mice for memory and learning enhancement of motivation can cause a stressful environment, rarely used in humans.

In the same way, the touch-screened visual discrimination tasks were proposed to reproduced NOR test analogously for the assessment of memory in humans ( 528). The innate nature of mice to explore the novelty is the principle construct of NOR in mice, whereas the memory recognition based on emotional behaviors seems to be crucial in patients. Due to amygdala deficits and emotional recognition impairments in DS, the virtual object recognition test is not comparable to mice (529).

In conclusion, the achievement of the three validity goals is very rare in translational test development, and further exploration should be done to validate translational tests for therapeutic drugs.

I.2. Synaptopathy in Ts65Dn mice: the possible role of CB1 overexpression and its down-regulation of activity by pregnenolone

The synaptic plasticity is strongly compromised in DS patients (201,(228)(229)(230) and DS mouse models, supporting cognitive deficits processes (241,(259)(260)(261). In particular, long-term potentiation (LTP) is impaired in DS, caused by an alteration in Glu/GABAergic transmission homeostasis (241,259-261) (see "Introduction. II.2.3. Synaptopathy related to GABAergic and glutamatergic dysfunction in DS"). For example, GABAergic antagonist PTX rescues LTP in several mouse models, Ts1Cje, Ts1hr, Dp10, D16, Dp17 mice [START_REF] Belichenko | The « Down Syndrome Critical Region » Is Sufficient in the Mouse Model to Confer Behavioral, Neurophysiological, and Synaptic Phenotypes Characteristic of Down Syndrome[END_REF][START_REF] Belichenko | Down Syndrome Cognitive Phenotypes Modeled in Mice Trisomic for All HSA 21 Homologues[END_REF]108), demonstrating the critical role of GABA in the synaptic alteration. Ts65Dn mice show an evident overexpression in GABAergic neurons and GABAergic transmission (Figure 23) and GABAergic antagonists drugs are efficient to rescue cognitive and LTP deficits in Ts65Dn mice (241,242,246,530). Unfortunately, data in humans are contradictory and GABAergic transmission is not coherently altered in patients, expressing the hypothesis that other systems complexly can modulate GABAergic system (269).

Actually, histological studies showed that patients had high levels of GABAergic neurons paravalbumin and calbindin-positive in the DS cortex (231). Moreover, proton magnetic resonance spectroscopy ( 1 HMRS) technique was used to measure GABA levels thanks to the identification of metabolites through the proton resonance of hydrogen ( 1 H) (225). In post-mortem brain of DS patients, GABA levels were decreased (225) while no change were found in Ts65Dn hippocampi with the same technique (233). Not coherent data were also found in in vitro studies in iPSCs from trisomic Ts21-fiblroblasts where the frequency of spontaneous postsynaptic currents was impaired [START_REF] Weick | Deficits in human trisomy 21 iPSCs and neurons[END_REF] but no change was found in the number of GABAergic markers (237).

Thus, the contradictory data reported in humans point to the need to further explore the GABAergic system and GABAergic transmission, which may be controlled by a plethora of different systems.

So far, it is known that CB1 plays an essential role in the LTP via GABAergic and glutamatergic transmission. In particular, CB1 regulates depolarization-mediated suppression of inhibition (DSI)

via GABAergic release depression at presynaptic levels (216). DSI was the first discovered function of the endocannabinoid in the brain. When a strong excitatory (glutamatergic) signal is directed onto the Purkinje cells of the cerebellum or pyramidal cells in the hippocampus, this signal can be dampened by GABA release of an adjacent GABAergic interneuron. To strengthen the excitatory signal, postsynaptic neurons release the endocannabinoid 2-arachidonoyl glycerol (2-AG) that retrogradely activates the presynaptic CB1 on the GABAergic presynaptic bouton, blocking GABA release, and allowing a stronger excitatory signal (see "INTRODUCTION. IV.2.4. Functions").

Moreover, CB1 hyperactivation by the agonist WIN55,212-2 (WIN) can cause LTP deficits in hippocampal slice, which is prevented by the administration of the CB1 antagonist rimonabant before WIN treatment (531).

These data are consistent with the reported association between ECS alterations and memory impairments in DS mouse models. In particular, the plasma level of endocannabinoid 2-AG (504)

was increased in Ts65Dn mice brain and CB1 was overexpressed in the HPC of Ts65Dn and TgDyrk1A mice (340). Accordingly, evidence shows that CB1 is overexpressed at protein and RNA levels in the dorsal hippocampus (dHPC, one of the most involved brain region in memory) within a regional and sub-regional specific pattern (504, and Article 1). Consequently, the CB1 inverse agonist rimonabant improves memory deficits in Ts65Dn and TgDyrk1A mouse models (340). Despite its positive effects on memory in DS mouse model and other pathologies (i.e., food intake in obese patients (502)), rimonabant cannot be used as a drug for its anxiogenic-and depressive-like effects (501). In contrast, with the full-antagonist rimonabant, the CB1-allosteric inhibitor Preg can be a promising solution. Indeed, after CB1 hyperactivation, Preg acts by blocking specifically CB1mediated Erk1/2 MAPK signaling pathway to prevent the effects of CB1-hyperactivation (500). In the first part of this thesis, we found that Ts65Dn mice showed low levels of Preg enzyme synthesis in the dHPC and low levels of Preg in plasma (Di Franco et al., Article 2). Consequently, since Preg is a negative allosteric modulator of CB1, it can be proposed that lack of Preg contributes to CB1 overexpression and hyperactivation in Ts65Dn mice. Accordingly, Preg rescued short-term and longterm memory impairment, as well as LTP deficits in Ts65Dn mice (Di Franco et al., Article 2, to be submitted).

I.3. Pregnenolone: potential and limitations

Preg, produced from cholesterol, is the precursor of all steroids, and plays an essential role in the brain as a neurosteroid being part of the so-called Pregnenolone-Progesterone-Allopregnenolone pathway that is involved in many physiopathological brain functions (533). As a neurosteroid, Preg is produced on demand in the brain, where it plays a crucial role in cognitive-related disorders as well as stress-related disorders, psychosis, alcohol use disorders, and cannabis use disorders. The molecule is considered a biomarker and its levels in the blood, brain and cerebrospinal fluid are measured for mental pathologies assessment (533). Indeed, in stress-related disorders, Pregnenolone-Progesterone-Allopregnenolone seems to be essential via GABAA modulation, since allopregnanolone acts as a potent allosteric modulator of GABAA receptor activity and enhances GABA neurotransmission.

Under chronic stress, such as social isolation, repeated restrain and forced swimming tests, and under acute stress, mice showed higher levels of Preg specifically in the brain than in plasma, and to a larger extent compared to its downstream steroids, such as allopregnanolone (534). Interestingly, brain Preg levels in response to acute stress seems to be sex-specific, with female rats showing higher Preg levels than male in the brain, while no sex differences were observed in basal condition (535). Consequently, the role of the neurosteroid Preg was reviewed, and from an inactive steroid precursor (492), Preg was revised for its crucial role in mental physiopathology and as a negative allosteric modulator of CB1 (500). After THC-induced CB1 hyperactivation, the expression of the Preg synthesis enzyme, CYP450, increased. CYP450 increase was related to a first quick responses via the phosphorylation of Erk1/2 MAPK , and to a second tardive response via the hormone-sensitive lipase (HSL), responsible for cholesterol synthesis from cholesteryl ester. Those responses were specifically CB1 dependent since CB2 antagonist did not block THC-induced Preg increase, while CB1 full antagonist inhibited the Preg increase. Additionally, full CB1-KO mice did not show Preg increase after THC administration. Moreover, Preg inhibited several THC-induced behaviors, the so-called tetrad effects (hyperlocomotion, hypothermia, catalepsy, and analgesia), abolished the THC (10 mg/kg)-induced food intake and restored THC-induced memory impairment. Those data demonstrate that Preg can negatively modulate CB1 hyperactivation and suggest the potential role of the molecule in CB1-related disease.

So far, CB1 is associated with cognitive-related disease and it has been discovered that CB1

antagonists can improve cognitive deficits, suggesting the use of CB1 inhibitors as a therapeutic strategy for memory and learning improvement (536-540). By blocking only a specific part of CB1 signaling, Preg does not present the side effects that have been reported for the full-antagonist rimonabant (501).

Unfortunately, for a therapeutic point of view Preg cannot be administered itself because it presents a very short half-life (~20-40 min) ( 541), it has a very low bioavailability per os and it is fast metabolised in other active steroids (542). For instance, when Preg is used as treatment in humans, it is converted in steroid metabolites, among them allopregnanolone and 5-beta metabolites (see for Although Preg has a suitable therapeutic pharmacological profile, it cannot be used as a medication, mainly due to its downstream steroid metabolism. For this reason, the biotech Aelis Farma developed a new pharmacological class CB1-Signaling specific inhibitor (CB1-Ssi). The compounds, named AEF, maintain the pharmacological properties of Preg against CB1 but with an upgraded and further strengthened therapeutic profile. Indeed, AEF compounds have an increase half-life, are not metabolized in steroid hormones and have a very good bioavailability after oral administration.

The lead compound AEF0117 is currently in Phase 2 for cannabis use disorder, protected by patents n° WO2019162328A1 and WO2020127468A1).

In the current work, preclinical studies are performed using AEF0217 for DS cognitive deficits.

So far, preclinical studies with AEF0117 in rats treated with the compound per os showed high levels of the compound in the brain, confirming the excellent bioavailability per os. Moreover, in vitro experiments performed in CHO cells, which express steroidogenesis synthesis and metabolism enzymes, transfected with CB1 have shown that, in constrast to Preg treatment, AEF0117 did not induce an increase in steroid levels. These experiments suggest that CB1-Ssi compounds are devoid of side effects due to steroid metabolism, which has been confirmed by in vivo experiments (Patents WO2019162328A1 and WO2020127468A1). Furthermore, AEF0117 shows a good remarkable therapeutic index (TI) of 7200, as the ratio of blood toxic concentration and the concentration at which the drug is effective, when already 10 is considered an acceptable TI. In human clinical trial phase I, AEF0117 treatment displays no side effects, confirming the drug's safety (NIH, ClinicalTrials.gov Identifier: NCT03325595).

In the same line, proof-of-concept data on the compound AEF0217 show an excellent ADMET (Administration, Distribution, Metabolism, Excretion and Toxicity) profile, and a Phase I clinical trial is currently programmed to evaluate the therapeutic potential of AEF0217 in DS patients. In the current work, only AEF0217 efficacy on Ts65Dn mice will be assessed.

II. Aims and methological approaches

This section of the manuscript aims: 1) to validate a translational test for memory assessment in Ts65Dn mice and DS patients and 2) to perform preclinical studies with the CB1-Ssi compound AEF0217 for its efficacy in DS cognitive deficits rescue.

In the current work, Radial maze (RM) is fine-tuned for cognitive assessment of memory deficits DS individuals and Ts65Dn mouse model, and for preclinical drug evaluation in Ts65Dn mice. The test is based on two procedures that have been assessed in age-induced memory impairments in mice (543) and humans (506). The procedure has been developed following the face, construct and predictive validities. Briefly, the test is a positive-rewarded virtual and physical arm-maze, in humans and mice respectively (face validity). Arms are organized in pairs and the subject has to choose one arm of the same pair: the percentage of correct choice is an index of WM and LTM memory performances, both in human and mice (construct validity). Evidence showed that Radial maze tasks were affected by scopolamine, amphetamine and piracetam, known to have effects on memory processes (predictive validity). Consequently, predictive validity assessment was validated in RM and together with the face and construct validities, suggests the potentiality of the test for the translational evaluation of CD.

Second, the CB1-Ssi AEF0217 drug was proposed in the project for cognitive enhancement in DS.

AEF0217 was tested in the Y-maze, NOR, and RM tasks for cognitive deficits. In particular, NOR test followed visual discrimination protocol in humans (544,545). However, the sequential-NOR test cannot be considered translational because it does not follow face validity (object presentation in a open fields in mice, and touch-screen of emotional-related images in humans), construct validity (innate curiosity of novelty exploration in mice, and emotional memories related to presented images in humans) and predictive validities (no pharmacological approaches compared effective outcomes from mice to humans in the test). However, after the confirmation of RM translationality, AEF0217 effects on memory deficits were evaluated, proposing the test as a valid tool for preclinical and clinical scopes.

According to the complexity of the genetic disease and the dissimilarities between human and mice, we performed several non-cognitive tests. The genetic background and the variability in noncognitive phenotypes arise the importance to evaluate motor coordination, anxiety levels, depressionlike behaviors and mice's attention-like responses in our mice. In particular, AEF0217 effects on those phenotypes were tested in the rotarod (RO), elevated-plus maze (EPM), sucrose test preference (STP), and prepulse inhibhition (PPI), with intent to confirm the absence of any side effects of AEF0217 in Ts65Dn mice.

III. Material and methods

III.1. Experiments in mice

Ts65Dn mice were created by mating female carriers 17 16 chromosome (B6C3H-Ts65Dn) with B6EiC3HF1 hybrid males, obtained by crossing C57BLr/6JEi with C3Hr/HeSnJ mice. Experiments were performed during the light phase (from 7 h 00 am to 7 h 00 pm for males and 12 h 00 am to 00 h 00 am for females) and animals were kept in collective cages under a 12h light/ dark cycle under controls (22ºC, 60% humidity) with ad libitum water and food (A04-10 pellets, Scientific Animal Food & Engineering). For Radial maze experiments, mice were food-restricted five days before the habituation of the test and throughout the test. From that moment until the end of the experiments, mice were weighed every day at the same time and the food was given daily by the experimenter in order to maintain the weight between 85% and 90% of their average initial weight.

All experimental procedures were approved and carried out in accordance with the National and European Directives 2013/ 63/EU, the French Ministry of Agriculture and Fisheries and the Ethical Committee of the University of Bordeaux for Animal Experimentation (authorizations y (authorization numbers, A501350, A3310035 and C33063096). All efforts were made to minimize animal suffering and to reduce the number of animals used.

The mice were individually housed for experimental need, in cages with a square of cellulose to make a nest.

Five independent experiments were performed (Table 9). In the Experiments 2,[START_REF] Patterson | Down syndrome and genetics -a case of linked histories[END_REF]4 ,[START_REF] Korenberg | Down syndrome phenotypes: the consequences of chromosomal imbalance[END_REF]while under the supervision of Dr. Filippo Caraci. Individuals were selected for age and cognitive 

Experiment

III.3. Drugs and treatments in mice

AEF0217 treatment. The drug was prepared in tap water containing 0.3% (2-Hydroxypropyl)-betacyclodextrin (HP-β-CD). The solution was administered orally as an ad libitum daily beverage in glass bottles. The volume consumption was measured three times per week, giving in average the daily beverage, in order to calculate the amount of ingested drug. The solutions were prepared and delivered to the animals in clean bottles every week. AEF0217 was administered at different concentrations to assess the dose-response curve (Table 10). After behavioral tests, LC-MS/MS analyses quantified AEF0217 at the dose of 0.06 (detection limit), 0.2 and 0.6 µg/ml in the cerebellum of TS65Dn (collaboration with Aelis Farma) to evaluate AEF0217 concentration in the brain after the behavioral tests.

Vehicle-AEF0217. Tap water containing 0.3% HP-β-CD was used as control vehicle. This solution was administered orally ad libitum as daily beverage. Vehicle solutions were prepared and delivered to the animals in clean bottles every week. 

• Apparatus

In mice, the test was a physical maze, characterized by 8-elevated arms fully automatized by videotracking (Imetronic, Bordeaux). The maze was placed in a room at around 25 lux, enriched with visual cues and food-pellet dispenser at the end of each arm (547).

In humans, a 12-maze virtual environment was created from a commercial computer game (Unreal Tournament 2003; Epic Games, Raleigh, NC) and a 17'' computer was used for the test (506). In humans, the reward was a virtual coin, correspondent to the food-pellet in mice.

In both cases, the arms of the mazes were organized in pairs. The subject had to choose between several pairs of arms, but the reward was only in the arm that was not chosen in the previous trial of the same pair (alternation rule) (506). For example, if the subject chooses the arm 1 of the pair A, to obtain the reward in the next trial, in which the same pair A was presented, he had to choose the arm 2. The position of the reward (left or right) differed between each pair, to avoid side preference.

• Working-memory procedure in physical and virtual Radial Maze (RM)

In the working memory (WM) procedure, the same pairs were randomly presented through the daily session of 23 trials (one pair at each trial). The alternation rule simulated the WM tasks of retention and organization. Indeed, to obtain the reward, the rule required the ability to retain recently visited place (retention task) and organize the acquired informations for the new choice (organization task).

The difficulty of the task depended on the ability to not confuse the visited place with another. The difficulty of the task was assessed by : 1) the number of trials presented between the current pair (n)

and the last visits of the same pair (n-1), named retention of interval (RI) and 2) the number of trials between n and the previous visit from n-1 (i.e, n-2), the so-called proactive interference (PI) (547) (Figure 29). Based on RI and PI, different task difficulties were analyzed at different levels. For RI, less was the number of trials between n and n-1, easier was the test (RI= 0). While higher was the number of trials between n and n-1, harder was the task because most remote was the trial n (RI= 4, 4 trials between n and n-1 that can potentially interfere). For PI, the task was more complex because of the interferences: after the trial n of a pair, the subject had not to confuse the trial n-2 (the second time that he visited that pair after n) and n-1 (the previous one). Thus, if there were 0 or 1 interval between n and n-1, at n-2 the difficulty was higher (PI= 0 and PI=1, noted PI=01) because higher was the chance to remember the interference instead of the correct trial n, while, if there were more trials between n and n-1, the level of interference was lower and the PI task easier (PI =2, PI=3, and PI=4, noted PI=234). In mice, the intertrial interval (ITI) modulates the performances. In the current work, ITI was 0, 10, 20 or 30 seconds. According in our experiences, the easiest ITI was 10, a good compromise between the fastest (0) and the longest [START_REF] Takashima | Abnormal neuronal development in the visual cortex of the human fetus and infant with down's syndrome. A quantitative and qualitative golgi study[END_REF][START_REF] Jarrold | Short-term memory in Down syndrome: applying the working memory model[END_REF] ITI, in which the mouse had no time or too much time, respectively, for the retention and the organization of the information.

Correct responses were calculated as percentage of correct alternation (total performances), RI correct choices (from RI= 0 to RI= 4 difficulty, according to the number of pairs between n and n-1), PI correct choices (from PI= 01 to RI= 234 difficulty, according to the number of pairs between n and n-2).

The apparatus was cleaned between mice (ethanol, 20%). Mice were tested in RM for • Relational memory procedure in physical and virtual Radial Maze (RM)

A different protocol was developed in the same test to evaluate the relational/long-term memory. The protocol was characterized by two steps both in humans and mice. The step 1 constituted the acquisition phase of the criterion: the subject had to remember the position of the reward which was always in the same arm of the pair. The step 2 was the recombination task: a pair was recombined with another and the subject had to recognize the arms independently of the previous pairs. Thus, the subject had to choose the arm in which the reward was previously but in a different recombinated pair in a flexible way. For example, if in the step 1, there are the pair A (arm 1 rewarded and arm 2 unrewarded) and the pair B (arm 3 rewarded and arm 4 unrewarded), in the step 2 the recombination pair AB will present the arms 2 (unrewarded) and 3 (rewarded) (Figure 30). The number of trials needed to learn the rule of step 1, can vary according to subject ability. Usually, subjects with cognitive impairment used more trials to learn the rule (step 1). However, the step 2 started only once that the subject completed successfully the step 1, in other words only once the subject learned the correct arm-rewarded. The relational memory was calculated as the number of correct choices of armrewarded in the recombination test (step 2). Training went on until participants reached a criterion of choice accuracy of at least 92% (11/12 pairs correct in humans and 7/8 in mice) over two trials, and at least 75% (18/24 pairs in humans and 12/16 in mice) over the last four trials. To reach the criterion and pass to step 2, humans and mice were trained without ITI and the number of trials was counted.

Once the crtierion was reached, the subject was tested in phase 2 at ITI 10.

Both in humans and mice, the WM procedure was tested following the LTM procedure with a delay of few hours in human and one month in mice. Mice were tested using a different RM test and different experimental room between the two procedures.

III.4.2. Rotarod (RO)

The RO test measured the ability to maintain balance on a rotating rod and motor coordination (548).

The apparatus consisted of an aluminum structure covered in PVC plates. Partitions delimited five zones; each zone being equipped with an independent floor sensor to detect falls. A push button, located in front of each compartment, triggered a chronometer that was ended by the detection of the fall. Mice were tested for two consecutive days within five trials per day for the first day and four trials per day for the second day. Inter-trial time of 5 minutes was fixed and an increasing speed (5 rpm to 40 rpm or plus 1 rpm every 8 sec) was used. The apparatus was cleaned between each trial (ethanol, 20%). The latency to fell in seconds (s) was measured as a motor coordination. The Y-maze test assessed the spontaneous alternation as an index of working memory in mice ( 382).

The Y-maze apparatus was characterized by three arms. Each arm was 40 cm long, 12 cm high, 3 cm wide at the bottom, and 10 cm wide at the top. The arms converged in an equilateral triangular central area. Mice were habituated to the room 1h before the starting of the test. An individual mouse was placed in the center of the arms and allowed to move freely in the maze during an 8-min session. An arm entry was counted when all four paws were in the arm. The apparatus was cleaned at the end of each trial (ethanol, 20%). Noldus Ethovision XT12 tracking software was used to draw the three different arms zones (1-2-3) but scoring was also performed manually. The light in each arm was equivalent (19-23 lux) and higher in the center zone (24-26 lux). Alternation was defined as successive entries into the three arms, on overlapping triplet sets. Spontaneous alternation was calculated as the ratio of actual to possible alternations (defined as the total number of arm entries minus 2) and expressed as a percentage (%). So far, the spontaneous alternation of rodents in the Ymaze has been used to evaluate spatial working memory (382). Then, the weight of fresh tissue normalized endocannabinoid levels. The same protocol was performed for eCBs and Preg measurements in patients and mice blood. 33).

Groups (WM/LTM) Subjects

Table 11. The number of subjects tested in the experiment for working memory (WM) and long-term memory (LTM). Men and women were tested. Mice started the experiment and the age of 3-4 months. One week later they were isolated in single cages, mice were treated with AEF0217 (Ts65Dn mice) or Veh (both genotypes) (Table 12. A, B).

Three days after, they were food-restricted (85% of basal body weight). For WM assessment, mice were habituated in the maze for two consecutive days, tested for seven blocks of three days and In both procedures, habituation to vehicle (0.3% HP-β-CD) drinking was performed for 3 days, and then the treatment (Vehicle, VEH; or AEF0217) was carried out for the total period of the experiment. Food restriction started four days following the beginning of treatment, and was prolonged until the end of the experiment. In procedure A, the working memory test was assessed for 7 blocks of 3 days.

A B

V. Results

V.1. Memory paradigms in DS humans and Ts65Dn mice with Radial maze Experiment 1. WM and LTM assessment in DS patients using the Radial maze

In humans, RM evaluated WM (Figure 38) and relational LTM (Figure 39) in first and second passage (six months-delay), according to the test-retest rule.

In control (CTRL) subjects, RM assessed efficient global performances in the WM task in the first and second passage, while Down (DS) patients were strongly impaired. Performances in function of PI showed that at low level of difficulty CTRL subjects performed well (around 80%), while they were less efficient at high levels of difficulty (around 70%). However, performances in function of PI difficulties were persistent both in the first and second passage. In contrast, DS subjects were significantly impaired in the first passage at a low difficulty level of PI (< 55%), but their performance improved in the second passage (around 70%) but remains below the CTRL. At high difficulty of PI, DS patients were strongly impaired at the two passages (< 55%), confirming a WM impairment in DS according to difficulty level.

Performances in function of RI showed that at low difficult CTRL subjects performed better (around 80%) than at higher difficulty (around 70%). However, they presented no differences from the first to the second passage. DS subjects were less impaired in the first and the second passage at low difficulty of RI (<70%) but they became strongly impaired at high difficulty (<60%). Any sex difference was found (Figure 38).

For relational LTM, step 1 (acquisition phase of the criteria) and step 2 (test phase of the acquired rules in step 1) were analyzed separately. In the step 1, healthy individuals (CTRL) needed low trials to learn the criteria in the first passage compared to the second passage (6 and 9 in average, respectively). However, at the end of the step 1, CTRL performed in average at the maximum (100%), but the performances were decreased slightly in the second passage (around 90%). The excellent performances were confirmed in step 2 in both passages (90%-80% in average). In contrast, DS patients needed more trials to acquire the criteria, requiring around 8 trials for the first and 10 for the second passage. Nevertheless, DS patients learned the rule, showing good performances at the end of the first (around 90%) and the second (about 80%) passages. However, in the test phase, patients were strongly impaired (50% in average) at both of passages, confirming LTM deficits. We did not found any sex difference (Figure 39). At low RI, DS patients were significantly different from CTRL both in the first and in the second passage (B), while at high RI both groups performed lower according to the task difficulty and no more difference was observed between groups (C). Similarly, at low PI Down patients were significantly different from CTRL at the first passage (D), while the performance was similar at the second. In contrast, at high PI, genotype differences were observed at both passages (E). Two-way ANOVA was used followed by Tukey's post-hoc for statistics, *p<0.05; ** p<0.01; *** p<0.001. CTRL vs Down statistic differences are marked in green.

