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Due to their unique architecture, neurons represent a special challenge for this active transport. A typical neuron consists of a cell body, numerous projections called dendrites, and a single elongated process that comprises over 99% of cell volume, the axon. While dendrites are in close proximity to the cell body, axons can extend up to one meter long. As a consequence, the distances covered by transported material are extremely long in axons. Therefore, the intracellular transport that occurs in axons is known as axonal transport and is essential for maintenance and function of a neuron.

Fast and Slow Axonal Transport

Axonal transport is divided classically in two distinct categories according to the bulk speed of their cargos (Table 1). Fast Axonal Transport (FAT) corresponds to the movement of cargos at speeds between 50-400 mm/day (0.5-5 µm/sec) whereas slow axonal transport refers to those that move at rates that are several orders of magnitude slower, at around 0.3-8 mm/day (0.004 to 0.09 µm/sec) [START_REF] Brown | Axonal transport of membranous and nonmembranous cargoes: a unified perspective[END_REF].

FAT and slow axonal transports differ not only in their bulk velocities, but also in the nature of the cargo transported. Membranous organelles like vesicles and mitochondria move in a FAT fashion, whereas slow axonal transport comprises mainly cytoskeletal components and cytosolic protein complexes [START_REF] Tytell | Axonal transport: each major rate component reflects the movement of distinct macromolecular complexes[END_REF].

Table 1:

Cargo transport rates

Cargos

Overall Velocity (mm/day) are the molecular motors, which act as the "engines" of intracellular transport, and MTs, considered as the rails on which transport occurs. MTs are polarized structures with a very dynamic end known as the plus end, and a less dynamic one referred to as the minus end. In axons, MTs are oriented with the plus end towards the axon tip and the minus end facing the cell body. On the other hand, for dendrites the MTs polarity is mixed in the proximal segment close to the cell body whereas, in the distal part the polarity follows the same pattern as in axons [START_REF] Kapitein | Which way to go? Cytoskeletal organization and polarized transport in neurons[END_REF] (Fig 1). Molecular motors walk along these MTs, being responsible for the active movement of the different cargos. In the synaptic regions, the actin filaments form the major cytoskeletal architecture, myosins being the motors involved in cargo delivery.

Plus-end directed motors, kinesins, mediate anterograde transport from the cell body to the axon tip, while dynein move to the minus end of MTs, mediating the retrograde transport towards the cell body [START_REF] Goldstein | Microtubule--based transport systems in neurons: the roles of kinesins and dyneins[END_REF][START_REF] Vale | The way things move: looking under the hood of molecular motor proteins[END_REF].

Molecular motors bind to a great variety of different cargos including both membranous organelles and non-membranous cargos such as cytoskeletal proteins and cytosolic protein complexes. Binding of molecular motors to their cargos can occur by direct interaction with transmembrane proteins or indirectly through the interaction with scaffolds or adaptor proteins. These adaptors are thought to play a crucial role in regulating specific motor-cargo binding and transport itself [START_REF] Karcher | Motor--cargo interactions: the key to transport specificity[END_REF].

Molecular Motors

Kinesins and dynein are the molecular motors known to be involved in long-range axonal transport. They both possess a catalytic domain referred to as the "head", characterized by the presence of a binding site for ATP and another one for MTs.

Besides the motor head, kinesins and dynein are considerably different, suggesting functional differences outside this domain.

1.3.a Dynein

Dynein superfamily contains two major groups: cytoplasmic dynein and axonemal dynein, also known as cilliary or flagelar dynein [START_REF] Hirokawa | Molecular Motors in Neurons: Transport Mechanisms and Roles in Brain Function, Development, and Disease[END_REF][START_REF] Pfister | Genetic analysis of the cytoplasmic dynein subunit families[END_REF]. Axonemal dynein is involved in generating flagella and cilia beating by sliding the adjacent MTs one over the other. Cytoplasmic dynein's most known function is driving the movement of cargos retrogradely, but it also has been shown to be involved in chromosome movement and mitotic spindle positioning for cell division [START_REF] Roberts | Functions and mechanics of dynein motor proteins[END_REF][START_REF] Summers | Adenosine triphosphate--induced sliding of tubules in trypsin--treated flagella of sea--urchin sperm[END_REF].

Cytoplasmic dynein (Fig. 2) is a multisubunit protein complex of approximately 1.5 megadaltons. It is composed of 12 polypeptide subunits: 2 heavy chains (520kDa), two intermediate heavy chains (74kDa), four intermediate light chains and several light chains (10-14 kDa) [START_REF] Hirokawa | Molecular Motors in Neurons: Transport Mechanisms and Roles in Brain Function, Development, and Disease[END_REF][START_REF] Roberts | Functions and mechanics of dynein motor proteins[END_REF] Dynein heavy chain (DHC) consists of three domains, each one carrying out an essential function. The stalk is located in the C-terminal region and is the MT binding domain; the head, which contains the ATP hydrolysis domain and therefore generates the energy for translocation; and the tail which is located in the N-terminal region and is responsible for cargo binding, dimerization and overlaps with dynein intermediate light chain and dynein intermediate heavy chain sites [START_REF] Kikkawa | Big steps toward understanding dynein[END_REF].

Dynein intermediate heavy chain (DIC) binds directly to DHC, and are believed to be the ones to target the motor to its cargo [START_REF] Paschal | Homology of the 74--kD cytoplasmic dynein subunit with a flagellar dynein polypeptide suggests an intracellular targeting function[END_REF][START_REF] Steffen | The involvement of the intermediate chain of cytoplasmic dynein in binding the motor complex to membranous organelles of Xenopus oocytes[END_REF].

Dynein intermediate light chain (LIC) interacts directly with DHC as well, and although its contribution to dynein function is not fully understood, available data suggests that its an ATPase that would probably be implicated in motility [START_REF] Tynan | Light intermediate chain 1 defines a functional subfraction of cytoplasmic dynein which binds to pericentrin[END_REF].

Dynein light chains (LCs) are located in the base of the motor complex, and among others, LC is implicated in the recruitment of specific cargos [START_REF] Chuang | Subunit heterogeneity of cytoplasmic dynein: Differential expression of 14 kDa dynein light chains in rat hippocampus[END_REF][START_REF] King | Cytoplasmic dynein contains a family of differentially expressed light chains[END_REF][START_REF] Tai | Localization of Tctex--1, a cytoplasmic dynein light chain, to the Golgi apparatus and evidence for dynein complex heterogeneity[END_REF].

1.3.b Dynactin Complex

Although dynactin is not a motor per se, it is associated to dynein and regulates its activity. Dynein can bind some membranous cargos independently from dynactin, but the establishment of a functional dynein-cargo link depends on dynactin. The dynactin complex (Fig. 3) consists of two major structural domains, a rod which is thought to allow dynactin binding to different structures and a projecting arm that contains two globular termini with MTs binding sites [START_REF] Schroer | Dynactin[END_REF].

The rod domain looks like a short actin filament. It is composed of eight monomers of actin-related protein 1 (Arp1), which at one end is associated with the actin-capping protein CapZ [START_REF] Schafer | Ultrastructural analysis of the dynactin complex: an actin--related protein is a component of a filament that resembles F--actin[END_REF] and in the opposite end bears the actin-related protein 11 (Arp11) [START_REF] Eckley | Analysis of dynactin subcomplexes reveals a novel actin-related protein associated with the arp1 minifilament pointed end[END_REF] and the dynactin subunit p62 [START_REF] Schafer | Ultrastructural analysis of the dynactin complex: an actin--related protein is a component of a filament that resembles F--actin[END_REF]. p62 in turn associates with p27 and p25 subunits of dynactin, forming a complex that sits at the end of the Arp1 rod [START_REF] Eckley | Analysis of dynactin subcomplexes reveals a novel actin-related protein associated with the arp1 minifilament pointed end[END_REF]. Arp1 can directly bind to spectrins [START_REF] Holleran | Centractin (ARP1) associates with spectrin revealing a potential mechanism to link dynactin to intracellular organelles[END_REF], and this is probably the mechanism through which dynactin binds to different cellular structures.

The projecting arm consists of four copies of dynamitin and two copies of p150 Glued and p24/22. The two p150 Glued form a dimer, generating a structure with two globular heads at the tip of the arm, which contains a CAP-Gly domain (cytoskeleton associated protein-glycine rich). This domain binds to MTs [START_REF] Vaughan | A role for regulated binding of p150(Glued) to microtubule plus ends in organelle transport[END_REF][START_REF] Waterman--Storer | The p150Glued component of the dynactin complex binds to both microtubules and the actin--related protein centractin (Arp--1)[END_REF], interaction which is necessary to increase dynein's processivity. p150 Glued interacts with dynein through the dynein intermediate chain, and also interacts with kinesin-2 and kinesin-5 [START_REF] Deacon | Dynactin is required for bidirectional organelle transport[END_REF][START_REF] Karki | Affinity chromatography demonstrates a direct binding between cytoplasmic dynein and the dynactin complex[END_REF][START_REF] King | Analysis of the dynein--dynactin interaction in vitro and in vivo[END_REF][START_REF] Vaughan | Cytoplasmic dynein binds dynactin through a direct interaction between the intermediate chains and p150Glued[END_REF]. Therefore one functions of dynactin could be to act as a coordinator for bidirectional transport by regulating both anterograde and retrograde motor activities along MTs and linking cargos to the MTs.

The dynein-dynactin complex is required for a broad range of cellular functions, including chromosome separation, nuclear migration, Golgi positioning as well as retrograde transport. Hence, the fact that inhibition of any of these are embryonic lethal does not come as a surprise [START_REF] Gepner | Cytoplasmic dynein function is essential in Drosophila melanogaster[END_REF][START_REF] Harada | Golgi vesiculation and lysosome dispersion in cells lacking cytoplasmic dynein[END_REF]. The great importance this complex has in axonal transport is reflected in its implication in neurodegenerative diseases. This point will be further discussed in chapter two.

1.3.c Kinesins

Kinesins or KIFs are members of a broad superfamily of molecular motors, consisting of 15 different families: kinesin 1 to kinesin 14B. Morphologically, these motors can be classified according to the position of the motor domain in the molecule, into C, M or N-kinesins. Anterograde transport is powered by N-kinesins, in which the motor domain occupies the N-terminal region. C-kinesins contain the molecular motor domain in the C-terminal region of the molecule, and unlike most of the kinesins involved in transport, they move in the opposite direction to typical kinesins. Mkinesins play a role in MT depolymerization, and hold the motor domain in the middle of the molecule [START_REF] Hirokawa | Molecular Motors in Neurons: Transport Mechanisms and Roles in Brain Function, Development, and Disease[END_REF].

Besides its role in transport, kinesins are implicated in other cellular functions including different stages of mitosis and MT depolymerization. We will next focus only

The stalk holds coiled-coil domains, and these domains of both KHCs interact between each other and are responsible for the dimerization. The tail located in the C-terminal region, associates with KLC and participates in regulation of motor activity and cargo binding. The KLC contains a region of interaction with KHC and a tetratricopeptide repeat (TPR) motifs that participates in cargo binding [START_REF] Adio | Review: regulation mechanisms of Kinesin--1[END_REF][START_REF] Verhey | Traffic control: regulation of kinesin motors[END_REF] (Fig 4).

Kinesin 1 family is represented by three isoforms: KIF5A, KIF5B and KIF5C, all of them expressed in neurons. Binding to different adaptor proteins allows them to transport distinct cargos. For example, amyloid precursor protein (APP) is transported by KIF5. One proposed model suggests that APP binds directly to KLC, functioning as an adaptor involved in axonal transport of tyrosine kinase receptors, βsecretase and presenilin-1 [START_REF] Kamal | Kinesin--mediated axonal transport of a membrane compartment containing beta-secretase and presenilin--1 requires APP[END_REF][START_REF] Lazarov | Axonal transport, amyloid precursor protein, kinesin--1, and the processing apparatus: revisited[END_REF]. Another hypothesis suggests that APP is a cargo transported through the interaction of KIF5 with c-Jun NH2-terminal kinase-interacting protein 1 (JIP1) that in turn interacts with vesicular APOER2 or phosphorylated APP [START_REF] Muresan | Coordinated transport of phosphorylated amyloid-beta precursor protein and c--Jun NH2--terminal kinase--interacting protein--1[END_REF]Verhey et al., 2001). Syntabulin associates with KIF5 and acts as an adaptor to recognize syntaxin vesicles (Cai et al., 2007b;[START_REF] Su | Syntabulin is a microtubule-associated protein implicated in syntaxin transport in neurons[END_REF]. KIF5 is also involved in mitochondria transport through the Milton-Miro complex [START_REF] Guo | The GTPase dMiro is required for axonal transport of mitochondria to Drosophila synapses[END_REF][START_REF] Stowers | Axonal transport of mitochondria to synapses depends on milton, a novel Drosophila protein[END_REF], BDNF vesicles by the interaction with Huntingtin (HTT) and Huntingtinassociated protein 1 (HAP1) (Colin et al., 2008;Gauthier et al., 2004), and anterogradely transports retrograde motors by the interaction with LIS1-NDEL complex [START_REF] Yamada | LIS1 and NDEL1 coordinate the plus--end--directed transport of cytoplasmic dynein[END_REF].

Kinesin 2 family is heterotrimeric, composed of two motor domain-containing subunits from the KIF3 family and a non-motor accessory protein known as kinesin associated protein (KAP) (Fig 4). Similar to the KHC of kinesin-1, KIF3 polypeptides are constituted by a motor domain, a neck, a stalk and a tail. There is substantial evidence that KIF3A and KIF3B form heterodimers through binding by the stalk domains, while KAP subunit binds to it only after this heterodimer is formed [START_REF] Brunnbauer | Regulation of a heterodimeric kinesin--2 through an unprocessive motor domain that is turned processive by its partner[END_REF][START_REF] Doodhi | KAP, the accessory subunit of kinesin--2, binds the predicted coiled--coil stalk of the motor subunits[END_REF][START_REF] Yamazaki | Cloning and characterization of KAP3: a novel kinesin superfamily--associated protein of KIF3A/3B[END_REF]. Among the known cargos transported by kinesin 2 family motors there are fodrin-associated vesicles [START_REF] Takeda | Kinesin superfamily protein 3 (KIF3) motor transports fodrin--associating vesicles important for neurite building[END_REF], the N-cadherin containing vesicles [START_REF] Teng | The KIF3 motor transports N--cadherin and organizes the developing neuroepithelium[END_REF] as well as the Kv1 channel [START_REF] Gu | The microtubule plus--end tracking protein EB1 is required for Kv1 voltage--gated K+ channel axonal targeting[END_REF].

Kinesin 3 family members or KIF1s initial characterization suggested that it is a globular protein with an N-terminal motor domain, whose behavior is consistent with a monomeric molecule [START_REF] Okada | The neuron--specific kinesin superfamily protein KIF1A is a unique monomeric motor for anterograde axonal transport of synaptic vesicle precursors[END_REF]. However, more recently, it has been demonstrated that it can exist in a dimeric state, and that this dimerization seem to be critical for processive motility at high velocities [START_REF] Hammond | Mammalian Kinesin--3 motors are dimeric in vivo and move by processive motility upon release of autoinhibition[END_REF] 

(Fig 4).

As Kinesin 1 family motors, adaptor proteins mediate transport of different cargos.

Both KIF1A and KIF1Bβ are known to transport anterogradely Rab3 carrying synaptic vesicle precursors via the DENN/MADD or Liprin-α [START_REF] Niwa | KIF1Bbeta--and KIF1A--mediated axonal transport of presynaptic regulator Rab3 occurs in a GTP--dependent manner through DENN/MADD[END_REF][START_REF] Okada | The neuron--specific kinesin superfamily protein KIF1A is a unique monomeric motor for anterograde axonal transport of synaptic vesicle precursors[END_REF][START_REF] Wagner | Synaptic scaffolding protein SYD--2 clusters and activates kinesin--3 UNC--104 in C. elegans[END_REF][START_REF] Zhao | Charcot--Marie--Tooth disease type 2A caused by mutation in a microtubule motor KIF1Bbeta[END_REF]. On the other hand KIF1Bβ transport mitochondria through the interaction with KBP [START_REF] Wozniak | The novel protein KBP regulates mitochondria localization by interaction with a kinesin--like protein[END_REF].

Motors' movement mechanisms

Kinesins transport cargos anterogradely by walking processively on MTs tracks. This movement occurs by a mechanism where kinesin's heads step past one another, alternating the lead position and generating 8 nm steps. Kinesins contain two identical motor heads with catalytic domains in the N-terminal region opposite to where the cargos bind. In solution, both heads are attached to ADP, and move freely until one of these heads contacts a MT. Once this occurs, the head binds tightly to the MT causing ADP to be released and rapidly exchanged by ATP. This generates a conformational change that drives the detached rear head to move forward towards the plus end of the MT, where it will encounter and bind to the MT in front of its partner. The attached head hydrolyses ATP, and detaches from the MT, and the cycle repeats [START_REF] Asbury | Kinesin: world's tiniest biped[END_REF][START_REF] Asenjo | Nucleotide binding and hydrolysis induces a disorder--order transition in the kinesin neck--linker region[END_REF][START_REF] Gennerich | Walking the walk: how kinesin and dynein coordinate their steps[END_REF][START_REF] Rice | A structural change in the kinesin motor protein that drives motility[END_REF]. Kinesin motors, when not bound to cargo, are kept in an inactive state by an autoinhibition mechanism (Fig. 5). In the absence of cargo, kinesin adopts a folded conformation that corresponds to an inactive state [START_REF] Coy | Kinesin's tail domain is an inhibitory regulator of the motor domain[END_REF][START_REF] Friedman | Single--molecule analysis of kinesin motility reveals regulation by the cargo--binding tail domain[END_REF][START_REF] Hackney | Kinesin undergoes a 9 S to 6 S conformational transition[END_REF][START_REF] Stock | Formation of the compact confomer of kinesin requires a COOH--terminal heavy chain domain and inhibits microtubule--stimulated ATPase activity[END_REF][START_REF] Verhey | Light chain--dependent regulation of Kinesin's interaction with microtubules[END_REF]. In this folded conformation, C-terminal regions of KHC interact with the motor domain, blocking ATPase activity and MT binding. KLC also takes part in this autoinhibition by physically separating the two motor domains (Cai et al., 2007a). This autoinhibition can be released by cargo binding [START_REF] Coy | Kinesin's tail domain is an inhibitory regulator of the motor domain[END_REF][START_REF] Imanishi | Autoinhibition regulates the motility of the C. elegans intraflagellar transport motor OSM--3[END_REF]. Basically, fasciculation and elongation protein-ζ1 (FEZ1) binds to the C-terminal region of KHC and JIP1 to KLC, releasing the restraints of MT binding and processive motility [START_REF] Blasius | Two binding partners cooperate to activate the molecular motor Kinesin--1[END_REF].

In contrast to kinesin, dynein transports cargos to the minus end of MTs. It is a processive motor that moves along MTs taking frequently 8 nm steps, although longer as well as side and backward steps are also common [START_REF] Reck--Peterson | Single--molecule analysis of dynein processivity and stepping behavior[END_REF]. Dynein binds to MTs through the stalk domain. During cargo transport, one stalk remains bound to MTs and due to a nucleotide-dependent conformational change, the linker of the DHC which is tightly bound to the MT, detaches and moves the other head towards the MT minus end. This head rebinds to the MT, allowing the cycle to continue and making the dynein complex to walk [START_REF] Roberts | Functions and mechanics of dynein motor proteins[END_REF].

A single cargo is transported throughout the cell by the combined action of different motors, which will determine the directionality of its movement. Moreover, a moving organelle can pause, and then either continue moving in the same direction or start moving in the opposite direction. How the motors share the load and how switching from plus end to minus end directed transport occurs, is poorly understood.

Apparently, as shown by in vitro assays, kinesins are unable to coordinate their movement collectively [START_REF] Jamison | Two kinesins transport cargo primarily via the action of one motor: implications for intracellular transport[END_REF] unlike dynein that has been suggested to be more efficient when cooperating with its partners [START_REF] Soppina | Tug--of--war between dissimilar teams of microtubule motors regulates transport and fission of endosomes[END_REF]. Recent work using optical trap-based force measurements in living cells and in vitro confirmed this notion. Multiple dyneins are able to cooperate in force production under load. This cooperation is efficient as the leading dynein of a team can slow down by taking shorter step size, allowing the dyneins that are behind to catch up by taking larger steps. In this way, they cooperate and therefore share the load, becoming more efficient. Contrary to this situation, when multiple kinesins pull a cargo, they are unable to change the step size; therefore the trailing motors cannot catch up with the leading one and load is not distributed among the group. As a result, the leading kinesin bears most of the load and detaches from MTs more easily [START_REF] Rai | Molecular adaptations allow dynein to generate large collective forces inside cells[END_REF]. However, this is in contradiction with studies performed in D.

melanogaster, where APP vesicle velocity seem to depend on the amount of kinesin [START_REF] Encalada | Stable Kinesin and Dynein Assemblies Drive the Axonal Transport of Mammalian Prion Protein Vesicles[END_REF][START_REF] Reis | Molecular motor function in axonal transport in vivo probed by genetic and computational analysis in Drosophila[END_REF].

The situation becomes even more complicated by the fact that motors of opposing polarities can attach to the same cargo (Hendricks et al., 2010). One main question in the field is how directionality is determined in this case, and how a cargo can change the direction of movement. The main hypothesis proposes that groups of opposing motors will pull in opposite directions, and as a tug-of-war, the stronger team will determine the directionality. It was described from experiments performed in purified vesicles from mouse brains, that a single vesicle contains approximately 2.8±1.6 dyneins, and 1.7±1.0 kinesins. Moreover, it seems that motors of opposite polarity can simultaneously functionally interact with the organelle, as in vitro motility studies performed with these vesicles show that they travelled for short distances and frequently changed direction (Hendricks et al., 2010). An in vitro study using DNA origami (see next section for full description) as a synthetic cargo enabled to further address this question. This system allows controlling the motor type, number, spacing, and orientation in vitro. Using this system it was described that altering the ratio of dynein to kinesin motors present influenced directionality of the cargo.

Besides, when an immotile cargo bound to both kinds of motors is released from one type of motor, the cargo begins to move, further supporting the tug-of-war model [START_REF] Derr | Tug--of--war in motor protein ensembles revealed with a programmable DNA origami scaffold[END_REF].

Models to study transport

The complexity of studying intracellular transport has been previously discussed in this chapter. The problem lies mainly in dissecting the individual functions of the different components that take part in this process, and then further studying how all of the individual components work as a whole. To address the many questions concerning intracellular transport, a wide variety of approaches ranging from in vitro to in vivo techniques have been developed.

Motility of motor proteins can be studied by in vitro assays using purified motor proteins, thanks to the development of total internal reflection (TIRF) microscopy.

One of the most commonly used strategies is the gliding assay (Figure 6A). This assay consists of immobilizing molecular motors to a glass coverslips and then adding fluorescently labeled in vitro polymerized MTs. In presence of ATP, when MTs encounter the motors, they are bound to and transported by the motors along the surface in a gliding movement. Using this strategy we can obtain information about sliding velocity, ATP dependence and some information about group dynamics.

Another very popular in vitro assay is the single motor assay (Figure 6B). In this case, the configuration is inverted in comparison to the previous assay. MTs are attached to the glass surface, then motors are perfused and the motility of single motors is monitored. Visualization is possible as motors may be either fused to a fluorescent tag or covalently labeled to an organic fluorophore or a quantum dot.

A variation of this method can be obtained by attaching small polymer beads to the motors (Fig 6C). In this case, the cargo can be observed by differential interference contrast microscopy. This has been thoroughly used to study the physical properties of motors, by optical trapping experiments.

A flexible in vitro strategy has been recently developed, which consists in a three dimensional structure of DNA called DNA-origami (Figure 6D) [START_REF] Derr | Tug--of--war in motor protein ensembles revealed with a programmable DNA origami scaffold[END_REF].

This structure contains single stranded DNA at specific locations allowing the attachment of motor proteins via the complementary DNA. The number, identity and the spatial localization of the motors can be tightly controlled. Furthermore, release of motors from the DNA-origami is as well feasible through photo-cleavable linkages. This is a powerful tool that will further allow studying motor interactions in vitro.

In vitro reconstitution using an endogenous cargo is a more physiological implementation for in vitro assays (Figure 6E). This can be achieved by the purification of organelles from cells or tissues, but the purified cargos must either retain their capacities to interact with motors and/or contain their endogenous motors attached. For example, macrophages can phagocyte latex or magnetic beads that will be enclosed in a native vesicle and transported by endogenous motor proteins.

These beads-containing organelles can be purified and used for in vitro experiments. Similarly, preparations can be enriched for a specific organelle that is already labeled with a fluorophore. However, the nature of the cargo is generally unknown. 

Additionally

Axonal transport in neurodegenerative diseases

In the previous chapter we described the working mechanism of axonal transport, the molecular complexes that take part in this, and how this process is regulated. We have highlighted as well the particular importance of FAT in neurons.

In this chapter we will discuss the link between axonal transport and neurodegenerative diseases, focusing mainly on evidence showing that in many neurodegenerative diseases, mutations that lead to the pathology occur

Huntington's Disease

As discussed in chapter 2, Huntington's Disease (HD) is one of the many NDs known to be tightly related to intracellular transport. In this chapter we will discuss more in detail this pathology as well as the pathogenic mechanisms associated. HD is an autosomal dominant neurodegenerative disorder, caused by a CAG repeat expansion in the huntingtin (HTT) gene. This expansion results in a HTT protein containing an extended polyglutamine (PolyQ) stretch. The disease causes the atrophy mainly of the Striatum (STR) and the cerebral Cortex (CTX), having an impact on a person's motor abilities, and generating cognitive impairment and psychiatric disorders. It is a rare disorder, and its prevalence varies by ethnic origin.

In the caucasian population of North America and Western Europe the prevalence is of 5-10 individuals per 100,000 [START_REF] Agostinho | A systematic review of the intergenerational aspects and the diverse genetic profiles of Huntington's disease[END_REF]. However, recent studies may suggest that this number could be underestimated [START_REF] Fisher | Multisource ascertainment of Huntington disease in Canada: prevalence and population at risk[END_REF].

HD is also known as Huntington's Chorea. "Chorea" comes from the Latin and Greek words meaning chorus or a group of dances. The term was given to many so-called "dancing disorders". Huntington's Disease was first accurately described in 1872 when a 22-year-old American doctor, George Huntington, wrote a paper called On Chorea, where he characterized HD as a hereditary condition and described the clinical presentation as a triad of motor, emotional and cognitive disturbances. His paper was later published in the Medical and Surgical Reporter of Philadelphia and the disorder he described became known as Huntington's Chorea. The knowledge of

Symptoms

HD is generally a late-onset disease, with the first symptoms appearing between the ages of 35-50. There is a 5% of the cases where symptoms appear earlier in life. This is a juvenile form of the disease that is accompanied by a faster progression and increased severity [START_REF] Beighton | Huntington's chorea. South African Medical Journal = Suid--Afrikaanse Tydskrif[END_REF][START_REF] Conneally | Huntington disease: genetics and epidemiology[END_REF]. Symptoms of the disease can vary between individuals, but usually progress predictably. The earliest symptoms are often problems with mood or cognition. A general lack of coordination and an unsteady gait often follows. As the disease advances, uncoordinated body movements become more apparent, along with a decline in mental abilities and behavioral and psychiatric problems. Physical abilities are gradually impeded until coordinated movement becomes very difficult. Mental abilities generally decline into dementia. Complications such as pneumonia, heart disease, and physical injury from falls reduce life expectancy to around twenty years after symptoms begin. There is no cure for HD, and full-time care is required in the later stages of the disease.

Existing treatments tend to relieve many of the symptoms, but no actual cure has been yet developed [START_REF] Rosenblatt | Neuropsychiatry of Huntington's disease[END_REF].

HD brain disease

Despite its ubiquitous expression, the presence of the polyQ stretch in HTT protein affects mainly the brain with a notable cell loss and atrophy of the Striatum (STR) [START_REF] Reiner | Differential loss of striatal projection neurons in Huntington disease[END_REF][START_REF] Vonsattel | Huntington disease[END_REF].

Prior to symptoms onset, a significant volume reduction in almost all brain structures is detected by magnetic resonance imaging (MRI)-based morphometric analysis [START_REF] Rosas | Evidence for more widespread cerebral pathology in early HD: an MRI--based morphometric analysis[END_REF]. The neurodegenerative process begins in the caudate and putamen, and as the disease progresses a significant loss of neurons is also observed in the cerebral CTX particularly in layers III, V and VI (Vonsattel and DiFiglia, 1998) (Fig 7). Besides these main areas affected, other regions are also disturbed in HD. Studies have suggested that globus pallidus, thalamus, subtalamic nucleus, substantia nigra, white matter and cerebellum could be markedly affected [START_REF] Reiner | Differential loss of striatal projection neurons in Huntington disease[END_REF][START_REF] Vonsattel | Huntington disease[END_REF]. There are also indications that the hypothalamus can be significantly atrophied in HD patients [START_REF] Kassubek | Topography of cerebral atrophy in early Huntington's disease: a voxel based morphometric MRI study[END_REF][START_REF] Politis | Hypothalamic involvement in Huntington's disease: an in vivo PET study[END_REF], although these changes are initially less obvious than those detected in the striatum.

At the cellular level, HD is characterized by differential vulnerability of specific neuronal subpopulations within the STR and CTX [START_REF] Ferrante | Selective sparing of a class of striatal neurons in Huntington's disease[END_REF]. GABAergic medium-spiny neurons (MSN) preferentially degenerate in HD. Within the MSNs, those corresponding to the indirect pathway expressing enkephalin are affected at earlier stages of disease progression and to a larger extent [START_REF] Albin | Preferential loss of striato--external pallidal projection neurons in presymptomatic Huntington's disease[END_REF][START_REF] Reiner | Differential loss of striatal projection neurons in Huntington disease[END_REF][START_REF] Richfield | Preferential loss of preproenkephalin versus preprotachykinin neurons from the striatum of Huntington's disease patients[END_REF], and have been associated with development of the chorea-like movement in HD. Degeneration of MSNs of the direct pathway late in the course of HD manifests as rigidity and bradykinesia [START_REF] Berardelli | Pathophysiology of chorea and bradykinesia in Huntington's disease[END_REF].

HTT gene

HTT gene was first discovered in a small community around Venezuela's lake Maracaibo, where a large concentration of HD patients was found. In 1983, HTT gene was the first disease-associated gene to be mapped to a human chromosome [START_REF] Gusella | A polymorphic DNA marker genetically linked to Huntington's disease[END_REF]. Ten years later, the Huntington's Disease Collaborative Research Group identified the DNA sequence and the precise nature of the HDassociated mutation (The Huntington's Disease Collaborative Research Group, 1993). They reported that the disease was linked to the IT15 gene (for interesting transcript 15), which contains a region with a polymorphic CAG (cytosine-adenineguanine) triplet expansion. When researchers examined this polymorphic region in non-HD individuals they observed that the number of CAG repeats varied from 6 to 35 whereas HD individuals always contained over 40 repeats (The Huntington's Disease Collaborative Research Group, 1993). Therefore, HD disease was accounted to this trinucleotide expansion in the IT15 gene, nowadays known as HTT gene.

The gene coding for HTT is composed of 67 exons spanning over 180kb. The polymorphic (CAG) n repeat is located in the first exon of the gene. Within the normal population the CAG repeat has a Gaussian distribution with a prevalence of 17 CAGs. HD patients contain an allele with an expanded stretch of CAG above the threshold of 36 repeats, although full penetrance occurs when the number of repeats exceeds 39 [START_REF] Mcneil | Reduced penetrance of the Huntington's disease mutation[END_REF][START_REF] Rubinsztein | Phenotypic characterization of individuals with 30--40 CAG repeats in the Huntington disease (HD) gene reveals HD cases with 36 repeats and apparently normal elderly individuals with 36--39 repeats[END_REF]. There is a gray zone between 32-35 repeats, in which individuals are asymptomatic, but are at risk of transmitting the disease to their offspring, due to a phenomenon known as "genetic anticipation". This phenomenon is defined by an increased severity of the symptoms upon transmission through successive generations. This is due to the fact that expanded CAG repeats are not stable, and tend to expand from generation to generation specially when it is of paternal transmission [START_REF] Ranen | Anticipation and instability of IT--15 (CAG)n repeats in parent--offspring pairs with Huntington disease[END_REF].

Furthermore, there is a negative correlation between the number of repeats and the age of onset of the disease (Fig 8) [START_REF] Andrew | Rethinking genotype and phenotype correlations in polyglutamine expansion disorders[END_REF]. Extremely large CAG repeats above 60 are often associated to juvenile HD, with disease onset during childhood or adolescence. This correlation is less evident in patients with shorter CAG repeats, where the length of the stretch accounts for about 60% of the variance in the age of onset [START_REF] Andrew | The relationship between trinucleotide (CAG) repeat length and clinical features of Huntington's disease[END_REF][START_REF] Brinkman | The likelihood of being affected with Huntington disease by a particular age, for a specific CAG size[END_REF][START_REF] Ranen | Anticipation and instability of IT--15 (CAG)n repeats in parent--offspring pairs with Huntington disease[END_REF][START_REF] Wolf | Dorsolateral prefrontal cortex dysfunction in presymptomatic Huntington's disease: evidence from event--related fMRI[END_REF]. This observation suggests the existence of genetic and environmental modifiers that could modulate age of onset and severity of disease.

Several studies revealed that a large set of genes distinct from the HD locus itself could contribute to modify disease onset and progression [START_REF] Chattopadhyay | Modulation of age at onset in Huntington's disease and spinocerebellar ataxia type 2 patients originated from eastern India[END_REF][START_REF] Li | A genome scan for modifiers of age at onset in Huntington disease: The HD MAPS study[END_REF][START_REF] Wexler | Venezuelan kindreds reveal that genetic and environmental factors modulate Huntington's disease age of onset[END_REF]. These modifiers relate to various mechanisms implicated in HD pathology as excitotoxicity, dopamine toxicity, metabolic impairment, transcriptional deregulation, protein misfolding and oxidative stress.

Most of HD patients contain only one copy of the mutated allele. However, homozygous cases of the disorder show no difference in the age of onset of the disease compared to heterozygous patients, but the rate of progression can be enhanced [START_REF] Squitieri | Predictive testing for persons at risk for homozygosity for CAG expansion in the Huntington disease gene[END_REF].

HTT protein

HTT is a large, 348 kDa protein, which is conserved from Drosophila to mammals. The primary structure of the protein consists of several domains that include a polyQ Group, 1993). The actual function of the polyQ tract is still not completely defined, though it is thought to be a regulator of HTT binding properties with its numerous interactors [START_REF] Harjes | The hunt for huntingtin function: interaction partners tell many different stories[END_REF]. The polyQ tract is capable of forming a polar zipper structure that would enable binding to transcription factors containing a polyQ region [START_REF] Perutz | Glutamine repeats as polar zippers: their possible role in inherited neurodegenerative diseases[END_REF]. This region seems not to be essential for HTT's function but to function as a regulator of its activity. The absence of the polyQ stretch in fibroblasts culture contributes in modulating longevity and regulates energy homeostasis [START_REF] Clabough | Deletion of the triplet repeat encoding polyglutamine within the mouse Huntington's disease gene results in subtle behavioral/motor phenotypes in vivo and elevated levels of ATP with cellular senescence in vitro[END_REF]. Moreover, mice lacking of the polyQ stretch live significantly longer than wild type mice [START_REF] Zheng | Deletion of the huntingtin polyglutamine stretch enhances neuronal autophagy and longevity in mice[END_REF]. The polyQ region is followed by a polyproline (PolyP) stretch that is thought to help its stabilization by maintaining the polyQ tract soluble (Fig 9) [START_REF] Steffan | SUMO Modification of Huntingtin and Huntington's Disease Pathology[END_REF].

Further downstream, HTT protein contains 36 putative HEAT (huntingtin elongation factor, protein phosphatase 2A, and TOR1) repeats [START_REF] Takano | The predominantly HEAT--like motif structure of huntingtin and its association and coincident nuclear entry with dorsal, an NF--kB/Rel/dorsal family transcription factor[END_REF], which are thought to be organized in 4 domains (Fig 9) [START_REF] Palidwor | Detection of alpha--rod protein repeats using a neural network and application to huntingtin[END_REF]. These HEAT repeats are successive antiparallel alpha helices that are important for intramolecular interaction and for protein-protein interaction, suggesting that HTT may exert its function through its binding to different partners.

In the C-terminal region of the protein, there is both an active nuclear export signal (NES), and a less active nuclear localization signal (NLS) which suggests that HTT would be implicated as well in transporting proteins between the nucleus and the cytoplasm (Fig 9) [START_REF] Cornett | Polyglutamine expansion of huntingtin impairs its nuclear export[END_REF].

HTT also contains several consensus sites for proteolytic enzymes and posttranslational modifications (Fig 9). HTT is cleaved in several different fragments by many different proteolytic enzymes including caspases, calpain and aspartyl proteases [START_REF] Hermel | Specific caspase interactions and amplification are involved in selective neuronal vulnerability in Huntington's disease[END_REF][START_REF] Kim | Caspase 3-cleaved N--terminal fragments of wild--type and mutant huntingtin are present in normal and Huntington's disease brains, associate with membranes, and undergo calpain--dependent proteolysis[END_REF][START_REF] Wellington | Inhibiting caspase cleavage of huntingtin reduces toxicity and aggregate formation in neuronal and nonneuronal cells[END_REF][START_REF] Wellington | Caspase cleavage of mutant huntingtin precedes neurodegeneration in Huntington's disease[END_REF]. Many of the sites of cleavage are well characterized while others are not so well defined [START_REF] Dyer | Mutant protein in Huntington disease is resistant to proteolysis in affected brain[END_REF]. The function of these cleavages in normal HTT's function is still unclear. On the other hand, it is well established that in the pathological situation protein cleavage generates short fragments that translocate to the nucleus deregulating transcription. Furthermore, reduction of huntingtin's proteolysis diminishes toxicity of the mutant protein.

HTT posttranslational modifications

HTT is subjected to many posttranslational modifications including acetylation, phosphorylation, ubiquitination and sumoylation, which regulate many of its functions.

In HTT, sumoylation and ubiquitination compete for the same target lysines at amino acids 6, 9 and 15 (Fig. 9). Sumoylation of HTT results in stabilization of N-terminal fragments, reduced aggregation, increased nuclear localization and increased neurodegeneration in a D. Melanogaster model of HD [START_REF] Steffan | SUMO Modification of Huntingtin and Huntington's Disease Pathology[END_REF]. Ubiquitination of HTT targets it to the proteasome for degradation. However, misfolded forms of HTT are not effectively degraded by this pathway, leading to global defects in the ubiquitination-proteasome pathway that can result in increased levels of proapoptotic proteins [START_REF] Jana | Co--chaperone CHIP associates with expanded polyglutamine protein and promotes their degradation by proteasomes[END_REF].

Acetylation of HTT at lysine 444 (Fig. 9) directly influences HD by facilitating the autophagic clearance of mutant HTT. The acetyltransferase mediating the reaction is CBP (CREB-binding protein), and the de-acetylation process is catalyzed by histone deacetylase 1 (HDAC1). Interestingly, preferential acetylation of polyQ HTT over the wild-type protein was observed in cell culture as well as in brains from HD mouse models and patients, and experiments with acetylation-resistant mutants showed that acetylation is correlated with protection from mutant HTT toxicity. Acetylated polyQ HTT is trafficked to autophagosomes for degradation, which most likely constitutes the detoxification mechanism [START_REF] Jeong | Acetylation targets mutant huntingtin to autophagosomes for degradation[END_REF].

HTT is as well subjected to palmitoylation at C214 by the palmitoyl transferases HIP14 and HIP14L [START_REF] Huang | Neuronal palmitoyl acyl transferases exhibit distinct substrate specificity[END_REF][START_REF] Yanai | Palmitoylation of huntingtin by HIP14 is essential for its trafficking and function[END_REF]. Palmytoylation of HTT seems to influence toxicity in neurons. Rendering HTT palmitoylation-resistant leads to increased inclusion formation, increased nuclear localization and increased toxicity in neurons. The interaction of HTT with HIP14 is polyglutamine length-dependent, and polyQ HTT exhibits less palmitoylation in an HD mouse model. As a consequence, reduced palmitoylation could be responsible for the axonal trafficking defects seen in HD which contributes to the formation of inclusion bodies and enhanced neuronal toxicity [START_REF] Yanai | Palmitoylation of huntingtin by HIP14 is essential for its trafficking and function[END_REF]. Interestingly, HIP14 knockout mice have some neuropathological phenotypes similar to HD mice [START_REF] Sutton | Hip14l--deficient mice develop neuropathological and behavioural features of Huntington disease[END_REF].

Phosphorylation can occur in numerous sites in HTT. HTT's residues S13 and S16 can be phosphorylated by the IKK (IκB kinase) complex (Fig 9). S13 seems to be a direct target of IKK, whereas the phosphorylation of S16 is facilitated by previous phosphorylation of S13. Phosphorylation of HTT at these sites leads to increased degradation of the protein by both proteasomal and lysosomal pathways. The presence of an expanded polyQ tract renders these phosphorylations less efficient and reduces mutant HTT clearance [START_REF] Thompson | IKK phosphorylates Huntingtin and targets it for degradation by the proteasome and lysosome[END_REF]. Furthermore, stress induced phosphorylation of residues S13 and S16 can modulate nuclear entry, subnuclear localization and toxicity [START_REF] Atwal | Kinase inhibitors modulate huntingtin cell localization and toxicity[END_REF]. Phosphorylation at S16 reduces the interaction of HTT with the nuclear pore, thus reducing nuclear entry [START_REF] Havel | Preferential accumulation of N--terminal mutant huntingtin in the nuclei of striatal neurons is regulated by phosphorylation[END_REF].

HTT is phosphorylated at S421 upon IGF1/Akt pathway activation (Fig. 9) (Humbert et al., 2002). Akt is able to counteract the proapoptotic properties of mutant HTT in vitro and in vivo (Humbert et al., 2002;Pardo et al., 2006;[START_REF] Warby | Huntingtin phosphorylation on serine 421 is significantly reduced in the striatum and by polyglutamine expansion in vivo[END_REF]. S421 phosphorylation plays a crucial role in intracellular transport directionality regulation (Colin et al., 2008) and restores BDNF transport defects due to the presence of the polyQ stretch, thus leading to increased neuronal survival [START_REF] Zala | Phosphorylation of mutant huntingtin at S421 restores anterograde and retrograde transport in neurons[END_REF]. Further studies have shown that phosphorylation of S421 results in reduced nuclear accumulation of caspase-6 cleavage fragments by reducing the activity of caspase-6 [START_REF] Havel | Preferential accumulation of N--terminal mutant huntingtin in the nuclei of striatal neurons is regulated by phosphorylation[END_REF][START_REF] Warby | Phosphorylation of huntingtin reduces the accumulation of its nuclear fragments[END_REF].

HTT can be phosphorylated by the cyclin-dependent kinase 5 (Cdk5) at S434, 1181 and1201 (Fig 9). Interestingly, preventing phosphorylation at S1181 and S1201 in wild-type HTT renders the protein toxic, indicating the importance of these phosphorylations for HTT's function in pro-survival pathways [START_REF] Anne | Phosphorylation of huntingtin by cyclin-dependent kinase 5 is induced by DNA damage and regulates wild--type and mutant huntingtin toxicity in neurons[END_REF].

Phosphorylation at all three Cdk5 sites is decreased upon polyglutamine expansion, and constitutive phosphorylation protects against polyglutamine toxicity [START_REF] Anne | Phosphorylation of huntingtin by cyclin-dependent kinase 5 is induced by DNA damage and regulates wild--type and mutant huntingtin toxicity in neurons[END_REF][START_REF] Luo | Cdk5 phosphorylation of huntingtin reduces its cleavage by caspases: implications for mutant huntingtin toxicity[END_REF]. Cdk5 activity is increased upon DNA damage in striatal neurons, and HTT phosphorylation by this kinase is neuroprotective after irradiation or oxidative stress-induced DNA damage [START_REF] Anne | Phosphorylation of huntingtin by cyclin-dependent kinase 5 is induced by DNA damage and regulates wild--type and mutant huntingtin toxicity in neurons[END_REF]. Further, the phosphorylation at S434 is in very close proximity to a cluster of proteolytic cleavage sites, which themselves may play a crucial role in the pathogenesis of HD.

Phosphorylation at S434 has been shown to reduce HTT cleavage by caspase-3 at residue 513 [START_REF] Luo | Cdk5 phosphorylation of huntingtin reduces its cleavage by caspases: implications for mutant huntingtin toxicity[END_REF]. On the other hand, phospho-ablation at S1181 and 1201 in mouse reduces anxiety/depression-like behaviors associated to increased adult hippocampal neurogenesis. Indeed, HTT dephosphorylation at these sites increase BDNF dynamics, delivery and signaling in hippocampal neurons, a crucial factor for hippocampal neurogenesis [START_REF] Ben | Huntingtin mediates anxiety/depression--related behaviors and hippocampal neurogenesis[END_REF].

Many other sites of phosphorylation have been identified by mass spectrometry analysis of full-length HTT [START_REF] Schilling | Huntingtin phosphorylation sites mapped by mass spectrometry. Modulation of cleavage and toxicity[END_REF]. Further studies should be performed to explore the regulatory effect of these in HTT protein.

PolyQ toxic mechanisms

The presence of the polyQ expansion in HTT protein, leads to the specific death of neurons of the STR. One of the main questions in the field is why HTT, which is not particularly highly expressed in the STR with respect of other brain regions, leads to a differential neuronal degeneration. In this part of the chapter, the key cellular pathogenic mechanisms through which this death could occur will be discussed (Fig

10).