Experiment 2. WM and LTM in Ts65Dn mice treated with AEF0217 in the Radial maze.

The RM procedures assessed WM and LTM in Ts65Dn mice compared to WT. Experiment 2 evaluated the effects of AEF0217 in Ts65Dn mice in both procedures.

In WM, WT mice learned the alternation rule after three blocks of three days. Indeed, after an average of global correct choice of 60 % in the three first blocks, performances reached 80% in the last four blocks (Figure 40. A). In the same way, both at low and high difficulty of PI, control mice showed good performances around 80 and 70%, respectively (Figure 40. B). Accordingly, controls performed very well at low levels of RI difficulty (around 90%), while performances decreased when the task became harder (around 70%) (Figure 40. C). However, Ts65Dn mice treated with vehicle did not learn the alternation rule, and their performances were about 60%. Besides, PI performances revealed impairments in vehicle-treated Ts65Dn mice, both at low and high PI difficulties (around 60%). Bad (number of trials between n and n-1 from 0 to 4). More in details, the correct responses at the lower difficulty (number of trials between n and n-1 at 0 and 1) and higher level difficulty (number of trials between n and n-1 at 4) is presented for the last four blocks of three days (blocks from 4 to 7). In figure C, the performances in function of the proactive interference (PI) responses are presented. On the left, the graph shows the responses at high difficulty (number of trials between n-1 and n-2 equivalent to 0 and 1) and low difficulty (number of trials between n-1 and n-2 equivalent to 2, 3 and 4). More in details, the correct responses at low and high difficulties for the last four blocks of three days (blocks from 4 to 7) are presented. Veh (vehicle) treatment was performed in both genotypes, while Ts65Dn were treated with AEF0217at the doses of 0.0006; 0.002 ; 0.006 ; 0.02 ; 0.06 ; 0.2 and 0.6 µg/ml. Ts65Dn mice showed an impairment in WM performances that was rescued with AEF0217 in a dosedependent way. One-way ANOVA with Tukey's post-hoc was used for statistic, *p<0.05, **p<0.01, ***p<0.001. V.2. Neurobiological substrates (eCBs, Preg) in DS humans and Ts65Dn mice

• In humans

Analyses of eCBs levels in CTRL subjects revealed a significant decrease in 2-AG plasma levels in males than females in the cohort 1 of individuals but was not found in cohort 2 (Figure 42.A).

However, CTRL sujects showed no difference for AEA between man and women, both in cohort 1 and cohort 2 (Figure 42.B). In contrast, DS patients showed no difference in eCBs levels between women and men (Figures 42.A,B). Genotype differences were observed for 2-AG levels in females and AEA in males, with a decrease in DS compared to CTRL individuals (Figure 42. A,B). Moreover, Preg levels increased, but not significantly, in male DS compared to male CTRL subjects (Figure 42. Moreover, AEA levels decreased only in male (M) DS but not in female (F) DS compared to CTRL in cohort 1 (B). PREG levels are slighly increased in DS males compard to CTRL (C). Moreover, sex differences were observed in controls of cohort 1 for 2-AG (A). One-way ANOVA with Tukey's post hoc was used for statistics, *p<0.05, ***p<0.001.

• In mice

We quantified 2-AG, AEA and Preg in the plasma of male and female WT and Ts65Dn mice. In WT mice, both AEA and 2-AG were decreased in males compared to females, while Preg levels were increased in males compared to females controls (Figure 43). Sex comparison in Ts65Dn mice revealed a decrease of AEA, 2-AG (in HPC) and Preg (in plasma) levels males compared to females. Although the results in mice confirmed our hypothesis of ECS alteration and Preg decreased, further analyses have to be assessed to confirm the current results in DS patients. Due to the difficulty of the sampling, results in DS patients were different between cohorts and contradictory with the data obtained in mice. Such discrepancies could be due to cohort effects that can be observed in humans.

In addition, sampling conditions, including stress, can influence the levels of eCBs and Preg.

Moreover, eCBs levels can change with temperature, due to rapid degradation; this is why after sampling, samples have to be frozen as soon as possible and strictly keeped cold during all the process. Both sex and genotypes differences were observed. 2-AG levels were not different In Ts65Dn compared to WT (A), whereas AEA levels were decreased in female Ts65Dn mice compared to WT but not in males (B). However, eCBs levels were different in females vs males both in WT and Ts65Dn. For PREG levels, only male Ts65Dn mice showed a decrease in plasma compared to WT, which shows Preg differences in males (M) vs females (F). One way-ANOVA with Tukey's post-hoc was performed, *p<0.05, **p<0.01.

V.3. Effects of AEF0217 on cognitive and non-cognitive phenotypes in Ts65Dn mice

Among several phenotypes, Ts65Dn mice showed only short-term memory impairment (Figures 44). . The treatment with AEF0217, at the effective dose on memory deficits, did not altered any of these behaviors in Ts65Dn mice, revealing the specificity of the compound for cognitive deficit in Ts65Dn mice, and providing further evidence for no side effects of AF0217. Furthermore, the quantification of AEF0217 brain levels showed an increase coherently with the doses, confirming the accessibility of the drug in the brain (Figure 46). Vehicle (veh) Ts65Dn and control mice, plus Ts6sDn mice treated with AEF0217 0.2 µg/ml and 0.6 µg/ml were sacrificed and quantification in mice cerebellum was done. AEF0217 levels increased coherently with the increase of doses. Due to a threshold of detection with this method, the dose of 0.06 µg/ml could not be detected. The data observed with aged mice strongly suggest that further analyses should be done in agedmiddle Ts65Dn mice, by increasing the dose of the compound AEF0217 and increasing the number of mice, due to the high variability in performance. In conclusion, AEF0217 seemed more efficient for DS cognitive deficits in adult Ts65Dn mice than for aged-related deficits. This can be explained by several factors. One reason is the worsening of WM deficits observed in middle-aged compared to adult Ts65Dn mice, while WT mice performed similar performances at both ages (Figures 47. B,C). The second is that non-specific cognitive impairments can occur in middle-aged TS65Dn mice with the apparition of Alzheimer's disease-like symptoms [START_REF] Head | Alzheimer's Disease in Down Syndrome[END_REF]. 

VI. Discussion

In the current work, first we fine-tuned a translational test for preclinical and clinical scope. Second, we performed preclinical experiments with AEF0217 compound as a therapeutic solution for CD in DS. Translational paradigms were adjusted to RM to assess both working memory (WM and longterm memory (LTM) in both species. Indeed, we showed that Radial maze procedures were successfull in DS humans and Ts65Dn mice. In addition, AEF0217 was tested in RM in Ts65Dn mice and showed rescue for both of the deficits. The positive effect of AEF0217 on cognitive improvment was also confirmed in NOR and Y-maze test in adult Ts65Dn mice. Additionally, the compounds rescued LTP deficits in mice, whereas it showed no effects in non-cognitive behaviors (anxiety, anhedonia, motor coordination and sensorimotor gating). However, at the dose of 0.06 µg/ml AEF0217 compound did not show a significant rescue in aged Ts65Dn of 7 months and aged C57B/6J mice of 19-24 months, revealing the specificity of AEF0217 for CD in Ts65Dn mice at the tested dose. Further experiment at higher doses in aged-cognitive decline mice suggest promising results.

Thus, our data suggest that RM is a translational test, valid for the assessment of AEF0217 rescue on DS memory impairment. Moreover, patients with other comorbidities were not selected and blood sampling was done before the test, both in DS and CTRL, searching for possible biomarkers (results not shown). All efforts were made to respect the face validity using a similar maze in DS patients (12-virtual maze) and in mice (8-physical maze), with a positive reinforcement procedure. Moreover, the test-retest reliability was confirmed in humans (6-months of inter-test time), validating this essential paradigm of translationality in RM.

In addition, RM was used to assess WM and relational-LTM in aged patients and mice, confirming the face validity in aged-cognitive disease (506,543). The predictive and construct validities were achieved both in WM or LTM memories.

At first, there was the alternation rule both in DS patients as in mice. Indeed, subjects had to learn the main principle rule of alternation and applied it for the correct achievement of the reward.

In the RM, we used the useful advantages of the complexity and completeness of the test to better define the cognitive deficits, both in patients and in mice at different levels of difficulty. For LTM, 2-steps learning sessions were performed. In both human and mice, the timing to reach the criterion in the step 1 was crucial (in terms of number of trials for humans and number of days for mice).

Globally, DS patients need more trials to learn the position of rewarded arms, whereas Ts65Dn mice were faster than the WT. This difference can reflect the difficulty of sustained attention in DS, where patients used to have a progressive problem to persist in attention tasks in time. However, in step 2, both humans and mice affected by DS, exhibited high memory deficits.

Interestingly, RM results show that DS patients spent more time understanding the rule compared to mice. Still mice that understood the alternation rule, performed well at low difficulty (RI=0), whereas their performances got worst when the difficulty was harder (RI=4).

Similarly, mice performed well when the task in term of proactive interference was easy (PI=2, [START_REF] Patterson | Down syndrome and genetics -a case of linked histories[END_REF]4) but not when it became challenging (PI=0,1), confirming that they acquired the rule but they were not able to use the acquired information for executive complexed hippocampal tasks. In DS patients, functional imaging techniques showed that patients with amygdala lesions were displayed memory impairment in recognition of pictures associated with both positive and negative memories (559). Thus, emotional behaviors can be crucial in reinforcement tasks both in humans and mice.

In DS patients, the amygdala, as the hippocampus, exhibits a volume decreased as shown in MRI studies [START_REF] Pinter | Neuroanatomy of Down's syndrome: a high-resolution MRI study[END_REF]. Thus, the alteration of the amygdala could explain the impairment in emotional recognition and memories (529), within the difficulty to recognize items linked to emotional components (560). Amygdala alterations and amygdala-cognitive processes deficits can aggravate memory performances and encouraged the necessity to assess memory in a translational test limiting to verbal tasks and emotional components (i.e. facial expression items, words items linked to emotions).

Furthermore, it is known that the dopamine system plays an important role in positive reinforcement and motivation linked to memory performance achievements. Dopamine neurons are mainly located in the substantia nigra and ventral tegmental area but their axons project widely in the brain (striatum, ventral striatum, neocortex, particularly in the PFC). So far, dopamine studies in monkey demonstrated that dopamine neurons were activated during learning tasks by the reward (561). In DS patients, electrophysiological studies indicated that dopaminergic neurons determine gratification processes. High levels of dopaminergic release were observed with an unexpected rewarding stimulus or a stimulus predicting gratification, as well in mice (391,562,563).

DS patients show monoamine neurotransmitter levels decrease, notably in the brain levels of dopamine (564). In the same line, adult and aged Ts65Dn mice show a disruption in monoamines and dopamine pathways in the blood (565). Consequently, a decrease in the reward sensitivity or an increased expectation sensitivity could support memory deficits in reinforcement tests.

Moreover, the performance of mice in food-reward reinforcement test can be influenced by the olfactory system and the orbitofrontal cortex projections. The cognitive processes can be clearly activated with subject pleasantness and other stimuli (such as the taste, the temperature, the food texture), which can contribute to motivation and achievement of the goal in mice (566).

In our test, we used positive-reinforcement protocol both in patients and in mice, rewarded with coins and food, respectively. Positive reinforcement tests used in both of the species, allowed keeping the construct validity. Consequently, in the current work, we cannot exclude that hippocampal-amygdala projections helped and sustained RM performances. Moreover, the dopamine system could have influence memory deficits in RM, since the coin as well as the food are used for rewards in the tests.

Neverlethess, despite that the food restriction could be a stressor in mice, in the current work, it seems not to have an impact in the anxiety and anhedonia levels.

Actually, the RM used dietary restriction to motivate mice in the initially freely exploration of RM but the food restriction decreased progressively immediately after the habituation. Indeed, in the habituation (the 2 consecutive first days) mice were strictly food-restricted (85% of their initial body weight), while later were progressively poorly food-restricted (90% of their initial body weight). At the beginning of the test, the food restriction was used to motivate mice exploration, while than, the food restriction was kept only to prevent behavioral mice perturbations due to change in habits. In order to confirm that the food restriction was not a stressor trigger for our mice, we tested our mice in EPM and STP experiments under food deprivation (see "PART II. IV. Results. Experiment 3"). We Similarly, contradictory data was found for motor phenotypes. Motor delay and motor coordination deficits were observed in some studies (517) but not in others (577).

Although the same tests were used, whitin the same protocol and conditions, mice showed high levels of variability from an experiment to another. Those contradictory results reflect the genetic variability and the limits of the model for non-cognitive behaviors (121).

However, for the first time, we performed STP and PPI test in Ts65Dn mice but we did not found any genotype effects, whereas attention task in the five-choice visual discrimination task revealed attention deficits in Ts65Dn mice (578,579).

Despite the non-cognitive behaviors did not show any genotype effects, the cognitive deficits were maintained in the transgenic mice. In our studies, firstly, we assessed STM memory deficits with the sequential NOR-characterized by a consecutive presentation of objects A-B-C-aiming to simulate WM within in correlation with the exploration of the novelty (186). We found no differences in the time spent to the second visit of the object in Ts65Dn mice. At the same time, WT explored the known object significantly less, confirming that transgenic mice could not remember the previously explored object.

Discrepancies data in non-cognitive phenotypes can be a complex problem attributable to genetic issues and breeding strategies.

Firstly, Ts65Dn present an hybrid genetic background, crossing a hybrid F1 male ( generated from female C57BL/6JEiJ and C3Sn.BLiAPde6b+/DnJ male) with Ts65Dn female; the latest, are continuously crossed with F1 hybrid males: the genetic variance with the different mixture of alleles in the genome, can have consequences on littermates. Consequently, Ts65Dn has been proposed to be a heterogeneous population within the cohorts, influencing the coherency in phenotypes across the batch animals.

Furthermore, Ts65Dn colonies were maintained in the specific breeding animal facilities and specialized staff took care of the breeding, and we had a good success in breeding. Thus, the selection of the strongest colonies to increase the success rates could lead to a predominance of pups that have reduced pathologies, as the strongest artificially selected colonies. Consequently, the different severity in phenotypical pathologies among laboratories can be due to different strategies for the colony surviving.

Lastly, in mice, the triplicated genes not present in HSA21 (125) can cause no predictable physiopathological features in transgenic mice that are not present in DS patients.

In conclusion, non-cognitive phenotypes could induce inter-and intra-variability between different batches of Ts65Dn mice. For those reasons, a battery of tests should be always performed in each batch of animals and for every proposed therapeutic compound, to exclude non-cognitive phenotypes alterations. Documentation on colony characteristics and behaviors should be detailed in each experiment. In mice, behaviors should be performed with high levels of handling and attention due to the increase of sensitiveness in the model. The experimenter should prefer the handling and nostressful tests with positive instead of negative reinforcement tests.

Accordingly, we found essential to explore the effect of AEF0217 in non-cognitive behaviors.

Despite the reported discrepancies in some non-cognitive behaviors in Ts65Dn According to mice neurodevelopment differences within ages (251,585), DS children exhibit neurodevelopment delay in motor, language, cognitive functions compared to controls, supported by neurogenesis impairment from fetus stages in patients [START_REF] Contestabile | Cell cycle alteration and decreased cell proliferation in the hippocampal dentate gyrus and in the neocortical germinal matrix of fetuses with Down syndrome and in Ts65Dn mice[END_REF][START_REF] Guidi | Neurogenesis impairment and increased cell death reduce total neuron number in the hippocampal region of fetuses with Down syndrome[END_REF].

Consequently, the behavioral window for preclinical and clinical studies, seems crucial to distinguish between AD-related symptoms and "pure" cognitive deficits.

Preclinical studies showed that the time of therapies strongly influence drug efficacy and late therapies are generally not efficient compared to approaches performed at an earlier stage of the illness (586). Moreover, pregnancy therapies seem to rescue brain development in fetuses with DS and it could be a valid proposition for early approaches.

In our work, we tested AEF0217 efficacy on cognitive deficits in young and old mice and we found performance dissimilarities at different ages. In particular, the genotype difference observed in 3-4 month-old mice disappeared as the mice aged (7 month-old). Adult Ts65Dn mice exhibited working memory deficits relative to aged-matched WT mice, but at 7-month-old the performance of aged WT mice decreased (compared to the performance of adult WT) to the performance level of old TS65Dn mice. These data suggest that the age-related cognitive decline is accelerated in Ts65Dn mice, but this should be confirmed in longitudinal studies with follow-up of the same animals to avoid possible cohort differences.

Consequently, AEF0217 showed no effects in WM-RM test for Ts65Dn at the age of 7 months for the dose tested of 0.06 µg/ml. Those results encourage further analyses at higher doses and confirm that compound efficacy is dose-dependent.

Due to the early onset of AD and the specificity time therapies of preclinical drugs, AEF0217 could be a specific approach for DS cognitive deficits but not for aging deficits at the tested doses. Data on 19-24 aged mice showed that AEF0217 not significantly rescued cognitive deficits both in Ts65Dn and in C57BL/6J aged mice at the same dose of adult Ts65Dn mice, confirming the drug dose-effect responses. However, further analyses with higher doses are strongly recommended for aged-related cognitive decline. In perspective, the compound efficacy could be tested at higher doses in aged Ts65Dn and control mice. Moreover, the drug therapeutic window should be tested also in pregnant Ts65Dn females and in pups. Likely, the efficacy of the therapy could improve cognitive deficits from early stages of DS life but further exploration has to be done.

During my thesis, combining multi levels from transcriptomic to integrated approaches, I investigated the hippocampal role of ECS and neurosteroidogenesis systems on memory performance in Ts65Dn mice.

The project confirmed the crucial role of CB1 in Ts65Dn mice. In particular, we found CB1 overexpression in the dorsal but not the ventral hippocampus, both at protein and transcriptomic levels. Notably, a cellular difference was found in the CB1 distribution in dHPC. Indeed, CB1 was downexpressed in pyramidal layers of CA1 and CA3 and in the granular layer, while it was overexpressed in LMol, SLu and Po layers of dHPC. In the latter area, CB1 was expressed in GABAergic interneurons, which were more numerous in Ts65Dn mice. However, the increase of GABAergic expression was higher than CB1 expression in GABAergic interneurons, leading to a decrease in the CB1 control of inhibition of GABAegic interneurons. In addition, the expression of the gene encoding the Preg synthesis enzyme Cyp11a1 was decreased in dHPC, as well as Preg levels in plasma of Ts65Dn mice. Thus, our data suggest a double synergic regulation mediated by CB1 We discovered that CB1 was overexpressed in dorsal but not ventral HPC both at protein and transcriptomic levels in Ts65Dn mice (Di Franco et al., Article 1 to be submitted). Among other components, qRT-PCR analyses revealed that CB1 gene expression levels are the only one among ECS to be overexpressed in dHPC. So far, dHPC is associated with learning and memory whereas the vHPC is more likely associated with emotional-related responses (588).

The dorso-ventral differentiation in the CB1 expression and functions has already been reported in mice. Recent studies showed that CB1 in dHPC plays a crucial role in memory functions (588).

Infusion of CB1 agonist (WIN-55,212-2) into dCA1 can lead to short-term memory impairment in the object recognition task (588). In contrast, CB1 antagonist (AM-251) reversed the impairment, demonstrating the crucial role of CB1 in dHPC for learning and memory functions (588).

Interestingly, dHPC to cortical regions projections regulate memory processes, whereas networks from vHPC to the amygdala and hypothalamus correlate emotion and stress processes (173). In particular, projection of CA1/CA3 regions of the HPC and PFC via the lateral entorhinal cortex is critical for LTM (589). Moreover, dHPC and PFC network are essential for WM tasks in the T-maze test (589). CB1 is also essential in memory processes based on hippocampal-cortical networks (590).

In particular, cannabis exposure during adolescence seems to cause impairment of cognitive deficits via GABAergic transmission in PFC (590). In DS, PFC is altered, with a decreased in volume and neurons number of post-mortem individuals (591). Ts65Dn mice present PFC impairment that can be associated with learning and memory impairments (592).

In conclusion, dorsal hippocampal cortical projections are essential for memory impairment in In the dHPC, our data showed that CB1 is overexpressed in GABAergic interneurons of specific regions, while CB1 is downexpressed in glutamatergic enriched layers of Py (CA1 and CA3) and Gr of DG. In particular, we found that the increase of CB1 in GABAergic neurons is lower than the increase of GABAergic neurons in Ts65Dn mice, suggesting that CB1 inhibition on GABAergic interneurons is decreased in Ts65Dn mice.

Physiologically, CB1 is highly expressed in GABAergic and lower expressed in glutamatergic neurons (455). In particular, in HPC, CB1 agonists exert a negative control on the presynaptic activity via GABAergic activation and prevent excitotoxicity (593). Data from the literature showed that GABAergic interneurons are more expressed and GABAergic transmission is higher in Ts65Dn mice compared to WT mice (258,269). In DS, GABAergic system is altered and CB1 seems to contribute to the alteration of GABAergic transmission. In particular, a decrease of inhibition can cause excitotoxicity, increasing Ca 2+ levels and oxidative stress, leading to LTP impairment and cognitive deficits.

However, CB1 expression in glutamatergic neurons contributes indispensably to prevent excitotoxicity in mice (594). Indeed, studies in conditional mutant mice with downregulation of CB1 in glutamatergic neurons (but not in full CB1-KO mice) showed no effects of the excitotoxin kainic acid (KA), suggesting that the CB1 effects on excitotocity are specifically mediated by glutamatergic neurons (594). Moreover, CB1 antagonist induced no effects on seizures caused by KA in mice. Data have also reported that the increase of glutamate receptors activity leads to neurodegeneration pathogenesis mechanisms, including increase in calcium buffering, generation of free radicals, and alteration in mitochondrial permeability (595), suggesting that CB1 in glutamatergic neurons plays an essential role in neuroprotective action (596).

In addition, CB1 activity triggers depolarization-induced suppression of inhibition (DSI) (430,597) and depolarization-induced suppression of excitation (DSE) (598) in several brain regions, including the HPC (218). The processes are mediated by the postsynaptic endocannabinoids "on demand" release, which acts presynaptically on CB1, preventing from excitotoxicity (594). In particular, AEA is involved in neuroinflammation processes, and recent studies showed its role as an antiinflammatory (599).

In our mice, the decrease of CB1 in specific glutamatergic-enriched regions of the dHPC suggests a decrease of neuroprotective action and a cognitive-related dysfunction caused by excitotoxicty (600).

The CB1 overexpression in GABAergic neurons and downexpression in glutamatergic enriched area can decrease the inhibitor control of CB1 on GABA release and exacerbate the neurotoxicity, leading to cognitive deficits. Moreover, reduced levels of CB1 in glutamatergic neurons can result in reduced neuroprotection. Accordingly, the decrease in the endocannabinoid AEA levels in Ts65Dn mice can worsen the DSI/DSE impairment and synaptopathy and increase neuroinflammation related to cognitive deficits.

Interestingly, recent studies evidenced the crucial role of CB1 in astrocytes for learning and memory processes (481). The role of astrocytes was reviewed in the tripartite synapses, in which astrocytes process and control memory functions (601). In addition, data from the literature showed that endocannabinoids stimulate astrocytes release of glutamate ( 423). Accordingly, CB1 agonists induced working memory impairment and LTD increased in mice via glutamate release and AMPA internalization (602). Moreover, in CB1-KO mice, age-related levels of astrocytes were higher than control mice as neuroinflammation cytokine markers in mice. Thus, CB1 in astrocytes seems to contribute to memory performances and plays a protective role in the brain, preventing inflammation in aged-cognitive decline.

Moreover, evidence showed that CB1 inhibition in astrocytes decreased proinflammatory processes in cognitive disorder (603), proposing that CB1 inhibition can modulate cognitive functions via CB1 in astrocytes.

In Ts65Dn mice, our results strongly outline CB1 as a potential target for neurobiological bases of cognitive decline. Consequently, the CB1 pattern in other cell types, such as astrocytes, should be further investigated.

In Ts65Dn mice, CB1 down-expression in glutamatergic neurons could be a compensatory phenomenon of CB1 overexpression in GABAergic neurons, leading to decreased glutamate, LTP impairment and cognitive deficits. AEA decrease in adult Ts65Dn mice could reduce glutamate release from astrocytes, causing reduction in NMDA/AMPA activity and LTP impairment.

On the contrary, CB1 overexpression in GABAergic interneurons of dHPC in Ts65Dn mice can also "hide" CB1 overexpression in astrocytes. CB1 could be higher expressed in astrocytes, aggravating neuroinflammation and cognitive decline via the neurotoxicity caused by an abnormal increase of glutamate release.