3.6.a Proteolysis

The presence of HTT polyQ containing fragments have been detected in HD mice and post mortem brains from HD patients [START_REF] Landles | Proteolysis of mutant huntingtin produces an exon 1 fragment that accumulates as an aggregated protein in neuronal nuclei in Huntington disease[END_REF][START_REF] Mende--Mueller | Tissue--specific proteolysis of Huntingtin (htt) in human brain: evidence of enhanced levels of N--and C--terminal htt fragments in Huntington's disease striatum[END_REF][START_REF] Wellington | Caspase cleavage of mutant huntingtin precedes neurodegeneration in Huntington's disease[END_REF]. Indeed, both wild type and mutant HTT are known to be substrate of several proteolytic enzymes, including caspases, calpains, cathepsins and metalloproteases (Fig. 9) [START_REF] Goldberg | Cleavage of huntingtin by apopain, a proapoptotic cysteine protease, is modulated by the polyglutamine tract[END_REF][START_REF] Graham | Cleavage at the Caspase--6 Site Is Required for Neuronal Dysfunction and Degeneration Due to Mutant Huntingtin[END_REF][START_REF] Hermel | Specific caspase interactions and amplification are involved in selective neuronal vulnerability in Huntington's disease[END_REF][START_REF] Lunkes | Proteases acting on mutant huntingtin generate cleaved products that differentially build up cytoplasmic and nuclear inclusions[END_REF][START_REF] Miller | Matrix metalloproteinases are modifiers of huntingtin proteolysis and toxicity in Huntington's disease[END_REF][START_REF] Tebbenkamp | Analysis of proteolytic processes and enzymatic activities in the generation of huntingtin n--terminal fragments in an HEK293 cell model[END_REF]. However the mutant version of the protein is more susceptible to proteolysis, producing short N-terminal fragments that contain the polyQ stretch [START_REF] Kim | Caspase 3-cleaved N--terminal fragments of wild--type and mutant huntingtin are present in normal and Huntington's disease brains, associate with membranes, and undergo calpain--dependent proteolysis[END_REF][START_REF] Landles | Proteolysis of mutant huntingtin produces an exon 1 fragment that accumulates as an aggregated protein in neuronal nuclei in Huntington disease[END_REF][START_REF] Lunkes | Proteases acting on mutant huntingtin generate cleaved products that differentially build up cytoplasmic and nuclear inclusions[END_REF][START_REF] Wellington | Caspase cleavage of gene products associated with triplet expansion disorders generates truncated fragments containing the polyglutamine tract[END_REF]. The generation of these short N-terminal fragments is toxic for the cell and is a crucial aspect in HD pathogenesis. Indeed, mutations rendering polyQ HTT less susceptible to proteolysis, have been shown to decrease toxicity in vitro and in vivo [START_REF] Gafni | Inhibition of calpain cleavage of huntingtin reduces toxicity: accumulation of calpain/caspase fragments in the nucleus[END_REF][START_REF] Graham | Cleavage at the Caspase--6 Site Is Required for Neuronal Dysfunction and Degeneration Due to Mutant Huntingtin[END_REF].

Once HTT is cleaved, the N-terminal fragments translocate into the nucleus. This nuclear translocation of polyQ containing short N-terminal fragments, induces neuronal apoptosis [START_REF] Saudou | Huntingtin acts in the nucleus to induce apoptosis but death does not correlate with the formation of intranuclear inclusions[END_REF], probably due to detrimental transcriptional deregulation leading to neurodegeneration [START_REF] Sugars | Transcriptional abnormalities in Huntington disease[END_REF].

The accumulation of small N-terminal fragments could be in part a result of a decreased interaction between HTT and the nuclear pore protein TRP (translocate promoter region) due to the presence of the elongated polyQ stretch [START_REF] Cornett | Polyglutamine expansion of huntingtin impairs its nuclear export[END_REF]. This could lead to a reduction in the export towards the cytoplasm of mutant fragments, generation its accumulation in the nucleus.

Due to its importance in HD pathogenesis, major efforts have been made to study the negative effects of the small N-terminal fragments containing the polyQ stretch.

However, no studies have yet focused on the function of the corresponding Cterminal fractions generated by these proteolytic cleavages.

3.6.b Aggregation

A common molecular event in polyQ diseases as well as in other neurodegenerative diseases as Alzheimer disease (AD), Parkinson's disease (PD) and amyotrophic lateral sclerosis (ALS), is the progressive accumulation of abnormal protein aggregates associated with neuronal loss. In HD patients, it has been shown that N-terminal fragments of polyQ HTT accumulate to form aggregates in both the nucleus as in the neurites in the CTX and STR [START_REF] Difiglia | Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites in brain[END_REF]Li et al., 1999). These aggregates are also found in HD rodent models [START_REF] Davies | Formation of neuronal intranuclear inclusions underlies the neurological dysfunction in mice transgenic for the HD mutation[END_REF] and thus represent a major histopathological feature of HD. The composition of these aggregates seems to differ according to their location. Indeed, nuclear aggregates contain mostly N-terminal fragments of HTT whereas, the cytoplasmic inclusions contain both full-length HTT and the truncated forms [START_REF] Cooper | Truncated N--terminal fragments of huntingtin with expanded glutamine repeats form nuclear and cytoplasmic aggregates in cell culture[END_REF][START_REF] Hackam | The influence of huntingtin protein size on nuclear localization and cellular toxicity[END_REF][START_REF] Martindale | Length of huntingtin and its polyglutamine tract influences localization and frequency of intracellular aggregates[END_REF].

Although it is accepted that the presence of N-terminal fragments of HTT is essential for toxicity, the role of the aggregates has been extensively debated. HTT aggregates were considered to be toxic, as they could sequester other polyQ containing proteins that would therefore lose their physiological function, or aggregates could physically block other cellular functions. However, this notion of the toxicity of aggregates has changed. Evidence suggests that aggregates are not pathogenic, but rather sequester toxic soluble fragments as a mechanism to protect against HTT-induced cell death. No correlation was found between polyQ HTT aggregation and neuronal vulnerability [START_REF] Saudou | Huntingtin acts in the nucleus to induce apoptosis but death does not correlate with the formation of intranuclear inclusions[END_REF]. Moreover, the presence of polyQ HTT aggregates in surviving neurons of advanced HD patients suggests that these structures might even promote neuronal survival [START_REF] Gutekunst | Nuclear and neuropil aggregates in Huntington's disease: relationship to neuropathology[END_REF]. This idea was further supported by experiments in primary neurons which showed that neurons bearing aggregates survived longer than those without them [START_REF] Arrasate | Inclusion body formation reduces levels of mutant huntingtin and the risk of neuronal death[END_REF], and mice where in spite of the presence of inclusions, no neurodegeneration was detected [START_REF] Slow | Absence of behavioral abnormalities and neurodegeneration in vivo despite widespread neuronal huntingtin inclusions[END_REF]. Finally, polyQ HTT aggregates have been reported in striatal interneurons [START_REF] Kuemmerle | Huntington aggregates may not predict neuronal death in Huntington's disease[END_REF], and in brain regions largely spared in HD such as the hippocampus [START_REF] Becher | Intranuclear neuronal inclusions in Huntington's disease and dentatorubral and pallidoluysian atrophy: correlation between the density of inclusions and IT15 CAG triplet repeat length[END_REF][START_REF] Kuemmerle | Huntington aggregates may not predict neuronal death in Huntington's disease[END_REF].

Further evidence supporting this notion, argues that aggregates protect neurons by stimulating the autophagic process and clearance of mutant HTT [START_REF] Ventruti | Autophagy and neurodegeneration[END_REF]. This activation occurs given that HTT aggregates sequester the negative regulator of the autophagic pathway, mTOR [START_REF] Ravikumar | Inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine expansions in fly and mouse models of Huntington disease[END_REF]. This reduction of free mTOR ultimately leads to the induction of autophagy and clearance of polyQ HTT fragments, thereby protecting from cell death.

Taken together, this provides further evidence of the protective role of polyQ HTT aggregates, as they would activate or be part of a pathway that promotes clearance of mutant HTT.

3.6.c Mitochondrial dysfunction

Mitochondria have been extensively studied in many neurodegenerative diseases including HD. These organelles are the main source of ATP in the cell needed to sustain cellular homeostasis. Neurons have a high-energy demand that are met by mitochondria, they buffer intracellular calcium levels, sequester apoptotic factor, playing a vital role in neuronal function and survival.

There is extensive evidence indicating that mitochondrial dysfunction is involved in HD pathogenesis. HD patients suffer from weight loss early in the disease progression, which gives a hint of probable metabolic defects in HD. Early studies showed that in HD brain, mitochondria present an abnormal ultrastructure [START_REF] Goebel | Juvenile Huntington chorea: clinical, ultrastructural, and biochemical studies[END_REF]. Cellular metabolism dysfunctions were also observed in HD patients, suggesting that mitochondrial dysfunction could be a critical pathogenic component [START_REF] Jenkins | Evidence for impairment of energy metabolism in vivo in Huntington's disease using localized 1H NMR spectroscopy[END_REF][START_REF] Sánchez--Pernaute | Clinical correlation of striatal 1H MRS changes in Huntington's disease[END_REF]. These studies found that bioenergetics defects are present even in the asymptomatic HD patients, suggesting they may initiate disease onset. Besides, studies on HD brain and peripheral tissue showed decreased activity in complex II, III and IV of the mitochondria respiratory chain [START_REF] Gu | Mitochondrial defect in Huntington's disease caudate nucleus[END_REF]. This was further supported by studies performed in HD cells and animal models [START_REF] Browne | Oxidative damage and metabolic dysfunction in Huntington's disease: selective vulnerability of the basal ganglia[END_REF][START_REF] Seong | HD CAG repeat implicates a dominant property of huntingtin in mitochondrial energy metabolism[END_REF] showing deficits in mitochondria respiration in association with the polyQ expression.

Consistent with these observations, mitochondrial inhibition generates striatal pathology reminiscent of HD [START_REF] Browne | Mitochondria and Huntington's disease pathogenesis: insight from genetic and chemical models[END_REF]. A clear example is the effect of the mitochondrial inhibitor 3-NP (3-nitropropionic acid). Systemic administration of 3-NP in rodents and primates induced striatal cell loss along with motor and cognitive deficits [START_REF] Beal | Neurochemical and histologic characterization of striatal excitotoxic lesions produced by the mitochondrial toxin 3--nitropropionic acid[END_REF][START_REF] Brouillet | Age--dependent vulnerability of the striatum to the mitochondrial toxin 3--nitropropionic acid[END_REF][START_REF] Brouillet | Chronic mitochondrial energy impairment produces selective striatal degeneration and abnormal choreiform movements in primates[END_REF][START_REF] Palfi | Chronic 3--nitropropionic acid treatment in baboons replicates the cognitive and motor deficits of Huntington's disease[END_REF].

Mitochondria defects include problems with calcium handling. Isolated mitochondria from animal HD models have shown to have less resistance to calcium challenge [START_REF] Brustovetsky | Age--dependent changes in the calcium sensitivity of striatal mitochondria in mouse models of Huntington's Disease[END_REF][START_REF] Gizatullina | Low stability of Huntington muscle mitochondria against Ca2+ in R6/2 mice[END_REF][START_REF] Oliveira | Mitochondrial--dependent Ca2+ handling in Huntington's disease striatal cells: effect of histone deacetylase inhibitors[END_REF][START_REF] Panov | Early mitochondrial calcium defects in Huntington's disease are a direct effect of polyglutamines[END_REF], even before any pathological changes appear [START_REF] Panov | Early mitochondrial calcium defects in Huntington's disease are a direct effect of polyglutamines[END_REF]. This was further validated, as similar results were observed in mitochondria isolated from lymphoblast of HD-patients. Moreover, adult-onset HD mitochondria were proved to be less sensitive to calcium than the ones from juvenile-onset HD individuals [START_REF] Panov | Early mitochondrial calcium defects in Huntington's disease are a direct effect of polyglutamines[END_REF]. Mitochondrial respiratory function was as well studied in cells, confirming that the presence of polyQ HTT alters mitochondria calcium homeostasis [START_REF] Oliveira | Mitochondrial--dependent Ca2+ handling in Huntington's disease striatal cells: effect of histone deacetylase inhibitors[END_REF]. It was suggested that these defects are due to the interaction of mutant HTT with the outer mitochondrial membrane, as isolated normal mitochondria reproduce the same defects when incubated with the mutant HTT [START_REF] Panov | Early mitochondrial calcium defects in Huntington's disease are a direct effect of polyglutamines[END_REF].

An additional deleterious effect of mutant HTT is that it affects mitochondria biogenesis. Mutant HTT interacts with PGC-1α, a coactivator of several transcription factors, and a key regulator of mitochondrial biogenesis, energy homeostasis, adaptive thermogenesis, and glucose metabolism [START_REF] Chaturvedi | PPAR: a therapeutic target in Parkinson's disease[END_REF].

Mutant HTT directly impairs the ability of PGC-1α to activate downstream target genes involved in processes including mitochondrial biogenesis and respiration [START_REF] Weydt | Thermoregulatory and metabolic defects in Huntington's disease transgenic mice implicate PGC--1alpha in Huntington's disease neurodegeneration[END_REF]. Interesting to note is the finding that the expression of PGC-1α is reduced several fold in medium spiny neurons but increased almost 50-fold in interneurons from knock-in HD mice [START_REF] Cui | Transcriptional repression of PGC--1alpha by mutant huntingtin leads to mitochondrial dysfunction and neurodegeneration[END_REF]. This suggests that the selective vulnerability of medium spiny neurons and the resistance of interneurons, which are spared in HD, may be a consequence of altered PGC-1α expression and mitochondrial dysfunction.

Recently, it was demonstrated that polyQ HTT triggers mitochondrial fragmentation, which is linked to an arrest in mitochondrial transport and neuronal death. Cycles of mitochondrial fission and fusion are necessary for neuronal function, and there is strong evidence that an imbalance in these opposing processes initiates neurodegeneration [START_REF] Knott | Impairing the mitochondrial fission and fusion balance: a new mechanism of neurodegeneration[END_REF]. HTT impairs the mitochondrial fission/fusion balance and thereby causes neuronal injury. This was shown both in cells from HD patients and in HD mouse models. In this case, the fragmentation of mitochondria occurs before the presence of neurological deficits and HTT aggregates, suggesting it is an early event in HD pathogenesis. Interestingly, mutant HTT abnormally interacts with the mitochondrial fission GTPase dynamin-related protein 1 (DRP1) which in turn stimulates its enzymatic activity. Importantly, mutant HTT-mediated mitochondrial fragmentation, defects in anterograde and retrograde mitochondrial transport, and neuronal cell death are all rescued by reducing DRP1 GTPase activity. Thus, DRP1 might represent a new therapeutic target to combat neurodegeneration in HD [START_REF] Song | Mutant huntingtin binds the mitochondrial fission GTPase dynamin--related protein--1 and increases its enzymatic activity[END_REF].

3.6.d Transcriptional deregulation

DNA transcription is a highly regulated process that is altered in HD, resulting in abnormal levels of expression of a number of genes. Both wild-type and mutant HTT interact with several transcription factors, suggesting that abnormal interactions may lead to transcriptional deregulations [START_REF] Sugars | Transcriptional abnormalities in Huntington disease[END_REF]. Microarray studies have shown changes in the expression profile of brain tissue from HD patients and HD models that appear before neurological symptoms. [START_REF] Fossale | Identification of a presymptomatic molecular phenotype in Hdh CAG knock-in mice[END_REF][START_REF] Gafni | Inhibition of calpain cleavage of huntingtin reduces toxicity: accumulation of calpain/caspase fragments in the nucleus[END_REF][START_REF] Hodges | Regional and cellular gene expression changes in human Huntington's disease brain[END_REF][START_REF] Sipione | Early transcriptional profiles in huntingtin--inducible striatal cells by microarray analyses[END_REF]. Several mechanisms through which this deregulation occurs have been described. One of the mechanisms by which HTT regulates transcription, is through its interaction with Sp1 (Specific protein 1) and with the co-activator TAF II 130 (TBP (TATA Box binding protein) associated factor II 130) [START_REF] Dunah | Sp1 and TAFII130 transcriptional activity disrupted in early Huntington's disease[END_REF]. Sp1 normally binds to promoter regions and with TAF II 130, interaction needed for the recruitment of the transcriptional machinery. The direct protein-protein interaction between HTT and Sp1 activate the transcription of Sp1 target genes (Fig 11A). The presence of the polyQ expansion impairs the soluble association between Sp1 and TAF II 130, and directly interferes with the binding of Sp1 and DNA (Fig. 11B) [START_REF] Dunah | Sp1 and TAFII130 transcriptional activity disrupted in early Huntington's disease[END_REF]. A role for Sp1 is supported by the downregulation of two relevant genes in HD: the dopamine D2 receptor and the nerve growth factor receptor. Sp1 disruption appears to occur early in human HD pathogenesis, as it is already detectable in presymptomatic postmortem tissue [START_REF] Dunah | Sp1 and TAFII130 transcriptional activity disrupted in early Huntington's disease[END_REF].

HTT is known to play a role as a general facilitator of neuronal gene transcription for genes containing the regulatory region called repressor element-1/ neuron restrictive silencing element-1 (RE1/NRSE) sequence in their promoter. RE1/NRSE is recognized by REST/NRSF, which acts as a transcriptional repressor. Wild-type HTT inhibits REST/NRSF silencing, as it sequesters and recruits it to the cytoplasm, therefore impeding its binding to and activation of the nuclear RE1/NRSE sequence (Fig 11C) (Zuccato et al., 2003a(Zuccato et al., , 2003b)). REST/NRSF target genes expression has been shown to be downregulated in HD. PolyQ HTT impairs HTT's ability to retain REST/NRSF in the cytoplasm leading to pathological levels of REST/NRSF in the nucleus and loss of wild-type HTT-mediated regulatory activity on gene transcription (Zuccato et al., 2003a) (Fig 11D). In particular, BDNF exon II promoter contains a RE1/NRSE regulatory region, which is of particular importance for striatal neurons, given that this factor is produced in the CTX and delivered to the STR to promote survival.

CBP (CREB Binding Protein) is known to interact with wild-type HTT, and it is involved in chromatin remodeling through its histone acetyl-transferase (HAT) activity (Fig 11E). This favors transcriptional factors recruitment as TAFII130, in this way activating survival genes [START_REF] Lonze | Function and regulation of CREB family transcription factors in the nervous system[END_REF]. In HD, CRE-dependent transcription is altered [START_REF] Mccampbell | CREB--binding protein sequestration by expanded polyglutamine[END_REF][START_REF] Nucifora | Interference by huntingtin and atrophin--1 with cbp--mediated transcription leading to cellular toxicity[END_REF]. A decrease in the expression of genes regulated by CRE is one of the early events that occur in HD mice and HD patients [START_REF] Glass | The pattern of neurodegeneration in Huntington's disease: a comparative study of cannabinoid, dopamine, adenosine and GABA(A) receptor alterations in the human basal ganglia in Huntington's disease[END_REF][START_REF] Wyttenbach | Polyglutamine expansions cause decreased CRE--mediated transcription and early gene expression changes prior to cell death in an inducible cell model of Huntington's disease[END_REF]. CBP interacts with other polyQ proteins through its polyQ domain [START_REF] Mccampbell | CREB--binding protein sequestration by expanded polyglutamine[END_REF][START_REF] Nucifora | Interference by huntingtin and atrophin--1 with cbp--mediated transcription leading to cellular toxicity[END_REF]. Nonetheless, the presence of CBP as being a part of the aggregates has not yet been described [START_REF] Yu | Huntingtin inclusions do not deplete polyglutamine--containing transcription factors in HD mice[END_REF]. Soluble polyQ HTT directly binds to the acetyl-transferase domain of CBP blocking its acetyl-transferase activity [START_REF] Steffan | Histone deacetylase inhibitors arrest polyglutamine--dependent neurodegeneration in Drosophila[END_REF]. This results in the condensation of the chromatin, which leads to a decrease in gene transcription due to a restricted accessibility (Fig 11F). The defect in acetyl-transferase activity as a pathological mechanism, led to think about histone deacetylase (HDAC) inhibitors as a potential therapeutic approach to restore gene transcription in HD. [START_REF] Ferrante | Histone deacetylase inhibition by sodium butyrate chemotherapy ameliorates the neurodegenerative phenotype in Huntington's disease mice[END_REF][START_REF] Hockly | Suberoylanilide hydroxamic acid, a histone deacetylase inhibitor, ameliorates motor deficits in a mouse model of Huntington's disease[END_REF][START_REF] Sadri | Histones associated with downregulated genes are hypo--acetylated in Huntington's disease models[END_REF][START_REF] Steffan | Histone deacetylase inhibitors arrest polyglutamine--dependent neurodegeneration in Drosophila[END_REF], however, until now, non of the drugs proved useful in patients.

3.6.e Excitotoxicity

Excitotoxicity occurs due to an over-activation of N-methyl-D-aspartate (NMDA) receptors that leads to an increased calcium release from the ER and increased intracellular concentration. With time, mitochondria calcium storage is exceeded resulting in mitochondria swelling, and release of calcium, cytochrome c apoptosisinducing factor (AIF) and other pro-apoptotic factors into the cytoplasm [START_REF] Zeron | Potentiation of NMDA receptor--mediated excitotoxicity linked with intrinsic apoptotic pathway in YAC transgenic mouse model of Huntington's disease[END_REF]. Excitotoxicity occurs from either overactive glutamate release, reduced glutamate uptake by glial cells, or glutamate hypersensitivity of NMDAR.

As MSNs depend on glutamate activation from cortical cells [START_REF] Kawaguchi | Striatal interneurones: chemical, physiological and morphological characterization[END_REF], excitotoxicity is an appealing mechanism to explain mutant HTT-mediated toxicity in striatal cells. Indeed, intrastriatal injections of NMDAR agonists showed a pattern of striatal cell death similar to the one observed in HD brain [START_REF] Coyle | Lesion of striatal neurones with kainic acid provides a model for Huntington's chorea[END_REF][START_REF] Mcgeer | Duplication of biochemical changes of Huntington's chorea by intrastriatal injections of glutamic and kainic acids[END_REF], perhaps providing some explanation to the increased susceptibility of these neurons in HD. Early evidence directly supporting the hypothesis that excitotoxicity is involved in striatal cell loss, came from human patient brain slices demonstrating reduced NMDAR binding, specifically in the STR [START_REF] Young | NMDA receptor losses in putamen from patients with Huntington's disease[END_REF]. An increase in glutamate release due to the presence of polyQ HTT could be a reason explaining this preferential cell loss. Several studies using different HD mouse models and cells, reported an increase in glutamate release by cortical afferents with increased excitotoxicity, while others showed a complete resistance (Fan and Raymond, 2007;[START_REF] Hansson | Transgenic mice expressing a Huntington's disease mutation are resistant to quinolinic acid--induced striatal excitotoxicity[END_REF][START_REF] Morton | Mice transgenic for the human Huntington's disease mutation have reduced sensitivity to kainic acid toxicity[END_REF] (Fig 12). This discrepancy seems to be related to the different transgenic models employed in the different studies, particularly in the size of the transgene expressed. Mutant HTT induced excitotoxicity has been confirmed in models expressing full length mutant HTT (YAC), but not in transgenic mice bearing only a N-terminal fragment of the protein (R6/2 and N171-82Q), that rather show striatal resistance to excitotoxicity.

The development of resistance to excitotoxicity in these models may represent a compensatory mechanism tending to reduce the toxic effects of the polyQ containing fragment.

Possible mechanisms for increased excitotoxicity include changes in NMDARs protein levels or post-translational modifications. Indeed, there is a higher expression of NR1A subunit of the receptor is in striatal neurons from HD mice, and this is associated to an increase NMDAR activity (Fan et al., 2007). In addition, polyQ HTT's interaction with PSD95, a scaffolding protein of the postsynapse, is reduced leading to sensitization of NMDAR [START_REF] Sun | Polyglutamine--expanded huntingtin promotes sensitization of N--methyl--D--aspartate receptors via post-synaptic density 95[END_REF]. NMDA function is modulated as well by posttranslational modifications such as phosphorylation, and the mutant HTT has been shown to increase NMDAR phosphorylation promoting overactivation of the receptor [START_REF] Song | Expression of polyglutamine-expanded huntingtin induces tyrosine phosphorylation of N--methyl--D--aspartate receptors[END_REF]. Finally, NMDAR's endocytosis is inhibited by the presence of the mutant HTT, stabilizing the receptors to the membrane (Fan et al., 2007;[START_REF] Metzler | NMDA receptor function and NMDA receptor--dependent phosphorylation of huntingtin is altered by the endocytic protein HIP1[END_REF] On the other hand, it was proposed that impaired clearance of glutamate in the synaptic cleft by glial cells could enhance excitotoxicity leading to MSNs death. The glial transporter GLT1, responsible for the removal of extracellular glutamate, is downregulated in HD patients and mouse models [START_REF] Arzberger | Changes of NMDA receptor subunit (NR1, NR2B) and glutamate transporter (GLT1) mRNA expression in Huntington's disease----an in situ hybridization study[END_REF][START_REF] Behrens | Impaired glutamate transport and glutamate--glutamine cycling: downstream effects of the Huntington mutation[END_REF][START_REF] Estrada--Sánchez | Glutamate toxicity in the striatum of the R6/2 Huntington's disease transgenic mice is age--dependent and correlates with decreased levels of glutamate transporters[END_REF][START_REF] Faideau | In vivo expression of polyglutamine--expanded huntingtin by mouse striatal astrocytes impairs glutamate transport: a correlation with Huntington's disease subjects[END_REF][START_REF] Hassel | Glutamate uptake is reduced in prefrontal cortex in Huntington's disease[END_REF][START_REF] Liévens | Impaired glutamate uptake in the R6 Huntington's disease transgenic mice[END_REF], increasing the levels of glutamine in the synaptic cleft.

Furthermore, in a mouse model expressing polyQ HTT specifically in astrocytes, a decrease in the expression of glutamate transporters and glutamate uptake, was associated with neuronal dysfunction through a non cell-autonomous mechanism [START_REF] Faideau | In vivo expression of polyglutamine--expanded huntingtin by mouse striatal astrocytes impairs glutamate transport: a correlation with Huntington's disease subjects[END_REF].

In addition to glutamate, other neurotransmitter systems that control the activity of corticostriatal synapses can contribute to render striatal neurons more sensitive to excitotoxic stimuli. Adenosine (A), A2 receptors (A2R) and cannabinoids (CB) receptors, enhance glutamate release upon activation. Indeed, in HD there is an increase of A2A receptor density and adenylate cyclase activity in the STR, possibly contributing to excitotoxicity [START_REF] Tarditi | Early and transient alteration of adenosine A2A receptor signaling in a mouse model of Huntington disease[END_REF]. On the other hand, CB receptors are particularly abundant in corticostriatal terminals, and regulate glutamate transmission and BDNF release, possibly participating in pathogenesis [START_REF] Marsicano | CB1 cannabinoid receptors and on--demand defense against excitotoxicity[END_REF].

A crucial input of the STR comes from the Substantia Nigra pars compacta, which represents the main striatal source of dopamine. Dopamine can influence on glutamate release by acting on D2 receptors (D2R) located in the cortical afferents.

In line with this hypothesis, dopamine transporters and D2R are downregulated in HD brains [START_REF] Augood | Dopamine D1 and D2 receptor gene expression in the striatum in Huntington's disease[END_REF][START_REF] Cha | Altered brain neurotransmitter receptors in transgenic mice expressing a portion of an abnormal human huntington disease gene[END_REF][START_REF] Cha | Altered neurotransmitter receptor expression in transgenic mouse models of Huntington's disease[END_REF][START_REF] Ginovart | PET study of the pre--and post--synaptic dopaminergic markers for the neurodegenerative process in Huntington's disease[END_REF], maybe by this means altering glutamate release. both a gain of new toxic function and a loss of the normal function of the protein therefore; understanding the normal function of HTT becomes extremely important.

Normal HTT has been shown to play a role in a wide variety of cellular processes, through its interaction with many other proteins.

One of the best-described functions of HTT, which is altered in pathological situation, is its involvement in intracellular transport. This will be described in detail in Chapter 4.

3.7.a Huntingtin in embryonic development

Huntingtin is widely expressed during embryogenesis, and it is associated with a number of interacting proteins. These interactions suggest that HTT may be involved in several processes including morphogenesis, neurogenesis and neuronal survival. HTT's essential role in embryonic development has been clearly demonstrated, as knock-out mice (Htt-/-), where HTT is completely inactivated, are embryonic lethal before day 8.5 [START_REF] Duyao | Inactivation of the mouse Huntington's disease gene homolog Hdh[END_REF][START_REF] Nasir | Targeted disruption of the Huntington's disease gene results in embryonic lethality and behavioral and morphological changes in heterozygotes[END_REF][START_REF] Zeitlin | Increased apoptosis and early embryonic lethality in mice nullizygous for the Huntington's disease gene homologue[END_REF]. This defect during development in the absence of HTT lies in extraembryonic tissues, likely due to the impairments in the nutritive functions of the visceral endoderm [START_REF] Dragatsis | Mouse mutant embryos lacking huntingtin are rescued from lethality by wild--type extraembryonic tissues[END_REF]. Apart from its role in early extraembryonic function, HTT is important for Central Nervous System (CNS) formation, as cortical and striatal architectural anomalies are generated by a reduction of HTT level below 50% [START_REF] Auerbach | The HD mutation causes progressive lethal neurological disease in mice expressing reduced levels of huntingtin[END_REF][START_REF] White | Huntingtin is required for neurogenesis and is not impaired by the Huntington's disease CAG expansion[END_REF]. Moreover, conditional inactivation of the Htt gene in the midbrain and hindbrain results in congenital hydrocephaly implicating HTT in the regulation of cerebral spinal fluid (CSF) homeostasis [START_REF] Dietrich | Congenital hydrocephalus associated with abnormal subcommissural organ in mice lacking huntingtin in Wnt1 cell lineages[END_REF]. Analyses of chimeras Htt -/-showed that HTT is crucial for establishing and maintaining especially cortical and striatal neuronal identity [START_REF] Reiner | Wild--type huntingtin plays a role in brain development and neuronal survival[END_REF]. Furthermore, HTT downregulation starting at E 14.5, leads to spindle misorientation in neuronal progenitors and affects cell fate of cortical progenitors of the ventricular zone (Fig. 13). The correct orientation of spindle poles depends of the dynein/dynactin complex, which also generates the pulling forces essential for proper cell division. HTT interacts with dynein and regulates spindle orientation by ensuring the proper localization of dynein and p150Glued subunit of dynactin at the spindle pole [START_REF] Godin | Huntingtin is required for mitotic spindle orientation and mammalian neurogenesis[END_REF]. Changes during development might not have phenotypical manifestations until later in life. These findings suggest that HD could be described as a developmental disease, where abnormal development predisposes neurons for a later stressor, resulting in cell death. 

3.7.b HTT as an anti-apoptotic factor

Various data highlight the importance of HTT function in post-mitotic brain cells. HTT has been shown to have a prosurvival role, as in vitro overexpression of wild-type HTT protects cells from toxic stimuli, and from toxicity due to the expression of its mutant counterpart [START_REF] Ho | Wild type Huntingtin reduces the cellular toxicity of mutant Huntingtin in mammalian cell models of Huntington's disease[END_REF][START_REF] Rigamonti | Wild--type huntingtin protects from apoptosis upstream of caspase--3[END_REF]. In line with this, depletion of wild-type HTT in cells render them more sensitive to cell death due to an increase in caspase-3 activity [START_REF] Zhang | Huntingtin inhibits caspase--3 activation[END_REF].

The way HTT exerts cellular protection has been suggested to occur through various mechanisms. One of the mechanisms proposed, is through the physical interaction of HTT with caspase-3, which could thereby inhibit its proteolytic activity [START_REF] Zhang | Huntingtin inhibits caspase--3 activation[END_REF]. On the other hand, HTT can as well act by blocking the apoptosome complex, thereby inhibiting caspase-3 and caspase-9 activity [START_REF] Rigamonti | Wild--type huntingtin protects from apoptosis upstream of caspase--3[END_REF]. Wildtype HTT also interacts with huntingtin interacting protein-1 (HIP-1), inhibiting the formation of the HIP1/Hippi complex that activates caspase-8 dependent apoptosis [START_REF] Gervais | Recruitment and activation of caspase--8 by the Huntingtin-interacting protein Hip--1 and a novel partner Hippi[END_REF].

In vivo work also demonstrated the role of wild-type HTT as an anti-apoptotic molecule. Heterozygous adult knockout mouse present morphological alterations in the basal ganglia with apoptotic cell death [START_REF] Nasir | Targeted disruption of the Huntington's disease gene results in embryonic lethality and behavioral and morphological changes in heterozygotes[END_REF][START_REF] O'kusky | Neuronal degeneration in the basal ganglia and loss of pallido--subthalamic synapses in mice with targeted disruption of the Huntington's disease gene[END_REF].

Moreover, specific neuronal inactivation of HTT in adult mice results in a progressive neuronal degeneration, with apoptotic cells in the CTX, STR and hippocampus [START_REF] Dragatsis | Inactivation of Hdh in the brain and testis results in progressive neurodegeneration and sterility in mice[END_REF]. In addition, overexpression of wild-type HTT confers in vivo protection against neurodegeneration after ischemia [START_REF] Zhang | Depletion of wild--type huntingtin in mouse models of neurologic diseases[END_REF], and protects against apoptosis triggered by excitotoxicity [START_REF] Leavitt | Wild--type huntingtin protects neurons from excitotoxicity[END_REF].

More recently, the antiapoptotic role of huntingtin has been highlighted also in nonmammalian models. In fact, apoptotic cell death has been found in zebrafish embryos in which HTT has been knocked down by morpholino technology. HTT morpholino injected zebrafish showed a massively increased cell death as indicated by caspase-3 activity especially in the mid-brain/hindbrain region of the developing zebrafish embryo. This increased apoptosis was accompanied by a severe underdevelopment of the CNS [START_REF] Diekmann | Decreased BDNF levels are a major contributor to the embryonic phenotype of huntingtin knockdown zebrafish[END_REF].

3.7.c HTT, endocytosis and synapse

Normal communication between neurons is regulated by a number of proteins in the synapse. Wild-type HTT is highly expressed in the presynaptic terminals of nerve cells (DiFiglia et al., 1995), and interacts with various cytoskeletal and synaptic vesicle proteins that are essential for exocytosis and endocytosis, thereby taking part in controlling synaptic activity [START_REF] Smith | Synaptic dysfunction in Huntington's disease: a new perspective[END_REF]. Exocytic trafficking by dendritic recycling endosomes provides critical components for post-synaptic membrane formation and maintenance Synaptic components are also retrieved from the plasma membrane by endocytosis and can be either reinserted or degraded.

An important regulator of membrane trafficking from recycling endosomes to the plasma membrane is the small GTPase Rab11. HTT is important for the localization and function of Rab11. In the absence of HTT, the level of Rab11 on membranes is reduced. Furthermore, the nucleotide exchange activity of Rab11 is altered in cells depleted for HTT suggesting that HTT interacts with a complex containing Rab11 and is involved in Rab11 activation [START_REF] Li | A function of huntingtin in guanine nucleotide exchange on Rab11[END_REF]. In line with this, in the HD context, mutant HTT interferes with Rab11 activity impairing vesicles formation from recycling endosomes [START_REF] Li | Disruption of Rab11 activity in a knock--in mouse model of Huntington's disease[END_REF][START_REF] Li | Aberrant Rab11--dependent trafficking of the neuronal glutamate transporter EAAC1 causes oxidative stress and cell death in Huntington's disease[END_REF][START_REF] Richards | Dendritic spine loss and neurodegeneration is rescued by Rab11 in models of Huntington's disease[END_REF][START_REF] Steinert | Rab11 rescues synaptic dysfunction and behavioural deficits in a Drosophila model of Huntington's disease[END_REF]. This suggests that mutant HTT could inhibit Rab11 activity by interfering with normal HTT function. This defect in the trafficking of material to the membrane leads to spine loss [START_REF] Richards | Dendritic spine loss and neurodegeneration is rescued by Rab11 in models of Huntington's disease[END_REF] and reduced neurotransmitters release and synaptic dysfunction [START_REF] Steinert | Rab11 rescues synaptic dysfunction and behavioural deficits in a Drosophila model of Huntington's disease[END_REF] Furthermore, HTT interacts with PACSIN 1 (Protein kinase C and Casein kinase Substrate In Neurons)/syndapin, syntaxin and endophylin A, which collectively play a role in synaptic transmission as well as in synaptic vesicle and receptor recycling. [START_REF] Smith | Synaptic dysfunction in Huntington's disease: a new perspective[END_REF]. These interactions depend on the length of the polyglutamine repeat and are enhanced by the presence of an expanded CAG, leading to impairment of synaptic transmition in HD [START_REF] Smith | Synaptic dysfunction in Huntington's disease: a new perspective[END_REF]. Moreover, the proteins SH3Gl3 [START_REF] Sittler | SH3GL3 associates with the Huntingtin exon 1 protein and promotes the formation of polygln--containing protein aggregates[END_REF] and endophilin B1b [START_REF] Modregger | Characterization of Endophilin B1b, a brain--specific membrane--associated lysophosphatidic acid acyl transferase with properties distinct from endophilin A1[END_REF] bind to HTT. They belong to the endophilin family of proteins and have a role in vesicle endocytosis, and through this association HTT could regulate dynamin [START_REF] Sittler | SH3GL3 associates with the Huntingtin exon 1 protein and promotes the formation of polygln--containing protein aggregates[END_REF] Early findings show that HTT directly binds the SH3 domains of PSD95 [START_REF] Sun | Polyglutamine--expanded huntingtin promotes sensitization of N--methyl--D--aspartate receptors via post-synaptic density 95[END_REF], a key molecule in synaptic transition and a component of the membrane associated guanylate kinase (MAGUK) protein family that binds to NMDA and kainate receptors in the postsynaptic densities [START_REF] Li | A genome scan for modifiers of age at onset in Huntington disease: The HD MAPS study[END_REF]. In HD, the interaction between polyQ HTT and PSD95 is decreased. This suggests that in disease, more PSD95 is released affecting in this way NMDA receptors activity, and probably leading to their overactivation [START_REF] Sun | Polyglutamine--expanded huntingtin promotes sensitization of N--methyl--D--aspartate receptors via post-synaptic density 95[END_REF].

HTT interacts as well with Huntingtin Interacting Protein-14 (HIP14), whose involvement in endocytosis is suggested as it contains high sequence similarity with Ankrin repeat protein (Akr1p), a yeast protein known to play a role in endocytosis [START_REF] Singaraja | HIP14, a novel ankyrin domain--containing protein, links huntingtin to intracellular trafficking and endocytosis[END_REF].

3.7.d HTT and ciliogenesis

Cilia are cellular organelles with a sensory role, and are involved in motility, and flow generation. These structures have as well been related to a number of complex syndromes termed ciliopathies, shown to have defects in cilia biogenesis and function [START_REF] Saudou | A "so cilia" network: cilia proteins start "social" networking[END_REF]).

HTT's involvement in ciliogenesis has been shown as in vitro and in vivo depletion of HTT leads to reduced ciliogenesis. Wild-type HTT regulates ciliogenesis by interacting through HAP1 with pericentriolar material 1 protein (PCM1). PCM1 localization and trafficking is essential for ciliogenesis regulation. Loss of HTT in mouse cells impairs the retrograde trafficking of PCM1 and thereby reduces primary cilia formation [START_REF] Keryer | Ciliogenesis is regulated by a huntingtin--HAP1--PCM1 pathway and is altered in Huntington disease[END_REF].

Ciliogenesis is altered by the presence of the pathological polyQ expansion. Defects in cilia length and organization have been described in HD mouse model and HD patients. Contrary to what is expected, the presence of an abnormal polyQ expansion leads to abnormally long cilia with asynchronous beating. In consequence, CSF flow is perturbed leading to an impaired migration of neuroblasts along the rostral migratory stream (RMS), which could explain the olfactory abnormalities reported in HD patients [START_REF] Keryer | Ciliogenesis is regulated by a huntingtin--HAP1--PCM1 pathway and is altered in Huntington disease[END_REF].

3.7.e HTT and adult neurogenesis

The role of HTT in adult neurogenesis has been assessed by depleting HTT in mature neurons of the CTX and hippocampus. This targeted depletion has been shown to impact on dendritic arborization, and long-term survival of newborn Dentate Girus (DG) neurons. Moreover, this effect seems to be non-cell autonomous as newborns are affected despite the fact that HTT is still expressed in these neurons.

These defects seem to be linked to brain derived neurotrophic factor (BDNF) transport, release and signaling [START_REF] Pla | Huntingtin acts non cell--autonomously on hippocampal neurogenesis and controls anxiety--related behaviors in adult mouse[END_REF].

Besides, the phosphorylation state of wild-type HTT has shown to regulate hippocampal adult neurogenesis through a mechanism associated to BDNF transport and signaling as well. The absence of phosphorylation of HTT at serine 1181 and 1201 promotes maturation of newborn neurons in the DG of the hippocampus due to an increased delivery and signaling of hippocampal BDNF [START_REF] Ben | Huntingtin mediates anxiety/depression--related behaviors and hippocampal neurogenesis[END_REF].

3.7.f HTT and mammary gland morphogenesis

HTT expression is not restricted to the brain. Among many other tissues, it is also detected in mammary tissue [START_REF] Sousa | The Huntington disease protein accelerates breast tumour development and metastasis through ErbB2/HER2 signalling[END_REF]. The role of HTT in mammary gland development has been explored, showing that it is a key regulator of mammary stem cell division and differentiation. Depletion of HTT results in mitotic spindle misorientation of basal progenitors in mammary glands. As a consequence, there is a decrease of basal and luminal progenitors and altered mammary morphogenesis. The mechanism underlying this defect involves the misslocalisation of NUMA, LGN dynein and dynactin. The proper localization of these proteins in the spindle poles and cell cortex depends on HTT, and is essential to achieve a correct positioning of spindle poles during cell division [START_REF] Elias | Huntingtin Regulates Mammary Stem Cell Division and Differentiation[END_REF].

Taken together, there is evidence that HTT, due to its size and structure, associates to numerous others proteins. These multiple interactions result in HTT's involvement in various cellular functions, many of them yet to be discovered. HTT has been found in different cellular locations, where it may act as a scaffold protein for the activation and correct assembly in time and space, of specific molecular partners.

The presence of an extended polyQ stretch may alter several of these interactions, therefore modifying cellular processes. On the other hand, mutant HTT can in addition gain new toxic functions.

HTT is ubiquitously expressed. So, why is it that the presence of an extended polyQ stretch affects particularly striatal neurons? For most of the described abnormalities, their relevance in this specific cell death is still uncertain. Impairments of the corticostriatal circuit due to excitotoxicity and to the loss of BDNF support from the CTX may predominantly contribute to this differential loss of striatal neurons in HD. These dysfunctional cell-cell interactions could affect other neurons, therefore generating a positive-feedback loop that will finally lead to neuronal death.

Currently, most of the therapeutics used in HD tends to ameliorate the primary symptomatology of the disease. One of the main problems of finding an effective therapy to HD lies in the fact that HD could occur through to a combination of interrelated processes. Furthermore, some of altered mechanisms discussed could be primary events, but many of them could represent secondary events that would be less interesting for therapeutic intervention. Therefore a compound that targets only one pathological mechanism may not be effective. Moreover, these mechanisms should be the earliest dysfunctions that occur in HD .

HTT in intracellular transport

As discussed in the previous chapter, Huntingtin's (HTT) structure suggests it could function as a scaffolding protein due to its large number of interactors, and the presence of around 36 HEAT repeats that are important in mediating protein-protein interaction. In this chapter we will discuss the interactions that confer HTT its role as a regulator of intracellular transport, and how the presence of the polyQ mutation in HTT alters this function. This trafficking dysfunction has been shown to be a key pathogenic event in HD.

HTT interacts with vesicles and the motor machinery

HTT is a protein that is predominantly found in the cytoplasm of cells. The first hints of HTT having a role in vesicular transport came from biochemical analysis of subcellular fractions from human cortical extracts that showed the presence of HTT associated to vesicles and synaptosomes. This localization was further examined by immunohistochemical analysis in human and rat brains, confirming the presence of HTT around vesicles and associated to microtubules (MT) (DiFiglia et al., 1995;Gutekunst et al., 1995;Trottier et al., 1995). Indeed, the structure of HTT protein supports this idea as it contains functional domains consistent with association to membranes. The first 18 N-terminal amino-acids of HTT, immediately adjacent to the polyQ region (Fig 14), constitute a membrane-binding domain that controls the association of HTT to membrane bound structures as the Golgi, Endoplasmic Reticulum (ER), mitochondria and vesicles [START_REF] Atwal | Huntingtin has a membrane association signal that can modulate huntingtin aggregation, nuclear entry and toxicity[END_REF][START_REF] Rockabrand | The first 17 amino acids of Huntingtin modulate its sub-cellular localization, aggregation and effects on calcium homeostasis[END_REF]. It was also described that HTT can be palmitoylated at cysteine-214 by its copartners HIP14 and HIP14L (Fig 14) [START_REF] Sutton | Hip14l--deficient mice develop neuropathological and behavioural features of Huntington disease[END_REF][START_REF] Yanai | Palmitoylation of huntingtin by HIP14 is essential for its trafficking and function[END_REF].

Palmitoylation of HTT is consistent with a role in vesicular trafficking regulation.

Much of the information gathered from analysis of HTT interacting proteins, suggested a role of HTT in intracellular transport. HTT associated protein 1 (HAP1) was the first protein to be identified to interact with HTT and has been proposed to regulate the interaction of HTT with molecular motors [START_REF] Engelender | Huntingtin--associated protein 1 (HAP1) interacts with the p150Glued subunit of dynactin[END_REF][START_REF] Li | A huntingtin--associated protein enriched in brain with implications for pathology[END_REF]. HAP1 is involved in axonal transport via its interaction with kinesin light chain, a subunit of the kinesin motor complex that drives anterograde transport along microtubules (Colin et al., 2008;[START_REF] Mcguire | Interaction of Huntingtin--associated protein--1 with kinesin light chain: implications in intracellular trafficking in neurons[END_REF]. HTT interacts as well with the retrograde motor dynein, as seen by mass spectrometry analysis of purified HTT [START_REF] Kaltenbach | Huntingtin interacting proteins are genetic modifiers of neurodegeneration[END_REF][START_REF] Ratovitski | Huntingtin protein interactions altered by polyglutamine expansion as determined by quantitative proteomic analysis ©[END_REF]. This association is both direct and indirect. On one hand, HAP1 interacts with amino acids 879-1150 of p150 Glued subunit of dynactin [START_REF] Engelender | Huntingtin--associated protein 1 (HAP1) interacts with the p150Glued subunit of dynactin[END_REF][START_REF] Li | Interaction of huntingtin-associated protein with dynactin P150Glued[END_REF]. p150 Glued , in turn interacts with dynein and is essential for dynein mediated retrograde transport. On the other hand, yeast two hybrid experiments demonstrated that HTT interacts directly with dynein intermediate chain. Mapping experiments identified the region of interaction of HTT with dynein intermediate chain (DIC) as being located in the 601-698 residues of HTT [START_REF] Caviston | Huntingtin facilitates dynein / dynactin--mediated vesicle transport[END_REF].

Besides its association with components of long-range intracellular transport, HTT's interaction with actin-based motors through optineurin [START_REF] Faber | Huntingtin interacts with a family of WW domain proteins[END_REF][START_REF] Sahlender | Optineurin links myosin VI to the Golgi complex and is involved in Golgi organization and exocytosis[END_REF] as its interaction with HAP40 [START_REF] Pal | Huntingtin--HAP40 complex is a novel Rab5 effector that regulates early endosome motility and is up-regulated in Huntington's disease[END_REF] suggests a possible role of HTT in regulating transport along both MTs and actin cytoskeletons.