To address those speculations, CB1-mRNA expression in astrocytes could be analysed in Ts65Dn mice with high throughput sensitive techniques and its contribution should be assessed by doublefish labeling in Ts65Dn mice.

II.

Neurobiological mechanisms underlying the cognitive deficits (CD) and Preg efficacy in DS II.1. Hormonal dysfunctions in DS: a correlation with Preg decrease?

In the project, we found a decrease in Preg levels along with CB1 overexpression and overactivation that lead to cognitive deficits in Ts65Dn mice. Furthermore, the decrease in Preg levels in plasma was associated with significant Cyp11a1 gene expression decrease in dHPC of Ts65Dn mice. Given Preg's major role in the hormone system, it is not excluded that Preg production may have a role in other hormonal dysfunctions observed in DS.

Data from the literature reported that DS subjects showed hypercholesterolemia (604) and are affected by atherosclerosis and cerebrovascular pathologies (605,606). Total cholesterol, tryglycerids (TC), low-density lipoprotein (LDL) were higher, while high-density lipoprotein (HDL) levels are lower in non-obese and non-diabetic DS patients (607). LDL (also called "bad" cholesterol) is the primary plasma carrier for cholesterol delivery to all the tissues (608). Moreover, LDL is a crucial factor risk for atherosclerosis and heart diseases: notably, high levels of LDL cause CHD (609).

In contrast, HDL is known as "good" cholesterol due its essential role in cholesterol metabolism (610). HDL acquires cholesterol from the other lipoproteins carrying cholesterol (LDL, VLDL), in change of transfers cholesteryl esters, and returns to the liver where cholesterol is eliminated (610).

Studies from the literature show that hypercholesterolemia is the reactive consequence of the agerelated, enzyme-dependent down regulation of steroid hormone biosynthesis. Patients with hypercholesterolemia that received hormonotherapy (HT) with a mix of chemical hormones that correspond to several natural hormones including pregnenolone, showed decrease in TC, and total cholesterol (611). The same positive results for cholesterolemia were shown with the administration of pregnenolone, DHEA and other hormones delivered with gel. In other terms, hypercholesterolemia can be a compensatory mechanism to the downexpression of steroidal hormone production (611).

After HT treatment, patients display normal cholesterol levels and increase in steroids, including pregnenolone (612).

Moreover, the activation of the pregnane X receptor (PXR) by the agonist pregnenolone 16alphacarbonilitrile can prevent from obesity in mice (668,669).

Those data support the hypothesis that hypercholesterolemia can be linked to Preg levels in DS.

Indeed, in our project, we demonstrated that Cyp11a1, converting cholesterol to pregnenolone, is downexpressed in Ts65Dn mice, as well as a decrease in plasma Preg levels. Despite the difficulty to detect Preg in DS patients, those results and data from literature could support that steroid and lipid alterations are strictly correlated in DS (604,606,607).

Moreover, hypothyroidism can decrease steroidogenesis in humans (614) and thyroidectomy in mice decreases Preg synthesis levels (615). Consequently, thyroid disorders in DS patients could also participate in the reduction of Preg level. Lastly, male infertility can be associated with alteration in the steroid testosterone and cholesterol homeostasis (616). Male individuals affected by DS present a decrease in testosterone levels, leading to hypospermatogenesis, oligospermia and azoospermia [START_REF] Attia | Sexual and reproductive functions in men with Down's syndrome[END_REF]. For those reasons, male DS are considered infertile (617).

In summary, Preg decrease can be linked to hormonal dysfunctions in DS patients and hypercholesterolemia, hypothyroidism and reduction in testosterone levels could be related to the lack of Preg in DS, however further studies should be done to prove this link.

Additionally, the decrease of Preg can cause a collateral decrease in other neurosteroid components linked to cognitive deficits. For example, our mice presented a consistent reduction of allopregnanolone (Allopreg) (data not shown), a major down-stream steroid of Preg, in plasma. In Alzheimer's disease (AD), Allopreg levels are reduced in humans and are associated with dementia (618), and Allopreg traitment rescued memory impairment in AD transgenic mice (619). In addition,

Allopreg is considered as a GABA allosteric negative modulator and its decrease seems to increase GABAergic transmission and GABAergic activity (620).

In Ts65Dn mice, the decrease in Allopreg and Preg could influence GABAergic activity either directly (Allopreg) or indirectly via CB1 (Preg). Consequently, a Preg lack could be involved in other cognitive disorders such as AD, in which steroid dysfunctions seem to have a relevant role. However, the impact of Allopreg should be further assessed in Ts65Dn mice, because in constrast to its ADrelated promnesic effects, studies have reported amnesia-like effects of Allopreg in hippocampaldependent tasks (621).

In addition, in perspective, steroidogenesis enzymes and neurosteroid levels should be further explored in DS with gene expression analyses and analytical studies in human plasma and/or postmortem brains.

II.2. Oxidative stress and mitochondrial alteration: a possible link with the lack of Preg synthesis enzyme?

In the project, we found a decrease in Preg levels and overexpression of CB1 underlying cognitive deficits in DS. Those results lay the bases for an interesting new target and suggest exploring the systems linked to these synergic effects. Moreover, the localization of the sub-cellular type of CB1 could be important for therapeutic scope. Interestingly, CB1 is widely expressed in cells, as in mitochondria and mitochondrial CB1 (mtCB1) in the HPC attains a central role in memory (622).

Recent studies showed that hippocampal mtCB1 is essential for mitochondrial activity, synaptic transmission and memory tasks (623). Indeed, cannabinoid agonists did not show any effects on memory in transgenic knock-down mice for the hippocampal mtCB1 (623), suggesting that the alteration of bioenergetic processes is the primary mechanism of amnesia caused by the hippocampal mtCB1 receptor (623).

Besides, mitochondrial dysfunction and oxidative stress are essential for cognitive deficits in DS.

Mitochondrial dysfunctions characterized DS humans and mice, where genetic alterations-HSA21 linked cause high oxidative stress levels. Indeed, the triplication of SOD1 (Cu/Zn superoxide dismutase) causes redox alteration in the cells and H2O2 accumulation (624). Furthermore, alteration in reagent oxidative production can cause mitochondrial DNA mutations, damage in mitochondrial membrane, in mitochondrial respiratory chain and alter Ca 2+ homeostasis, leading to neuronal dysfunctions and neuronal degeneration (279,625,626). All those mechanisms are involved in cognitive decline, neurogenesis defects and neurodegenerative disease, such as Alzheimer and Parkinson's disease (627).

In the same line, the triplication of the amyloid precursor protein (APP) is linked to cognitive decline via oxidative stress and mitochondrial dysfunctions in DS (628,629). Indeed, APP binds Zn and Cu, essential in the respiratory mitochondrial chain, causing neurotoxic processes (630) and aggravating neuropathology in DS (279). Thus, coherently with the importance of oxidative stress and mitochondrial dysfunction in DS cognitive deficits, the only efficacy molecule for the pathology is the antioxidant ECGC which restores oxidative homeostasis via the inhibition of Dyrk1a (clinical trials #NCT01394796, NCT01699711).

Mitochondrial dysfunctions in DS can trigger other mitochondrial component alterations, such as the down-expression of Preg synthesis enzyme and mtCB1 dysfunctions. Since Preg is produced from cholesterol in the mitochondria via cyp11a1 (IMM) (631) and Ts65Dn showed cyp11a1 underlying Preg levels decrease, our preliminary data could support this hypothesis.

Analyses of mtCB1 expression in dHPC of Ts65Dn could reveal that mitochondrial dysfunctions in mice are linked or can be a major cause of cognitive deficits. Preg effects on Ts65Dn knock-down for mtCB1 could show the role of the mitochondrial receptor in DS and be a target for clinical scope.

III.

The Radial maze as a translational test for therapeutic cognitive improvements III.1. The limits and the strengths of the RM: simply hippocampal memory tasks?

The Radial maze (RM) test has been validated as a translational test for memory deficits in DS patients and mice.

• The RM test validates the translational paradigms.

First, the test was translationally developed respecting the face validity, the construct validity and the predictive validity in mice and humans. Indeed, the same test with two different procedures can be used to assess the cognitive processes and evaluate WM or LTM in human and mice, confirming face validity. Second, the same experimental conditions were used in both species, confirming the construct validity. The tests were characterized by positive reinforcement (virtual money and food reward in humans and mice, respectively) and relatively moderate stressful conditions. Both humans and mice require a phase of habituation to the task. Indeed, patients' stress was influenced by test's novelty, the minimal attention and the understanding of the rules. Accordingly, habituation was required in patients as in mice and the test started only after a crucial phase of familiarization in both species. In mice, two days of habituation ensured that each mouse explored all maze's arm and ate a food-pellet at the edge of each arm. Only mice that explored and ate all the food-pellet in each arm during the two days of habituation, were tested in the RM procedures. Moreover, the daily control of light, humidity and temperature conditions enforced the non-stressful environment. In mice, the food restriction required for motivation to perform the test took place several days before the test. The time from the beginning of the food restriction and the test, allowed to control and minimize stressors factors in mice. Additionally, mice were handled each day and they were familiarized with the experimenter, and they showed any anxious behavior, confirmed in EPM test after RM test. Lastly, predictive validity was assessed in mice using the AEF0217 compound. The drug rescued cognitive deficits in Ts65Dn mice, in RM as well in other cognitive tests (NOR, Y-M).

• The hippocampal-dependent process may not be unique in the RM task.

Considering the numerous hippocampal projections involved in memory processes, memory evaluation in RM tasks could require several hippocampal networks in DS. Damage in the hippocampal-dorsal striatum system of rats can impair the alternation protocol in RM (632). In DS patients, the integrality of the medial temporal lobe seems to be essential to solve the RM strategy (633). Moreover, the prefrontal cortex (PFC) appears to be involved in the tasks in a delayed two-test phases RM task (634), requiring the hippocampal-cortical projections. In addition, RM procedure cannot correctly discriminate working memory and declarative memory from spatial memory, suggesting that the integrity of the neocortex, involved in spatial memory tasks could be necessary to acquire RM task.

Moreover, several strategies involving different brain regions can be used to perform RM tasks.

Although we developed the RM protocols translationally both in humans and mice, differences across species can underlie different non-cognitive strategies in humans and mice. In the latest, the olfactory cues can contribute to the strategy, with the collaboration of the amygdala for the food-positive reinforcement. To prevent this strategy, recent studies used odor saturations (635,636) or cleaning strategies (635). Hence, we were careful to properly clean the maze between each mouse. The high number of trials (n=23) and the random presentation of arm pairs on each trial within a session reduced the possibility for the mouse to use an alternative strategy to perform the task.

In the current project, we validated RM as a suitable translational test to assess memory deficits in DS patients and Ts65Dn mice and we showed AEF0217 efficacy in reversing memory impairment in Ts65Dn mice. Still, we cannot discriminate hippocampal contributions from the complete medial temporal lobe and the entire neocortex influences in RM performances.

In order to demonstrate the essential contribution of CB1 alteration in DS cognitive deficits, the specific AEF0217 activity on the inhibition of CB1 in dHPC regions could be demonstrated with optogenetic coupled to RM test and local infusion of AEF0217 in dCA1.

III.2. Human and mice comparison: the limit of Ts65Dn mice New therapeutic approaches for the ID in DS can be proposed and tested in the RM translational test from humans to mice. For clinical scope, the scarcity of translational outcomes points out the differences between mice and humans, aggravating the distance between the species and causing the failure of the numerous proposed therapeutic drugs.

Up till now, Ts65Dn is the main used mouse model for preclinical studies of cognitive deficits.

However, the use of animal model can present several limits and dissimilarities with patients, as follows:

• An evident difference consists in the recruitment of patients and in the selection of animal subjects. DS subjects choose freely to perform the test, whereas mice are forced to accomplish it, although the RM task is based on free exploration and food-related motivation.

• DS individuals are recruited from different environmental situations, including education and socioeconomic status, leading to inter-variability and intra-variability among studies and groups. In contrast, mice followed the same transgenic alteration and breed condition.

• DS individuals can carry other comorbidities and several clinical phenotypes, whereas Ts65Dn mice are selected from the same genetic background and chosen for their cognitive deficits.

The genetic background is mostly pure inbred C57BL/6J, reducing the complex genetic influences of other genetic backgrounds and does not present the same inter-individual phenotypic variability found in patients. Ideally, a translational mouse model for the complex genetic disease of DS should be developed from mixed backgrounds. For instance, Sitting and collaborators developed some concepts to vary genetic background of DS mouse models (637).

• Memory in humans is not a simple and unitary construct, being dependent on attention and language development, everyday stimuli, family supports and socioeconomic environments, early therapeutic intervention and educations. Those paradigms are not present in mice and the same patterns cannot influence the resulting memory processes.

In conclusion, the measurement of cognition for clinical trials purpose is a complex task. Thus, developing a valid clinical test including all the memory tasks can be more challenging in human cognitive-related disorders. In this project, we validated the RM as a translational test in DS patients and Ts65Dn mice for new therapeutic approaches for the ID in DS, but we have to consider the crucial differences between the animal model and humans and analyze preclinical and clinical data with a critical point of view.

IV.

The AEF0217 compound as a therapeutic solution for cognitive improvement in DS

In the project, we validated AEF0217 in preclinical studies for cognitive deficits rescue in Ts65Dn mice. Despite its promising therapeutic value in patients, several issues have to be pointed out in DS.

So far, DS patients showed pharmacokinetics, pharmacodynamics dissimilarities and drug metabolism issues. Drug efficacy can show significant differences, leading to the lack of efficient therapeutic solutions for ID in DS. Differences in drug metabolism can cause clinical failure in DS.

The latter presented alteration in the pharmacodynamics of several drugs, including opioids, midazolam, acetylsalicylic acid and atropine [START_REF] Patterson | Molecular genetic analysis of Down syndrome[END_REF]638). DS patients differed in pharmacological drug sensitivity, drug responsiveness and drug toxicity under leukaemia treatments (639). Data from the literature showed that pharmacokinetics and pharmacodynamics are altered in DS, within alteration in drug metabolism caused by enzymatic dysfunctions. DS patients seem to present dysfunctions in the CYP3A subfamily, a common cytochrome involved in drug metabolism (640). In Ts65Dn mice, we found a decrease in cyp11a1 gene encoding for CYP450 cytochrome. The enzyme is part of the CYP450 class, characterized by 50 enzymes. Among them, six of those enzymes are involved in the metabolism of 90% of the drug (641). Consequently, the decrease of CYP450 levels could influence drug metabolism in mice. The expression of the enzymes should be verified in DS lymphocytes and it could be an important information for drug metabolism in DS. CYP450 enzymes scarcity could influence drug metabolism and consequently cause higher levels of the drug within higher duration of the activity and higher intensity of its action caused by a decreased metabolism. Therefore, in our preclinical study with AEF0217, preliminary pharmacokinetic studies were performed in TS65Dn mice to ensure the most appropriate administration procedure. In addition, previous studies have demonstrated that AEF0217 is not metabolized into steroids in vivo and presents a highly compatible ADMET profile for use as a treatment, avoiding first-pass drug effects. Those data confirmed the safety and the promising efficacy of AEF0217 for cognitive deficits in DS.
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Article 1 : 2 :

 12 Neuroanatomical distribution of the CB1 cannabinoid receptor in the hippocampus of the Ts65Dn Down syndrome mouse model (Di Franco et al., to be submitted), and Article Pregnenolone rescued hippocampal-dependent synaptic plasticity and memory impairments in Ts65Dn Down syndrome mouse model (Di Franco et al., to be submitted).

  de mener une vie normale. Malgré plusieurs études précliniques et cliniques en cours, aucune solution pharmacologique curative permettant d'améliorer l'ID n'est disponible. Les déficits cognitives (CD) qui y sont associés sont dus une réduction du volume de l'hippocampe (HPC) et notamment des dysfonctionnements dans les transmissions GABAergiques et glutamatergiques. L'absence de traitements efficaces de l'ID chez les Down reflète l'urgence d'identifier de nouvelles cibles thérapeutiques et de développer un test translationnel. Le système endocannabinoïde (ECS) est impliqué dans les processus de mémoire et d'apprentissage. Récemment, il a été suggéré que l'altération de l'ECS, et notamment la surexpression et l'hyperactivation du récepteur cannabinoïde de type-1 (CB1), pourrait jouer un rôle majeur dans l'ID dans les modèles de souris DS. En effet, les souris trisomiques Ts65Dn âgées présentaient des niveaux élevés d'endocannabinoïde 2-AG dans le cerveau et de CB1 chez les souris Ts65Dn et TgDyrk1A. Confortant cette hypothèse, l'antagoniste CB1 rimonabant améliorait les déficits de mémoire chez ces souris. Par conséquent, ces données sur les modèles de souris DS suggérant l'implication de l'ECS dans les déficits cognitifs encourageaient une exploration plus approfondie de la dérégulation de l'activité CB1. Notre équipe a récemment découvert un système modulateur endogène impliquant le neurostéroïde pregnenolone (Preg) qui contrecarre l'activité de signalisation CB1 bloquant les effets toxiques et addictifs de l'agoniste CB1 exogène, le D 9 -tétrahydrocannabinol (THC), fournissant ainsi une nouvelle cible thérapeutique pour les pathologies liées au CB1. Bien que la Preg présente un profil pharmacologique thérapeutique approprié, elle ne peut être utilisée comme médicament, principalement en raison de son métabolisme stéroïdien. C'est pourquoi des analogues synthétiques non métabolisables de la Preg (AEF) ont été développés en collaboration avec la biotech Aelis Farma et protégés par des brevets (n° WO2019162328A1 et WO2020127468A1). Les AEF conservent les propriétés pharmacologiques de la Preg contre le CB1 mais avec un profil thérapeutique amélioré et renforcé. En effet, les AEF ont une demi-vie accrue, ne sont pas métabolisés en hormones stéroïdiennes et ont une très bonne biodisponibilité après administration orale. L'AEF0217 a été étudié en tant que candidat leader pour le traitement de l'ID chez les souris DS.

Article 1 : 2 :

 12 Neuroanatomical distribution of the CB1 cannabinoid receptor in the hippocampus of the Ts65Dn Down syndrome mouse model (Di Franco et al., à soumettre), et Article Pregnenolone rescued hippocampal-dependent synaptic plasticity and memory impairments in Ts65Dn Down syndrome mouse model (Di Franco et al., à soumettre). L'article 1 a étudié le profil d'expression des composants du ECS dans l'hippocampe (HPC) de souris Ts65Dn, en utilisant une combinaison d'approches protéomiques et transcriptomiques. Nous avons montré que parmi toutes les molécules qui composent ce système, seule l'expression du CB1 est principalement altérée dans l'HPC des souris Ts65Dn par rapport à leurs congénères WT. La distribution du CB1 est différentiellement répartie entre les parties dorsale et ventrale de l'HPC et au sein des différentes populations cellulaires qui le composent. L'expression du CB1 est augmentée dans les zones enrichies en neurones GABAergiques alors qu'elle est diminuée dans les zones glutamatergiques. Ce profil d'expression sélectif suggère que le CB1 pourrait être une cible pharmacologique pour le traitement des symptômes neurologiques de cette maladie génétique. Ces résultats mettent en évidence une régulation complexe du gène codant pour le CB1 chez les souris Ts65Dn qui pourrait expliquer la rareté des solutions thérapeutiques pour ce syndrome et donc révèlent la nécessité d'explorer davantage les bases neurobiologiques des troubles cognitifs. L'article 2 a étudié les bases neurobiologiques des déficits cognitifs (CD). Compte tenu qu'il a été démontré que le neurostéroïde pregnenolone (Preg) est un inhibiteur allostérique spécifique de la signalisation endogène du CB1, l'étude actuelle visait à approfondir le mécanisme d'action de la Preg dans la régulation de l'activité CB1 dans les CD chez les souris Ts65Dn. Premièrement, nous avons montré une régulation négative du système de neurostéroïdogénèse chez les souris Ts65Dn, en particulier des gènes codant pour la synthèse de la Preg dans l'hippocampe dorsal des souris Ts65Dn et une diminution de la Preg dans le plasma. Ensuite, nous avons démontré que l'administration exogène et systémique de Preg permettait de rétablir la plasticité synaptique et les CD chez les souris Ts65Dn, respectivement. L'une des signatures moléculaires reflétant l'activité intracellulaire du CB1 est la phosphorylation et l'activation de la voie Erk1/2 MAPK . En effet, l'inhibition de l'activité Erk1/2 MAPK a rétabli les troubles de la mémoire chez les souris Ts65Dn. Nos résultats suggèrent que les CD dans le DS pourraient être due à une double dérégulation, à savoir une augmentation de l'expression du CB1 et une diminution de la synthèse de Preg, qui induisent de manière synergique une hyperactivité pathologique du système eCB via une suractivation de la signalisation intracellulaire médiée par le CB1. Nos résultats suggèrent également que la Preg pourrait être considérée comme une option thérapeutique intéressante pour améliorer les CD dépendants du CB1 chez les souris Ts65Dn.

Figure 1 .

 1 Figure 1. The origin of DS. In the centre, the first blotting of HSA21. The arrow indicated the triplicated chromosome 21. From the left, Jean-Etienne-Dominique Esquirol (in 1838) with Edouard Séguin (1846), who for the first time described some clinical DS features; Shuttleworth (1909) who found the maternal age risk; John Langdon Down, who well-defined all the clinical DS phenotypes; George Edward Shuttleworth (in 1909, he studied the impact of maternal age in DS new-borns); Jérôme Jean-Louis Marie Lejeune, Raymond Turpin and Marthe Gautier (in 1958) observed for the first time the aberration of human chromosome 21; and Key McGee who created with her husband the first National DS association, in USA in 1990.

Figure 2 .

 2 Figure 2. The risk of Down syndrome and the maternal age.

Figure 3 .

 3 Figure 3. The different types of DS: genetic events leading the abnormal chromosome triplication.Figure A displays the non-disjunction complete Trisomy 21, characterized by the expression of 47 chromosomes, rather than 46, in every the cells of the zygote; figure B shows the Mosaicism, characterized by an alternation of 47 and 46 chromosomes in zygote cells; figure C represents the Robertsonian translocation with the chromosome 14 th in

Figure 4 .

 4 Figure 4. Schematic representation of systems affected in Down syndrome. Clinical phenotypes are detailed in the paragraphs below.

Figure 5 .

 5 Figure 5. MRI showing atrophy in hippocampus indicated with the white arrow. Source: Prof. Head Word economic forum, 2015.

I. 5 . 2 .

 52 Other phenotypes and defects I.5.2.1. Morphological defects As it is mentioned above, DS patients display an abnormal flat skull with a craniofacial base reduction of length. Reduction in the maxilla size and in facial height both posterior and anterior is also very common. Cephalometric landmarks (S Sella, N Nasion, Ba Basion, A A point, Co Condilion, B B point, Me Menton, Go Gonion), cranial base measurements (SN length, SBa length, BaN length, SNBa angle), maxilar measurements (SNA angle, CoA length), mandibular measurements (SNB angle), maxilo-mandibular relation (ANB angle), facial heights (NMe length, SGo length) are metaanalyzed in the systematic review from the University of Murcia, in Spain (35) (Figure 7).

Figure 6 .

 6 Figure 6. This is a representative PET-FDDNP brain scans of study subjects. Yellow and green corresponds to greater binding values, while blue corresponds to lower binding. Control subject shows minimal binding compared with other subjects. The older Down syndrome (DS) subject shows higher binding than the younger Down syndrome (DS) subject. Source: University of California-Los Angeles Health Sciences.

Figure 7 .

 7 Figure 7. Craniofacial measures. Cephalometric landmarks (S Sella, N Nasion, Ba Basion, A A point, Co Condilion, B B point, Me Menton, Go Gonion); Cranial base measurements (SN length, SBa length, BaN length, SNBa angle); Maxilar measurements (SNA angle, CoA length); Mandibular measurements (SNB angle); Maxilo-Mandibular relation (ANB angle); Facial heights (NMe length, SGo length). In DS, SN, BasS, BaN, SNA are shorter while SN is larger than in controls.

Figure 8 .

 8 Figure 8. Ear anatomy: the main component of ears (balck) and the deficient components (orange). Conductive hearing loss in DS patients is caused by eustachian tube malfunction and ciliary infection in the middle ear (orange). Source: Adapted from snapgalleria de ©/Shutterstock.com.

  .5.2.4. Immune system defects In 1930, Brewster et al., analysed for the first time the incidence of leukaemia in DS, followed in 1957 by Krivit et al., who realized the first statistical study. More than 30% of patients are affected by a pre-leukaemia, so-called transient myeloproliferative disorder (TMD). However, only 20% of those children develop leukaemia. Abnormal megakaryoblast formation (immune cells directly derived from stem cells) causes acute myeloid leukaemia (AML) and the rare subtype form acute megakaryoblastic leukemia (AMKL), with a frequency of 10%. Anomalies in lymphoblastic cause acute lymphoblastic leukaemia (ALL) in 2% of DS (56) (Figure 10). Nowadays, the mortality rate after the TMD diagnosis is 20%.

Figure 9 .

 9 Figure 9. Eye anatomy. Figures A, B show human and schematic eye representations. Orange labelled elements represent the main defected component in DS. Figure C, D show respectively a normal (C) and abnormal (D) optic disc in DS patients. Source: Adapted from © 2007 Terese Winslow (A, B) and Altun et al. 2014, BMC Ophthalmology (C,D).

Figure 10 .

 10 Figure 10. Myeloid and lymphoid stem cells. Down syndrome (DS) patients present anomalies in the megakaryoblast and the lymphoid stem cells. Figure shows the normal formation of megakariocytes and leucocytes. In DS, abnormal megakaryioblast (in orange) synthesis and leukemia can affect immune system. Source: Adapted from Translational Pediatrics, vol 4, No 2 April 2015.
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 11 Figure 11. Congenital Heart Defect. The figure shows a normal (on the left) and a pathological heart (on the right). DS patients are usually affected by an atrioventricular septal (AS) defects and morphological pathologies concerning the membranous and the shape of the atrio ventricular junctions. Blood flow (BF), Left Heart (LH). Normal (blue) and defecting parts (orange) are labeled. Source: Adapted from Micheal Kahn and Solomon, 2007.Figure 48. Dorsal and ventral hippocampus (HPC) in mice and humans. Figure A, B show a 3D

Figure 48 .

 48 Figure 11. Congenital Heart Defect. The figure shows a normal (on the left) and a pathological heart (on the right). DS patients are usually affected by an atrioventricular septal (AS) defects and morphological pathologies concerning the membranous and the shape of the atrio ventricular junctions. Blood flow (BF), Left Heart (LH). Normal (blue) and defecting parts (orange) are labeled. Source: Adapted from Micheal Kahn and Solomon, 2007.Figure 48. Dorsal and ventral hippocampus (HPC) in mice and humans. Figure A, B show a 3D

Figure 12 .

 12 Figure 12. Down syndrome: human chromosome 21 (HSA21) gene expression and phenotype. The schematic summary displays different genes involved in physical and mental phenotypes in DS. Dual-specificity tyrosine phosphorylation-regulated kinase (DYRK1A), regulator of calcineurin 1 (RCAN1) which trigger neurocognitive impairment. Amyloid-beta precursor protein (APP) and the β-secretase (BACE2) genes are expressed in the extra chromosome and are involved in Alzheimer pathology. The Erythroid transcription factor (GATA1) and Janus kinase 2 (JAK2) participate to Leukemia, whereas Down Syndrom Cell Adhesion Molecule (DSCAM) can cause gastrointestinal problem. Type-1 angiotensin II receptor (AGTR1) is associated to hypertension and DSCAM, RCAN1, Potassium Inwardly Rectifying Channel Subfamily J Member 6 (KCNJ6), the collagene VI (COL6A1) see to contribute to the cardiac heart defects (CHD).

Figure 13 .

 13 Figure 13. Schematic representation of the pluripotent model embryo stem cells (ESC) and patients-induced pluripotent stem cells (iPSCs). ESC cells are developed from embryos to create pluripotent cell lines with the ability to self-renew. Human iPSCs are reprogrammed by the Yamanaka's cocktail, which converts the somatic fibroblasts to totipotent cells and contributes to the germ line in chimeric mice. Limits and advantages of the techniques are described in the text.

Figure 14 .Table 3 .Table 4 .

 1434 Figure 14. Human and Murine chromosomes in DS mouse models. From the left, the figure represents the syntenic regions (equivalent portion across species) of mouse murine chromosome (Mmu) 16, 17 and 10 and human chromosome 21 (HSA21) regions involved in DS. In blue, murine chromosome, in orange human chromosome. Numbers show the several mouse models according to the text's sequence presentation (see the paragraphs below). Source: Adapted from Belichenko et al. 2015, PlosOne; doi:10.1371/journal.pone.0134861

  II.Neurobiological system underlying cognitive deficits (CD) in humans and mice II.1 Memory and cognitive deficits II.1.1. Memory: an overview Memory is a complex system explored from the 18 th century thanks to Maine de Braine investigation, which divided the memory in mechanical, sensitive and representative memory for the first time. Later, in 1923, McDougall developed the difference between an explicit and an implicit memory as a conscious and unconscious memory (129). In 1948, Tolman explained the existence of different kinds of learning (130) and, one year later, Ryle clarified the distinction between knowledge and remember (131). At that time, Milner elucidated the presence of a different kind of memory, depending on diverse brain regions (132): lesions in the medial-temporary lobe bilaterally, involving HPC and hippocampal gyrus, caused recent memory impairment but not others, whereas patients with lesions in the uncus, involving only the amygdala, showed an excellent memory. Consequentially, experimental animal models have been developed to study memory and to learn the cognitive processes in humans.

Figure 15 . 2 .

 152 Figure 15. A short overview of memory (A, B) and the involved brain areas (C). FigureAshows the different types of long-term memories, divided into declarative and non-declarative memory. The first also named explicit or conscious memory, it is characterized by the episodic, semantic, autobiographical and spatial memories. This memory involves the medial temporal lobe primarily (figure C). In figure A, implicit or non-declarative or unconscious memory is schematically divided in procedural, priming and perceptual learning, sampling conditioning and non-associative learning. These kinds of memories required the striatum, the neocortex, the amygdala, the cerebellum and the reflex pathways respectively (figureC). Hippocampal projections appear to be involved in all those memory processes. Figure B schematically represents the short-term memory and the working memory concepts, divides in the phonological loop, the visuospatial sketchpad and the neocortical sensory and motor buffers. All those memories are primarily required the hippocampus (figure C). Figure C displays all the interested area involved in the memory processes. On the left, human brain lobes location (frontal, parietal, occipital, medial temporal lobes, cerebellum and spinal cord). On the right, the amygdala, hippocampus, cerebellum, neocortex and striatum position in the brain.

Figure 16 .

 16 Figure 16. Working memory (WM) and short-term memory (STM) models. So far, WM and STM are studied and different models are proposed to explain those concepts. In the figure, the different memory models are presented (from A to E). In particular, in model A WM and STM are considered at the same level; in model B, STM is considered part of WM or vice versa; in model C WM and STM communicate and share a part of information, whereas in model D and E there is an active cognitive process between the two compartments. In particular, in model D, WM contains the executive process and STM represents the storage of information. The models are further detailed in the text.

Figure 17 .

 17 Figure 17. The input and the outputs of hippocampal Formation. Entorhinal cortex (EC), diveded in lateral (LEC) and medial (MEC), projects to the dentate gyrus (DG) via perforant fiber pathway and provides the critical input to CA3 via mossy fiber pathway, then to CA1 via the Schaffer collateral pathway. Additionally, EC can also project directly to CA3, CA1 and subiculum (SUB). Meantime, EC recieves outputs from the hippocampus via perirhinal (PER) and the postrhinal (POR). The PER, POR, SUB and EC constitute the parahippocampal region, whereas SUB and CA regions characterized the allocortex. Source: Adapted and modified from Zhang et al. 2011, Current neuroph; doi:10.2174/157015911795596540.
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 3 from different layers of EC to project in DG, CA1, CA3 and SUB. Nowadays, EC is most commonly divided into two parts (for rat, pig, cat, monkey and humans): the rostrolateral part called the lateral (LEC) and the caudal-medical portion, called the medial entorhinal cortex (MEC). Those parts are similarly distributed in the longitudinal axis of the HPC, whereas they have a different distribution in the transverse and radial part. Layer II of LEC and MEC gives rise to the same cells of DG and CA3, while layer III of LEC and MEC projects to the stratum lacunosum-molecular of CA1 and the molecular layer of the SUB. In particular, fibers of layers II of the LEC terminates to the outers molecular layer/stratum lacunosum-molecular of DG and CA3, whereas layer II of MEC terminates in the middle layer of DG and CA3. Additionally, fibers from layer III of LEC projects to the distal part of CA1 and the proximal part of the SUB, while fibers from layer III of MEC project to the proximal partion of CA1 and the distal part of the SUB (160) (Figure18). The Neocortex participates in the control of parahippocampal-hippocampal regions. Shaffer's Collaterals synapses (SC) are collateral axons emit from the CA3 innervating the hippocampal CA1 excitatory pyramidal cells (PC) and inhibitory parvalbumin (PV) interneurons (161), contributing to memory formation and the synaptic plasticity (162), (Figure19).

4 )

 4 Recurrent Collaterals (RC) are connections from the CA3 to pyramidal cells and inhibitory interneurons of other regions; RC are required for memory networks from CA3 (163) (Figure 17);

Figure 18 .

 18 Figure 18. Schematic representation of the central hippocampalparahippocampal circuits. CA and DG fields of the hippocampus; Dist: distal, Prox: proximal; SUB: subiculum. Source: Adapted from Bubb et al. 2017, Brain and Neurosci Advances; doi 10.1016/S0079-6123(07)63001-5.
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 195 Figure 19. Shaffer's collaterals (SC) connections with the inhibitory paravalbumin (PV) and the pyramidal cells (PC) neurons in CA1. Ipsilateral and controlateral PV neruons and PC are innervated by SC. Those connections can help and assist the learning and memory processus hippocampal dependent. Source: Adapted from Kwon et al. 2018, J. of Neurosci.https://pubmed.ncbi.nlm.nih.gov/29728449/ ipsilateral CA1 controlateral CA1 PV PV PC

Figure 20 .

 20 Figure 20. Dentate granule cells. On the left (figure A), photomicrograph and on the right (figure B) line drawing of a prototypical granule cell in a hippocampal slice. Figure B displays the three layers of DG: molecular layer (Ml), granule cell layer (Gr) and polymoprph layer (Po). Calibration bar = 25µm. Source: Adapted from Amaral et al, 2008. Prog Brain Res.

Figure 21 .

 21 Figure 21. Dorsal and ventral hippocampus (HPC) in mice and humans. Figure A, B show a 3D representation of the human (left) and mouse (right) hippocampus with the relative DG/CA3 (yellow), CA1 (red) and SUB (blue); figure C shows pyramidal layer (Py) of CA1 and CA3, granular layer (GrDG) in dark blue and lacunosum-moleculare stratum (LMol) of CA1, stratum lucidum (SLu) of CA3 and polymorph DG (PoDG) in light blue. Source: Figure A , Bienkoski et al 2019, Preprint; figure B adapted from Strange et al: 2014, Nat Rev Neuro.

Figure 22 .

 22 Figure 22. Schematic representations of LTP in the pre-and post-synaptic transmission at low frequency (figure A) and high frequency (figure B). In Figure A, a single stimulus applied to the Schaffer collateral-commissural pathway activates pre-synaptic glutamatergic terminals which stimulates GABAergic inhibitory interneurons. Pre-synaptic glutamatergic terminal evokes EPSP current rapidly, exclusively conducted by L-GLU via AMPA receptors; later GABAergic interneurons evokes IPSP current, dependent initially by GABA A and later by GABA B . NMDA receptor responses are lower and they not contribute a lot to the reactions because of their slow activation kinetics: once that NMDA are in the open state, the hyperpolarization IPSP state inhibits NMDA activation. In Figure B, tetanus stimulus maintains the neuron in a depolarized state, thanks to the contribution of AMPAmediated EPSP and Cl -/K + currents.Due to the depolarization environment, NMDA channels contribute massively to transmission, whereas GABA released is very low. However, during the theta-burst LTP, GABA autoreceptors mediate synaptic inhibition: the effect takes more than 10ms to develop and it can end after seconds, consequently at low frequency, the phenomena are not seen.

Figure 23 .

 23 Figure 23. GABA-related dysfunctions in Ts65Dn Hippocampus. The figure shows a mouse dorsal hippocampus slice with a summary of the main GABAergic transmission features. Hippocampus image is taken from "The Atlas Brain".

  antioxidants have been tested but studies show contradictory results according to the variability in DS individuals. In a first study with DS patients aged between 6 months and 17 years old, no improvement was observed for cognitive functions(288). Later, another study shows that the oral folate treatment leucovorin can have subgroups improvement on developmental age and suggest the possible improvement in psychomotor development, especially with thyroxin (289) (clinical trial #NCT00294593). Currently, the folinic acid and thyroxin treatments are in phase 3 (clinical trial #NCT01576705) for the psychomotor development.Additionally, the antioxidant diet, characterized by a high amount of fruit and vegetables, with abundant antioxidant molecules, was proposed to stabilize and improve the cognitive disabilities (290). Indeed, antioxidant-treated dogs showed a decrease in oxidative damage and an improvement in mitochondrial functions (291). Although the mixture of vitamins and minerals nutrients shows no benefits in two clinical studies in children(292,293), one pilot study demonstrates benefits for redox balance in DS children after supplemented with alpha-lipoic acid and L-cysteine (294).Despite the possible results of vitamin E or alpha-tocopherol in mice and the promising role in protein oxidation decrease, clinical trials in DS patients did not show the same results. Indeed, in the Ts65Dn mice brain, the drug decreases the oxidative stress and improves the learning and the WM-RM impairment (295); in patients, it decreases the abnormal oxidation of S100-beta (protein produced by the astroglial cells that contributes to differentiation, growth, discovering, recovering and survival of neurons), improving neuroinflammation in the microglial cells (296). In contrast, a double-blind, placebo-controlled clinical trial of the selected antioxidants alpha-tocopherol, ascorbic acid and alpha-lipoic acid over 2 years in the clinical research Institute of California, did not display any positive results for dementia (297). In the same line, the molecule did not ameliorate the neurodegeneration in DS patients (298) and resulted inefficient in the DS clinical trials for cognitive deficits (clinical trials #NCT00056329, #NCT01594346). Nowadays, the green tea antioxidant Epigallocatechin-3-gallate (EGCG) is the only efficient antioxidant treatment in phase 3 for the improvement of cognitive deficit in DS (299,300) without any side effects (301) (clinical trials #NCT 01699711, #NCT01394796). A double-blind, placebocontrolled clinical trial has been done in Catalonia in DS patients affected by the three genetic variants. After 12 months of chronic treatment, participants displayed an improved visual-spatial memory with the Pattern Recognition Memory test focus on immediate recall, a 2-forced choice test within an old and a new pattern presented immediately later. 2) Considering the decrease of the acetylcholine levels in DS (302), commonly associated to cognitive impairment (303), the acetylcholinesterase inhibitors have been proposed as potential treatments. Two small, open-label trials with cholinesterase inhibitors (chEis) and one bigger, double-blind, placebo-controlled trials were done using the Vineland Adaptive Behavior Scale (VABS). Language benefits were founded in those limited studies. Afterward, three acetylcholinesterase inhibitors were tested: Donezepil, Rivastigmine and Galantamine. Donezepil was tested in a 10-week, multicenter, randomized, double-blind, placebo-controlled phase 2 study (clinical trial #NCT00754052) (304) with 150 participants among DS (affected only with the T21) and controls, both males and females between 12-17 years old. The drug did not show any positive effect for the cognitive deficits in DS, neither in other clinical trials (clinical trials #NCT00675025, #NCT00754013, #NCT02094053, #NCT00570128).
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 35 Considering the critical role of GABAergic transmission alteration in DS and the promising results in Ts65Dn preclinical trials (307), the GABAA antagonist pentylenetetrazole (PTZ) under the form of BTD-001 is currently tested in patients as the only GABAergic compound eligible for psychomotor and cognitive functions; the compound is in phase 2 and results are expected soon (clinical trial #NCT03542851). Moreover the GABAergic negative allosteric modulators on the subunit alpha of GABA receptor were tested for cognitive deficits. Several compounds GABAA-α5 have been tested (308) and among the other Basmisanil is currently in phase II for DS cognitive impairment (clinical trial #NCT02024789).4) The NMDA receptor antagonist memantine regulates glutamate levels and it was suggested as a predictable drug to restore synaptic transmission and synaptic plasticity, improving memory and neuroprotection. The drug shows a satisfying ADME (with a bioavailability of 100%, a peak serum concentration of 3-7h, half-life time of 60-100h, partial metabolization in the liver and completely excretion in kidneys). It has been already studied in other clinical trials, in particular (309) it is currently used in AD, and no side effects have been showed (310). Preclinical trials in Ts65Dn showed positive effect on cognitive deficits (156) but data in patients are contradictory. Firstly, double-blind, placebo-controlled clinical trials with memantine have been done in adolescent and adult DS patients affected by the moderate and mild levels of cognitive pathology (311) but no cognitive improvement was founded (312) (clinical trials #NCT01112683, #NCT00240760, ISRCTN475622898). However, a new clinical trial is currently ongoing and results should be available at the end of 2021 (clinical trial #NCT02304302). In particular, the first clinical placebo-controlled trial with memantine was driven for 52 weeks in 160 patients among DS patients and controls (>40 years old). The executive cognition scale DAME and the adaptive behavior scale ABS were measured but no improvement was observed (312) (clinical trial ISRCTN475622898). Dr Alberto Costa is currently testing memantine in a 16-week doubleblind, placebo-controlled trial in 200 patients (DS and controls), analyzing several executive and cognitive scales (such as the California Verbal Learning Test-II, the Recall of Digits, CANTAB, The Go -No Go task etc.). Despite de promising role of the antipsychotic Lithium in the neurogenesis of Ts65Dn mice (313), the drug is ineffective in patients (clinical trial 2008-008342-20); 6) Several agents regulating amyloid toxicity have been tested. Considering the positive results on Aβ-toxicity in transgenic mice TgCRND8 for AD (314), the oral amyloid anti-aggregation agent ELND005 (scyllo-inositol, cyclohexane

  )) was tested in DS patients that show not AD-like dementia (315). Unfortunately, the molecule shows no positive effect for cognitive deficits in DS (clinical trial #NCT01791725). Moreover, after the positive results in APP transgenic mice (316), the vaccine ACI-24 for Aβ-antibodies treatment is currently in phase I in DS (317) (clinical trial #NCT02738450).So far, several drug therapies have been proposed but most of them, resulted ineffective in patients and only the antioxidant ECGC seems to improve the cognitive deficits in humans. Indeed, only few of them passed to the clinic, among diverse treatments tested in the preclinical trials.III.2. Preclinical studiesSo far, preclinical trials target 12 different systems, and around 40 molecules have been conducted in Ts65Dn mice to improve Down syndrome intellectual disability. This mouse model displays similar ID of DS patients and it is the only one used for preclinical studies. A brief description of the effects of these molecules is proposed in this paragraph.Due to the plethora of pathologies affecting DS patients, different systems were pharmacologically targeted in Ts65Dn mice, from hormone therapy (estrogen) and antioxidants supplements (epigallocatechin-3-gallate, α-tocopherol, lipoic acid), to catecholamine (choline supplemented, physostigmine, norepinephrine, melatonin and minocycline), GABAergic (picrotoxin, flumazenil), glutamatergic (memantine), adrenergic (xamoterol, formoterol), serotoninergic drugs (fluoxetine)
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 41 Moreover, treatment with the antioxidant melatonin, a pineal indoleamine, improves spatial-LTM in MWM, increases the number of choline acetyltransferase (ChAT)-positive cells and enhances APP and β-amyloid levels in Ts65Dn mice (320). However, the treatment in pregnant female Ts65Dn mice and in Ts65Dn pups until the age of 5 months has no positive effects in hypocellularity alterations of HPC neither cognitive improvement inMWM and CFC (321). Moreover, the antioxidant 7, 8-dihydroxyflavone (7,8 DHF) was tested in Ts65Dn pups, young and adult mice for cognitive improvement in MWM. In pups (P3) until young (P45) cognitive improvements were founded (322). At the same time, no spatial-LTM in MWM improvements results in Ts65Dn mice treated during post-natal days and tested one month later (323), neither for adult mice (4 months old) treated chronically for 40 days (adult) (323). Another antioxidant SGS-111, a nootropic piracetam, has been tested in Ts65Dn mice (324) after the promising antioxidant effects in DS human cortical neurons (325). The treatment in pregnant female Ts65Dn and in Ts65Dn pups until the age of 5 months show decrease in hyperactivity behaviours, but not in the spatial-LTM in MWM (324). Moreover, prenatal but not postnatal Ts65Dn mice treatment with Curcumin rescues MWM spatial-LTM (326). In the same line, Glucagon-like peptide 1 (GLP1) improves LTP and NOR memory tasks in Ts65Dn mice (327). Also, intranasal Rapamycin, mTOR signaling inhibitor, considered antioxidant molecules, can rescue oxidation alteration, Radial Maze and NOR memory tasks (328). Promising treatments are founded with Pioglitazone (PGZ) (329) and Metformin (330) for the improvement of mitochondrial dysfunction in trisomic foetal fibroblasts. Molecules targeting the inhibition of DYRK1A were tested in DS mouse model for the key role of DYRK1A in DS cognitive deficits (331). DYRK1A inhibitor, normalizes DYRK1A activity and improves NOR memory task in Ts65dn, TgDyrk1a and Dp1Yey mice (332).
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 34568 pups exhibited restoration of neurogenesis, total hippocampal granule cell number, and normal levels of pre-and postsynaptic proteins in the DG,HPC, and neocortex (334). In adult mice, EGCG shows contradictory results. Low doses (10mg/kg) of EGCG in young adult mice (from P43 to P68) show no effect inMWM and NOR tasks (335), but positive rescue in the same tests in Ts65Dn and TgDyrk1A mice 3 months old (299). However, nowadays, the drug is the only one in phase 3 clinical trial for cognitive deficits in DS patients (clinical trials #NCT 01699711, #NCT01394796).2) Cholinergic system was targeted as possible solution for cognitive deficits in Ts65Dn mice; choline supplemented in the maternal Ts65Dn diet improves spatial-WM in water-RM maze task, and it normalizes adult hippocampal neurogenesis (336); physostigmine, reversible cholinesterase inhibitor, fully reversed memory deficits in 4-month-old Ts65Dn mice but not in older mice(10 and 16 months old) (337). Despite the numerous clinical trials within cholinergic drug treatment, only the acetylcholine receptor agonist nicotine is currently in clinical trial (clinical trial #NCT01778946). GABAergic molecules were tested in preclinical studies to balance GABA/glutamate balance alteration in Ts65Dn mice (269). Picrotoxin treatment, a GABAA antagonist, normalizes currents suppressing inhibition mediated by NMDA receptor, and it restores induction of LTP (241). Pentylenetetrazole (PTZ) treatment, GABAA antagonist, rescues the LTM in NOR, the spontaneous-WM in T-maze test and decreases LTP in Ts65Dn mice (307). Flumazenil, a competitive GABAA antagonist acting at the benzodiazepine binding, improves LTM in NOR in Ts65Dn mice (157). To overcome the known proconvulsant and anxiogenic effects of GABAA antagonist, GABAAa5 inverse agonist (α5IA) has been developed. α5IA rescues spatial-LTM and spatial memory tasks in MWM, Y-maze in Ts65Dn mice (245) without effects on locomotor activity, anxiety-related behaviors nor any convulsant or pro-convulsant activity, as it has been founded with PTZ (244). Moreover, α5IA can restore in vivo LTP, confirming the promising role of the negative allosteric GABAergic modulators (245). Moreover, new selective negative allosteric modulator of the GABAAa5 receptor122 (such as RO4938581) have been developed. Chronic treatments with RO4938581 in Ts65Dn mice, shows improvement of spatial-LTM in MWM (338). Additionally, GABAB antagonists, CGP55845 or CGP52432 were tested: the compounds can restore memory in the NOR and NPR, CFC but not locomotion and WM in T-maze (246); PTZ under the name of BTD-001 is currently the only GABAergic drug in phase 2 of clinical trial for cognitive deficits in DS patients (clinical trial #NCT03542851). In the same line, glutamatergic molecules could improve cognitive deficits in Ts65Dn mice (270). NMDAR antagonist memantine rescues memory impairment in the FC test (265), improves spatial-LTM in the MWM task and normalizes LTP (157,313). Despite the contradictory results in patients (see the paragraph "Clinical studies III.1"), memantine is currently in clinical trial (clinical trial #NCT02304302). Treatment with lithium increases the number of Brdu+ cells (a marker of cellular activation) in Ts65Dn mice, restores cell proliferation in the subventricular zone (the region of brain lateral ventricles) and improve neurogenesis (313). However, the drug was ineffective in clinical trials (clinical trial 2008-008342-20). Due to the AD-like dementia pathology linked to the APP overexpression in HAS21 and Mmu16, inhibition of b-amyloid production therapies are proposed in Ts65Dn mice. The γ-secretase inhibitor DAPT can decrease b-amyloid levels and improves MWM cognitive deficits in 4months old Ts65Dn mice (339). Although the high number of preclinical and clinical trials, only the vaccine ACI-24 for Aβ-antibodies treatment is currently in phase I in DS patients (317) (clinical trial #NCT02738450);7) Coherently with endocannabinoid system (ECS) alteration in Ts65Dn (and Dyrk1A) mice and its involvement in memory disease (340), the ECS was targeted to improve cognitive memory. Focus on MAGL, the principle hydrolytic enzyme for the endocannabinoid 2-AG degradation, the MAGL inhibitor JZL184 treatment was tested in 9 months old Ts65Dn mice. The drug normalizes 2-AG, which levels were higher in Ts65Dn brain, improves LTP, memory (both spontaneous-WM in Y-maze and spatial-LTM in NOR and NPR) and motor activity (341).Rimonabant, a CB1 antagonist, recovers LTP and spatial-LTM (in NOR and NPR tests) inTs65Dn and Dyrk1A mouse model (340) but the drug is not usable in humans due to heavy side effect related to anxiety and depression (342); Minocycline, an anti-inflammatory tetracycline, protects basal forebrain cholinergic neurons (BFCN) loss and improves working and reference memory water-escaped-RM in Ts65Dn mice with acute, immunotoxic BFCN lesions. Moreover, the drug prevents progressive BFCN decline and inhibits microglial activation (343); 9) Neuroendocrine system has been suggested to be neuroprotective and may have beneficial effects on cognition (344). Indeed, in 11-15 months old Ts65Dn females, estrogen restores spontaneous-WM in T-maze task and reverses cholinergic impairment (344). Unfortunately, no clinical trials have been published for women with DS, while findings from clinical trials for dementia have generally been negative among women (345).Another hormone, the neuropeptide vasoactive intestinal peptide (VIP) acts as a crucial hormone for brain development and was tested in DS. In neonatal blood of DS children and in Ts65Dn mice, VIP-mRNA was found higher than controls (346). In the same way, the peptides NAPVSIPQ (NAP) and SALLRSIPA (SAL) have been tested and prenatal treatments improved LTM in MWM (346). 10) The catecholamines have been proposed to restore memory impairment in Ts65Dn mice, due to the decrease of monoaminergic levels in DS (347). Norepinephrine (NE) precursor treatment (L-DOPS) enhances LTM in CFC of Ts65Dn mice; the use of clozapine -N -oxide stimulation on locus coeruleus NE neurons (LC-NE) increases the normalization of spatial-LTM in NOR of Ts65Dn mice (348); in the same study, to confirm the essential role of NE neurons, NE prodrug L-threo-dihydroxyphenylserine was administered in Ts65Dn mice and mice showed similar behavioral improvements; Xamoterol, a β1-adrenergic receptor (β1ADR) agonist, improves memory deficit in CFC spontaneous alternation (both in Y-maze and in T-maze tests) and NOR (349); Formoterol, a β2-adrenergic receptor (β2ADR) agonist, restores cognitive impairment in fear conditioning test (350). 11) The antidepressant fluoxetine, a serotonin selective reuptake inhibitor, improves neurogenesis in adult Ts65Dn mice treated chronically (over 3weeks), augmenting both proliferation and survival of BrdU-labeled cells in the subgranular layer and granule cell layer of the HPC (351); 12) A single treatment of new-born Ts65Dn mice with the sonic hedgehog pathway agonist (SAG) rescues cerebellar morphology in adults, improving hippocampal deficits in spontaneous-LTM in MWM. SAG treatment has also been partially associated with rescue on NMDA receptordependent synaptic plasticity, influencing hippocampal memory function (352); Unfortunately, the proposed preclinical treatment does not show the same efficacy on DS patients, except for EGCG (see paragraph "III.1 Clinical studies"). Therefore, the lack of translational outputs can be considered the first cause of failure for preclinical studies. The problematic is discussed below, in the third part of the chapter (see paragraph "III.3 Cognitive assessment: the lack of translational test").