HTT is involved in intracellular transport

Knocking down and knocking out experiments showed that HTT is implicated in axonal transport. The first evidence of a role of HTT in intracellular transport came from a study performed in D. melanogaster that provided direct evidence of HTT's is implication in axonal transport [START_REF] Gunawardena | Disruption of axonal transport by loss of huntingtin or expression of pathogenic polyQ proteins in Drosophila[END_REF].

The reduction of HTT protein expression caused an axonal blockage phenotype consisting of organelle accumulation within larval nerves. This phenotype is characteristic of mutations in molecular motors required for axonal transport [START_REF] Bowman | Kinesin--dependent axonal transport is mediated by the sunday driver (SYD) protein[END_REF][START_REF] Gunawardena | Disruption of axonal transport and neuronal viability by amyloid precursor protein mutations in Drosophila[END_REF]. Loss of HTT also caused degeneration in the adult eye of flies, a phenotype similar to that observed in mutations in dynein and p150 Glued . Further insight about the role of HTT in axonal transport came from the direct observation of BDNF vesicles dynamics in cells. Over expression of HTT enhanced the velocity of BDNF containing vesicles while reducing the time they spend pausing. In support of a positive role of HTT in stimulating transport of vesicles that contain BDNF, it was demonstrated that downregulation of HTT leads to a decrease in velocity of moving vesicle and an increase in the number of stationary vesicles as well as in the time they spend pausing (Gauthier et al., 2004). This reduction in BDNF dynamics due to the absence of HTT was observed in cortical neurites (Colin et al., 2008) as well as in hippocampal axons [START_REF] Pla | Huntingtin acts non cell--autonomously on hippocampal neurogenesis and controls anxiety--related behaviors in adult mouse[END_REF]. The involvement of HTT in BDNF transport along MTs is bidirectional, as it stimulates both anterograde and retrograde transport [START_REF] Dompierre | Histone deacetylase 6 inhibition compensates for the transport deficit in Huntington's disease by increasing tubulin acetylation[END_REF]Gauthier et al., 2004). HTT stimulates BDNF transport through the direct interaction with dynein and HAP1, which in turn interacts with p150 Glued and kinesin. HAP1 is essential for this mechanism, as expression of HTT lacking the HAP1 interacting region is not able to stimulate transport [START_REF] Pardo | pARIS--htt: an optimised expression platform to study huntingtin reveals functional domains required for vesicular trafficking[END_REF]. This is also shown as the downregulation of HAP1 reduce BDNF transport, and in this conditions HTT cannot enhance transport (Gauthier et al., 2004). In addition, depletion of HTT in cells, leads to a disruption of the Golgi, consistent with defective dynein/dynactin function [START_REF] Caviston | Huntingtin facilitates dynein / dynactin--mediated vesicle transport[END_REF][START_REF] Pardo | pARIS--htt: an optimised expression platform to study huntingtin reveals functional domains required for vesicular trafficking[END_REF][START_REF] Del Toro | Mutant huntingtin impairs post--Golgi trafficking to lysosomes by delocalizing optineurin/Rab8 complex from the Golgi apparatus[END_REF], and suggesting that HTT might facilitate dynein mediated transport. Mapping experiments identified a binding site for DIC to residues 601-698 of HTT. Re expression of HTT constructs lacking for either the interaction domain with HAP1 or dynein failed to resemble the Golgi, further supporting HTT function in the maintenance of the Golgi apparatus via dynein [START_REF] Pardo | pARIS--htt: an optimised expression platform to study huntingtin reveals functional domains required for vesicular trafficking[END_REF].

The role of HTT in transport is not restricted to BDNF-containing vesicles.

Tropomyosin-related kinase receptor type B (TrkB) is the BDNF receptor, and its vesicular transport depends on HTT as knocking down HTT reduced vesicular transport of the receptor [START_REF] Liot | Mutant Huntingtin alters retrograde transport of TrkB receptors in striatal dendrites[END_REF]. Similar observations to those of BDNF were made for APP and Ti-VAMP (tetanus neurotoxin insensitive vesicle associated membrane protein) containing vesicles. Upon depletion of HTT, vesicles show reduced anterograde and retrograde velocities in cortical neurons (Colin et al., 2008;Her and Goldstein, 2008). Analysis of trafficking in D. melanogaster larvae showed that a reduction of HTT influences Rab11 transport in vivo [START_REF] Power | In--vivo evidence for the disruption of Rab11 vesicle transport by loss of huntingtin[END_REF].

Furthermore, incubation of anti-HTT antibodies, led to reduced vesicular association to MTs and to reduced bidirectional motility in an in vitro motility assay with native purified vesicles [START_REF] Caviston | Huntingtin facilitates dynein / dynactin--mediated vesicle transport[END_REF]. Mitochondrial dynamics was also examined in cells with decreased levels of HTT, and an increase in pausing along with a decrease in bidirectional motility was shown [START_REF] Trushina | Mutant Huntingtin Impairs Axonal Trafficking in Mammalian Neurons In Vivo and In Vitro[END_REF], demonstrating that HTT is not only involved in vesicular transport, but also regulates transport of other organelles.

HTT regulates trafficking

It is broadly accepted that HTT acts as a transport facilitator, as silencing HTT decreases both anterograde as retrograde transport. However, HTT involvement in intracellular transport is also supported by the role of HTT phosphorylation as a regulatory mechanism for intracellular transport. Indeed, the phosphorylation state of HTT at specific sites can regulate the efficiency of transport. Two cyclin-dependent kinase 5 (Cdk5) phosphorylation sites have been identified in HTT, serine-1181 and serine 1201 [START_REF] Anne | Phosphorylation of huntingtin by cyclin-dependent kinase 5 is induced by DNA damage and regulates wild--type and mutant huntingtin toxicity in neurons[END_REF]. In physiological conditions, the absence of phosphorylation of both sites leads to an increase in the processivity of BDNF containing vesicles. Both anterograde and retrograde transport velocities are higher, due to an increased recruitment of molecular motors and association of vesicles to MTs. Therefore HTT is able to control and enhance BDNF transport, through specific phosphorylation sites that are regulated in response to Cdk5 signaling [START_REF] Ben | Huntingtin mediates anxiety/depression--related behaviors and hippocampal neurogenesis[END_REF]. HTT has also been suggested to act as a molecular switch in controlling anterograde and retrograde transport, highlighting the role of HTT as a regulator of axonal transport (Colin et al., 2008). Vesicle motility is generally not unidirectional, but is characterized by frequent directional switches and pauses. Wild type HTT can also be phosphorylated at position S421 by the IGF-1 (insulin growth factor 1)/ Akt pathway (Humbert et al., 2002) and dephosphorylated by calcineurin (Pardo et al., 2006). When comparing the effect of expressing the phosphomimetic construct S421D to the unphosphorylatable construct S421A, major differences were shown in BDNF, Ti-VAMP and amyloid precursor protein (APP) vesicles dynamics.

Phosphorylation at this site resulted in faster velocity and longer runs in anterograde transport, whereas expression of S421A favored faster velocity and longer runs in the retrograde direction. This suggests that HTT acts as a switch that regulates transport directionality. The directionality of a cargo, is thought to be the result of a "tug of war" mechanism, where the number of oppositely directed motors associated to a cargo at a certain moment will determine the directionality of its movement (Hendricks et al., 2010). Indeed, HTT regulates transport directionality, by controlling molecular motor attachment. When phosphorylated at serine 421, HTT recruits kinesin-1 to the dynactin complex, favoring transport in the anterograde direction. On the other hand, when HTT is not phosphorylated at this site, kinesin-1 detaches and vesicles are more likely to undergo retrograde transport (Fig 15) (Colin et al., 2008). Thereby, these studies linking signaling pathways such as Akt and calcineurin to a specific movement suggest that HTT could have a broader role as a scaffold protein that integrates extracellular and intracellular signals to deliver cargos to other subcellular compartments of neurons. Through this mechanism, a postsynaptic neuron that is the target of neurons in which HTT is phosphorylated will receive a higher amount of BDNF compared to a situation where HTT is not phosphorylated in the presynaptic neuron. The postsynaptic neuron will in turn show high activation of its TrkB receptor and downstream signaling pathways such as PI3K-Akt, Ras-MAPK and CREB phosphorylation and therefore increased survival [START_REF] Zweifel | Functions and mechanisms of retrograde neurotrophin signalling[END_REF].

Finally, HTT may be involved in the ability of vesicles to switch from short-range transport on actin cytoskeleton, to the long-distance transport on MTs and vice versa.

Rab5, known to specifically associate to early endosomes, forms a complex by associating to HAP40 and HTT. The HTT-HAP40 complex on Rab5-associated endosomes is a switch for cytoskeletal affinity between actin and microtubules. HAP40 mediates the recruitment of HTT to Rab5 onto early endosomes. An increase in cytoplasmic levels of HAP40, the early endosome positive for Rab5, leads to association with actin, possibly through a linker, such as optineurin, that binds to myosin VI. (Fig 14) When HAP40 levels are decreased, Rab5-positive early endosomes bind to MTs [START_REF] Pal | Huntingtin--HAP40 complex is a novel Rab5 effector that regulates early endosome motility and is up-regulated in Huntington's disease[END_REF].

BDNF Transport in HD

The involvement of HTT in intracellular transport raises the question of whether the presence of the polyQ stretch has a deleterious effect in this process. Evidence suggesting this hypothesis, comes from the fact that the levels of BDNF in striatum (STR) of HD brains is reduced [START_REF] Ferrer | Brain--derived neurotrophic factor in Huntington disease[END_REF]Gauthier et al., 2004). In the corticostriatal neuronal circuit, BDNF is produced by cortical neurons, transported anterogradely to the axon tip where it is secreted. This BDNF is endocytosed by striatal neurons which express the TrkB receptor, and acts as a prosurvival factor (Fig 16) [START_REF] Altar | Anterograde transport of brain--derived neurotrophic factor and its role in the brain[END_REF]. This is essential for striatal neurons, as they are unable to produce BDNF, therefore requiring cortical BDNF support for survival [START_REF] Baquet | Early striatal dendrite deficits followed by neuron loss with advanced age in the absence of anterograde cortical brain--derived neurotrophic factor[END_REF]. Hence, trafficking of BDNF in cortical neurons is essential to maintain BDNF levels in the STR.

The assumption that mutant HTT renders intracellular transport less efficient was verified by direct visualization of BDNF vesicles in neuronal cell lines derived from knock in mice, and cortical neurons transfected with HTT constructs. These experiments demonstrated that anterograde and retrograde BDNF transport is altered in presence of the mutant protein. Furthermore, the mechanism through which this defect occurs was uncovered. As described previously, HTT is part of the motor complex that drives BDNF transport (Fig 15 andFig 16). The presence of the polyQ HTT alters the interaction of this complex, as the association between HTT and HAP1/p150 Glued is increased in the presence of an expanded polyQ stretch. This leads to a detachment of this complex from MT, demonstrating the mechanism underlying retrograde transport defects in the presence of the polyQ expansion.

However, delivery of BDNF from cortex (CTX) to the STR depends on anterograde transport. Keeping in mind that HAP1 and kinesin interact, the effect of mutant HTT in kinesin's association to MTs was studied. Indeed, this interaction is reduced due to the presence of the polyQ expansion, leading to impaired anterograde transport of BDNF vesicles (Gauthier et al., 2004). This reduced BDNF delivery from cortical neurons to the striatum due to transport defects, is believed to be an important mechanism involved in the specific vulnerability of the STR in HD.

Phosphorylation of mutant HTT has been shown to be involved in the pathogenic BDNF transport defect that occurs in HD. As discussed before, phosphorylation of wild-type HTT at serine-421 by Akt kinase regulates BDNF transport (Colin et al., 2008). Phosphorylation favors anterograde transport whereas the absence of phosphorylation promotes retrograde movement (Fig 15). In the pathological context, reduced phosphorylation at serine-421 was detected in the endogenous mutant HTT, in cell cultures as in human and transgenic mouse brains [START_REF] Warby | Huntingtin phosphorylation on serine 421 is significantly reduced in the striatum and by polyglutamine expansion in vivo[END_REF].

In addition, Akt pathway has also been shown to be deregulated in the brain tissue of HD animal model [START_REF] Colin | Akt is altered in an animal model of Huntington's disease and in patients[END_REF][START_REF] Gines | Enhanced Akt signaling is an early pro--survival response that reflects N--methyl--D--aspartate receptor activation in Huntington's disease knock--in striatal cells[END_REF], and phosphorylation of mutant HTT at serine-421 was shown to abolish mutant HTT toxicity (Humbert et al., 2002;Pardo et al., 2006). Taken together, all of this suggested that the phosphorylation at this position is a key process participating in HD pathogenesis.

Actually, phosphorylation of polyQ HTT at serine 421 induced by prosurvival pathways such as IGF/Akt pathway restores BDNF transport defects, as it reinstates the correct interaction of HTT with p150 Glued subunit of dynactin and their association with MTs in vitro and in cells [START_REF] Zala | Phosphorylation of mutant huntingtin at S421 restores anterograde and retrograde transport in neurons[END_REF]. The transport-dependent release of BDNF is known to be reduced in the presence of polyQ HTT [START_REF] Dompierre | Histone deacetylase 6 inhibition compensates for the transport deficit in Huntington's disease by increasing tubulin acetylation[END_REF]Gauthier et al., 2004). Recovery of transport deficit by phosphorylation is reflected as well in a recovery of BDNF release. Furthermore, both IGF-1 treatment and Akt overexpression, as inhibition of HTT's phosphatase calcineurin, are able to compensate for the transport defects observed in HD cells, and restore trophic support in disease situation [START_REF] Pineda | Genetic and pharmacological inhibition of calcineurin corrects the BDNF transport defect in Huntington's disease[END_REF][START_REF] Zala | Phosphorylation of mutant huntingtin at S421 restores anterograde and retrograde transport in neurons[END_REF]. Therefore, compounds or signaling pathway that rescue the altered transport may be of therapeutic interest 

General transport in HD

Although defects in BDNF transport seems to play a pivotal role in HD pathogenesis, the implication of HTT in transport is not exclusive for this cargo, as the dynamics of other proteins has been shown to be affected by the presence of mutant HTT. Some early studies performed in models including D. melanogaster, squid axoplasm and mice, have focused their attention on the general transport of organelles, suggesting that HTT mutation does not alter transport of specific cargos, but blocks transport of organelles in general. Indeed, overexpression of human HTT exon 1 containing the expanded polyQ stretch in D. melanogaster, revealed defects in axonal transport as shown by accumulation of cellular organelles and synaptic vesicle in nerves [START_REF] Gunawardena | Disruption of axonal transport by loss of huntingtin or expression of pathogenic polyQ proteins in Drosophila[END_REF][START_REF] Lee | Cytoplasmic aggregates trap polyglutamine--containing proteins and block axonal transport in a Drosophila model of Huntington's disease[END_REF]. It was suggested that the expression of mutant HTT caused a depletion of active motors by sequestering dynein, dynactin and kinesin into cytoplasmic aggregates, as the soluble pool of motor proteins was decreased in these flies [START_REF] Gunawardena | Disruption of axonal transport by loss of huntingtin or expression of pathogenic polyQ proteins in Drosophila[END_REF]. Similar observations were made in neurons from a mouse model expressing full-length HTT: general transport was shown to be altered and there is a titration of motor proteins from the soluble pool [START_REF] Trushina | Mutant Huntingtin Impairs Axonal Trafficking in Mammalian Neurons In Vivo and In Vitro[END_REF]. However, this is in contradiction with the observations made in squid axoplasm, in cells and other mouse models of HD (Gauthier et al., 2004;Her and Goldstein, 2008;[START_REF] Szebenyi | Neuropathogenic forms of huntingtin and androgen receptor inhibit fast axonal transport[END_REF][START_REF] Wu | Huntingtin--associated protein--1 interacts with pro--brain--derived neurotrophic factor and mediates its transport and release[END_REF]. In these conditions the transport defect was shown to occur independently from aggregation, as these structures were not detected. Hence, although aggregates could sequester molecular motors from the soluble pool, the defect in transport occurs through an independent mechanism concerning the loss of normal function of HTT, and not involving HTT aggregates. Experiments performed in isolated axoplasm extruded from squid giant axons, demonstrated that the perfusion of HTT fragments containing the polyQ expansion decreased bidirectional motility of general vesicular population. An interesting point that comes out from these experiments, is that the only presence of HTT containing expanded polyQ tract in the cytoplasm is sufficient to affect transport, as isolated axoplasm contains neither nuclei nor protein synthesis. Therefore, transport defects occur by the influence of cytoplasmic mutant HTT [START_REF] Morfini | Pathogenic huntingtin inhibits fast axonal transport by activating JNK3 and phosphorylating kinesin[END_REF][START_REF] Szebenyi | Neuropathogenic forms of huntingtin and androgen receptor inhibit fast axonal transport[END_REF].

Although it is well accepted that transport defects occur in HD, the identity of the cargos and transported vesicles altered by the mutation remains unclear. Therefore, many studies have focused on analyzing whether dynamics of specific cargos that could have direct relevance in the disease was affected. Tightly related with BDNF transport defects, and BDNF signaling pathway, defects in TrkB transport were described. After release by cortical neurons, BDNF binds to and activate TrkB receptors in striatal dendrites and promote survival. Indeed, the polyQ expansion alters the dynamics of TrkB containing vesicles. Moreover, specifically within isolated striatal dendrites, retrograde transport of ligand-bound TrkB and BDNF/TrkB-induced signaling through ERK phosphorylation and c-fos induction are decreased in neurons from an HD mouse model [START_REF] Liot | Mutant Huntingtin alters retrograde transport of TrkB receptors in striatal dendrites[END_REF]. Striatal neurons are highly dependent on BDNF signaling for survival, and this pathway is affected in two independent ways, both relying on intracellular transport. Firstly, BDNF delivery and release by cortical neurons is affected. In addition, striatal neurons show defective transport of BDNFbound TrkB vesicles, resulting in altered signaling. These two deficiencies could have a synergistic deleterious effect that renders striatal neurons more sensitive to cell death due to mutant HTT. It was also demonstrated that when HTT is mutated GABA A receptors transport is reduced. The kinesin motor Kif5, along with HAP1, are responsible of GABA A receptors trafficking. These receptors at synapses regulate brain excitability, altering inhibitory synaptic currents, which may explain some of the defects of brain information processing occurring in HD [START_REF] Twelvetrees | Delivery of GABAARs to synapses is mediated by HAP1--KIF5 and disrupted by mutant huntingtin[END_REF].

Transport defects due to the presence of mutant HTT might as well influence autophagy. As discussed in Chapter 2 autophagy defects have been implicated in HD. In neurons, autophagosomes formation is a polarized process, where autophagosomes are generated and engulf cargos in the axon and then undergo retrograde transport towards the cell body. As in other cases, HAP1/HTT complex regulates autophagosomes dynamics, promoting processive transport. The presence of mutant HTT disrupts this process in primary neurons, without altering autophagosome formation or cargo loading, resulting in accumulation of charged autophagosomes, probably due to inefficient clearance [START_REF] Wong | The regulation of autophagosome dynamics by huntingtin and HAP1 is disrupted by expression of mutant huntingtin, leading to defective cargo degradation[END_REF].

These observations seem to suggest that HTT alters global intracellular transport. Furthermore, a variety of cargos that are not clearly related to HD pathogenesis, have been shown to be affected by the presence of the expanded polyQ HTT. Mutant HTT affects the dynamics of vesicles containing neuropeptide-Y (NPY) Ependymal growth factor receptor (EGFR) and atrial natriuretic factor (ANF) [START_REF] Sinadinos | Live axonal transport disruption by mutant huntingtin fragments in Drosophila motor neuron axons[END_REF][START_REF] Del Toro | Mutant huntingtin impairs the post--Golgi trafficking of brain--derived neurotrophic factor but not its Val66Met polymorphism[END_REF]. However, contrary to previous analyzed cargos, the dynamics of p75 neurotrophic receptor (p75 NTR ), a neurotrophin receptor, is not affected by the presence of polyQ HTT, demonstrating that although polyQ HTT alters the dynamic of many cargos, their effect is specific to certain but not all of them [START_REF] Del Toro | Mutant huntingtin impairs the post--Golgi trafficking of brain--derived neurotrophic factor but not its Val66Met polymorphism[END_REF]. Interestingly, in HD condition, the dynamics of a single cargo can be affected in a cell specific manner. Motility of a fluorescently labeled APP, a well-characterized cargo for anterograde axonal transport was studied in cultured neurons from mutant mice expressing HTT with expanded polyglutamine repeats.

This study showed that APP dynamics was affected by the expression of mutant HTT in hippocampal and striatal neurons, but not in cortical neurons (Her and Goldstein, 2008). Therefore, the identity of the cargos affected by the mutation could also depend on the nature of the neurons in which transport occurs. This specificity could be due to the presence of some neuron-specific adaptor proteins. Therefore, the protein complexes associated with HTT-dynamic vesicles needs to be precisely established to understand better the impact of transport defects in disease initiation and development. For example, HTT has been shown to interact with Kif5, Kif3A and Kif1A [START_REF] Kaltenbach | Huntingtin interacting proteins are genetic modifiers of neurodegeneration[END_REF][START_REF] Ratovitski | Huntingtin protein interactions altered by polyglutamine expansion as determined by quantitative proteomic analysis ©[END_REF][START_REF] Shirasaki | Network organization of the huntingtin proteomic interactome in mammalian brain[END_REF].

Trafficking of synaptic vesicle precursors depends on HTT interacting kinesins Kif5

and Kif1A; but they rely as well on Kif1Bβ [START_REF] Hirokawa | Molecular Motors in Neurons: Transport Mechanisms and Roles in Brain Function, Development, and Disease[END_REF]. So are all synaptic vesicles precursors affected to the same extent by mutant HTT? Similarly, mitochondria are transported by kinesin-1, but also by Kif1C and Kif1Bα. Indeed, some studies do not agree on the extent to which, some neurons but not others, show altered transport of mitochondria (Gauthier et al., 2004;[START_REF] Trushina | Mutant Huntingtin Impairs Axonal Trafficking in Mammalian Neurons In Vivo and In Vitro[END_REF].

Besides the obvious differences in models and analysis approaches used in the different studies, the dependence of mitochondria on different kinesins, not all of them known to associate with HTT, could be underlying these differences.

Taken together, all of these studies show that HTT is a key regulator of MT based intracellular transport. HTT acts as a scaffold protein that coordinates attachment of different types of motors to vesicular cargos. Both the depletion as the expression of mutant HTT, have shown to affect a wide range of aspects of intracellular transport.