  mouse models of DS used the common behavioral tests: Morris water maze (spatial memory); Novel object recognition (short-and long-term memory); Fear conditioning (long-term memory); T maze (working memory); Open field (locomotor activity); Rotarod and treadmill (motor coordination). (367,368,369) Verbal comprehension; Working memory; Perceptual organization; Processing speed Touchscreen-based ARIZONA Cognitive Test Battery (ACTB), (12-20 years) One study used nontouchscreen tasks to translate the ARIZONA battery (367,370) Among the others (355), in DS infants, it has been used: Age and Stage Questionnaire (ASQ) (356), Bayley Scale of Infant and Toddler development (Bayley) (357), Language ENvironment Analysis (LENA) (358), Griffith Mental Development Scale (GMDS) (359), Piagetian object concept scale (360), Peabody Development Motor Scale (PDMS) (361), Test of Infant Motor Performance (TIMP) (362) (363) (364), Harris Infant Neuromotor Test (HINT) (365) and the Alberta Infant Motor Skills (AIMS) (362). Details are describing below: -Developmental Milestones Tracker Age and Stage Questionnaire, 3 rd edition (ASQ-3) has been developed so far, in order to evaluate communication, gross and fine motor, emotional and social problems, problem solving of DS individuals, at different ages (from 2 months until 5 years old). The questionnaire is completed by parents and divided in modules per age (sections are available for 2,4,6,9,12,18 months until 2,3,4,5 year) (356), within 30 questions per session. Parents play the examiner role and they can answer with yes, no or not yet. The scoring is characterized by a cut-off, under which it is considered that the child is not developing normally. Up to now, the ASQ-3 test is used in different countries in Europe (e.g. France, Norway, Finland, Spain, the Netherlands), in Turkey in North and South America, in Asia and Australia; -Bayley Scale of Infant and Toddler development, 4 th edition (Bayley-IV) (357) was developed for cognitive, motor, and language evaluation of the child from 1 up to 42 months.

-

  Peabody Development Motor Scale, 2 nd edition (PDMS-II) aims to evaluate stationary, locomotion and object manipulation in children from birth to 5 years and score gross motor delay (361).-Test of Infant Motor Performance (TIMP), Harris Infant Neuromotor Test (HINT)(2.5- 12.5 months), Alberta Infant Motor Skills (AIMS), are motor tests used to evaluate spontaneous movements, postural control and movement at different ages, respectively from birth to 4 months (TIMP), from 2,5 to 12,5 months (HINT) and from birth to 2 years (AIMS),(362)(363)(364)(365).For childhood individuals(3-11 years), the following tests are developed: Assessment of neurological and Behavioral Function Toolbox (NIH -TB) (366), Stanford-Binet Intelligence Test (SBS) (367) and Leiter International Scale (Leiter) (368). Those tests are described in details below: -Assessment of neurological and Behavioral Function Toolbox (NIH -TB) (366). Different computerized sessions with automated scoring characterize this cognitive battery test to evaluate execution tasks, WM, LTM, language and processing speed in individuals aged from 3 to 85 years. In particular, the NIH-TB is characterized by seven sessions of 1, 30 minutes up to 10 minutes each. a) NIH-TB Flanker inhibitory control and attention test measures attention as a component of executive task: subjects have to indicate the direction of a central stimulus, flanked by similar stimuli on the left and right; b) NIH-TB Dimensional change card sort test evaluates shifting ability as an executive task: participants receive a block of trials in which they have to indicate if a visual stimulus is relevant for color/shape/mixed; c) NIH-TB List sorting working memory test is used to assess WM. In the test, a series of stimuli is present and, in each trial, the subject has to repeat the stimuli to the examiner in order of size (from the smallest to the largest) with an increase of the number items; d) NIH-TB Picture sequent memory test assesses episodic memory. Participants receive pictures in the center of the computer once per time for few seconds. Later, all the pictures are presented in a random display and participants have to move them in the correct order of the sequence demonstrated before; e) NIH-TB oral reading recognition test evaluates the ability to pronounce single printed words and recognize letters. Several items are presented one by one and the subject has to pronounce them aloud to the examiner. The responses are entered by examiner in a software bank. f) NIH-TB picture vocabulary test, assesses language ability. Subjects have to choose the items that match with the spoken words by the software. g) NIH-TB pattern comparison processing speed test, measures processing speed. Participants are asked to identify if 2 items per trial are the same or not, clicking on a button yes or no. For its completeness, NIH-TB is widely used in the world and validated in test-retest reliability. -Stanford-Binet Intelligence Test, 5 th edition (SBS-V) (367) is a verbal and nonverbal test, adapted for individuals aged from 2 to 89 years, in order to evaluate fluid reasoning (early reasoning, verbal absurdities and analogies, non-verbal object series matrices), knowledge (vocabulary, procedural comprehension, picture absurdities), quantitative reasoning (nonverbal and verbal counting), visual-spatial processing (position, direction, form boards and patterns) and WM (repeating items, memory sentences, non-verbal delayed response and block span). -Leiter International Scale, 3 rd edition (Leiter-III) (368) is a nonverbal measure of intelligence in individuals aged from 3 up to 75 years. The test aims to evaluate four areas within fluid intelligence, visualization, memory and attention and it can be addressed to nonnative speaker, speech impaired and hearing problems subjects. For adolescent and adulthood patients (12-20 years), the most used tests are: Touchscreen-based tests Cambridge Neuropsychological Test Automated Battery (CANTAB) and ARIZONA Cognitive Test Battery (ACTB) (369), as described in details below: -Cambridge Neuropsychological Test Automated Battery (CANTAB) is an entirely Touchscreen-based battery of test to evaluate cognitive assessment in individuals from 12 to 20 years old (369-371). The four following modules characterize it: a) Simple Reaction Time Test (SRT) to assess psychomotor coordination and motor speed. The tasks are evaluated measuring the speed of response to a visual target after a predictable or unpredictable stimulus; b) Stocking of Cambridge task is used for reasoning and planning abilities, measured with the ability of spatial problem solving. c) Three different tests are used to evaluate memory abilities, in particular: spatial working memory, pattern recognition memory and spatial recognition memory. In the spatial working memory test, the subject has to find a blue token in different boxes and use these to fill up an empty column without returning to boxes already explored (in which the blue token has been already taken). The pattern recognition memory test measures discrimination of 2 objects involving the visual recognition memory. The spatial recognition memory test is a 2-choice forced discrimination paradigm in the 3-D space. d) Two different tests are used to measure the attention tasks. The first is the intra/extra Dimensional Shift (IED) tasks, based on acquisition and reversal phases with visual discrimination and attentional set shifting. The second is the Sustained Attention test with rapid visual information processing that includes a WM component. -Arizona Cognitive Test Battery (ACTB), is a multi-method touchscreen-based battery of tests drawn from the CANTAB to evaluate comprehension, WM, perceptual organization and processing speed in 12-20 aged individuals within different modules

  cannabidiol (CBD), in 1930 and the main psychoactive component, Δ9 -tetrahydrocannabinol (THC) in 1942. Later, THC chemical structure was discovered with at least 400 chemical components and 60 cannabinoids among them(400,401). After that, the aminoalkylindoles were revealed, as a new class of molecules structurally different from THC but with a similar activity, WIN55,212-2 as the major representative (402). In 1980, the stereoselective cannabinoid receptors type 1 and 2 (CB1 and CB2 respectively) were discovered(403,404). Once those cannabinoid receptors were determined, endogenous ligands were searched. Finally in 1992 Dr. Devane revealed the existence of endocannabinoids eCBs, extracted, isolated and cloned from pig tissues: the anandamide (AEA) and the 2-arachidonoyl glycerol (2-AG) (405). eCBs act with a retrograde signalling, meaning that they are synthesized in the postdynaptic neurons and they act on the presynaptic cells on CB1, that is differently expressed in cells (Figure24.A, B). After the main eCBs AEA and 2-AG, other derivatives of arachidonoyl were proposed as endogenous ligands of cannabinoids receptors: noladin ether (2-AGE), virodhamine and N-arachidonoyl dopamine (NADA). Despite that in the cannabis sativa plant eighty different molecules were isolated, the main phytocannabinoid remains the THC as a partial agonist of CB1, the CBD, a CB1 negative allosteric modulator, and the CBN which exerts no effect in the physiology of the cell. Additionally, among the several synthetic cannabinoids, the most important are JWH-018, known as the "spice," a potent illegal agonist of both CB1 and CB2, used as a recreational drug of abuse and for research; the WIN55,212-2 (WIN) agonist of cannabinoid receptors (acting on CB1, PPARα and PPARγl) and the CP 55,940, created to mimic THC activity and currently used to study the ECS for research scope (Figure 24.C). Briefly, the AEA is derived from N-arachidonoyl phosphatidyl ethanolamine (NAPE) and 2-AG from arachidonoyl acid. The main synthesis enzymes are: N-arachidonoyl Phosphatidyl ethanolamine plus deoxycholate (NAPE-PLD) for AEA, and Phospholipase C (PLCγ1) plus Diacylglycerol lipase (DAGL) for the synthesis of 2-AG (with the step of diacylglicerol-DAG formation). Fatty Acid Amide Hydrolase (FAAH) metabolizes AEA in Ethanolamine (ETA) and Arachidonic acid (AA), while Monoacylglycerol lipase (MAG) converts 2-AG in glycerol and α,β-hydrolase-12 (ABDH12) metabolizes 2-AG in AA (Figure 25). Recently, the orphan receptor GPR55 has been proposed a third type of cannabinoid receptor (CB3) (406). Later, it has been shown that eCBS can acts also on
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 24 Figure 24.Figure 24 A. The retrograde signalling and the CB1 expression. Endocannabinoids act via a retrograde signalling.After calcium increase influx and glutamatergic activity, they are synthesized and they act via a retrograde signalling on the CB1 in the presynaptic neurons, inhibiting neurotransmitter release. CB1 is expressed in the presynaptic neuron, in mitochondria and astrocytes. Figure24 B. CB1 expression in cells. CB1 is differently expressed in presynaptic cells: it is highly expressed in glutamatergic neurons and even more in GABAergic neurons. Figure24 C. Endocannabinoids, phytocannabinoids and synthetic cannabinoids. On the left, the main eCBs, anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are represented, with the other derivatives of arachinodoyl acid proposed as eCBs: noladin ether (2-AGE), virodhamine and N-arachidonoyl dopamine (NADA). On the top, the main phytocannabinoids found in cannabis Sativa: the tetra-hydro-cannabidol (THC), partial agonist of CB1, the cannabidiol (CBD), a CB1 negative allosteric modulator and the cannabinol (CBN) which exerts no effect on the physiology of the cell. At the bottom, the synthetic cannabinoids JWH-018, known as the "spice," a potent illegal agonist of both CB1 and CB2, used as a recreational drug of abuse and in research; the WIN55,212-2 agonist of CB1, PPARα and PPARγl; the CP 55,940, created to mimic THC activity and currently used to study the ECS.

  Figure 24.Figure 24 A. The retrograde signalling and the CB1 expression. Endocannabinoids act via a retrograde signalling.After calcium increase influx and glutamatergic activity, they are synthesized and they act via a retrograde signalling on the CB1 in the presynaptic neurons, inhibiting neurotransmitter release. CB1 is expressed in the presynaptic neuron, in mitochondria and astrocytes. Figure24 B. CB1 expression in cells. CB1 is differently expressed in presynaptic cells: it is highly expressed in glutamatergic neurons and even more in GABAergic neurons. Figure24 C. Endocannabinoids, phytocannabinoids and synthetic cannabinoids. On the left, the main eCBs, anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are represented, with the other derivatives of arachinodoyl acid proposed as eCBs: noladin ether (2-AGE), virodhamine and N-arachidonoyl dopamine (NADA). On the top, the main phytocannabinoids found in cannabis Sativa: the tetra-hydro-cannabidol (THC), partial agonist of CB1, the cannabidiol (CBD), a CB1 negative allosteric modulator and the cannabinol (CBN) which exerts no effect on the physiology of the cell. At the bottom, the synthetic cannabinoids JWH-018, known as the "spice," a potent illegal agonist of both CB1 and CB2, used as a recreational drug of abuse and in research; the WIN55,212-2 agonist of CB1, PPARα and PPARγl; the CP 55,940, created to mimic THC activity and currently used to study the ECS.
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 25 Figure 25. Endocannabinoids synthesis and metabolisms component. The schema summarizes the synthesis and degradation of the principal endocannabinoids, anandamide (AEA) and 2-arachidonoyl glycerol (2-AG). N-arachidonoyl phosphatidyl ethanolamine (NAPE); Diacyl glycerol (DAG); N-arachidonoylethanolamide (AEA); Ethanolamine (ETA); Arachidonic acid (AA). Enzymes : N-arachidonoyl Phosphatidyl ethanolamine plus deoxycholate (NAPE-PLD); Phospholipase C (PLCγ1); Fatty Acid Amide Hydrolase (FAAH); Diacylglycerol lypase (DAGL); Monoacylglycerol lipase (MAGL); α,β-hydrolase-12 (ABDH12).

  segment (Hx8) parallel to the cell membrane. Different CB1 crystal structures complexed with agonist (412), antagonist (412), inverse agonist (413) or allosteric modulator have been determined(412)(413)(414)(415)(416). This co-crystallization should provide new opportunities for understanding the structurefunction relationship of this receptor and help novel drug design.IV.2.2. CB1 signalingMost GPCR will activate one or multiple G proteins, subdivided into four prominent families: Gi/o, Gs, Gq/11 and G12/13, with each family activating distinct signalling pathways. Gs proteins coupled to stimulation of adenylyl cyclase; Gi/o proteins coupled to inhibition of adenylyl cyclase and activation of G-protein-coupled inwardly rectifying potassium (GIRK) channels; Gq proteins coupled to the activation of phospholipase Cβ and G12 proteins couple to the activation of Rho Guanine Nucleotide Exchange Factors (GEFs). The G proteins are heterotrimeric comprising α, β and γ subunits. The α subunit is responsible for the binding of nucleotides guanosine diphosphate (GDP)

  The βarrestin C terminus binds directly to clathrin and the adaptor protein 2, leading to the internalization of desensitized receptors from the cell surface via the clathrin-mediated endocytosis. Lastly, a third function was described recently. The interaction of β-arrestins with the phosphorylated receptors initiates a G-protein independent signalling that results in the activation of several effectors, including Erk1/2 MAPK , cJNK, or SRC proto-oncogene non receptor tyrosine kinase (Src) (440). After CB1 phosphorylation of the C-terminus or the intracellular loops by GRK, β-arrestin 1 (arrestin-2) and βarrestin 2 (arrestin-3) are recruited for CB1. Although controversial, recent evidences suggest that βarrestin 1 mediates most of the signalling, whereas β-arrestin 2 mediates receptor desensitization and internalization , both in vitro and in vivo studies (441).
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 26 Figure 26. CB1 receptor signaling. CB1 is coupled to several type of G proteins (GPCRs), depending on the type of α subunit (α i/o, α q or α s ).Figure A shows a generic GPCR. In figure B, after receptor activation, GPCR changes configuration and it exchanges guanosine diphosphate (GDP) in guanosine triphosphate (GTP); β and γ subunits dimerized and they inhibit Ntype and P/Q type voltage-gated calcium channels (VGCC) and G protein-coupled inwardly-rectifying potassium channel (GIRK) channels, whereas α i/o subunit, inhibits adenylate cyclase (AC) and the production of cyclic AMP (cAMP). In figure C, α q activates phospholipase C type β (PLCβ), which converts phosphatidylinositol 4,5-bisphosphate (PIP 2 ), in diacilglycerole (DAG) and inositol 1,4,5-trisphosphate (IP 3 ). DAG activates protein kinase C (PKC). In figure D, α s activates AC, increasing the production of cAMP and triggering the phosphorylation of protein kinase C (PKC).

  translocator protein (TSPO) in the mitochondrial membrane allows cholesterol entrance in the IMM, where P450Scc cleaves cholesterol in Preg. At this stage, Preg is then transformed following two main synthetic pathways: the first synthetic pathway is mediated by the enzyme 3-β-hydroxysteroid dehydrogenase (3β-HSD) which action on position 3 of the steroid carbon ring (C3) transforms pregnenolone in progesterone (PROG); the enzyme cytochrome P450 17 alpha hydroxylase (Cyp17α) mediates the second synthetic pathway, which action on position 17 of the steroid carbon ring (C17) hydroxyls pregnenolone in 17OH-Pregnenolone (17OH-PREG). In turn, the steroids are precursors of androgens, estrogens and corticoids (Figure27).Neurosteroids are synthesized in the brain (498) and act in situ, triggering rapid autocrine and paracrine effects of inhibition and excitation via GABAA and NMDA receptors (492). In physiological and pathological brain disease, endogenous neurosteroids have an essential role in neuromodulation crucial in memory and cognitive functions (499). The neurosteroids modulation on
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 27 Figure 27. Pregnenolone (Preg) synthesis (A) and metabolism (B).Figure A, Preg sysnthesis. Free cholesterol is hydrolyzed from cholesteryl esters with hormone sensitive lipase (HSL or LIPE, lipase E) or Lanosterol (synthesised from 2,3-oxidosqualene with LSS). Cholosterol is transported with the steroidogenic acute protein (StAR, not shown) via the translocator proteine (TSPO) in the inner mitochondria membrane. In the endoplasmic reticulum of mitochondria, the cytochrome P450 (P450Scc) converted cholesterol in pregnenolone (Preg). Figure B, Preg metabolism. Preg is converted via the enzymes cytochrome P450 17 alpha hydroxylase (Cyp17α1) and 3beta-hydroxysteroid dehydrogenase (3β-HSD). The first converted PREG in dehydroepiandrosterone (DHEA), the precursor of testosterone, and 3β-HSD, precursor of cortisol, respectively in gonads and adrenal cortex. In the latest, PREG can be converted in CYP21, precursor of aldosterone, via 3β-HSD. (3β-HSD).

  (Bordeaux), we have developed a new pharmacological class by modifying Preg's chemical structure (at carbon C3 and C17) to prevent metabolism to active steroids while maintaining THC antagonism. These synthetic C3-C17-Non-Metabolized Preg Derivatives (NMPDs), now called CB1-Ssi (specific signaling inhibitors for CB1) are protected by four patent applications owned by INSERM and licensed (no. 11148B30 and 11148B40; previous license number no. 11148B10) to Aelis Farma (Patents n° WO2012160006A1, WO2014083068, WO2019162328A1 and WO2020127468A1). From a family of 80 molecules, we selected two drug candidates, AEF0117 and AEF0217 which are currently at different stages of development: AEF0117 compound, after completing a successful phase I clinical study in healthy volunteers is presently ongoing in phase IIa in cannabis users (clinical trial #NCT03717272). The objective is to start a multicenter clinical phase IIb in 2022. AEF0217 compound is at the preclinical validation stage for Down syndrome (Trisomy 21). A clinical phase I (collaboration Aelis Farma) is scheduled in Europe in 2021 to evaluate the therapeutic potential of AEF0217 in DS patients. IV.3. The ECS in DS Two recent studies investigated the role of the ECS as a potential target in DS mouse models and in particular, the CB1 as a major player in ID of DS. Indeed, Lysenko et al. demonstrated that Ts65Dn mice show high levels of 2-AG in the brain and the MAGL inhibitor JZL184, normalizing 2-AG increase, improves memory impairment in 9 months old Ts65Dn mice (341). In particular, in the study, it has been demonstrated that JZL184, via 2-AG level decrease, improves LTP, WM and LTM in the Y-maze and novel object recognition (NOR) tests, and reduced also the level of Ab proteins, preventing beta-amyloid pathologies (341). Additionally, Navarro-Romero et al. found that CB1 is overexpressed in the HPC of adult TS65Dn and TgDyrk1amice, but CB1 is not changed in the rest brain. In contrast, no change was found on CB1 mRNA and the ECS enzymes within the HPC and the whole brain. Concerning eCBs levels, AEA, Ndocosatetraenoylethanolamine (DEA) and N-docosahexaenoylethanolamine (synaptamide) decreased in HPC, but only synaptamide decreased in the entire brain while any change was found for 2-AG, 2-linoleoylglycerol (2-LG) and 2-oleoylglycerol (2-OG) compounds. However, the chronic administration with rimonabant in Ts65Dn and TgDyrk1a mice rescue LTM memory impairment in NOR and novel place recognition (NPR) tests with no effect on locomotor activity in WT and transgenic mice (340). In the same way, the full CB1 antagonist NESS 0327 also improves NOR performance, reinforcing the previous results. Additionally, in theta-burst stimulation, L-LTP deficit in Ts65Dn mice was rescued while any effects were found in WT. Lastly, chronic administration of rimonabant in Ts65Dn mice was also shown to normalize cell proliferation decrease, quantified by the number of cells expressing Ki67, an endogenous marker of cell proliferation, in the subgranular zone of the DG (340). Interestingly, LTP and cell proliferation were not significantly impaired in TgDyrk1a model, where rimonabant does not show the same effects with the same protocol (340).

Aim 1 .

 1 Investigate the ECS-dependent neurobiological bases underlying CD in DS (see "PART I, Article1, Article 2"). Aim 2. Validate a translational test to detect cognitive deficits in DS subjects and mice (see "PART II").Aim 3. Evaluate the therapeutic potential of CB1-Ssi compound, AEF0217, in Ts65Dn mice (see "PART II"). V.1. Aim I. Explore the ECS-dependent neurobiological bases underlying CD in DS Despite the plethora of preclinical trials and the proposition of numerous molecules, the lack of effective therapeutic solutions revealed the need to explore new systems underlying cognitive deficit in DS. The first aim was to investigate the ECS-dependent neurobiological bases underlying CD in DS. We explored ECS alteration and more particularly CB1-and Preg -mediated deregulation of expression and activity. The ECS alteration has been proposed as a possible cause of ID in DS (504).

Article 1

 1 explores the ECS alteration in Ts65Dn mouse model, highlighting the specific expression pattern of CB1 within the hippocampus, one of the central brain regions related to cognition. Article 2 describes the mechanism of action of Preg in regulating the CB1 overactivity in Ts65Dn mouse. The results suggested that Preg could be a promising therapeutic target to improve ID of this disorder. V.2. Aim II. Validate a translational test to evaluate WM deficits in DS patients and mice In collaboration with Marighettos's team (Neurocentre Magendie, Bordeaux), we fine-tuned the Radial Maze (RM) protocol to evaluate short-term/working memory and long-term/relational or flexibility memory both in humans and mice affected by DS. These procedures have been wellcharacterized in mice for measuring components of HPC-dependent memory and virtual human analog test has been validated, thus permitting the use of the mouse and human radial maze test in DS Ts65Dn mouse models and DS subjects, respectively. So far, several mechanisms have been explored to explain the etiology of CD in DS. Despite numerous preclinical studies and number of targeted systems, no pharmacological treatment was found to restore DS cognitive deficits (353). While some drugs are currently in clinical trials, only the antioxidants EGCG showed CD improvement (clinical trials #NCT01394796, NCT01699711). The dissimilarities between the cognitive tests used in mice and humans may be the cause of the not sufficient efficacity of those drugs in DS patients, the small number of subjects among the variability of DS patients, the lack of standardization leading to hard comparison of outcomes and the absence of a translational test, cause the clinical trials failures. Up till now, only the touch-screened tests based on CANTAB and ACTB tests are available in humans and mice. Although some behavioural

  hormones and have very good bioavailability after oral administration, thereby offering potential therapeutics for disorders with a CB1-dependent signaling mechanism. Our aim consisted in better understanding the role and the mechanisms of action of AEF0217 compound in the cognitive deficits in Ts65Dn mice. The confidential data obtained in collaboration with Aelis Farma demonstrated the promising therapeutic potential of AEF0217 compound to restore cognitive deficits impairment associated with DS. In PART II, the validation of the strategy, the experimental design, the results and a related discussion are presented. the manuscript is divided in Articles I and II, aimed to explore the role of CB1 and the mechanisms underlying cognitive deficits in DS.Article 1 explores the expression pattern of ECS components in the hippocampus (HPC) of Ts65Dn mice. We show that among all the molecules that constitute the ECS, mainly the expression of the CB1 is altered in the HPC of Ts65Dn mice compared to WT littermates. CB1 distribution is differentially segregated between the dorsal and ventral parts of the HPC and within the different cell populations that compose the HPC. CB1 expression is upregulated in GABAergic neurons-enriched areas whereas it is downregulated in glutamatergic ones. This selective expression profile suggests that CB1 could be a pharmacological target for the treatment of the neurological symptoms of this genetic disorder. These results highlight a complex regulation of CB1 encoding gene in Ts65Dn mice that could account the therapeutic solutions scarcity for this syndrome and reveal the need to further explore the neurobiological bases of cognitive disorder.Article 2 investigates the neurobiological bases underlying intellectual disability (ID) and cognitive deficits (CD). Since the neurosteroid Preg was shown to be an endogenous allosteric signaling specific negative modulator of the CB1, the current study aims to further investigate the mechanism of action of Preg in regulating the CB1 activity on cognitive deficits in Ts65Dn mice. First, we show a downregulation of the neurosteroidogenesis system in Ts65Dn mice in particular genes encoding Preg synthesis in the dorsal hippocampus of Ts65Dn mice. Second, we demonstrate that exogenous administration of Preg rescued both synaptic plasticity and cognitive deficits in Ts65Dn mice. One of the molecular signatures reflecting the intracellular activity of the CB1 is the phosphorylation and activation of Erk1/2 MAPK . Hence, inhibition of Erk1/2 MAPK activity restores memory impairment in Ts65Dn mice. Our results suggest that CD in DS could be due to a double deregulation. Namely, the synergic increase in the expression of the CB1 and decrease in the Preg synthesis can induce a pathological hyperactivity of the ECS system through an overactivation of CB1-mediated intracellular signaling. Our results also suggest that Preg could be considered as a valuable therapeutic option to improve CB1-dependent cognitive deficits in Ts65Dn mice. Article 1. Neuroanatomical distribution of the CB1 cannabinoid receptor in the hippocampus of the Ts65Dn Down syndrome mouse model Neuroanatomical distribution of the CB1 cannabinoid receptor in the hippocampus of the Ts65Dn Down syndrome mouse model Nadia Di Franco 1 †, Guillaume Drutel 1 †, Valérie Roullot-Lacarrière 1 , Francisca Julio-Kalajzic 1 , Valérie Lalanne 1 , Agnès Grel 1 , Thierry Leste-Lasserre 1 , Isabelle Matias 1 , Astrid Cannich 1 , Delphine Gonzales 1 , Vincent Simon 1 , Daniela Cota 1 , Giovanni Marsicano 1 , Pier Vincenzo Piazza 1,2 , Monique Vallée 1 † and Jean-Michel Revest 1 †*. 1 Univ. Bordeaux, INSERM, Neurocentre Magendie, U1215, F-33000 Bordeaux, France 2 Current address: Aelis Farma, 33077 Bordeaux, France. † These authors contributed equally to this work * To whom correspondence should be addressed: E-mail: jean-michel.revest@inserm.fr ORCID ID: 0000-0001-6459-0888 This paper highlights the selective expression pattern of CB1 receptor within subfields of the hippocampus of Ts65Dn Down syndrome mice. KEY WORDS Endocannabinoid system (ECS), Cannabinoid type-1 receptor (CB1), Down syndrome (DS), Ts65Dn mouse, hippocampus (HPC). ABSTRACT Down syndrome (DS) or Trisomy 21 is the most common genetic cause of mental retardation with severe learning and memory deficits. DS is due to the complete or partial triplication of human chromosome 21 (HSA21) triggering gene overexpression and protein synthesis alterations responsible for a plethora of mental and physical phenotypes. Among the diverse brain target systems that affect hippocampal-dependent learning and memory deficit impairments in DS, the upregulation of the endocannabinoid system (ECS), and notably the overexpression of the cannabinoid type-1 receptor (CB1), seems to play a major role. Combining proteomic and transcriptomic approaches, we investigated the expression pattern of ECS components in the hippocampus (HPC) of Ts65Dn mice. Among all the molecules that constitute the ECS, we found that the expression of the CB1 is altered in the HPC of Ts65Dn mice. CB1 distribution is differentially segregated between the dorsal and ventral part of the HPC and within the different cell populations that compose the HPC. CB1 expression is upregulated in GABAergic neurons of Ts65Dn mice whereas it is downregulated in glutamatergic ones. These results highlight a complex regulation of CB1 encoding gene in Ts65Dn mice that could open new therapeutic solutions for this syndrome. INTRODUCTION Down syndrome (DS) or Trisomy 21, affecting each year 1 in 650 newborns in the United

  . The two best characterized eCB are 2arachidonoylglycerol (2-AG) and anandamide (AEA), which act in the central nervous system mainly through two seven transmembrane G protein-coupled receptors (GPCR) namely the cannabinoid type-1 receptor (CB1), one of the most abundant GPCR in the brain particularly in hippocampal neurons and glial cells, and cannabinoid type-2 receptor (CB2), which in the brain is mostly present in microglia (Busquets-Garcia, Bains andMarsicano, 2018;[START_REF] Jordan | Progress in brain cannabinoid CB2 receptor research: From genes to behavior[END_REF]. The main endocannabinoid-synthesizing enzymes are the N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD), phospholipase C (PLCγ1) and the diacylglycerol lipase (DAGL). Degradation of eCBs is primarily regulated by the fatty acid amide hydrolase (FAAH), the monoacylglycerol lipase (MAGL)

(glyceraldehyde- 3 -

 3 phosphate dehydrogenase), Nono (non-POU-domain-containing, octamer binding protein), Ppia (peptidylprolyl isomerase A), Sdha (succinate dehydrogenase complex flavoprotein subunit A) and Tuba4a (tubulin, alpha 4A). Statistical significance of differences (p < 0.05) between experimental groups was determined by the non-parametric two-tailed Mann-Whitney test. Fluorescent in situ hybridization (FISH). In order to analyze the distribution of CB1-positive cells and to evaluate the CB1-positive cells in GABAergic neurons within the dorsal Hippocampus (dHPC), ventral Hippocampus (vHPC), we performed double fluorescent in situ hybridization (D-FISH). Labeling of CB1 mRNA and of glutamic acid decarboxylase 65 kDa plus 67 kDa

  Bregma (B) (dHPC from B= -1.34 mm until B= -2.46 mm; vHPC from B= -2.92 mm until B= -3.64 mm). Fluorescein (FITC, for CB1) and Digoxygenin (DIG, for GAD65/67)-labelled riboprobes were used. The antisense probes were hybridizing to their cellular mRNA counterpart, sense probes were included to control the specificity of the hybridization. To avoid RNA degradation, all solutions were treated with active diethyl pyrocarbonate (DEPC), a RNases inhibitor. The hybridization was conducted over night at 60°C and post-hybridization washes at 65°C were essential to fix the probes.The probes were detected one after the other using antibody-peroxidase POD conjugates (Roche) specific for DIG and Fluorescein. In order to maintain the specificity, a quenching step after the first POD-conjugate inhibited the POD enzyme presented with the first antibody. The antibody bound POD triggered the accumulation of the tyramide signal amplification (TSA)-coupled with the fluorescent stain Cyanine 3-labeled tyramide (Perkin Elmer; 1:100 for 10 minutes) to label GAD65/67 signal and FITC-conjugated tyramide (Perkin Elmer; 1:80 for 12 minutes) to detect the CB1 mRNA.Later, incubation with 4',6-diamidino-2-phenylindole (DAPI; 1:20000; FISHER Scientific) was performed for 5 min to detect cell nucleus. After the last washings, slices were coverslipped and signals were assessed in epifluorescence Leica DM6000 microscope. Reagent are summarized in Table

Fig. 1 .Fig. 2 .

 12 Fig. 1. CB1 protein expression is increased in the dorsal hippocampus of Ts65Dn mice. CB1
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 3 Fig. 3. Expression profile of genes belonging to the endocannabinoid system in Ts65Dn mice.
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 456 Fig. 4. Endocannabinoids dosage in the dorsal and ventral hippocampus of Ts65Dn mice.
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  of the HPC (Di Franco et al., to be submitted) that might account for CD in Ts65Dn mice. The biosynthesis of Preg from cholesterol is a multi-step process involving several key enzymes. Cholesterol synthesis from steroidal precursors involves the enzymes lanosterol synthetase encoded by Lss gene and hormone sensitive lipase encoded by Lipe gene. Finally, cholesterol is then transported into the mitochondria by the translocator protein TSPO encoded by the Tspo gene.Conversion of cholesterol to Preg in the mitochondria is achieved by the enzyme cytochrome P450scc encoded by Cyp11a1 gene (Fig.1A)[START_REF] Reddy | Chapter 4 -Neurosteroids: Biosynthesis, Molecular Mechanisms, and Neurophysiological Functions in the Human Brain[END_REF][START_REF] Strushkevich | Structural basis for pregnenolone biosynthesis by the mitochondrial monooxygenase system[END_REF] 

  short half-life(20 min), which is a drawback for therapeutic use, 2) it is converted in other active steroids (i.e. progesterone, testosterone…) which may target other receptors and induce toxicological side effects, and 3) it has extremely poor bioavailability after oral administration, which is a major obstacle for oral treatment in humans. To overcome these issues C3-C17 non-metabolized synthetic Preg analogs, named AEF compounds, were developed in collaboration with the biotech Aelis Farma and protected by INSERM patents (RU2667065C2; US20140200200A1; EP3669876A1). AEF compounds maintain the pharmacological properties of Preg against CB1 but with an upgraded and further strengthened therapeutic profile. Indeed, AEF compounds have an increase half-life, are not metabolized in steroid hormones and have a very good bioavailability after oral administration. For example, a C3-C17 analog of Preg is currently in phase II clinical trial for CUD indication (ClinicalTrials.gov; Identifier NCT03717272; Effect of AEF0117 on Subjective Effects of Cannabis in CUD Subjects). Therefore the present results suggest an additional possible application for AEF in DS.As a result, the selective CB1 increased expression and distribution according GABAergic and glutamatergic neuronal subtypes within distinct subfields of the dorsal HPC in Ts65Dn mice (Di Franco et al. to be submitted) together with a decrease in the synthesis of Preg could account for the pathological hyperactivity of the eCB system underlying synaptic plasticity and CD impairments in DS. In conclusion, our results propose the neurosteroid Preg as a new potential therapeutic option that through a downregulation of CB1-dependent hippocampal processes improves long-term synaptic plasticity and memory in the trisomic Ts65Dn model.

  Elevated plus-maze (EPM). Spontaneous anxiety-like behaviors were measured with the EPM apparatus from Noldus Information Technology; Wageningen, The Netherlands. The apparatus is made of grey polyvinyl chloride and consisted of four elevated arms. The arms (height, 60 cm; length, 37 cm; width, 6 cm; each) were arranged in a cross-like disposition, with two opposite arms being enclosed by walls and the two other arms being open. A video camera placed on the top of the maze and connected to a tracking system allowed the automatic scoring with Ethovision. For the tracking, the maze were divided into 3 zones, open arms, closed arms and center. The light intensity of the maze was set at 43-49 lux (open arms). Mice were placed in the center of the EPM and let free to explore the maze for 5 min. The maze was cleaned up with alcohol (20 %) between each trial. The time spent and the entries number in the open and closed arms were measured. Low percentages of visits and/or of the time spent in open arms reflects an increase in anxiety levels. The total distance moved into the EPM was also monitored as control of general locomotor activity. The ratio of the time in open arm over the total time in the open and closed time is as an index of anxiety levels
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 213 decreased ability to experience pleasure), representing one of the core symptoms of depressionlike behavior. Mice are interested in sweet foods or solutions. Reduced preference for sweet sucrose solution in SPT represents anhedonia. After a first step of 2-days habituation to avoid side preference (bottles of vehicle and sucrose were placed on the right/left the 1 st days and changed from left/right in the 2 nd ), the test was performed. Mice had free access to the two different solutions and the choice and volume consumption of sucrose rather than water (sucrose preference) are considered an index of depression-like behaviors. The bottles were filled with 2% sucrose or water as vehicle. The day of the test, the volume consumption was measured at 12 am, 4 pm, 7 pm, 8 pm and 10 pm. Sucrose preference (%) is expressed as a percentage from 12 am to 10 pm of the sucrose solution consumption over the total consumption (sucrose plus water)(Liu et al., 2018).Electrophysiological recordingsSlice preparation for electrophysiology. Transverse hippocampal slices were prepared from 3 months old Ts65Dn mice and WT littermate. Previously, mice were treated with Preg (100 M in aCSF) or vehicle (aCSF). The day of the test, mice were anesthetized with isoflurane (5%) and decapitated. The brain was rapidly removed and immediately submersed in ice-cold artificial cerebrospinal fluid (aCSF) containing (in mM): 126 NaCl, 2.5 KCl, 1.25 NAH2PO4, 26 NaHCO3, MgCl2, 10 D-Glucose and saturated with 95% O2 and 5% CO2. A vibrating slice cutter (Leica VT 1200S) was used to make 350 µm thick slices. Slices were transferred into a recovery chamber containing aCSF and Preg (100 nM) or Veh at 32°C for 20 minutes and then kept at room temperature for minimum 1 and maximum 4 additional hours.Electrophysiology. Slices were transferred to an immersion recording chamber perfused at 3.5 mL/min with aCSF at 30-32°C for the course of the experiment. In order to record field excitatory post synaptic potential (fEPSPs) of CA3-CA1 synapses, glass stimulating and recording electrodes with a resistance of 3 ±0.5 MΩ were placed in stratum radiatum of CA1. Protocol started with the recording of a stable baseline (<10% variation) set at 40% of the maximal fEPSP response (previously determined by an input-output) during 30 minutes. Then, a theta-burst stimulation (TBS) consisting of 10 trains of 4 pulses at 100 Hz, with an interval of 200 ms from start to start between 2 trains was applied. Then, fEPSP were recorded for 1 hour at the same stimulation amplitude as the baseline.Data analysis. Slopes of fEPSPs were measured in the linear part (20-60%) of fEPSPs rise using Clampfit software. Each response, before and after the TBS, was then normalized to the average slope of the last 20 minutes of baseline. The mean of normalized responses of the last 20 minutes of recording (40 -60 min after TBS) was used to quantify the LTP. Data were expressed as mean ± standard error (sem).

Fig. 1 .

 1 Fig. 1. Expression profile of genes belonging to the neurosteroidogenesis system in the

Fig. 2 .Fig. 3 .Fig. 4 .Fig. 5 .

 2345 Fig. 2. Pregnenolone level is decreased in the plasma of Ts65Dn mice. Level of pregnenolone was measured in the plasma of Ts65Dn mice using gaz chromatography-tandem mass

1 .

 1 Figure 2

Figure 28 .

 28 Figure 28. The translational validity. The importance of face validity, construct validity and predictive validity in translational test. The three concepts are essential for the development of valid test both in humans and mice. As in the figure, the paradigms are strictly correlated, and they are strongly dependent by genetic mechanism and disease pathway. Adapted from Pike et al. 2021, https://doi.org/10.1371/journal.pone.0246288

  spontaneous alternation as an index of WM in Y-M and T-M). Additionally, mice behaviors take into account other phenotypes (i.e. anhedonia as lack of motivation to explore novelty in NOR or anxiety and stress behaviors in MWM, see "INTRODUCTION. III.3. Cognitive assessment: the lack of translational test") involving nonhippocampal brain networks (i.e. dopamine circuits for positive reinforcements, hypothalamicpituitary-adrenal (HPA) axis and amygdala-hippocampal circuits for stress behaviors).

  Those results suggest males and females different brain networks, leading to different stress and behavioral responses for men and women. Consequently, sex comparison in Preg effects should be systematically done. Furthermore, Preg can rescue psychiatric effect in mouse models of schizophrenia, and antipsychotic neuroepiletics used in psychosis can increase hippocampal and cortical levels of Preg in rats. Moreover, depressed and psychiatric patients show low doses of Preg in corticospinal fluids and serum respectively, and in post-mortem brain tissue (533). Lastly, Preg levels strongly increased after THC administration and Preg prevents from CB1-induced cannabis intoxication in rodents (500). In addition, C3-C17 analog of Preg display promising effects in a phase II clinical trial for cannabis use disorder indication (Patent. WO2012/160006; ClinicalTrials.gov, Identifier NCT03717272; Effect of AEF0117 on Subjective Effects of Cannabis in CUD Subjects).

  review, 480). The biotech Aelis Farma has developed synthetic Preg-like compounds to overcome those problems, blocking the position C3-C17 in the structure of Preg, and then enable the conversion to progesterone and 17-OH pregnenolone by the enzymes Cyp17α1 and 3β-HSD, respectively. Thus, Preg-like compounds have been developed as a new pharmacological class under the name of C3-C17 non metabolized Preg derivatives (NMPDs) or CB1-signaling specific inhibitor (CB1-Ssi), based on their mechanism of action on CB1. I.4. The CB1-Ssi AEF0217: a new therapeutic opportunity for cognitive improvement in DS

1

 1 was performed in patients) three and four-months-old females and males Ts65Dn mice were used. On the contrary, in the Experiments 6, only males were tested (546). Moreover, for the Experiment 5 in Radial maze, males C57/BL6J mice, aged of 24 months, were used following the condition described below.III.2. Experiments in humansPatients were recruited from the Institute of I.R.C.C.S. Associazione Oasi Maria SS. of Troina (Italy)
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 47 Figure 47 A,B Figure 47 C

Figure 44 Figure 45 Figure 46 Figure 43

 44454643 Figure 44 Figure 45 Figure 46

  Sucrose treatment. D(+)-Saccharose Euromedex (Ref. 200-301-B) in 2% of water was used in sucrose test preference. The solution was administered orally as an ad libitum daily beverage in glass bottles. The volume consumption was measured at different time points during the day. III.4. Behavioral procedures III.4.1. Radial maze (RM) In collaboration with Drs Aline Marighetto and Nicole Etchamendy from Marighetto's team at the Neurocentre Magendie (Bordeaux, France) and Professor Filippo Caraci at the I.R.C.C.S. Associazione Oasi Maria SS (Troina, Italy), we fine-tuned the Radial maze (RM) test in Ts65Dn mice (in the Neurocentre Magendie) and humans (in the I.R.C.C.S.).

  23 trials per day (with random presentations of the pairs) spaced by different inter-trial intervals (ITI) for 36 days (12 blocks of 3 days). For blocks 1 to 8, ITI 10 s and for blocks 9 and 10, ITI 0 s were tested; while for blocks 11 and 12, ITI 20 s were performed. Analyses were done on block of three consecutive days, in order to obtain a valid result for RI and PI difficulties. Performances as correct choices, PI and RI responses are analyzed as an index of WM.

Figure 29 .

 29 Figure 29. Schematic representation of the alternation rule in the Radial maze task. Working memory is measured in the retention and organization tasks. Performances are measured with retention interval (RI) and proactive interference (PI) tasks. Figure A shows RI difficulty, based on number of trials between the current trial n and the previous of the same pair, n-1.When the number of trials is low, the RI task is easier (0 or 1 number of trials), while the task is harder when the number of trials is higher (such as 2, 3 or 4 trials between n and n-1). FigureBshows PI task, based on the capacity to not confuse the trial n with the previous trials of n-1, n-2. Thus, PI difficulty is based on the number of trials between n-1 and n-2: the task is easier when n-1 and n-2 are further (within 2, 3 or 4 numbers of trials between), while is harder when n-1 and n-2 are closer (0 or 1 number of trials).

III. 4 . 3 .

 43 Novel object recognition (NOR) Sequential-NOR procotol assessed short-term memory (549). Mice were tested on two consecutive days on 8 adjacent open-fields (20x40x40cm, LxWxH). In the first day, mice performed habituation sessions in the empty open-field for 4 sessions of 5 minutes under the illumination of 40 lux. Between each session mice returned back to their homecages for 5 minutes. The field was cleaned at the end

Figure 30 .

 30 Figure 30. Schematic representation of the virtual and physical Radial maze. From the left, the screen visualization of the maze. On the right, the two steps of relational memory. Step 1 represents the acquisition of pairs, while the step 2 is the recombination task. Rewarded arms are displayed with +. Pairs of the same arms are showed in the same colors.

Figure 31 .

 31 Figure 31. Representative schema of the sequential object recognition. Figure A indicates the used object: a marble (A), a hat (B) and a bolt (C). Figure B shows the procedure in the arena. The objects were placed in the open fields. 5 minutes of intertrial interval was used as short-term delay for measuring short-term memory.