In HD, trafficking defects induced by the mutant HTT, has a major role in disease pathogenesis through the regulation of BDNF and TrkB transport, which are maybe potentiated by the defect in other cargos. Indeed, many sites have been identified in HTT, and some have shown to regulate toxicity in HD [START_REF] Aiken | Phosphorylation of threonine 3: implications for Huntingtin aggregation and neurotoxicity[END_REF][START_REF] Gu | Serines 13 and 16 are critical determinants of full--length human mutant huntingtin induced disease pathogenesis in HD mice[END_REF][START_REF] Luo | Cdk5 phosphorylation of huntingtin reduces its cleavage by caspases: implications for mutant huntingtin toxicity[END_REF][START_REF] Schilling | Huntingtin phosphorylation sites mapped by mass spectrometry. Modulation of cleavage and toxicity[END_REF][START_REF] Thompson | IKK phosphorylates Huntingtin and targets it for degradation by the proteasome and lysosome[END_REF]. However, whether these posttranslational modifications are functionally related with HTT's role in trafficking is still unknown. A more profound knowledge of HTT's role in intracellular transport is essential to shape future studies of the molecular mechanisms underlying HD. 79

RESULTS

5 Drosophila melanogaster as an in vivo model for studying huntingtin's function in transport.

Study presentation

Huntingtin (HTT) is the protein that when mutated gives rise to Huntington's disease, a late onset fatal neurodegenerative disease. Major efforts have been made to understand what are the pathogenic mechanisms leading to the differential cell death of striatal neurons in HD. It was suggested that the presence of an elongated polyQ stretch leads to a gain of new toxic functions of HTT. However, many studies have also demonstrated that the normal function of HTT is altered in the disease, and these disruptions have been implicated in the pathogenesis.

HTT is a scaffold protein known to interact with many partners and through these interactions is probably involved in numerous cellular processes. Particularly, via its interaction with molecular motors and adaptor proteins HTT regulates intracellular transport. The presence of the elongated polyQ stretch alters transport of several different vesicular cargos, including BDNF, which was shown to be a key factor in HD pathogenesis.

Overexpression of N-terminal fragments of human HTT has been used as an approach to generate models of HD in D. melanogaster. However, studies using these flies were based on the notion that HD occurs due to the gain of new toxic functions of HTT protein. Therefore, to elucidate whether the role of HTT in transport is conserved in the fruitfly, studies have been made by knocking out and knocking down the endogenous protein. However, these studies were not concluding, as major discrepancies were found among them.

In this study we show that D. melanogaster HTT (DmHTT) interacts with the molecular motor dynein, and associates with microtubules as well as with vesicles. In mammalian neurons, DmHTT co-localizes with BDNF-containing vesicles. In these cells we could assess that DmHTT is dynamic, and co-transports with BDNF vesicles. Importantly, DmHTT is able to rescue the transport deficit due to the downregulation of the endogenous HTT. Finally, in larvae from DmHTT-KO flies, we could prove that the absence of HTT leads to a reduced fast axonal transport of synaptotagmin vesicles.

Our results indicate that HTT function in transport is conserved in D. melanogaster, and that flies are an excellent model to study axonal transport in vivo. In a cell the energy is mainly produced by two mechanisms. Firstly, glucose is broken down in the cytosol through the glycolytic pathway that converts glucose into pyruvate and generates only 2 molecules of ATP. In contrast to glycolysis, mitochondria produce 34 ATP molecules and provide most of the energy in the cell.

Article I

Paradoxically, mitochondria are not evenly distributed along axons and tend to accumulate at specific sites such as synapses or nodes of Ranvier, thus raising the question of how vesicular transport is fueled along potentially long stretches of axons devoid of mitochondria.

In our study we demonstrate that the ATP needed for the FAT of vesicular cargoes does not come from mitochondria but from glycolysis. Inhibiting mitochondrial ATP production significantly reduces the ATP level of the cells. This inhibition affects mitochondrial but not vesicular dynamics. However, inhibiting or knocking down glycolysis reduces the FAT of membranous vesicles without affecting the dynamics of mitochondria.

Although the glycolytic enzyme GAPDH is largely found in the cytosol, we demonstrate by different approaches that this enzyme is specifically associated with dynamic vesicles. Moreover, these dynamic vesicles are capable of generating ATP.

Results 94

The mechanism underlying this association involves the scaffold protein huntingtin (HTT). Knocking down HTT in cells or in mouse brains leads to a specific loss of GAPDH on vesicles, without affecting cytosolic levels, suggesting that HTT tethers GAPDH to vesicles.

Taken together, these findings show that FAT is energetically sustained by the ATP generated by the glycolytic machinery located on the vesicles themselves 

Article II

Study presentation

Axonal transport is essential for determining a neuron's fate. Although many studies focused on understanding the mechanisms regulating the fine-tuning of this process, the identity of this moving organelle is yet to be defined. This can lead to identifying new regulatory partners and mechanisms that can govern the transport of dynamic vesicles, and to a more precise understanding of the mechanisms of axonal transport.

To characterize this novel type of vesicles, the dynamic vesicles, we performed mass spectrometry analysis from purified dynamic vesicles from mouse brains. The protein profile detected is consistent with vesicles: there is an enrichment of transmembrane proteins, molecular motors and adaptor proteins; and many vesicular markers are well represented in the sample. Strikingly, we found by biochemical and superresolution microscopy that the whole glycolytic machinery was associated to vesicles.

These findings extend our previous work on the role of GAPDH in sustaining fast axonal transport. Importantly, we show that Pyruvate Kinase, the last ATP producing step of glycolysis is important for generating energy to sustain FAT. Knocking down PK reduces the velocity of BDNF vesicles. Additionally, the transport deficit due to silencing of Gapdh is restored by the addition of PK's substrate. This suggests that the presence of glycolytic enzymes on vesicles is pivotal for regulating the efficiency of transport.

However, whether the ATP produced by glycolysis on vesicles is sufficient to support transport is still not known. Native purified vesicles are able to produce ATP when incubated with phosphoenolpyruvate (PEP). Additionally, these vesicles retain kinase activity, reflecting the presence of functional motors.

We then incubated dynamic vesicles purified from mouse brains with in vitro polymerized microtubules. Using TIRF microscopy, we could see that in the presence of ATP, they are capable of moving along MTs, further proving that vesicles contain a functional set of molecular motors. In this environment completely devoid of cytoplasmic influence, when we incubated motile vesicles in an ATP deprived environment, but with the addition of ADP and PEP, vesicles were dynamic. This unequivocally demonstrates that dynamic vesicles are energetically autonomous for trafficking.
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Summary

Intracellular transport of vesicles requires energy. This is especially important in neurons in which transport occurs over long. While many proteins regulating transport in neurons have been identified, a comprehensive molecular composition of transported vesicles in neurons has yet to be established. Here, we report a procedure to selectively enrich motile vesicles that were subjected to semiquantitative proteomic analysis. In addition to the expected molecular motors, synaptic vesicles proteins and components of the endo-exocytic machineries, we found the ten glycolytic enzymes that break down glucose into pyruvate generating ATP. We show through biochemical approaches and super-resolution microscopy that, most glycolytic enzymes are selectively associated to vesicles and that the glycolytic cascade ensures proper axonal transport of vesicles in neurons. Finally, we provide evidence that vesicles can move with only ADP and the appropriate glycolytic substrates in a reconstituted in vitro transport assay of native vesicles. Together, we conclude that transport of vesicles along microtubules can be autonomous.

Results

Purification of Motile Vesicles

Many studies have investigated the proteome of synaptic or secretory vesicles leading to an exhaustive list of proteins specifically present in these various organelles [START_REF] Bibliography Ahmed | Small-scale isolation of synaptic vesicles from mammalian brain[END_REF][START_REF] Au | Organellar proteomics to create the cell map[END_REF][START_REF] Blondeau | Tandem MS analysis of brain clathrin-coated vesicles reveals their critical involvement in synaptic vesicle recycling[END_REF][START_REF] Boyken | Molecular profiling of synaptic vesicle docking sites reveals novel proteins but few differences between glutamatergic and GABAergic synapses[END_REF][START_REF] Burré | Analysis of the synaptic vesicle proteome using three gel-based protein separation techniques[END_REF][START_REF] Coughenour | The synaptic vesicle proteome: a comparative study in membrane protein identification[END_REF][START_REF] Grønborg | Quantitative comparison of glutamatergic and GABAergic synaptic vesicles unveils selectivity for few proteins including MAL2, a novel synaptic vesicle protein[END_REF][START_REF] Takamori | Molecular anatomy of a trafficking organelle[END_REF]. However, the molecular identity of the vesicles that are transported through long distances in neurons is not defined. Especially, constitution of the dynamics or motile vesicles, in terms of their luminal constituents, transmembrane proteins, and associated complexes is still unknown. The identification of these components could lead to a better understanding of the mechanisms regulating transported vesicles in neurons. To obtain a highly enriched fraction of motile vesicles, we modified a previously described protocol (Zala et al., 2013) that take advantage from the Thy1:p50-GFP transgenic mice. These mice express the dynactin subunit, dynamitin, fused to GFP under the neuronal promoter Thy1, in levels below the threshold that disrupts the dynactin complex [START_REF] Ross | Processive bidirectional motion of dynein-dynactin complexes in vitro[END_REF].

Therefore, the vesicles associated with p50-GFP can be considered as motile vesicles as they are likely to associate with the molecular motors.

Mouse forebrains were lysed and subjected to subcellular fractionation, in order to obtain the 100,000g fraction, or P3 fraction, known to be enriched in small vesicles. To selectively enrich for motile vesicles, we performed a magnetic immunopurification against GFP thereby selectively purifying small vesicles associated with the molecular motors (Figure 1A). This motile vesicle fraction (Figure 1B, IP-GFP lane) is enriched in p50-GFP as well as in the endogenous p50. This is expected since GFP-dynamitin incorporates into dynactin in a ratio of 2.2 labeled subunits out of four total dynamitin subunit per complex (Hendricks et al., 2010).

Importantly, it also contains the dynactin subunit p150 Glued , all components of the dynactin complex. Both retrograde and anterograde molecular motors are associated to this fraction, as shown by the presence of dynein intermediate chain (DIC) and kinesin heavy chain (KHC). We also controlled our purification protocol by analyzing the presence of proteins that are known to be transported along microtubules (MTs) in axons and dendrites. As expected, vesicular markers as SNAP25, synaptophysin known to be present as an integral membrane protein of synaptic vesicle, as well as the luminal vesicular protein pro-BDNF that is present in large dense core vesicles are present in the fraction [START_REF] Altar | Neurotrophin trafficking by anterograde transport[END_REF][START_REF] Fawcett | Detection of brain-derived neurotrophic factor in a vesicular fraction of brain synaptosomes[END_REF][START_REF] Haubensak | BDNF-GFP containing secretory granules are localized in the vicinity of synaptic junctions of cultured cortical neurons[END_REF][START_REF] Michael | Nerve growth factor treatment increases brain-derived neurotrophic factor selectively in TrkA-expressing dorsal root ganglion cells and in their central terminations within the spinal cord[END_REF]. Huntingtin (HTT), a regulator of axonal transport known to be associated to motile vesicles, is also found in the fraction (Colin et al., 2008;DiFiglia et al., 1995;Gauthier et al., 2004;Gutekunst et al., 1995;Trottier et al., 1995). Importantly, none of these components were significantly detected in the control IP (Figure 1B), showing the specificity of the immunoisolation.

Cytoplasmic protein tubulin is specifically associated, although in low quantity, to the motile vesicle fraction. This association is expected, as tubulin is known to interact with molecular motors as well as with the dynactin complex. We conclude we have developed and validated a protocol to selectively enrich for brain motile vesicles.

Protein Composition of Motile Vesicles

The protein composition of the purified motile vesicles was further analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS) after separation by SDS-PAGE. A total of 1291 proteins were identified as being constituents of motile vesicles. Consistent with the motile nature of purified vesicles, among the most abundant components detected are members of the dynein complex including dynein heavy chain (DHC), DIC and dynein light chains (DLC), as well as subunits of the dynein-associated dynactin complex: p150 Glued , p50, p62, p24, p27, Arp11, Capzα and Capzβ (Figure 1C and Table 2). Although less represented in the sample, both the conventional anterograde motor Kif5C and the neuronal motor responsible for synaptic vesicle precursor anterograde trafficking Kif1A were identified (Figure 1C and Table 2). We then ranked the identified proteins by intensity and grouped them into bins of 100 proteins. The number of proteins classified to the Gene Ontology term "transmembrane proteins" in a bin was then compered to the number present in the cytoplasmic fraction. As shown in Figure 1D, the motile vesicle proteins are present in high levels in the high intensity bins, and are much more represented when compared to the number of proteins identified in the cytosolic fraction that are represented in high levels only in the low intensity bins. The variety of different vesicular compartments found to be associated to the molecular motor complex can be shown by the diversity of the different small GTPases and associated proteins (Table 3). These include Rab3A and C known to be associated to synaptic vesicles, several small GTPases associated to ER-Golgi vesicular trafficking (Rab1B, RAB2A, RAB6A and B, Rab8A and B, rab14), endolysosomal trafficking (RAB7A) and Results 123 endosomes (Rab4B, Rab18, Rab21, Rab5B, C and A, Rab1A, Rab7), and cilia transport (Rab23 and Rab 28). In line with these findings, a great variety of proteins known to be resident of the endocytic compartment were identified, as Clathrins, Dynamin, components of AP complex, Synaptojanine. The purified fraction contained as well synaptic vesicles residents as synapsin and synaptophysin, among many other markers of different vesicular compartments (Table 1). Finally, a large number of proteins not previously reported to be part of vesicles were also detected. These include categories such as signaling proteins like phosphatases and kinases, components of the cytoskeleton, chaperones, ribosomal proteins, proteasome components and some metabolic proteins. These findings suggest that a large set of proteins are present on vesicles and that could play a role in regulating vesicular trafficking.

The Whole Glycolytic Machinery is Associated to Motile Vesicles

We previously reported that GAPDH plays a role in regulating FAT but whether the whole glycolytic machinery is present on vesicles remains to be established (Zala et al., 2013). Glycolysis consists in ten sequential enzymatic reactions that break glucose into pyruvate (Fig S1). We found the ten enzymes of the glycolytic machinery to be present in the proteomic analysis of purified motile vesicles. Furthermore, they were among the most important in terms of abundance (Figure 2A), and upon ranking, they were enriched in the motile vesicle fraction (Figure 2B). Normally considered as mere contaminants, it has been recently suggested that some of the glycolytic enzymes might associate to specific structures providing efficiently the ATP needed for certain functions (Ikemoto et al., 2003;[START_REF] Takeda | Enhanced glutamate uptake into synaptic vesicles fueled by vesicle-generated ATP from phosphoenolpyruvate and ADP. Proposed role of a novel enzyme[END_REF]Zala et al., 2013). We further validated the specificity of the association of glycolytic enzymes to motile vesicles by performing immunoprecipitation experiments followed by Western Blot analysis. As shown in Figure 2C, most of the glycolytic enzymes were found to be selectively associated to the motile fraction as compared to control immunoprecipitation where their levels are much lower.

To better assess their localization, we performed immunofluorescence studies in axons of primary cortical neurons. To eliminate the cytosolic free portion of proteins, cells were permeabilized before fixation ensuring that only the proteins associated to cytoskeletal structures or organelles are present. This approach is key for abundant cytosolic proteins such as glycolytic enzymes. We aimed to analyze the subcellular distribution of Hexokinase (HK), PhosphoGlucose Isomerase (GPI), PhosphoFructo Kinase (PFK), Aldolase (ALDO), Glyceraldehyde 3-phosphate Dehydrogenase (GAPDH), PhosphoGlycerate Kinase (PGK), PhosphoGlycerate Mutase (PGM), Enolase (ENO) and Pyruvate Kinase (PK). We first verified the best conditions of use and specificity for each of these antibodies, and analyzed their distribution in axons using Total Internal Reflection Fluorescence (TIRF) microscopy. (Figure 2D,Fig S1B). Using this approach, we observed co-localization of all the glycolytic enzymes tested with vesicles. To unequivocally demonstrate this association, we analyzed the distribution of the same proteins by high-resolution microscopy. Using Ground State Depletion (GSD) microscopy, with a spatial resolution of 20 nm, we observed a significant co-localization between endogenous glycolytic enzymes and SNAP25 positive vesicles (Figure 2D). For all the analyzed enzymes, the colocalization is above the 25% of the vesicles (Fig S1C). Unfortunately, we could not reliably assess the distribution of HK and GPI using the last technique, as the quality of the staining was not sufficient for this type of experiments. Together, our results using complementary biochemical approach and super-resolution microscopy indicate that most of the glycolytic enzymes are selectively localized on motile vesicles in neurons.

Glycolytic ATP is Required for FAT

It is commonly thought that ATP dependent mechanisms rely on mitochondria as a source of energy. The main role of glycolysis in energy production is to generate pyruvate, which will be taken up by mitochondria to generate the majority of cellular ATP. However, in recent years, evidence suggests that glycolytic enzymes may have an important role in locally generating ATP. For instance, GAPDH/PGK and PK present on synaptic vesicles produce enough ATP to sustain neurotransmitter uptake (Ikemoto et al, 2003;[START_REF] Takeda | Enhanced glutamate uptake into synaptic vesicles fueled by vesicle-generated ATP from phosphoenolpyruvate and ADP. Proposed role of a novel enzyme[END_REF]. We have recently shown that ATP production through the activation of the glycolytic enzyme GAPDH, and not mitochondrial ATP, facilitates FAT (Zala et al., 2013). However, GAPDH does not produce directly ATP that is generated by the PGK and PK reactions. For this reason, our findings that all the glycolytic enzymes of the pay-off phase (Figure S1A) are associated to motile vesicles suggests that a functional glycolytic cascade is necessary to produce on board ATP and to promote axonal transport. We took advantage of microfluidic chambers that allows us to isolate neuronal cell bodies from axons [START_REF] Taylor | A microfluidic culture platform for CNS axonal injury, regeneration and transport[END_REF]Zala et al., 2013). Embryonic cortical neurons were transfected with BDNF-mCherry, a well-described FAT cargo [START_REF] Kwinter | Dynactin regulates bidirectional transport of dense-core vesicles in the axon and dendrites of cultured hippocampal neurons[END_REF]Zala et al., 2013) that we showed to co-purify with motile vesicles (Figure 1B).

Transfected neurons were plated in microchambers and BDNF containing axons were imaged. Glycolysis has two ATP producing steps, PGK and PK (Figure S1A). PK is the last glycolytic step and is downstream of GAPDH/PGK. We therefore examined the consequences of knocking down PK, by using 3 different siRNAs and studied FAT (Figure 3A). Silencing of the second ATP producing enzyme also reduced affects BDNF transport as shown in the kymographs (Figure 3B) by reducing their velocity (Figure 3C). This highlights the importance of all the ATP producing glycolytic enzymes in sustaining FAT. To determine if a functional pay-off glycolytic phase is required for FAT, we tested whether FAT reduction induced by the silencing of GAPDH can be rescued by addition of phospho-enol pyruvate (PEP) that is the substrate of PK reaction. We confirmed that reducing levels of GAPDH (Figure 3D) affects BDNF vesicles velocity. However, when we bypass this step by the addition of PK substrate, velocities go back to normal values (Figures 3E and3F). Together, these findings provide further evidence of the importance of glycolysis in sustaining FAT in axons.

Native Motile Vesicles Produce Glycolytic ATP

Decreasing levels GAPDH or inhibiting its catalytic activity slows down FAT in axons, suggesting that this ATP source is essential for transport. Since we found all the glycolytic enzymes to specifically associate to motile vesicles and that the ATP producing glycolytic enzymes PK and Gapdh/PGK are required for transport, we evaluated whether purified motile vesicles are capable of generating ATP. Purified vesicles were incubated with the PK's substrate, PEP, ADP and cofactors necessary for the reaction to occur. ATP content was measured at different time points after incubation. These purified organelles generated rapidly substantial amounts of ATP (Figure 4A). This production is sustained in time, as the ATP content keeps increasing with time, showing that this process is continuously occurring. This demonstrates that motile vesicles contain functional PK capable of self-generating ATP.

Native Motile Vesicles Contains Functional Molecular Motors

Purified motile vesicles are associated to molecular motors (Figure 1B). To further analyze the relevance of glycolysis in transport, we tested the functionality of these associated motors. Therefore, we measured the ability of purified motile vesicles to hydrolyze ATP in a MT-dependent assay. As shown in Figure 4B, purified vesicles hydrolyze ATP in the presence of polymerized MTs. No ATP hydrolysis was observed in the absence of MTs, consistent with the fact that molecular motors ATPases require MTs. This suggests that motile vesicles contain molecular motors that retain their functionality.

Native Motile Vesicles are Energetically Independent for Transport

Having demonstrated that native purified motile vesicles have functional molecular motors and a full glycolytic cascade, we aim to demonstrate that this vesicular ATP production is able to self-propel vesicles in an environment devoid of any cytosolic contaminants. To make sure that vesicular movement is not a consequence of bulk ATP diffusion, we performed in vitro motility tests with purified brain motile vesicles.

For these experiments we used a flow chamber that consists of a silanized coverslip adhered with double-sided tape to a glass slide, generating a flow chamber with a volume of approximately 10 µ l. Rhodamine in vitro polymerized microtubules were specifically attached to the coverslip using anti-tubulin antibodies. Finally, purified motile vesicles from mouse brains were fluorescently labeled with a lipophylic die and flown into the chamber. In this cytosolic-free condition we used TIRF microscopy to study whether vesicular MT-based transport can be sustained by glycolyticallyproduced ATP.

In the absence of exogenously added ATP, native vesicles did not show processive movement along MTs. However, they stably bind to MTs, consistent with dynein association to MTs in the non-nucleotide state (Figure 4D). As previously reported (Hendricks et al., 2010), the addition of 1mM ATP, resulted in the movement of dynamic vesicles along MTs. Kymograph analysis showing the trajectories of these vesicles along MTs, show they maintain their association and move bidirectionally on MTs (Figure 4E). Finally, we tested whether the production of glycolytic ATP is sufficient to sustain vesicular transport. We focused on the last step of the glycolytic cascade and incubated native motile vesicles with ADP and PEP, the substrate of the PK reaction. We next analyzed movement of vesicles in the flow chamber by TIRF microscopy. We found that in condition where ATP is absent but replaced by ADP and the substrates of an endogenous on-board ATP producing enzyme, PK, vesicles are able to self propel as processively as in presence of 1 mM ATP (Figure 4F). Our findings unequivocally demonstrate that vesicles can move independently of the bulk ATP present in the cytosol but have some energetic autonomy due to the presence of a fully functional endogenous glycolytic cascade.

Experimental Procedures

Mice

Thy1:p50-GFP transgenic mice expressing low levels of dynamitin fused to GFP were described previously [START_REF] Ross | Processive bidirectional motion of dynein-dynactin complexes in vitro[END_REF]. Animals were maintained with access 

Mouse Brain Vesicle Purification

Motile Vesicles were purified as shown in Fig. 1A. Thy1:p50-GFP mouse forebrains were homogenized in Lysis Buffer (Hepes 4 mM, Sucrose 320 mM, pH 7.4) containing protease inhibitor cocktail (Sigma). The homogenate was first spun for 10 min at 800 x g to remove unlysed cells and nuclei. The supernatant was then centrifuged for 40 min at 12.000 x g in order to pellet mitochondria and large membranes. The resulting supernatant was then further centrifuged for 90 min at 100.000 x g (Beckman, TLA 100.1). The cytosol-enriched supernatant was kept for mass spectrometry analysis, whereas the high-speed pellet enriched in small vesicles (Vesicle Fraction) was resuspended in Lysis Buffer.

In order to selectively purify small vesicles bound to the molecular motor complex, we immunupurified dynamitin-GFP-positive vesicles. For this purpose, the Vesicle Fraction was incubated with anti-GFP iron µBeads or iron µBeads not bound to antibodies as control (Miltenyi) for 30 min at 4°C. Separation µColumns were placed in a magnetic field, and the incubated solution applied onto the column. The flow through (FT) containing unbound material was collected, and then the column was rinsed three times with Lysis Buffer. The Motile Vesicle fraction (IP) was eluted from the column by applying 150 µl of elution buffer (0.1M triethylamine, pH 11.8, 0.1% Triton X-100) in a tube containing 9 µl of of 1 M MES pH 3 for neutralization.