III. 4 . 5 .

 45 Prepulse inhibition test (PPI)The prepulse inhibition (PPI) test measured the sensorymotor gating in mice. The SR-LAB startle apparatus with digitized electronic output (SR-Lab, San Diego Instruments, catalog number: 2325-0400 ) and Digital sound level meter (FLIR Systems, Extech, catalog number: 407730 ) was used as described below (550). The protocol was divided in a first habituation period followed by the test session and the apparatus was cleaned at the end of each trial (ethanol, 20%). During the habituation (5 minutes), the constant background noise of 70 decibel (dB) white noise (depending on the noise of the environment) was displayed. Later, during the test, trials with a startle pulse alone and trials with a prepulse were randomized. Background noise and startle stimulus were the same as in habituation. The prepulse was a white noise of 20 milliseconds (ms) duration. Three different prepulse intensities(73, 76 and 82 dB), a pulse of 120dB and an interstimulus intervals of 100 ms were used sequentially as stimuli. Thus, three different prepulse-pulse trials with the startle pulse alone trials were pseudorandomized for 10 times each. Inter-trial intervals were either 20 sec or randomized between 10 and 25 sec. The reaction time to the major stimulus in milliseconds (ms) was measured as an index of sensory motor gating (551).III.4.6. Sucrose test preference (STP)The test used the volume consumption of sucrose versus water as measure of anhedonia (the inability of feeling pleasure) to assess depression-like behaviors in mice (552). 2-days of habituation preceded the test to avoid side preference: bottles of vehicle and sucrose were placed on the right/left the 1 st days and changed from left/right in the 2 nd , to avoid place preference. Mice had free access to the two different solutions. The choice and volume consumption of sucrose versus water (sucrose preference) were considered as anhedonia index. The bottles were filled with sucrose (2%, D(+)-Saccharose) or vehicle. The day of the test, the volume consumption was measured at 12 pm, 4 pm, 7 pm, 8:30 pm and 10 pm. Sucrose preference was calculated in percentage as the volume consumption ratio from 12 pm to 22 pm of the sucrose solutions over the total consumption (sucrose plus water).III.4.7. Elevated plus-maze (EPM)The EPM test measured spontaneous anxiety-like behaviors in mice (553). The apparatus (Noldus Information Technology; Wageningen, The Netherlands) was in grey polyvinyl chloride and consisted of four elevated arms. The arms (height, 60 cm; length, 37 cm; width, 6 cm; each) were arranged in a cross-like disposition, with two opposite arms being enclosed by walls and the two other arms being open. A video camera placed on the top of the maze and connected to a tracking system allowed the automatic scoring with Ethovision X12 software. For the tracking, the maze was divided into 3 zones, open arms, closed arms and center. The light intensity of the maze was set at 43-49 lux (open arms). Mice were placed in the center of the EPM and let free to explore the maze for 5 minutes. Between each trial, the maze was cleaned up with alcohol (20 %). The time spent and the entries number in the open and closed arms were measured. Indeed, low percentages of visits and/or of the time spent in open arms reflected increased in anxiety levels. Moreover, the total distance moved into the EPM was also monitored as control of general locomotor activity. III.5. Electrophysiology Electrophysiological experiments were performed by the postdoctoral researcher Dr. Mark Sherwood and the PhD student Dorian Arnouil, in the Oliet's team (NCM, Bordeaux, France) under the supervision of Dr. Aude Panatier. Slice preparation for electrophysiology. Transverse hippocampal slices were prepared from 3 months old Ts65Dn mice and WT littermate. The day of the test, mice were anesthetized with isoflurane (5%) and decapitated. The brain was rapidly removed and immediately submersed in icecold artificial cerebrospinal fluid (aCSF) containing (in mM): 126 NaCl, 2.5 KCl, 1.25 NAH2PO4, 26 NaHCO3, 2 CaCl2, 1.3 MgCl2, 10 D-Glucose and saturated with 95% O2 and 5% CO2. A vibrating slice cutter (Leica VT 1200S) was used to make 350 µm thick slices. Slices were transferred into a recovery chamber containing aCSF at 32°C for 20 minutes and then kept at room temperature for minimum 1 and maximum 4 additional hours.Electrophysiology. Slices were transferred to an immersion recording chamber perfused at 3.5 mL/min with aCSF at 30-32°C for the course of the experiment. In order to record field excitatory post synaptic potential (fEPSPs) of CA3-CA1 synapses, glass stimulating and recording electrodes with a resistance of 3 ±0.5 MΩ were placed in stratum radiatum of CA1 (Figure 32.A). Protocol

Figure 32 .

 32 Figure 32. Long-term potentiation (LTP) recordings. Figure A shows schematic placement of electrodes: stimulating in CA3 and recording electrode in CA1. Figure B shows the used theta burst protocol of 10 trains

Figure 33 .

 33 Figure 33. Experimental protocol in DS patients. First, patients underwent a blood sampling, later they performed KIDSCREEN questionnaire and finally the radial-maze (RM) procedure.

  sacrificed 60 minutes after the end of the session (Figure34. A). For LTM assessment, RM habituation was of three days. Once mice achieved the criteria, they completed step 1 and they passed to step 2, performing the test in two consecutive days (Figure34. B). After the procedures, mice were sacrificed for molecular analyses.

Figure 34 .

 34 Figure 34. Experimental protocol of radial maze in mice. Figure A shows the working memory procedure, while figure B shows the long-term memory protocol in mice.In both procedures, habituation to vehicle (0.3% HP-β-CD) drinking was performed for 3 days, and then the treatment (Vehicle, VEH; or AEF0217) was carried out for the total period of the experiment. Food restriction started four days following the beginning of treatment, and was prolonged until the end of the experiment. In procedure A, the working memory test was assessed for 7 blocks of 3 days.

Figure 37 .

 37 Figure 37. Experimental design for LTP study. Ts65Dn male mice were treated with AEF0217 0.06 µg/ml.

Figure 38 .

 38 Figure 38. Working memory in virtual Radial maze (RM).Figure A shows the total percentage of correct performances. As results, we found a consistent difference between Down patients (Down) and controls (CTRL), both in the first (January) and second (July) passage, following the test-retest reliability. In figures B and C, correct responses are presented as retention interval (RI), while figure C and D show proactive interference (PI).At low RI, DS patients were significantly different from CTRL both in the first and in the second passage (B), while at high RI both groups performed lower according to the task difficulty and no more difference was observed between groups (C). Similarly, at low PI Down patients were significantly different from CTRL at the first passage (D), while the performance was similar at the second. In contrast, at high PI, genotype differences were observed at both passages (E). Two-way ANOVA was used followed by Tukey's post-hoc for statistics, *p<0.05; ** p<0.01; *** p<0.001. CTRL vs Down statistic differences are marked in green.

Figure 39 .

 39 Figure 39. Relational long-term memory in virtual Radial maze (RM). Patients have to perform a 1 st step (step 1) in which

  Figure A shows that the number of trials to reach the criterion was increased in Down patients. Figure B indicated that at the end of the acquisition phase, Down individuals expressed similar performances than controls (CTRL). Figure C of step 2 displays results in the recombination task: in the test Down patients were significantly less performant than controls, both in January and July, confirming the test-retest reliability. Two-way ANOVA and Tukey's post-hoc were used for statistics, *p<0.05; ** p<0.01; *** p<0.001. The legend in different colours shows the significant difference for the 1 st and 2 nd passage in controls (blue), Down (red) and between CTRL and Down (green).

Figure 40 .

 40 Figure 40. AEF0217 treatment on working memory in Radial maze test. In figure A, on the left, correct responses in percentage ARE presented along the 7 blocks of three days at ITI of 10 seconds. On the right, the correct responses in percentage of the mean of the last 3 blocks (from block 4 to 7) are showed at ITI of 10 seconds. In figure B, the performances in function of the retention interval (RI) are presented. On the left, all the blocks are represented with correct responses in function of the RI difficulty(number of trials between n and n-1 from 0 to 4). More in details, the correct responses at the lower difficulty (number of trials between n and n-1 at 0 and 1) and higher level difficulty (number of trials between n and n-1 at 4) is presented for the last four blocks of three days (blocks from 4 to 7). In figure C, the performances in function of the proactive interference (PI) responses are presented. On the left, the graph shows the responses at high difficulty (number of trials between n-1 and n-2 equivalent to 0 and 1) and low difficulty (number of trials between n-1 and n-2 equivalent to 2, 3 and 4). More in details, the correct responses at low and high difficulties for the last four blocks of three days (blocks from 4 to 7) are presented. Veh (vehicle) treatment was performed in both genotypes, while Ts65Dn were treated with AEF0217at the doses of 0.0006; 0.002 ; 0.006 ; 0.02 ; 0.06 ; 0.2 and 0.6 µg/ml. Ts65Dn mice showed an impairment in WM performances that was rescued with AEF0217 in a dosedependent way. One-way ANOVA with Tukey's post-hoc was used for statistic, *p<0.05, **p<0.01, ***p<0.001.

Figure 41 .

 41 Figure 41.Relational memory in mice tested with the physical Radial maze (RM). FigureAshows the numbers of trials used in step 1 (acquisition phase) to reach criterion to pass to step 2 (recombination phase). FigureBshows results the correct responses in the step 2 for days 1, 2 and the mean of both. Graphs show the effects of Vehicle (Veh) treatment in WT and Ts65Dn mice and AEF0217 treatment at doses 0.2 µg/ml and 0.6 µg/ml in Ts65Dn mice. The number of trials to reach the criteria was lower in Ts65Dn mice but mice showed an impairment in day 1 and in the mean of the two days, comparing to WT. AEF induced a slight dose-dependent recovery of LTM at the dose of 0.2 and 0.6. One-way ANOVA with Tukey's post-hoc was used for statistic analyses.

  Figure 41.Relational memory in mice tested with the physical Radial maze (RM). FigureAshows the numbers of trials used in step 1 (acquisition phase) to reach criterion to pass to step 2 (recombination phase). FigureBshows results the correct responses in the step 2 for days 1, 2 and the mean of both. Graphs show the effects of Vehicle (Veh) treatment in WT and Ts65Dn mice and AEF0217 treatment at doses 0.2 µg/ml and 0.6 µg/ml in Ts65Dn mice. The number of trials to reach the criteria was lower in Ts65Dn mice but mice showed an impairment in day 1 and in the mean of the two days, comparing to WT. AEF induced a slight dose-dependent recovery of LTM at the dose of 0.2 and 0.6. One-way ANOVA with Tukey's post-hoc was used for statistic analyses.

Figure 42 .

 42 Figure 42. Quantification of the eCBs, 2-AG (A), AEA (B), and Preg (C) in two cohorts of patients. Genitype comparison in eCBs reveal sex difference with a 2-AG decrease in female but not in male Down (DS) patients compared to controls (CTRL) of cohort 1 (A).Moreover, AEA levels decreased only in male (M) DS but not in female (F) DS compared to CTRL in cohort 1 (B). PREG levels are slighly increased in DS males compard to CTRL (C). Moreover, sex differences were observed in controls of cohort 1 for 2-AG (A). One-way ANOVA with Tukey's post hoc was used for statistics, *p<0.05, ***p<0.001.

  Interestingly, AEA in dHPC and Preg levels in plasma were decreased in Ts65Dn mice compared to WT (Di Franco et al. Article 1 and Article 2, to be submitted).

Figure 43

 43 Figure[START_REF] Jara | The sequence of eruption of the permanent dentition in a Chilean sample with Down's syndrome[END_REF] Quantification of the eCBs, 2-AG (A), AEA (B), and Preg (C) in plasma of females and males Ts65Dn mice. Both sex and genotypes differences were observed. 2-AG levels were not different In Ts65Dn compared to WT (A), whereas AEA levels were decreased in female Ts65Dn mice compared to WT but not in males (B). However, eCBs levels were different in females vs males both in WT and Ts65Dn. For PREG levels, only male Ts65Dn mice showed a decrease in plasma compared to WT, which shows Preg differences in males (M) vs females (F). One way-ANOVA with Tukey's post-hoc was performed, *p<0.05, **p<0.01.

  Anxiety, motor coordination, anhedonia and sensorimotor gating behaviors displayed no sex and genotype differences (Figures 45). In the sequential-NOR test, objects were presented in the order A-C-C-B-A or A-A-C-B-C after a short delay of 5 minutes (the data with object B is not shown because was presented only once). WT mice remembered the second time that they had already seen the object (both A and C). Thus, the decreased interest of lower exploration for WT revealed good memory performance. In contrast, Ts65Dn mice explored the object as much the first and the second time, revealing a cognitive deficit in the short-term delay. AEF0217 rescued the cognitive impairment in a dose-dependent way in Ts65Dn mice (Figures 44). No genotype differences were observe in the other behavioral evaluation (motor coordination in the rotarod test, reaction time in the PPI test, anxety-like behavior in the EPM test , and anhedonia-like behavior in the sucrose preference test) (Figures 45), confirming that TS65Dn mice are not impaired in these behaviors, as previously shown (Article 2)

Figure 44 .

 44 Figure 44. Novel object recognition for short-term memory task. Figure A and B respectively show sequences ACCBA and AACBC (data with the object B are not shown because it was presented only once). Vehicle (veh) mice were tested in both of genotypes, whereas Ts65Dn were treated with AEF0217 at the doses of 0.2 µg/ml and 0.6 µg/ml. Performances of males and females were pooled together because no sex differences were observed. The exploration time was represented as mean ± sem. One way-ANOVA was performed, *p<0.05, **p<0.01, ***p<0.001

Figure 45 .

 45 Figure 44. Novel object recognition for short-term memory task. Figure A and B respectively show sequences ACCBA and AACBC (data with the object B are not shown because it was presented only once). Vehicle (veh) mice were tested in both of genotypes, whereas Ts65Dn were treated with AEF0217 at the doses of 0.2 µg/ml and 0.6 µg/ml. Performances of males and females were pooled together because no sex differences were observed. The exploration time was represented as mean ± sem. One way-ANOVA was performed, *p<0.05, **p<0.01, ***p<0.001

Figure 46 .

 46 Figure 46. AEF0217 quantification after physical Radial maze (RM) test.Vehicle (veh) Ts65Dn and control mice, plus Ts6sDn mice treated with AEF0217 0.2 µg/ml and 0.6 µg/ml were sacrificed and quantification in mice cerebellum was done. AEF0217 levels increased coherently with the increase of doses. Due to a threshold of detection with this method, the dose of 0.06 µg/ml could not be detected.

V. 4 .

 4 Effect of AEF0217 on WM deficits in middle-aged Ts65Dn mice and aged C57Bl/6J mice The effects of AEF0217 on WM memory are presented in adult (Figure 47. A, B), middle-aged Ts65Dn mice (Figure 47. C), and aged C57BL/6J mice (Figure 48, Figure 49). In adult, AEF0217 treatment rescued WM deficits in Ts65Dn mice measured in the Y-maze (Figures 47. A) and RM tests (Figures 47.B). In contrast, the treatment with AEF0217 at 0.06 µg/ml, the efficient dose in adult Ts65Dn mice, did not show any positive impact on WM deficits in middleaged Ts65Dn mice of 7 months, neither in aged C57Bl/6J mice (Figure47. C, Figures48. A, B).However, with increasing doses of AEF0217 (0.2 and 0.6 µg/ml), we observed a slight dosedependent recovery of WM deficits in Ts65Dn and C57 aged mice (Figures48. A, B). For the LTM recombination task in C57 aged mice, the correct performances (%) of the acquired pairs in step 1, were compaired to the performances of recombinied pairs in step 2 (Figure49. A, B). The correct choice was used as a criterion of LTM. The C57 aged mice performances in the phase 2 of the test were significantly low compared to C57 young mice (Figure 49. A). The deficit was slightly rescued by AEF0217 in a dose-dependent manner (Figure 49. B).

Figure 47 .

 47 Figure 47. AEF0217 treatment in two cognitive tests in WT and Ts65Dn mice at different ages. The figures show the effect of AEF0217 on WM memory performance in the Y-maze (A) and radial maze (B) in 3-4 months old mice. Figure C shows WM performances in radial maze in 7 months old mice. Male mice were treated with vehicle (Veh) and AEF0217 at the dose of 0. 06 µg/ml for both genotypes. AEF0217 rescued WM deficits both in Y-maze and RM performances in the adult Ts65Dn mice but the drug showed no effect in aged mice. No differences were observed in WT treated mice. Statistics: Two-way ANOVA plus post -hoc Tukey's multiple test. Symbols ### represent differences from chance p< 0. 0001 and * p<0.05, **p<0.01 and ***p<0.001 represent between groups comparison. Symbols ### represent differences from chance p< 0. 0001 and * p<0.05, **p<0.01 and ***p<0.001 represent between groups comparison.

Figure 48 .

 48 Figure 48. AEF0217 treatment in aged mice. Figure A shows AEF0217 effect in 10 blocks of three days for working memory evaluation in Radial maze. Figure B showed performances in the four last blocks (blocks from 7 to 10). Mice were treated with vehicle (veh) or AEF0217 at the doses of 0. 06, 0. 2 and 0. 6 µg/ml. AEF0217 induced a slight dose-dependent recovery of WM deficits in aged mice. Statistic: one-way ANOVA test plus Tukey's post hoc.

Figure 49 .

 49 Figure 49. Relational long-term memory in aged mice in acquired and recombined pairs for the recombination task evaluation in Radial maze. Figure A shows performances in young and aged mice. Young mice could remember the reward in the recombined arms significantly better than old mice. Figure B shows the effects of AEF0217 treatment in aged mice with vehicle (veh) or AEF0217 at the doses of 0.06, 0.2 and 0.6 µg/ml. AEF0217 induced a slight dose-dependent rescue of LTM deficits in aged mice. Statistics: one-way ANOVA test plus Tukey's post hoc.

Figure 50 .

 50 Figure 50. AEF0217 treatment in long-term memory potentiation (LTP) test.Figure A shows the time-effects of AEF0217 on LTP induced by theta-burst (Time 0) stimulation. Figure B shows LTP potentiation at 40-60 minutes. The treatment with AEF0217 (0.06 µg/ml) in Ts65Dn male mice restored LTP deficits. Statitics analyses: One-way ANOVA and Tukeys's post-hoc.

VI. 1 .

 1 The importance of translational outcomes for the therapeutic evaluation of drugs VI.1.1. The different outcomes of memory tests: searching for the best compromise Giving the priority to develop the translational test, we developed a physical-virtual Radial maze thanks to Dr. Marighetto and Prof. Etchamendy (NCM, Bordeaux, France) and in collaboration with Prof. Caraci(IRCCS, Troina, Italy). Thanks to the complexity and the completeness of the RM, we validated the paradigms of translationality both in humans and mice. DS patients were selected in the specific age window 18-30 years old, that corresponds to 3-4 month-old mice(3-4 months).

  increase and decrease of its negative modulator Preg in the dHPC of Ts65Dn mice. Additionally, we also demonstrated that Preg rescued both cognitive and LTP impairments in Ts65Dn. The additional recovery of cognitive deficits by the pharmacological inhibition of CB1-mediated Erk1/2 MAPK increase strongly suggests that the effects of Preg involve the inhibition of Erk1/2 MAPK pathways, confirming the therapeutic potential of Preg as a CB1 signaling specific inhibitor (CB1-Ssi) on cognitive deficits in Down syndrome. In order to test new therapeutic drugs for clinical and preclinical scope, the Radial maze test was validated as a translational test in DS patients and Ts65Dn mice. In Ts65Dn mice, the Preg-like compound AEF0217 rescued learning and memory impairments in several cognitive tests, including the Radial maze.In conclusion, this work highlighted an increase in CB1 activity and expression in synergy with the decrease of Preg synthesis in the dHPC of Ts65Dn mice, which may be one of the etiological bases of cognitive deficits in DS. This was supported by the rescue of hippocampal-dependent synaptic plasticity and memory impairments by the endogenous and synthetic CB1-Ssi compounds, Preg and AEF0217, respectively, which provides new therapeutic perspectives for cognitive deficits in DS. An overview of the project is summarized in Figure 51 below. I. CB1 overexpression in specific areas of dHPC: implication for cognitive deficits I.1. CB1 overexpression in dHPC and cognitive deficits: implication for hippocampal networks Searching for a new potential target of cognitive deficits in DS, we found a crucial alteration of ECS, a systen strongly implicated in memory and learning (587).

Figure 51 .

 51 Figure 51. Schematic model of the synergistic CB1/Preg interaction underlying synaptic and cognitive impairments in Ts65Dn mice. Lowering CB1 activity with Preg, AEF0217 and SL327 rescued those deficits in Ts65Dn mice.

  Ts65Dn mice and CB1 alterations in dHPC can have consequences for cognitive deficits in other regions, such as PFC.Due to the importance of hippocampal-prefrontal connections in CD, further experiments on CB1 expression in PFC should be performed to verify its possible role in DS cognitive dysfunctions. In particular, it would be interesting to create Ts65Dn CB1 knock-out (KO) mice to verify the CB1 role in Ts65Dn mice. In addition, local viral alteration of CB1 in HPC and/or PFC regions could help to understand the contribution of CB1 in the hippocampal-cortical network under physiological and pathological cognitive deficits. I.2. CB1 alteration in specific cell populations: GABAergic, glutamatergic and astrocytes
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Table 1 .

 1 Risk factor for DS.Table shows physiological and environmental factors for DS.

	Physiological factors	Environmental factors
	Maternal age	Availability of diagnostic tests
	Father age	Socioeconomic and parental education
	Short interval between pregnancies	Exposure to environmental factors
	Previous child with DS	Maternal disease
	Genetic factors	Nutrional deficiency
	Unidentified factors	Unidentified factors

  Hyde et al. found a cognitive defect in the fear conditioning test and in the contextual fear conditioning (FC and CFC)[START_REF] Bianchi | Early Pharmacotherapy Restores Neurogenesis and Cognitive Performance in the Ts65Dn Mouse Model for Down Syndrome[END_REF]. Moreover, mice expressed a decline in LTP compared to controls (100), low levels of BDNF in the frontal cortex and abnormal expression of

	I.8.6. Dp16 I.8.11. TcMAC21
	Dp(16) 1Yey mice, named Dp16, present an extra copy of the entire Mmu16. Dp16 mice show Y-Tc(HSA21,CAG-EGFP)1Yakaz or TcMAC21 mice is characterized by a clone of 34MB of HSA21
	maze, T-maze, MWM, CFC and LTP deficits (109,111,112), while in another study mice show no (as in Tc1) with over 50 protein coding genes (PCGs) disrupted and a mouse artificial chromosome
	the synaptic proteins (synaptophysin, MAP2, CDK5, and neurotrophin NT-3) (101). Furthermore, differences compared to WT (113). (MAC). The new Tc mouse model is the most complete genetic mouse model of DS and it contains
	the cholinergic circuitry is damaged (102) and the acetylcholinesterase activity in brain regions is 93% of HSA21 PCGs genes. Mice present heart defects, craniofacial skeleton and brain alterations,
	I.8.7. Dp17 injured (103). Additionally, mice present impairment in synaptic function excitatory and inhibitory impairment in learning memory and plasticity (118); despite the promising mental and physical
	inputs to pyramidal neurons in hippocampus CA3 (104) and GABAB/GIRK current in CA1 pyramidal Dp(16) 1Yey mice, known as Dp17, display an extra copy of the entire Mmu17. Dp17 mice show no similarities to DS patients, TcMAC21 mouse model has to be further explored and more analyses
	neurons -induced potassium current (105). However, due to the extra genes (out of Mmu16), the MWM, NOR and Y-maze learning impairment, whereas mice present an enhanced LTP (109). should be done.
	model present several differences with DS patients that are discussed below.
	Ms1Rhr (123), Df10 and Df17 (124), Ts1yah, Ts2yah, Ts3yah and Ts4yah (125), Ts5yah and Ms5yah
	(126), Ms4yah (125), from Dp1tyb to Dp9tyb (127).
	I.8.10. Ms1Ts65
	I.8.5. Dp10 Ms1CjeTs65Dn, well known as, Ms1Ts65 mice are characterized by an extra copy of a sub-fragment
	Dp(10) 1Yey mice, named Dp10, are characterized by an extra copy of the entire Mmu10. Dp10 mice of Mmu16. Unfortunately, mice show no differences with euploid mice in MWM (117). Up till now,
	show no deficit in MWM, CFC and LTP (109). no other characterization is pursued.

I.8.3. Ts1Cje

Ts(16C-tel)1Cje mice, also known as Ts1Cje, contain an extra copy of a sub-fragment of Mmu16, equivalent for the 54% to HSA21 but whithout triplication of SOD1 and App (106).Ts1Cje mice show no differences with euploids for dendritic spine density, width of dendrites and LTP. Memory impairment has been shown only in MWM (107) and T-maze (108), but not in other tests (i.e., Ymaze and NOR). However, neurogenesis is impaired (108). I.8.4. Ts1Rhr Dp(16Cbr1-Fam3b)1Rhr or Ts1Rhr mouse model is characterized by an extra copy of a sub-fragment of Mmu16. Ts1Rhr has not been shown impaired in MWM task (71). Nevertheless, mice display impairment in the T-maze alternation task (109), in the NOR, LTP and dendritic spine density (110). I.8.8. Ts1Yah Dp(17Abcg1-Cbs)1Yah or Ts1Yah mice are characterized by an extra copy of a part of Mmu17. Ts1Yah mice show no differences with euploids in MWM, Treadmill test and LTP. However, memory impairment has been shown in NOR at 1h-retention (114). I.8.9. Dyrk1a Tg(Dyrk1a) or Dyrk1a mouse model presents the overexpression of Dyrk1a. Dyrk1a mice show impairment in MWM, T-Maze and LTP (115,116). However, other genes influence trisomic effects and Dyrk1a overexpression. For instance, the Ts1Rhr mice are trisomic for Dyrk1a and for 30 additional genes, but mice show normal MWM performances. This observation indicates that the variability of Dyrk1a trisomy can influence drug responses in Dyrk1a mice (116). I.8.12. Tc1 Tc(HSA21)1TybEmcf or Tc1 mouse model is the most complete animal model for DS currently available (trisomic for ∼92% of Hsa21) (119). Despite Tc1 mice show alterations in the cerebellar neuronal number and in the heart development, mice are not impaired in spontaneous alternation, in the MWM, and in LTP (120): Tc1 mice are selectively impaired only in short-term memory. I.8.13. Other models So far, other mouse models have been developed but not fully-characterized (121) (i.e., Ts2cje (122),

Table 5 .

 5 Drugs

	Drugs	Targeted system	Effects	References
	CoEnzymeQ10		NO	(278, 279)
	Vitamin E		NO	#NCT00056329, #NCT01594346
	Acid folic		NO	#NCT00294593
	Acid folic + thyroxin		ongoing	#NCT01576705 , Phase 3
	Antioxidant diet		NO	(280)
	Antioxidant diet		YES	(281)
	Epigallocatechin-3-gallate		YES	#NCT 01699711, #NCT01394796, phase 3
	Donezepil		NO	#NCT00754052, #NCT00675025, #NCT00754013, #NCT02094053, #NCT00570128
	Rivastigmine		NO	#NCT00748007, #NCT01084135
	Galantamine		NO	(282)
	Nicotine		ongoing	#NCT01778946, phase 2
	Basminasil or RG1662			#NCT02024789 phase II

in DS clinical trials: Ineffective Drugs (NO) in DS clinical trials, Effective drugs (YES) in DS clinical trials, ongoing drugs in DS clinical trials.

Table 6 .

 6 Drugs

	Drugs	Targeted system	HPC-related functions	Efficacy	Clinical studies	References
	Epigallocatechin-3-gallate		LTM in NOR and MWM	YES	Tested	(299, 333,335)
	Vitamine E		WM and LTM in RM/ MWM YES	Tested	(295, 322)
	Lipoic acid		WM in Y-Maze	NO		(323)
	Melatonin		LTM in MWM	NO		(324, 325)
	7, 8-dihydroxyflavone SGS-111	Oxidative stress	LTM in MWM LTM in MWM	YES (Age dependent) NO		(326, 327) (328, 329)
	Curcuminn		LTM in MWM	YES		(318)
	Glucagon-like peptide1		LTP, LTM in NOR	YES		(319)
	Rapamycin		WM in RM, LTM in NOR	YES		(320)
	Leucettine 41		LTM in NOR	YES		(321)
	Choline	Cholinergic system	LTM in MWM	YES		(336)
	Physostigmine		WM in Y-Maze	YES	Tested*	(337)
	Picrotoxin		LTP	YES		(241)
	Pentylenetetrazole		WM in T-Maze	YES	Tested	(307)
	Flumazenil		LTM in NOR	YES		(157)
	CGP55845 or CGP52432 RO4938581	GABAergic system	LTM in NOR and NPR spatial-LTM in MWM, NOR;	YES YES		(246) (338)
			WM in Y-maze, LTP			
	α5IA		spatial-LTM in MWM; WM in	YES	Tested*	(245)
			Y-maze, LTP;			
	Memantine	Glutamatergic system	LTM in CFC and MWM, LTP YES	Tested	(157, 265, 270,313)
	Lithium	Mood stabilizer	Neurogenesis	YES	Tested	(313)
	DAPT	Amyloid-β plaque	LTM in MWM	YES		(339)
	JZL184 Rimonabant	Endocannabinoid system	WM in Y-Maze, LTM in NPR YES LTM in NOR and NPR, LTP YES		(341) (340)
	L-DOPS	Catecholamine	WM in 4-arm plus maze	YES		(347)
	Minocycline	Inflammatory system	WM and LTM in RM	YES		(343)
	Estrogen		WM in T-Maze	YES		(344)
	NAP,SAL and vasoactine intestinal	Neuroendocrin system	LTM in MWM	YES		(345)
	peptide (VIP)					
	Xamoterol		LTM in CFC and NOR; WM in	YES		(348)
		Adrenergic system	Y-Maze			
	Formoterol		LTP; LTM in CFC	YES		(349)
	Fluoxetine	Serotonynergic system	Neurogenesis	YES		(350)
	SAG	Sonic hedgehog path	LTM in MWM	YES		(351)

tested in DS mouse model. Molecules, targeted systems, HPC-related functions, efficacy of drugs and clinical studies with the respective references. Positive (YES) or not effective drugs (NO) are specified. Despite the numerous drugs tested in preclinical studies in Ts65Dn mice, only few of them were tested in clinic. * Equivalent molecule

  striatum (421). Moreover, it has also been revealed that pre-treatment with pertussis toxin (PTx inactivating Gi/o proteins) unmasks the coupling of CB1 with Gq/11 proteins following CB1 activation by the agonist WIN. However, this Gq/11 coupling could reflect an artificial activation of non-preferred G proteins due to receptor overexpression. Additionally, WIN increases intracellular Ca 2+ concentration via Gq/11 protein in transfected HEK-293 cells and cultured hippocampal neurons with endogenous receptor expression (422). Moreover, in astrocytes activation of CB1 induces an increase in intracellular Ca 2+ likely mediated by Gq proteins (423). Thus, CB1 is coupled to several G proteins, leading to different responses.

	Erk1/2 MAPK kinases in a variety of cell types (434). Many mechanisms are involved in CB1 mediated
	stimulation of Erk1/2 MAPK proteins, including activation of Gi/o proteins (434), phosphatidylinositol

). Interestingly, evidence show that the cannabinoid tolerance induced by WIN was associated with a molecular switch from Gi/o to Gs coupling in the Furthermore, CB1 signaling inhibits Ca 2+ influx via L-, N-, P/ Q-, and R-type voltage-sensitive Ca 2+ channels. CB1 inhibits N-type Ca 2+ channel in neuroblastoma cell lines, cultured rat primary hippocampal neurons, and mice cerebellar slices

(424)(425)(426)(427)

. The modulation of the activity of presynaptic N-type Ca 2+ channel via the CB1 activation regulates Ca 2+ influx GABA release in mouse hippocampal slices (428). It has been proposed that endocannabinoids acting on presynaptic CB1 are responsible for depolarization-induced suppression of excitation (DSE) or inhibition (DSI) via Ca 2+ influx inhibition (429,430). As we mentioned, CB1 regulates the activity of GIRK (431-433). Mitogen-activated protein kinase (MAPK) pathways are the target of CB1 activation. GPCRs regulate cell proliferation, cell differentiation or cell death via MAPK pathways. MAPK signalling cascades are organized hierarchically, as MAPKs are activated by MAPK kinases (MAPKKs), which are activated by MAPKK kinases (MAPKKKs). MAPKKKs are activated by small GTPases or other protein kinases. MAPK cascades include pathways leading to activation Erk1/2 MAPK , c-Jun Nterminal kinase (cJNK), p38 MAPK. Activation of CB1 in vitro and in vivo leads to activation of 3-kinase (PI3K (435)), transactivation of VEGF receptors (436), through inhibition of adenylyl cyclase and protein kinase A (437) and the Src tyrosine kinase FYN (438).

Table 2 .

 2 Reagent, source and batch for in situ hybridization

	Reagent	Source	Batch
	Anti-Digoxigenin-Horseradish peroxidase (HRP)	Sigma-Aldrich	CAT#11207733910; RRID: AB_514500
	Anti-Fluorescein-POD-Horseradish peroxidase (HRP)	Sigma-Aldrich	CAT#11426346910; RRID: AB_840257
	Donkey Anti-Goat Alexa 488	Fischer Scientific	CAT#A-11055; RRID: AB_2534102
	DIG riboprobes against GAD65/67	(Marsicano and Lutz, 1999)	Riboprobes GAD65-DIG lab stock
	FITC riboprobes against CB1	(Marsicano and Lutz, 1999)	Riboprobes CB1-FITC lab stock
	Gold-labeled rabbit anti-goat Immunoglobulin G	Nanoprobes	CAT#2004; RRID: AB_2631182
	Cyanine 3-labeled tyramide (TSA)	Perkin Elmer	CAT#NEL744001KT
	FITC-conjugated tyramide (TSA)	Perkin Elmer	CAT#NEL741001KT

  (Thermo-Finnigan) via an AS3000 II autosampler. The instrument was employed in negative ion chemical ionization mode and a 15 m Rtx-5Sil MS W/Integra Guard capillary column (Restek, France) with a 0.25 mm inside diameter and 0.1 μm film thickness was employed for analyte resolution.

	), qRT-PCR (n=8 control and n=6
	Ts65Dn), Preg measurement (n=9 control and n=10 Ts65Dn), electrophysiology (n=5 mice per
	group) assays. For behavioral assays, we used the following group of mice; for Y-maze assay with
	Preg: WT Veh, n=19; WT Preg, n=17; Ts65Dn Veh, n=19; Ts65Dn Preg, n=19 and with SL327: WT
	Veh, n=8; WT Preg, n=7; Ts65Dn Veh, n=7; Ts65Dn Preg, n=8; for the STM in the NOR assay with
	Preg: WT Veh, n=7; WT Preg, n=7; Ts65Dn Veh, n=6; Ts65Dn Preg, n=6 and for LTM in the NOR
	test with Preg: WT Veh, n=7; WT Preg, n=7; Ts65Dn Veh, n=8; Ts65Dn Preg, n=8. Experiments
	were performed during the light phase (from 7 am to 7 pm) and animals were kept in collective cages
	under a 12 h light/dark cycle under controls (22ºC, 60% humidity) with water and food (A04-10
	pellets, Scientific Animal Food & Engineering) ad libitum. Animals were acclimated to the housing
	conditions for two weeks prior to the start of the experiments. One week before the test, mice were
	isolated in individual cages with a tunnel. Mice were used to be handled in tunnel for 2 days after

isolation. During the test mice were handled with their own tunnel. Mice were bred and PCRgenotyped in the Institute. spectrometer

  The sample size was chosen to ensure adequate statistical power for all experiments. All values were given as mean ± s.e.m. and the statistical analysis were performed using GraphPad Prism 7 software (GraphPad Software Inc., San Diego, USA). Correlation test was performed using Pearson's correlation analysis. Non parametric two-tailed Mann-Whitney test was used. For experiments comparing the effects of Preg

	and SL327, data were analyzed by two-way ANOVA followed, when results were significant, by
	Tukey's and Sidak's multiple comparisons post hoc test using treatment and genotype as main
	factors, respectively. Statistical significance was expressed as *p < 0.05; **p < 0.01; ***p < 0.001
	and as ## p < 0.01; ### p < 0.001 when different from chance.
	Poitou Charentes local ethics committee (authorization number APAFIS#26733-2020072417531214
	v2) in strict compliance with the French Ministry of Agriculture and Fisheries (authorization number
	D33-063-096) and European Union Council Directive (2010/63/EU). All efforts were made to
	minimize animal suffering and to reduce the number of mice used, while maintaining reliable

statistics. All experiments were conducted with experimenters blind to genotype; no randomization method for the constitution of the experimental groups was applied.

Table 8 .

 8 Components of human disease and model disease for translational research adapted

to DS disease. Source: Adapted from

[START_REF] Sams-Dodd | Drug discovery: selecting the optimal approach[END_REF]Dodd, . 10.1016Dodd, /j.drudis.2006.03.015 .03.015 

Table 4 ,

 4 see "INTRODUCTION. 1.8. Mouse models of DS"). Indeed, preclinical drugs are commonly and classically evaluated in the Y-Maze/ T-Maze for WM assessment and Morris water maze (MWM), novel object recognition (NOR) and fear conditioning (FC) for long-term memory (see "INTRODUCTION. III. 2. Preclinical studies"). Despite those tests have been used for decades for memory evaluation and therapeutic scope, the protocols differ from current clinical tests (Table 7). The scarcity of translational outcomes can explain the clinical failures of drugs efficient in preclinical studies (see "INTRODUCTION. III. 3. Cognitive assessment: the lack of translational test"

	• Test validity
	Up till now, the tests available for cognitive assessment in patients are mainly described in the NIX

Toolbox, CANTAB and ACTB clinical tests (372,378,379)

. Therefore, those tests are unfulfilled if we compare them to preclinical tests (372,378,379) (see "INTRODUCTION. III. 1. Clinical studies").

Table 9 .

 9 Experimental design in mice. The experiments (from 2 to 5) are labelled, with the correspondent figures of results ("IV. Results"). The table summarizes the experimental groups receiving VEH (vehicle) or AEF2017 (dose in µg/ml), number of mice (Ts65Dn or WT, male or females) and age of groups for each experiment, nt not tested.

	Experiment	Figure	Experimental	Procedures and					Ts65Dn	WT
			groups	tests	N male	N female	N male	N female	Male/female	Male/female
	Experiment		VEH		17	17	17	19	3 and 4
	2A		AEF0217 (0.0006)		5	6	nt	nt	nt
			AEF0217 (0.002)		6	6	nt	nt	nt
			AEF0217 (0.006)		11	12	nt	nt	nt
			AEF0217 (0.02)		6	6	nt	nt	nt
			AEF0217 (0.06)		15	13	nt	nt	nt
			AEF0217 (0.2)		9	4	nt	nt	nt
			AEF0217 (0.6)		10	7	nt	nt	nt
	Experiment		VEH		5	4	4	5	3 and 4
	2B		AEF0217 (0.06)		5	5	nt	nt	nt
			AEF0217 (0.2)		5	5	nt	nt	nt
			AEF0217 (0.06)		5	5	nt	nt	nt
	Experiment							
	3A							
	Experiment							
	3B							
	Experiment		VEH		4	5	5	5	3 and 4
	4		AEF0217 (0.2)		4	5	nt	nt	nt
			AEF0217 (0.6)		4	5	nt	nt	nt
	Experiment		VEH		9	nt	9	nt
	A		AEF0217 (0.6)		9	nt	9	nt
	Experiment		VEH		8	7	8	7
	5B		AEF0217 (0.6)		8	7	8	7
	Experiment		VEH		4	nt	4	nt	3 and 4	3 and 4
	6		AEF0217 (0.6)		4	nt	nt	nt	4	4

Table 10 .

 10 Dose level of AEF0217 compounds. In the RM test, six different doses were tested in Ts65Dn mice

	Dose level	Concentration in ad libitum beverage (µg/ml) of AEF0217
	0	0
	1	0.002
	2	0.006
	3	0.02
	4	0.06
	5	0.2
	6	0.6

Table 11 ,

 11 The cerebellum was collected to evaluate AEF0217 concentration in the brain after the behavioral tests (AEF0217 0.06, 0.2 and 0.6 µg/ml performed by Bertin Pharma in collaboration with Aelis LTM and WM memories were explored in DS humans with virtual RM. The patients first underwent a blood sampling in the I.R.C.C.S Associazione Oasi Maria SS (Troina, Italy). Later, DS individuals and their parents performed separately KIDSCREEN questionnaire validated in Europe for psychometric paradigms (555), immediately before the RM. Finally, patients performed the RM test a first and a second time (6 month later) to confirm the test reliability (Figure

	Farma) using LC-MS/MS.
	IV.	Experimental design
	IV.1. Memory paradigms in DS humans and Ts65Dn mice with the Radial maze
	Experiment 1. Memory paradigms in DS humans.

Table 12 .

 12 Number of mice tested in the Radial maze experiment. TableAshows the number of mice tested in working memory (WM) protocol and in B those tested in the long-term memory (LTM) protocol. Males and females were tested.

  In a conditioned-cue preference task test with RM, rodents were confined in a single maze arm with food-reward and, on alternate days, they were placed in no-food arms (556). During a test session with both maze arms open and no food present, rats preferred the arm previously food rewarded. Rats with amygdala damage did not show the acquisition of the conditioned cue task, demonstrating the central role of the amygdala in the food-positive reinforcement test. The same pathway was involved in negative reinforcement tests, often used in mice. So far, the amygdala in the Pavlovian fear conditioning test demonstrated the key role of the structure in the stimulus-affect memory (557,558).

  In particular, both humans and mice presented normal brains in the early postnatal period and initial normal development of basal forebrain nucleus (BCFN) with a progressively degeneration from age of 40 in patients and 6 months in Ts65Dn (581). BCFNs provide the major cholinergic projection to HPC supporting attention and cognition in humans and mice (524,582) and are considered an important target of AD pathologies.Aged DS patients and Ts65Dn aged mice can be affected by neuronal cell loss. 4 month-old Ts65Dn mice did not show alterations in cholinergic markers and cholinergic neurons, while they presented progressive degeneration of cholinergic neurons at6, 8 and 10 months (583). BCFN and neuronal cell loss are age-related, with atrophy of BCFN starting at 6 month-old Ts65Dn mice, and then significant cell loss appears between 8 and 10 months. The cognitive deficits in young and adult Ts65Dn mice should not be linked to cholinergic neuronal degeneration, which has been reported to be present in mice at the age of 12 months but not at 4 months (584).

	mice, we tested
	AEF0217 compound in RO, STP, EPM and PPI tests. The compound did not show any effects on
	behaviors while confirming a strong rescue in cognitive deficits.
	VI.2.2. Neurodevelopment of Ts65Dn mice and early Alzheimer disease-like dementia: a precise
	timing for therapy?
	The critical region of HSA21 and the homologs segment in MMU 16 appear to be both triplicated in
	regions that present the amyloid precursor protein (app) gene overexpression (97). App gene encodes
	for APP protein a crucial step for Alzheimer disease (AD), leading to the accumulation of β-amyloid

plaques, protein-tau tangles (580). Consequently, early AD-like dementia characterizes DS patients and Ts65Dn mice.
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The authors declare no competing interests. (ORCID ID: 0000-0001-6459-0888) and monique.vallee@inserm.fr; (ORCID ID: 0000-0002-3642-4257) Chemicals Pregnenolone (Preg; #164421000, Lot A0302866, Acros Organics, USA) was solubilized in 1% Tween 80 and 2% DMSO in NaCl (0.9%). Preg powder was weighted in an amber glass vial. For each dilution, the solution was well vortexed (5 min) at room temperature (RT). The final solution of 6 mg/kg was agitated for 30-40 min at RT and sonicated for 1 h. The day of the experiment, the solution was sonicated again for 1 h. The injection of Preg and Vehicle-PREG (1% Tween 80 and 2% DMSO in NaCl (0.9%)) were performed subcutaneously in a volume of 10 ml/kg. SL327 (#1969/50, Lot n° 4A/219242 Bio-Techne, USA) was solubilized in 2.5% DMSO (Sigma Aldrich, France), 3% Cremophor (#C5135; Lot n°BCBF7085V, Sigma Aldrich, France) and 94.5% injectable water (Brawn; Batch 11426402). After sonication and vortexing, SL327 and Vehicle-SL327
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(2.5% DMSO, 3% Cremophor and 94.5% injectable water) solutions were administered through intraperitoneal (i.p) route in a volume of 10 ml/kg. The drug was prepared at the doses of 30 mg/kg (Kim et al., 2008). Animals received one injection 1 h 30 min before the test starts. Stock solutions were prepared in DMSO 4% and kept at -20°C.

Pregnenolone measurement

Samples processing. Mice were sacrificed by decapitation. Brains were quickly removed and dHPC and vHPC were then harvested and stored at -80°C until analysis. Blood was drawn into EDTAcoated tubes and centrifuged at 2000 rpm for 15 min at 4°C. Plasma was extracted and stored at -80°C until analysis.

Samples analysis.

The extraction and derivatization of Preg were performed as previously described [START_REF] Vallée | Quantification of neurosteroids in rat plasma and brain following swim stress and allopregnanolone administration using negative chemical ionization gas chromatography/mass spectrometry[END_REF]Vallée et al., 2014). Preg was first extracted from plasma and brain samples by a simple solid-phase extraction (SPE) method using reverse-phase C18 columns (Agilent, France). The dried steroid fraction eluted with methanol was derivatized by a two-step procedure. The formation of pentafluorobenzyloxime for negative chemical ionization detection was followed by trimethylsilyl ether formation for adequate sensitivity. Samples were then subjected to isotope-dilution gas chromatography-chemical ionization-tandem mass spectrometric analysis. The derivatized samples were injected (1 μl) directly into a GC/MS/MS XLS Ultra Thermo mass
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PART II. VALIDATION OF A TRANSLATIONAL TEST AND A THERAPEUTIC STRATEGY WITH THE CB1 SIGNALING SPECIFIC INHIBITOR (CB1-SSI) AEF0217

IV.2. Neurobiological substrates (eCBs, Preg) in DS humans and Ts65Dn mice Neurobiological substrates explored in DS humans and in Ts65Dn with mass spectrometry. The eCBs (AEA and 2-AG) and Preg levels were analyzed in plasma of the same subjects, while it was measured in different mice, in order to have enough sample volume. In humans, blood sampling was done before the RM (Figure 33), while in mice it was done after the WM procedure in RM (Figure 34. B). Table 13 indicates the number of subjects analyzed in humans (A) and mice (B).

IV.3. Study of AEF0217 on the behavioral phenotypes of adult Ts65Dn mice

Radial maze (WM and LTM procedures) and a battery of tests were performed in Ts65Dn mice treated with vehicle or AEF0217 and in vehicle-treated WT mice aged of 3-4 months old, and foodrestricted (85% of basal body weight) (Table 14). The following behavioral tests were assessed: sequential novel object recognition (NOR) for short-term memory (Figure 35), sucrose-test preference (STP) for anhedonia, elevated plus maze (EPM) for anxiety evaluation, rotarod (RO) for motor coordination, prepulse inhibition (PPI) for sensorimotor gating.

Groups Subjects

CTRL cohort 1 Ts65Dn (eCBs dosage) 18

WT (Preg dosage) 8

Ts65Dn (Preg dosage) 8

Table 13. The number of subjects tested in the experiments. In humans, dosages were performed in the same subjects. In mice, sampling for eCBS and Preg evaluation was done in different mice. Both of sexes were tested in humans and mice.

IV.4. Effect of AEF0217 on WM deficits in adult and aged mice

The effects of AEF0217 on WM deficits were tested in adult WT and Ts65Dn mice (3-4 months old), and in middle-aged WT and Ts65Dn (7 months old) ( and Radial maze (RM). Mice were food-restricted (85% of basal body weight) and treated chronically with AEF0217 in watered bottles from 9 days before the day of the RM test, following the protocol described above (Figure 34. A). WT and Ts65Dn mice were treated with AEF0217 at the dose of 0.06 µg/ml since it was the most effective dose (Experiment 2), while aged C57BL/6J were treated with AEF0217 at doses of 0.06, 0.2, and 0.06 µg/ml, following the same protocol described above (Figure 34. A).

Table 14. The number of male/female subjects tested (A) in the battery of tests. IV.5. Effect of AEF0217 on LTP deficits in adult Ts65Dn mice LTP was explored in WT and Ts65Dn mice (Table 16). Ts65Dn mice were chronically treated with vehicle or AEF0217 (0.06 µg/ml) for 12 days (Figure 37), according to the duration of treatment performed in the RM procedure for cognitive deficit assessment (2 days of habituation plus 3 blocks of 3 days until joining the ceiling effect). performances were confirmed in the RI tasks, even if at low difficulty the vehicle-treated Ts65Dn mice performed well (in average 70%). Thus, Ts65Dn mice were impaired in WM performances and AEF0217 treatment did rescue the deficits in a dose-dependent way. AEF0217 improved Ts65Dn performances and rescued deficits at PI and RI difficulties. The dose response effects revealed that AEF0217 at the dose of 0.06 µg/ml was the most effective dose in Ts65Dn mice. No sex differences were found.

Groups

Relational-LTM assessment was analysed in the Radial maze test (Figure 41. A, B). Control mice used more trials than Ts65Dn mice for acquired the criteria and their performances in LTM were lower than WM performances (% 60 in LTM vs % 80 in WM). Even if Ts65Dn mice used fewer trials to learn the criteria, vehicle-treated mice revealed a strong performance deficit (% 50).

AEF0217 induced a slight dose-dependent recovery of LTM at the dose of 0.2 µg/ml, whereas AEF0217 at the dose of 0.06 µg/ml revealed no difference in comparison with vehicle-treated group.

Developing a complex protocol with different levels of difficulty allows the reproduction of intervariability and intra-variability in DS subjects. The Radial maze test is independent of non-cognitive skills (such as cultural or verbal skills) and it does not require high levels of attention, as shown with the speed execution in human, and in mice as well.

However, some critical differences linked to the difference between animal models and humans should be considered (see "GENERAL DISCUSSION. V.I humans and mice differences").

In our case, one limit was the impossibility of performing an inter-trial interval (ITI) in humans, while in mice ITI differences seem to be linked to memory performances (543).

Another limit can come from the differences in the positive-reinforcement of RM [START_REF] Golden | Development of the superior temporal neocortex is anomalous in trisomy 21[END_REF][START_REF] Guidi | Neurogenesis impairment and increased cell death reduce total neuron number in the hippocampal region of fetuses with Down syndrome[END_REF]570,571), deficits in myelinization (572).

The general neuroanatomical and functional differences in brain areas can trigger several phenotypes (123,573,574) but the most limiting and widely expressed is memory impairment. Indeed, Ts65Dn mice show cognitive deficits both in WM/STM and LTM memories, evaluated with several behavioral tests (MWM [START_REF] Reeves | A mouse model for Down syndrome exhibits learning and behaviour deficits[END_REF], RM [START_REF] Demas | Spatial memory deficits in segmental trisomic Ts65Dn mice[END_REF], FC and CFC ( 99)). Clinical and preclinical studies can be contradictory for other physiopathological phenotypes, such as anxiety and depression-related behaviors, and motivation-related processes.

In Ts65Dn mice, we did not find any differences in non-cognitive phenotypes. In particular, anxiety levels, motor coordination, anhedonia and sensorymotor gating was not affected in transgenic mice compaired to WT mice.

In literature, some studies showed no increase in anxiety-like levels in Ts65Dn mice (575)(522), while other studies in the EPM test showed higher anxiety-like behavior in Ts65Dn mice (576).

GENERAL DISCUSSION