For mass spectrometry, proteins were precipitated using 10% TCA, and resuspended in Laemmli buffer.

For native in vitro motility tests, and in order to keep the complex molecular motorvesicle-associated proteins intact but removing cytosolic contaminants, the Vesicle Faction was further fractionated by flotation through a sucrose step gradient as previously described [START_REF] Perlson | A Switch in Retrograde Signaling from Survival to Stress in Rapid-Onset Neurodegeneration[END_REF].

Mass Spectrometry and Enrichment Analysis

Samples were fractionated by cutting full lanes after SDS-PAGE into 10 slices.

Proteins in each slice were reduced, carbamidomethylated at the cystein-residues and in-gel digested by trypsin in a 1:50 ratio. Tryptic peptides were separated on a 15 cm reversed-phase column (C18, 15 cm x 75 µ m, 2 µ m beads of 100-Å pore size; Dionex) within a 60 min gradient from 0.1% formic acid / 5% acetonitrile to 0.1% formic acid / 40% acetonitrile operated by an Ultimate 3000 HPLC system (Dionex).

Mass spectrometry was performed with a LTQ Orbitrap XL mass spectrometer (Thermo Scientific), equipped with a nanoESI source (Proxeon). The top eight peaks in the mass spectra (Orbitrap; resolution, 60,000) were selected for fragmentation (CID; normalized collision energy, 35%; activation time, 30 ms, q-value, 0.25).

Dynamic exclusion was enabled (repeat count, 2; repeat duration, 10 s; exclusion duration, 20 s). MS/MS spectra were acquired in the LTQ in centroid mode. Proteins were identified using the MaxQuant software package version 1.2.2.5 (MPI for Biochemistry, Germany) and UniProt database version 04/2013.

Carbamidomethylation of cysteine was chosen as a fixed modification; acetylation of the N-terminus, deamidation of asparagine and oxidation of methionine as variable modifications. Proteins with at least one unique and two razor peptides were kept when present in at least two of three replicates. An in-house R-script (www.rproject.org) was used to average protein intensities within sample types, rank proteins decreasingly hereby and count number of proteins within bins of 100 proteins that are associated with a particular gene ontology or criteria.

Microfluidic chambers and neuronal plating

Microfluidic chambers were obtained as described previously (Zala et al., 2013).

Briefly, PDMS replicates were done from a master mold, and laid on a previously activated bottom glass dish to form an irreversible tight seal. The microfluidic chamber was then coated with Ploy-D-lysine (0.5 mg/ml) and laminine (10 mg/ml).

Embrionic rat cortical neurons (E17) were electroporated with BDNFm-Cherry using Amaxa Nucleofactor kit (Lonza). Neurons were then plated in the proximal chamber in Neurobasal supplemented with 2% B27, 1% Glutamax and 1% penicillin/streptomycin. Videomicroscopy acquisitions and fixation for immmunolabeling were done 3-5 DIV, when axons had already crossed the microchannels.

Live-cell imaging and Analysis

In vivo axonal transport of BDNF-mCherry was imaged in cortical neurons plated in microfluidic chambers. Neuronal processes can grow into the microchannels, but only axons can reach the distal part of the microchannel located 450 µm away from the proximal chamber where cell bodies are located. Acquisitions were done in the distal part of the microchannels, using an inverted microscope (Elipse Ti, Nikon) with a 60 x 1.42 NA oil immersion objective coupled to a spinning-disk confocal system (CSU-X1; Yookogawa) connected to an EM-CDD camera (eVolve, Photometrics) and maintained at 37°C and 5 %CO 2 . Images were taken every 0.2 sec for one minute.

Kymographs and velocity analysis were done using KymoToolBox (Zala et al., 2013), a home made plugin for ImageJ (NIH, USA).

Native in Vitro Motility test

Rhodamine labeled microtubules were generated by incubating for 20 min at 37°C unlabeled tubulin purified from porcine brain and rhodhamine labeled tubulin (Cytoskeleton) in BRB80 buffer (Pipes 80 mM, MgCl 2 1mM, EGTA 1mM) containing 1mM GTP to allow polymerization. Polymerized microtubules were then stabilized by adding Taxol 50 µM and incubated again for 20 min at 37°C. Free tubulin was then eliminated by centrifuging the polymerized microtubules for 10 min at 14.000 x g. The pellet was resuspended in BRB80 buffer containing 40µM Taxol.

Native in vitro assays were carried out in a flow chamber made of a slide attached to a silanized coverslip by two-sided tape. Flow chambers were first incubated for 5 min with 2% anti-tubulin antibody (Sigma Aldrich), and then blocked with 5% Pluronic F127 (Sigma Aldrich). Microtubules were allowed to bind in the flow chamber for 10 min, and the excess was removed by washing with BRB80 100mM DTT 20 µMTaxol.

Finally, purified Native Vesicles, previously incubated or not with MgATP or PEP and ADP in Motility Buffer (BRB80, 0.05% Pluronic F127, 20µM Taxol, 0.25 mg/ml BSA, 50 mM DTT, 0.5 mg/ml Glucose Oxidase, 470 U/ml Catalase, 15 mg/ml Glucose)

were added to the flow chamber (Fig 4A)

Acquisitions were made using an inverted microscope (Elipse Ti, Nikon) with a 60 x 1.42 NA APO TIRF oil immersion objective (Nikon) coupled to CDD camera (CoolSnap, Photometrics) and maintained at 37°C and 5 %CO 2. . A first picture of rhodamine labeled microtubules was taken, and then vesicular movement was recorded by acquiring every 0.2 s.

ATP Production and Consumption Analysis

To test molecular motor activity after vesicular purification, 10µl of "motile vesicles"

were incubated with 1mg of polymerized microtubules and 1 mM MgATP at 30°C.

10µl aliquots were removed at different time points, and reaction was stopped by storing them at 4°C. To measure ATP content, 2ul of Cell Titer-Glo Luminescent Viability Assay (Promega) was added, and luminescence was recorded.

To assess ATP production by PK that specifically associates to " motile vesicles", 10µl of this fraction was incubated at 37°C with PEP, ADP, NADH Pi in motility buffer. ATP content of the samples was measured at different time point as described above.

Western Blot

Proteins concentration was assed using BCA kit (Pierce). 10µg of proteins were denatured at 95°C for 10minutes in loading buffer. 6%, 8%, 10% 12% and 15% acrylamide gels were loaded. Proteins were transferred onto nitrocellulose membranes and the blocked in 5% non-fat milk in TBS buffer 0.1%Tween. Primary antibodies were incubated for one hour at room temperature as well as secondary antibodies.

Immunolabeling and STORM microscopy

Neurons were fixed 3-5 days after plating in the microchambers. A 2 minutes prelysis was done using 0.5% saponine in PBS, after which cells were fixed for 20 minutes using 4%PFA 4%sucrose in PBS. Once fixed, microchambers were rinsed 3 times with PBS, and blocked for one hour at room temperature with 3%BSA + 0.3% Triton X-100. Primary antibodies were incubated overnight at 4°C in blocking buffer and secondary antibodies were incubated for one hour at room temperature.

Superresolution images were taken in a Leica SR GSD (Leica Microsystems, Mannheim, Germany) GSD microscope, equipped with a HCX PL APO 100X objective (Leica Microsystems, Mannheim, Germany) with a 1.47 NA for TIRF illumination. Images were acquired on a sensitive EMCCD iXon3 camera (ANDOR, Belfast, United Kingdom). The lasers used were 405 nm, 488 nm, 532 nm and 642 nm diodes with a 30 mW, 300 mW, 1W and 500 mW rough power respectively (Coherent, Santa Clara, CA, United States).

Constructs and si-RNA

BDNF-mCherry construct has been previously published [START_REF] Kwinter | Dynactin regulates bidirectional transport of dense-core vesicles in the axon and dendrites of cultured hippocampal neurons[END_REF].

Rat GAPDH was silenced with a previously published siRNAII (Zala et al., 2013) Rat PK was silenced with annealed siRNA I CAU-CUC-CCU-GCA-GGU-GAA-GGA-GAT-TT and UCU-CCU-UCA-CCU-GCA-GGG-AGA-UGT-TT (Eurogentec), siRNA II GAU-UUU GGA-GGC-CAG-CGA-UGG-AAT-TT and UUC-CAU-CGC-UGG-CCU-CCA-AAA-UCT-TT (Eurogentec), or siRNAIII GAG-CCU-CCA-GUC-AAU-CCA-CAG-AC5-5 and GUC-UGU-GGA-UUG-ACU-GGA-GGC-UC5-5 (Eurogentec).

Reagents and Antibodies

ATP, ADP and PEP are from Sigma-Aldrich. The following antibodies and dilutions were used for western blotting and immunofluorescence; mouse anti-GFP HRP (Miltenyi, 1:5.000 WB), mouse anti-p150 glued (BD Transduction Laboratories, 1:1,000 WB), mouse anti-KHC (Chemicon, 1:500 WB), mouse anti-DIC (Millipore, 1:500 WB), mouse anti-synaptophysin (Sigma, 1:1,000 WB), mouse anti-α-tubulin (Sigma, 1:1,000 WB), rabbit anti-BDNF (Chemicon, 1:1,000 WB), rabbit anti-p50 dynamitin 

Statistical Analysis

Statistical analyses were done using GraphPad Prism (GraphPad software Inc).

Different groups were compared using ANOVA followed by Tukey's post hoc anlaysis. All data are presented as mean ± SEM. 

D. melanogaster as an in vivo model to study HTT function

Abnormalities of axonal transport have been directly and indirectly linked with several neurodegenerative diseases [START_REF] Hinckelmann | Releasing the brake: restoring fast axonal transport in neurodegenerative disorders[END_REF][START_REF] Hirokawa | Molecular Motors in Neurons: Transport Mechanisms and Roles in Brain Function, Development, and Disease[END_REF][START_REF] Millecamps | Axonal transport deficits and neurodegenerative diseases[END_REF]. This is the case for Huntington's disease (HD), the disease caused by a mutation in the huntingtin (HTT) gene. Mutant HTT leads to defects in axonal transport (Gauthier et al., 2004;[START_REF] Gunawardena | Disruption of axonal transport by loss of huntingtin or expression of pathogenic polyQ proteins in Drosophila[END_REF], and these abnormalities play a crucial role in HD pathogenesis. Importantly, this decreased efficiency in transport is also observed when HTT is downregulated.

Several groups have demonstrated that HTT is a positive regulator of MT based transport. Reduction of HTT impairs vesicle movement to the same extent that the presence of the polyQ HTT (Gauthier et al., 2004;[START_REF] Gunawardena | Disruption of axonal transport by loss of huntingtin or expression of pathogenic polyQ proteins in Drosophila[END_REF][START_REF] Szebenyi | Neuropathogenic forms of huntingtin and androgen receptor inhibit fast axonal transport[END_REF], suggesting that the abnormalities in transport observed in HD may therefore be a result of a loss of normal function of HTT protein.

HTT has been extensively characterized in cells and mouse models, however, not so many studies have focused on the functional relevance of its homologues in other species. Drosophila melanogaster has proven to be an excellent model to studying neurodegenerative diseases [START_REF] Ambegaokar | Neurodegenerative models in Drosophila: polyglutamine disorders, Parkinson disease, and amyotrophic lateral sclerosis[END_REF][START_REF] Green | Choosing and using Drosophila models to characterize modifiers of Huntington's disease[END_REF][START_REF] Moloney | Alzheimer's disease: insights from Drosophila melanogaster models[END_REF]. Although fruit flies may seem extremely distant from mammalian biology, there are major similarities in basic cellular processes between them, including gene expression regulation, subcellular trafficking, synaptic transmission, synaptogenesis and cell death. Furthermore, the simplicity in their genetics (only 4 pairs of chromosomes and 12.000 genes, compared to the 23 chromosomes and 20.000 genes in humans) makes it ideal for generating models, which allows in vivo studies [START_REF] Ambegaokar | Neurodegenerative models in Drosophila: polyglutamine disorders, Parkinson disease, and amyotrophic lateral sclerosis[END_REF]. Particularly for HD, fly strains have been generated, by overexpressing the full length or N-terminal fragments of human HTT. These models provided a platform to demonstrate that flies expressing human mutant HTT can yield parallel neurodegenerative traits to mammals [START_REF] Jackson | Polyglutamine--expanded human huntingtin transgenes induce degeneration of Drosophila photoreceptor neurons[END_REF][START_REF] Lee | Cytoplasmic aggregates trap polyglutamine--containing proteins and block axonal transport in a Drosophila model of Huntington's disease[END_REF][START_REF] Marsh | Fly models of Huntington's disease[END_REF][START_REF] Romero | Suppression of neurodegeneration and increased neurotransmission caused by expanded full--length huntingtin accumulating in the cytoplasm[END_REF][START_REF] Song | Morphometric analysis of Huntington's disease neurodegeneration in Drosophila[END_REF]. Specifically, axonal transport was shown to be altered in HD fly models [START_REF] Gunawardena | Disruption of axonal transport by loss of huntingtin or expression of pathogenic polyQ proteins in Drosophila[END_REF][START_REF] Sinadinos | Live axonal transport disruption by mutant huntingtin fragments in Drosophila motor neuron axons[END_REF][START_REF] Zhang | Inactivation of Drosophila Huntingtin affects long--term adult functioning and the pathogenesis of a Huntington's disease model[END_REF]. The observation that human HTT fragments causes axonal transport phenotype, along with previous work showing that transport deficits may be due to a loss normal function of HTT, leads to wonder if the phenotype seen in HD in D. melanogaster is due to this as well. In other words, is DmHTT function in transport conserved in D.

melanogaster?

Our study firmly shows that in the absence of endogenous HTT, fast axonal transport is disturbed in D. melanogaster. Previously, three different studies had used the fruit fly as an approach to study this issue. However, their findings were contradictory.

Downregulation of DmHTT by expression of transgenic RNAi induces abnormal accumulation of organelles in larval neurons. These accumulations are termed axonal blockages, and their presence correlates well with disruption of axonal transport. Additionally, decreasing the levels of normal DmHTT in the eye causes a rough eye phenotype in adults, which is characteristic of neurodegeneration [START_REF] Gunawardena | Disruption of axonal transport by loss of huntingtin or expression of pathogenic polyQ proteins in Drosophila[END_REF]. Differing results come from a study using DmHTT null flies. In this system the distribution of synaptic vesicle markers were normal, reveling no obvious accumulation or axonal swelling [START_REF] Zhang | Inactivation of Drosophila Huntingtin affects long--term adult functioning and the pathogenesis of a Huntington's disease model[END_REF].

Nonetheless, it is important to highlight that in mammals, neither the reduction of HTT nor the presence of mutant HTT results in a complete arrest of axonal transport with axonal blockage, but rather in a reduction of the velocity of moving cargos. Both these studies fail to assess directly whether motility of vesicular cargos is affected. In our study, by direct visualization of synaptotagmin-GFP vesicle dynamics in the fly axons, we could observe that there was a reduction and not a complete seize of movement of vesicles. This was a result of a decrease in the number of fast moving vesicles in the DmHTT KO flies. These results are in agreement with third study previously done, where they observed that Rab11 and not Rab5 vesicles present transport defects when silencing DmHTT in flies [START_REF] Power | In--vivo evidence for the disruption of Rab11 vesicle transport by loss of huntingtin[END_REF]. Interestingly, this last observation sustains the hypothesis that HTT is involved in the regulation of transport of specific cargos.

Mammalian HTT has been shown to be involved in the regulation of transport of numerous cargos (Colin et al., 2008;Gauthier et al., 2004;[START_REF] Liot | Mutant Huntingtin alters retrograde transport of TrkB receptors in striatal dendrites[END_REF][START_REF] Power | In--vivo evidence for the disruption of Rab11 vesicle transport by loss of huntingtin[END_REF]. In our study we demonstrated that DmHTT regulates transport of synaptic vesicles in flies by observing their dynamics in the presence or absence of DmHTT.

In mammalian neurons, DmHTT is associated with the small vesicles fraction and colocalizes with around 70% of BDNF containing vesicles. 30% of BDNF vesicles do not associate with DmHTT. Whether these remaining vesicles are not associated to DmHTT because they are not dynamic or because their transport regulation is independent from HTT, remains to be answered. Our findings also show that there are DmHTT vesicle-like structures that are not associated to BDNF vesicles, suggesting that, as in mammalian HTT, DmHTT could be associated to and regulating transport of different cargos.

In agreement with the hypothesis that the role of HTT is conserved in flies, we were For example, in terms of protein size, Drosophila und human HTT are extremely large, containing 3583 and 3144 a.a respectively (Li et al., 1999). The predicted size for DmHTT is 400 kDa. Until now, the lack of an antibody recognizing the endogenous protein was an obstacle for studying DmHTT localization. We generated an antibody that enabled us to confirm that DmHTT is expressed in larvae brain and absent in the DmHTT KO brains. This tool will permit now to further study the expression pattern in different structures and at diverse developmental stages.

Sequence comparison determined that the homologous regions between Drosophila and human HTT are mainly located in five different areas. These conserved areas are not only located in the same order in the entire length of the protein, but also share 24% identity and 49% similarity (Li et al., 1999). Particularly, human and Drosophila HTT a.a sequence share 30% identity and a similarity of 62% in the dynein interacting domain. In mammals, the relevance of this HTT region has been extensively described. The N-terminal region of mammalian HTT interacts with DIC, Huntingtin associated protein 1 (HAP1), p150 Glued and Kinesin light chain (KLC).

Overexpression of the N-terminal fragment of HTT enhances transport velocity (Colin et al., 2008;Gauthier et al., 2004;[START_REF] Pardo | pARIS--htt: an optimised expression platform to study huntingtin reveals functional domains required for vesicular trafficking[END_REF][START_REF] Pineda | Genetic and pharmacological inhibition of calcineurin corrects the BDNF transport defect in Huntington's disease[END_REF], and when the HAP1 interacting domain or dynein interacting domain is missing in HTT, vesicular transport is defective [START_REF] Pardo | pARIS--htt: an optimised expression platform to study huntingtin reveals functional domains required for vesicular trafficking[END_REF]. Additionally, the N-terminal domain of HTT is necessary and sufficient to sustain transport. Our results show that N-terminal 620 a.a of DmHTT also interacts with DIC, as they co-immunoprecipitate.

This interaction not only supports the functional homology between mammalian and Drosophila HTT, but also suggests DmHTT implication in other cellular mechanisms as the interaction of HTT with the dynein/dynacting complex extends beyond its role in axonal transport. Silencing HTT alters Golgi organization, spindle orientation in neuronal progenitors and mammary gland basal progenitors, as well as reduces ciliogenesis [START_REF] Caviston | Huntingtin facilitates dynein / dynactin--mediated vesicle transport[END_REF][START_REF] Elias | Huntingtin Regulates Mammary Stem Cell Division and Differentiation[END_REF][START_REF] Godin | Huntingtin is required for mitotic spindle orientation and mammalian neurogenesis[END_REF][START_REF] Keryer | Ciliogenesis is regulated by a huntingtin--HAP1--PCM1 pathway and is altered in Huntington disease[END_REF][START_REF] Pardo | pARIS--htt: an optimised expression platform to study huntingtin reveals functional domains required for vesicular trafficking[END_REF]. In mammals these processes depend on the association of HTT with dynein. Specifically, the expression of the N-terminal fragment of DmHTT restores the defect in spindle orientation that occurs as a consequence of the absence of HTT in the neuroblasts of fruit flies. Whether the mechanism underlying this dysfunction is homologous to what occurs in mammals, is still to be known. 

Motile Vesicles energetic "carry-ons"

We have demonstrated that FAT does not depend on mitochondrial ATP, as previously thought, but it depends on glycolytic ATP produced on vesicles. Perturbing GAPDH or PK, the two ATP generating glycolytic enzymes, slows down vesicular transport. However, knocking down GAPDH does not affect mitochondrial transport.

Furthermore, all of the glycolytic enzymes are associated with dynamic vesicles, and are capable of producing their own ATP. Finally, we show that this ATP production is sufficient to sustain their own transport, demonstrating the energetical autonomy of vesicles for transport.

Local versus global

Fast axonal transport (FAT) is an active process that occurs via the consumption of ATP by molecular motors [START_REF] Hirokawa | Molecular Motors in Neurons: Transport Mechanisms and Roles in Brain Function, Development, and Disease[END_REF]. Our results suggest that the ATP is globally constant within axons, therefore being available for all enery-dependent cellular processes. In a cell, this ATP is produced by the breaking-down of glucose by glycolysis, and the Krebs cycle wich then drives the oxidative phosphorylation (OxPhos). Glycolysis is known to occur freely in the cytoplasm and generated a net gain of 2ATP/glucose, whereas mitochondria is where the Krebs cycle and OxPhos happens generating 34 molecules of ATP/glucose.

We showed that vesicular transport slows-down when knocking down either GAPDH or PK. These are the two glycolytic proteins that ensure the production of ATP by this metabolic pathway. The fact that the transport is less efficient, but not completely blocked, suggest that not all transport relies on glycolysis but some of it could depend on mitochondrial ATP. One hypothesis could be that mitochondrial ATP ensures basic transport, whereas glycolysis would be implicated in boosting their velocity. However, we also demonstrated that vesicles are autonomous for transport in vitro, proposing that the vesicle-associated glycolysis warrants the ATP needed for molecular motors. Therefore, the effects seen by silencing GAPDH and PK maybe not complete, as the expression of these proteins is only reduced and not completely abolished. Furthermore, pharmacological inhibition of GAPDH, which reduces GAPDH activity to only 10%, results in a complete arrest of BDNF vesicles without affecting mitochondrial dynamics. Hence, although it has been well established the importance of glycolysis in FAT, further studies need to be performed to understand if this is essential for basic transport or for rendering vesicular transport more efficient.

Although inhibition of ATP production by mitochondria is much more efficient in reducing ATP levels than GAPDH inhibition, vesicular transport is only affected when GAPDH is affected. But, why do vesicles prefer a local source from a general one?

Although it is generally accepted that small molecules like ATP rapidly diffuse in solution, it has never been proven to be true inside the cell. On the contrary, ATP distribution in erythrocytes is not homogenous. ATP is sequestered in pools within the cytoskeletal-membrane complex [START_REF] Chu | Identification of cytoskeletal elements enclosing the ATP pools that fuel human red blood cell membrane cation pumps[END_REF]. Our study shows that in neurons, ATP/ADP ratio is globally homogeneous, however there are specific areas where the levels of ATP are higher. Additionally, when depleting mitochondria from axons by expressing Milton-C, leads to a reduction of the ATP: ADP ratio in the axon but not in the cell body. This suggests that the rate of diffusion of ATP is slower than the rate of consumption, and that ATP distribution inside the cell might not be as generally predicted. Therefore, the accessibility of ATP inside the cell for fast highenergetic demanding processes could be restricted. Thus, the proximity of two sequential reactions, ATP production and ATP consumption, could be favorable and more efficient

Glycolysis local ATP production and cellular functions

This energetic coupling between ATP production and ATP consumption seems to be a mechanism used to energetically sustain not only fast axonal transport.

In spermatozoa, glycolysis and mitochondria are localized in distinct cellular subcompartments. Mitochondria are exclusively in the sperm midpiece, whereas glycolysis takes place mainly in the flagellum where glycolytic enzymes are tightly anchored. The flagellum depends on efficient ATP supply in order to power its motility. It had been proposed that the ATP required for sperm flagellar movement depends predominantly on mitochondrial respiration. Interestingly, inhibition of mitochondrial function was found not to impair motility and to have little effect on intracellular ATP levels [START_REF] Mukai | Glycolysis plays a major role for adenosine triphosphate supplementation in mouse sperm flagellar movement[END_REF]. In contrast, addition of a non-metabolizable substrate (2-deoxyglucose) inhibited motility and led to depletion of ATP [START_REF] Mukai | Glycolysis plays a major role for adenosine triphosphate supplementation in mouse sperm flagellar movement[END_REF]. Complementing these findings were those obtained from a genetic approach, that investigated the phenotype of a mouse model made null for the germ cell-specific isoform of glyceraldehyde 3-phosphate dehydrogenase (GAPDHS). Sperm from male mice null for GAPDHS were infertile, with pronounced defects in motility [START_REF] Miki | Glyceraldehyde 3--phosphate dehydrogenase--S, a sperm--specific glycolytic enzyme, is required for sperm motility and male fertility[END_REF]. Moreover, they had significantly less ATP even though their oxygen consumption was unchanged [START_REF] Miki | Glyceraldehyde 3--phosphate dehydrogenase--S, a sperm--specific glycolytic enzyme, is required for sperm motility and male fertility[END_REF]. These finding are in line with our observation that glycolysis energetically sustain specific functions in the cell.

Another example highlighting the importance of ATP production by glycolysis involves red blood cells. Erythrocytes are a particular type of cells, as they lack of nucleus and most organelles, including mitochondria. Therefore, all the energetic requirements of the cell are sustained by glycolytic ATP. Another particularity of red blood cells is their biconcave shape that is maintained by Na + /K + and Ca +2 ATPase pumps. Indeed, the glycolytic enzymes are arranged in the plasma membrane of red blood cells [START_REF] Campanella | Assembly and regulation of a glycolytic enzyme complex on the human erythrocyte membrane[END_REF][START_REF] Puchulu--Campanella | Identification of the components of a glycolytic enzyme metabolon on the human red blood cell membrane[END_REF], thus being able to locally generate ATP to meet the energetic requirement of these pumps.

Additionally, it has been shown that ATP is sequestered within a cytoskeletalmembrane complex that includes GAPDH, PGK, PK ankyrin and beta-spectrin. The ATP so entrapped serves as the preferential and proximal substrate for both the Na + /K + and Ca 2+ pumps [START_REF] Chu | Identification of cytoskeletal elements enclosing the ATP pools that fuel human red blood cell membrane cation pumps[END_REF].

Finally, the same kind of energetic association has been shown to occur in synaptic vesicles. In this case, synaptic vesicles carry the GAPDH/PGK functional complex and this vesicle bound-complex produces sufficient ATP to fuel the uptake and accumulation of glutamate into the synaptic vesicles (Ikemoto et al., 2003). During synaptic transmission, synaptic vesicles release their content, and in order to continuously support normal neurotransmission, they need to be rapidly refilled [START_REF] Pyle | Rapid reuse of readily releasable pool vesicles at hippocampal synapses[END_REF] For this uptake to take place vesicular ATPase H+-pumps consume ATP in order to generate an electrochemical proton gradient that provides the driving force for vesicular glutamate transporters (VGLUT) to reload synaptic vesicles. The ATP generated at the surface of the synaptic vesicle plays an essential role in ensuring rapid glutamate refilling of synaptic vesicles, as it was shown that ATP synthesis by vesicle-bound GAPDH/PGK is more efficient than exogenous ATP for glutamate uptake. Indeed, inhibition of ATP production by mitochondria has little effect on vesicular glutamate accumulation in synaptosomes, despite the fact that it substantially reduces total synaptosomal ATP. Therefore, mitochondria alone may not entirely be able to meet the energetic requirement for maintaining normal neurotransmition (Ikemoto et al., 2003).

In addition to GAPDH/PGK, the glycolytic ATP generating enzyme pyruvate kinase is also associated to synaptic vesicles and the ATP production by this enzyme supports glutamate uptake. Furthermore, "ATP-trapping" experiments using hexokinase to compete for the ATP with the proton pump, suggests that the ATP produced by vesicle-associated pyruvate kinase is more readily used that the exogenously added ATP, suggests that this locally produced ATP is restricted to the microenvironment around the vesicle where it is more accessible to vesicular ATPase H+-pumps that the exogenously added ATP [START_REF] Ishida | Synaptic vesicle--bound pyruvate kinase can support vesicular glutamate uptake[END_REF]. This further support the notion that for processes with fast high energy demands, the local production of ATP is more efficient that a global source.

We have shown that at HTT works as a scaffold protein that tethers GAPDH to the motile vesicles. This scenario opens the question of whether HTT is implicated in the specific distribution of glycolytic enzymes for the above-mentioned examples.

Furthermore, energy demands are required for many other rapid energy-consuming cellular processes including, cell division, cilia beating or intraflagellar transport.

However whether the production of ATP is localized and depends on glycolytic enzymes is still unknown.

Glycolitic enzymes association to motile vesicles

We have shown that all the glycolytic enzymes are associated to motile vesicles. But, how are these proteins targeted to vesicles? Particularly, the recruitment of one of these proteins, GAPDH, is dependent on HTT. Reducing HTT levels both in vivo as in vitro leads to a reduced localization of GAPDH on vesicles. Indeed, HTT has been described as being associated to vesicles (DiFiglia et al., 1995;Gutekunst et al., 1995;Trottier et al., 1995), and GAPDH is known to interact with HTT [START_REF] Bae | Mutant huntingtin: nuclear translocation and cytotoxicity mediated by GAPDH[END_REF][START_REF] Kaltenbach | Huntingtin interacting proteins are genetic modifiers of neurodegeneration[END_REF][START_REF] Ratovitski | Huntingtin protein interactions altered by polyglutamine expansion as determined by quantitative proteomic analysis ©[END_REF]. As HTT functions as a scaffolding protein that regulates transport, recruitment of GAPDH to vesicles could be an alternative mechanism of transport regulation by HTT. However, whether the remaining glycolytic enzymes are targeted to vesicles through an interaction with

HTT is still to be determined. The notion that HTT interacts with 7 of the 9 glycolytic enzymes (Hexokinase, Phosphoglucose Isomerase, Phosphofructose Kinase, Aldolase, Enolase and Pyruvate Kinase) [START_REF] Kaltenbach | Huntingtin interacting proteins are genetic modifiers of neurodegeneration[END_REF][START_REF] Ratovitski | Huntingtin protein interactions altered by polyglutamine expansion as determined by quantitative proteomic analysis ©[END_REF][START_REF] Shirasaki | Network organization of the huntingtin proteomic interactome in mammalian brain[END_REF] could suggest that HTT has a possible role in regulating these associations as well. On the other hand, it has been suggested that HTT is not an essential regulator of all types of vesicles, but just of a specific subtype. For example, Rab11 but not Rab5 vesicles show transport defects in the absence of HTT [START_REF] Power | In--vivo evidence for the disruption of Rab11 vesicle transport by loss of huntingtin[END_REF]. We have shown that local glycolysis is required for transport of BDNF, APP, TrKB and synaptophysin, but not for mitochondria as it contains its own local ATP source. Therefore, it would be interesting to investigate if Rab5 transport is energetically dependent of glycolytic enzymes to understand if there is a correlation between HTT regulation of transport and glycolysis-dependence. In other words, is glycolysis fuelling a generalized mechanism for vesicular trafficking?

However, HTT scaffolding might be not the only mechanism involved. For example, our results showed a considerable reduction but not a complete absence of GAPDH on vesicles, suggesting other mechanisms could be involvement of this localization.

Therefore, interaction of the different glycolytic components with other scaffolds or alternatively, posttranslational modifications occurring on these enzymes may be other possible mechanisms involved. In agreement with this hypothesis, preliminary results show that the migration profile of cytosolic versus vesicular GAPDH and PK of mouse brain extracts are different. This suggests that different isoforms of these proteins exist, and that they are differentially located in distinct cellular compartments.

Vesicular Glycolysis in Disease

In HD, the presence of the mutant polyQ stretch leads to transport defects that resemble those of the loss of HTT function (Colin et al., 2008;Gauthier et al., 2004;[START_REF] Gunawardena | Disruption of axonal transport by loss of huntingtin or expression of pathogenic polyQ proteins in Drosophila[END_REF][START_REF] Liot | Mutant Huntingtin alters retrograde transport of TrkB receptors in striatal dendrites[END_REF][START_REF] Pla | Huntingtin acts non cell--autonomously on hippocampal neurogenesis and controls anxiety--related behaviors in adult mouse[END_REF]. This defect has been accounted to an alteration of HTT's scaffolding functions: the presence of mutant HTT alters the interaction of the molecular motor complex, which leads to the detachments of vesicles from MTs (Gauthier et al., 2004). We now showed that HTT is also implicated in the tethering of the glycolytic enzyme GAPDH onto motile vesicles. Interestingly, the absence of GAPDH results in a very similar transport phenotype to the loss of HTT function. Therefore, it would be interesting to assess whether there is a defect in vesicular glycolysis in HD. Does PolyQ HTT alter the distribution of the glycolytic enzymes on motile vesicles in HD? A reduction of this metabolic pathway on dynamic vesicles could be part of the mechanisms leading to a reduced axonal transport in disease.

Moreover, it is interesting to note that we were able to target GAPDH to vesicles by fusing it with a transmembrane domain. This led to an increased amount of GAPDH on vesicles that resulted in an augmentation of basal transport. This particular point could be interesting in HD, as targeting GAPDH to vesicles could restore transport in an HTT-independent manner. If so, it would be important to assess whether restoring axonal transport is sufficient to rescue phenotypes in disease models.
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 1 Figure 1: Cytoskeletal arrangements in neurons. Morphology of a neuron surrounded by closeups of specific compartments that show filament orientations. Microtubule plus-ends and actin filament plus-ends are marked with boxes. Graph shows the fraction of microtubules with distal minus-ends as a function of dendritic length, scaled to unit length. From Kapitein and Hoogenraad 2011.
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 2 Figure 2: Dynein structure. Schematic representation of dynein structure. It is constituted by several subunits. Dynein heavy chain (DHC), Dynein intermediate heavy chain (DIC), Dynein intermediate light chain (LIC) and dynein light chains (LC).

Figure 4 :

 4 Figure 4: Structure of kinesin families involved in intracellular transport. Kinesin-1 consists of two heavy chains and two light chains. Kinesin-2 is a heterotrimer constituted by Kif3A, Kif3B and KAP. Kinesin 3 is shown in its monomeric and dimeric form.
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 5 Figure 5: Autoinhibition and release of autoinhibition. Folded conformation of kinesin-1 in absence of cargo, blocks MT binding and processivity. The inhibition can be released by cargobinding, as well as by the interaction with two binding partners, FEZ1 and JIP1.

Figure 6 :

 6 Figure 6: Models to study intracellular transport. Schematic representation of methods used to have a better understanding of the mechanisms that regulate intracellular transport. These methods go from pure in vitro analysis to tracking transported molecules in vivo.

  , intracellular transport can be studied directly in living cells by a combination of single molecule or fluorophore labeling of proteins with fluorescent videomicroscopy. In this way, a specific protein is tagged and expressed inside the cell. This allows its visualization as well as the tracking of its movement inside the cell (Fig 6F). This enables the study of the dynamic properties of a known cargo or motor in its native environment. Furthermore, study of physical properties of endogenous compartments has been achieved by internalization of latex beads and subsequent measurements with optical traps (Fig 6G) or quantum dots. Studying axonal trasnport In vivo is more complex due to the difficulty to reconcile spatiotemporal resolution and tissue accessibility. The classical studies have been performed by radioactive pulse and chase experiments in mouse sciatic nerves. Radioactive amino acids are injected in the cell body, allowing monitoring newly synthesized proteins as they travel within the axon. The rate of transport of these proteins can be measured by studying, using western blot, the distance they covered at different time intervals. The squid giant axons have been useful to study axonal transport in vivo. Video microscopy recordings allow monitoring cargos in the intact structure. Finally, generation of transgenic worms and flies expressing motors and cargos tagged with fluorophores has enabled the study of intracellular transport of specific cargos directly in living animals.
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 7 Figure 7: HD brain lesion. Brain slices showing striatal atrophy caused by HD (left) compared to a normal brain (right). Cortical atrophy and an increased ventricular volume can also be observed

Figure 8 :

 8 Figure 8: The correlation between CAG repeat length and age of symptom onset (From Andrew et al. 1993)
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 9 Figure 9: HTT protein. Schematic diagram of HTT protein, indicating the localization of the polyglutamine tract, followed by the polyproline sequence, and the four main groups of HEAT repeats. Additionally, the most studied sites of postranslational modifications have been added, as well as sites of proteolytic cleavage.
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 10 Figure 10: Key pathogenic mechanisms of polyQ HTT. (A) Full-length mutant huntingtin is cleaved by proteases in the cytoplasm. Fragments are ubiquitinated and targeted to the proteasome for degradation. Induction of the proteasome activity and of autophagy protects against the toxic insults of mutant huntingtin proteins by enhancing its clearance. (B) HTT fragments accumulate in the cell cytoplasm and interact with several proteins causing impairment of calcium signaling and homeostasis (C) and mitochondrial dysfunction (D). (E) N-terminal mutant huntingtin fragments translocate to the nucleus where they impair gene transcription and form intranuclear inclusions. (F) The mutation in huntingtin alters vesicular transport and recycling. (From Zuccato et al, 2010).
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 11 Figure 11: examples of three transcriptional defects induced by the mutant HTT. (A) HTT facilitates transcription of Sp1 target genes. (B) Expanded polyQ in HTT represses transcription by abnormal interaction with Sp1 and TFII130. (C) REST is sequestered in the cytoplasm by HTT, promoting gene transcription. (D) This interaction is lost in HD, increasing the availiability of REST in the nucleus which binds to RE1 sites, suppressing transcription. (E) CBP is able to acetylate histones at different lysine sites, establishing the conformation of DNA-chromatin suitable for transcriptional gene expression. (F) Mutant HTT interacts with the acetyl-transferase domain of CBP, leading to general transcriptional repression.
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 12 Figure 12: dysfunctional neurotransmitter systems and growth factors in corticostriatal pathway. An increased glutamate release an elevated activity of glutamate receptor NMDA can result in excitotoxicity-induced cell death. A decreased glutamate uptake by glial cells can contribute to increased neuronal vulnerability. Other neurotransmitter systems can also influence glutamate release. Reduced BDNF release from cortical afferents contribute to neuronal death. (From Zuccato, 2010)
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 13 Fig 13: Loss of huntingtin in cortical progenitors favors neuronal differentiation. During cortical development, progenitor cells located in the ventricular zone (VZ, light yellow) undergo divisions to ultimately generate post-mitotic neurons (green) that migrate radially to form successive cell layers. Apical progenitors (blue) divide to give rise to apical progenitors and another type of progenitors, the basal progenitors (pink) that divide away from the VZ and ultimately generate neurons (green). In control cells (left panel), most cleavages of progenitor cells are vertical, promoting progenitor cell renewal. However, removing huntingtin (Htt, right panel) changes the nature of the division cleavages (horizontal), decreasing the pool of cycling progenitors and increasing neuronal differentiation. (From Godin et al 2011).
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 14 Figure 14: Huntingtin's domains related to transport. Schematic representation, showing the relevant features relating huntingtin and transport.Huntingtin directly interacts with HAP1, the retrograde molecular motor dynein, HAP40 and optineurin, an adaptor of Myosin. Furthermore, it contains a palmytolation site at cysteine 214, and a phosphorylation site related to trafficking at serine 421. In the N-terminus there is a membrane-binding domain (gray), and between the region between amino acids 172 and 372 have been shown to associate to phospholipids from the plasma membrane.
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 15 Figure 15: huntingtin regulates transport directionality. Phosphorylation of huntingtin at serine 421 leads to kinesin recruitment to vesicles, favoring plus-end directed transport (right). On the other hand, the absence of phosphorylation at this site, results in a release of kinesin from the molecular motor complex, resulting in retrograde movement.
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 16 Figure 16: BDNF transport in Huntington's Disease. BDNF is normally produced in the Cortex and transported anterogradelly to support survival in the Striatum (Bottom left). Huntingtin works as an enhancer of this transport through its interaction with the molecular motors (upper left). When Huntingtin is mutated, a modification of these interactions leads to detachment of the complex associated with vesicles from microtubules (upper right), altering BDNF delivery to the Striaum. This results of degeneration first of the Striatum end then of the Cortex (bottom right)

  Furthermore, HTT has a more global role in intracellular transport as it coordinates vesicular transport by integrating signals from different regulatory pathways; HTT can coordinate binding to the appropriate molecular motors and control motility. Many aspects of HTT-dependent trafficking remain less clear. For instance, what are the molecular cues that specify the targeting of huntingtin to distinct organelles, such as the ER, Golgi and transport vesicles? One possibility could involve the many posttranslational modifications of HTT such as phosphorylation or palmitoylation.

  Zala D, Hinckelmann MV, Saudou F. Huntingtin's function in axonal transport is conserved in Drosophila melanogaster. PLoS One, 2013.Neurons are unique cells based on their high degree of polarity. These cells contain one axon, which can be over a meter long in humans. Neurons depend on a highly energy-dependent fast axonal transport (FAT) to translocate vesicles that contain cargo proteins such as trophic factors and neurotransmitter receptors to the axonal periphery. One of the most challenging problems facing mammalian neurons is represented by axonal transport. Axons form synapses very distant from the cell body, therefore requiring of an efficient FAT of vesicles and other organelles along the axon. This rapid form of transport over long distances is mediated by microtubule-based kinesin and dynein motor proteins, which are highly demanding in energy.

  Zala D, Hinckelmann MV, Yu H, Lyra da Cunha MM, Liot G, Cordelières FP, Marco S, Saudou F. Vesicular glycolysis provides on-board energy for fast axonal transport. Cell, 2013.

  to food and water ad libitum and kept at a constant temperature (19°C-22°C) and humidity (40%-50%) on a 12:12 hr light/dark cycle. All experimental procedures were performed in an authorized establishment (Institut Curie, Orsay facility license #C91471108, Feb 2011) in strict accordance with the recommendations of the European Community (86/609/EEC) and the French National Committee (2010/63) for care and use of laboratory animals under the supervision of authorized investigators (permission #91-448 to S. Humbert). This study was evaluated and approved by the Comité d'Ethique en matière d'Expérimentation Animale Paris Centre et Sud (National registration number: #59) presided by Pascal Bigey.
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  Millipore, 1:250 WB), mouse anti-SNAP25 (Abcam, 1:2,000 WB and IF), rabbit anti-Hexokinase I (Cell Signaling, 1:1000 WB, 1:100 IF), mouse anti GPI (Santa Cruz biotechnology, 1:500 WB), goat anti-Aldolase (Santa Cruz Biotecnology 1:200 WB, 1:50 IF), rabbit anti-GAPDH (Sigma, 1:1,000 WB, 1:100 IF), mouse anti-PGK-1 (Abcam, 1:1,000 WB) goat anti-PGK (Santa Cruz, 1:100 IF), goat anti-PGAM (Santa Cruz biotechnology, 1:200 WB, 1:100 IF), rabbit anti-Enolase (Santa Cruz biotechnology, 1:200 WB, 1:100 IF), rabbit anti-Pyruvate Kinase (Cell signaling, 1:1000 WB, 1:100 IF) and rabbit anti-LDH (Cell signaling, 1:1000 WB).

Figure 1 :

 1 Figure 1: Motile vesicles purification. (A) Isolation of motile vesicles. Thy:1 p50 GFP brains were gently homogenized. The homogenate was subjected to sequential centrifugation steps in order to obtain the high-speed pellet containing small vesicles (P3). Motile Vesicles were isolated from non-motile ones through magnetic immunopurification against GFP. (B) The Motile Vesicle fraction (IP-GFP) is enriched in the transgenic and endogenous p50. It contains anterograde and retrograde molecular motors, as well as vesicular markers. (C) Motile Vesicles and cytoplasm composition was studied by LC-MS/MS. Comparison of these two fractions show that motile vesicles are enriched in transmembrane proteins. (D) Motile Vesicle fraction identified proteins were ranked by intensity, and plotted according to their relative abundance (gray spots). Molecular motors and associated proteins (green spots) are among the most abundant proteins. Numerous components previously identified as vesicular residents are represented in the motile fraction (red spots). Different small GTPases were also found to be associated to the Motile Vesicles (blue spots).

Figure 2 :

 2 Figure 2: Glycolytic enzymes are associated to Motile Vesicles. (A) The glycolytic enzymes (greed spots) are present in the motile vesicles, and are among the most abundant proteins. (B) Glycolysis is enriched in the Motile Vesicles. (C) The presence of all the glycolytic machinery is specific, as shown by the absence of these enzymes in the control IP. (D) Glycolytic enzymes co-localize with vesicles in axons. SNAP25 staining (red channel) co-localizes with different glycolytic enzymes (green channel). Co-staining was analyzed by TIRF microscopy (upper panels) and by super resolution microscopy (lower panels).

Figure 3 :

 3 Figure 3: FAT relies on ATP-producing glycolytic enzymes. (A) Representative Western blot showing the silencing of PK in cortical neurons. (B) Representative kymographs showing the trajectories of BDNF-mCherry vesicles in axons (left panels) and analyzed trajectories with color code red for retrograde, green for anterograde and blue for static vesicles (right panels). Down-regulation of pyruvate kinase reduces de velocity of BDNF-mCherry vesicles. (C) Mean and SEM for anterograde and retrograde velocities of control and 3 different si-PK

Figure 4 :

 4 Figure 4: Motile Vesicles are autonomous for transport. (A) Motile Vesicles are capable of producing their ATP. The graph shows the basal level of luminescence of the substrate of glycolysis and Motile Vesicles without substrates. Then we observe the ATP production overtime of purified Motile Vesicles when incubated with PK's substrate PEP. (B). Molecular motors retain their kinase activity in purified Motile Vesicles. Motile Vesicles are incubated with polymerized microtubules and 1mM ATP. The ATP reduction overtime in presence of microtubules reflects the presence of active molecular motors. (C) Representation of native in vitro motility test. Flow chamber was assembled using a silanized coverslips and glass slide, spaced by double-sided tape. Anti-tubulin antibodies, blocking solution and rhodamine labeled MTs are sequentially flown into the chamber, to ensure specific attachment of MT. Purified motile vesicles purified from mouse brain are finally incubated into the flow chamber. Microtubules and Motile Vesicles are imaged using TIRF microscopy. (D) In the absence of ATP, Motile Vesicles are able to attach to microtubules, but are not dynamic. (E) The addition of ATP into the chambers, results in vesicular movement. (F) Vesicles incubated with PEP and not with ATP, are dynamic (MTs in red, Motile Vesicles in green, kymograph representing movement right panel).

Thus,

  Drosophila melanogaster seems to be a relevant model to study HTT function and dysfunction in a non-mammalian model, which will enable to further analyze the many open questions remaining in the field.
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  able to observe by videomicroscopy that DmHTT is dynamic, and that it is transported at velocities consistent with FAT. Besides being dynamic, DmHTT is cotransported with BDNF vesicles in axons. Therefore, DmHTT is associated to BDNF vesicles during their transport in neurons. Importantly, DmHTT takes over mammalian HTT function in transport. Transport defects resulting from silencing HTT

in neurons, are partially rescued by expression of DmHTT, further demonstrating the close functional homology between these two proteins. Further studies should focus on investigating whether human HTT is able to restore transport in D. melanogaster. Indeed, human and D. melanogaster HTT have several similitudes and homologies.
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