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[bookmark: _Toc413405132]Hereditary spastic paraplegias (HSPs) are a heterogeneous group of inherited neurological disorders that are characterised by lower limb spasticity and weakness. Their clinical pathophysiology is degeneration of the corticospinal tract. The most common HSP gene is spastin (SPAST). SPAST encodes a microtubule severing protein. Mutations in SPAST cause reductions in axonal transport that lead to axonal swellings in the corticospinal tract with mitochondrial accumulation. Finding a therapy for HSP is challenging. In this thesis I tested different therapeutic approaches using a spastin mouse model. 
To alleviate symptoms of HSP, physicians recommend taking a low level of regular exercise, but these recommendations are not based on any formal evidence. Therefore, I used the spastin mouse to investigate whether or not regular exercise on a home cage running wheel modifies the development of progressive gait defects. I found that exercise reduced the progression of the gait defect and also reduced the number of axonal swellings in the spinal cord.
Microtubule acetylation has been shown to regulate axonal transport. Increased acetylation by chemical inhibition of histone deacetylase 6 (HDAC6) has been shown to be neuroprotective. I used a combination of pharmacological and genetic inhibition of HDAC6 in a spastin mutant mouse model to determine whether HDAC6 is a valid target for therapeutic intervention in HSP.  My results suggest HDAC6 inhibition may be useful in alleviating pathological axonal swellings, but had no beneficial effect on gait. 
Microtubule stabilising agents are another approach for the treatment of neurodegenerative disease, since these have been shown to modify axonal transport defects. Among MTs stabilisers, Epothilone D (EpoD) which is able to penetrate the blood brain barrier. Treating spastin mice with EpoD showed no beneficial effect on gait, and in fact tended to worsen the axonal swelling pathology. 
Although neither the reduction nor increase in the number of axonal swellings modified the gait defect. We concluded that there is no relationship between the axonal swellings in the spinal cord and the gait defect in spastin mouse model of HSP. 
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Chapter 1: Introduction
[bookmark: _Toc508875516]1.1 Biology of the motor system
The motor system is the part of the central nervous system that controls voluntary movement (Blackstone, 2012). Skeletal muscles are innervated by motor fibres that can be classified into three types: myelinated alpha large fibres, myelinated beta small fibres and unmyelinated fine fibres (Snell, 2010). The neurons within these fibres that descend from the motor area in the cerebral cortex via the corticospinal tract to the grey matter in the spinal cord are called upper motor neurons (UMN), whereas the motor neurons within fibres that occupy the grey matter ventral column of the spinal cord, and which project to the muscles at neuromuscular junctions, are called lower motor neurons (LMN) (Snell, 2010). Dysfunction within any component of the motor system might lead to the development of a neurological disorder (Talbot, 2002). There are a large number of diseases which involve motor neurons, such as amyotrophic lateral sclerosis (Ferreirinha et al., 2004), spinal muscular atrophy (Coovert et al., 1997), spinal and bulbar muscular atrophy (SBMA) (Igarashi et al., 1992) and hereditary spastic paraplegia HSP (Harding, 1984).

[bookmark: _Toc508875517]1.2 Hereditary spastic paraplegia
Hereditary spastic paraplegias (HSPs) are a heterogeneous group of inherited neurological conditions including 30 disorders characterised by progressive weakness and spasticity of the lower extremities (Harding, 1984). The first description of HSP was in 1880 by Strumpell (Hourani et al., 2009). The clinical and pathological characteristics of HSP are caused by degeneration of the corticospinal tracts and dorsal column of the spinal cord (Harding, 1984, Fink, 2003b) and, to a lesser degree, by degeneration of the spinocerebral tract (Harding, 1984). Furthermore magnetic resonance imaging (MRI) of patients with HSP has shown atrophy of the corpus callosum, high signal intensity in the posterior limb of the internal capsule, and atrophy in the spinal cord (Harding, 1984). The symptoms of HSP may become apparent at any age. If symptoms become clear during adolescence, however, an insidious spastic gait develops over several years, and as a consequence, the affected person may require a wheelchair, cane or walker. On the other hand, if symptoms start in infancy, the deterioration may be less pronounced (Fink, 2003a).

[bookmark: _Toc508875518]1.2.1 Classification of HSP
The clinical sub-classification of HSP is based on the presence or absence of other rare neurological conditions, in addition to spastic paraplegia. It can be classified into two types: pure and complicated (Harding, 1984).
Pure HSP is limited to abnormalities in the lower extremities and occasional urinary symptoms (Harding, 1981). Since HSP affects the UMNs, it might also involve mild sensory abnormalities in the lower limbs (Fink, 2003a). The age at onset of pure HSP varies from infancy to over 70 years’ old (De Bot et al., 2010).  
Complicated HSP includes a large number of rare neurological disorders. In addition to weakness and spasticity, patients have features such as ataxia, dementia, epilepsy, pigmentary retinopathy and mental retardation (Harding, 1981). Most often, the age at onset of complicated HSP is between 10 and 42 years (De Bono et al., 2006). 



[bookmark: _Toc508875519]1.2.2 The Genetic subtypes of HSP
Mutations in many different genes have been found in families with HSP. Various studies have mapped nearly 73 spastic paraplegia gene loci, and mutations in 55 genes associated with HSP have been identified (Timmerman et al., 2012). HSP has been classified genetically, according to the mode of inheritance, into: autosomal dominant (AD), autosomal recessive (AR), X-linked and mitochondrial (Lena et al., 2016), and these classifications have been described for both pure and complicated forms of HSP (Harding, 1984).
The most common pattern of inheritance is AD, accounting for approximately 70% of cases, while the AR inheritance pattern is responsible for about 20% of cases (Harding, 1984). The most common genetic forms are briefly discussed below, and some known genetic subset of HSP are summarised in Table 1.1.

[bookmark: _Toc508875520]1.2.3 Cellular pathogenesis of HSP
HSP is a disease that principally affects the UMNs (McDermott et al., 2006). The mechanism of HSP is still unknown, however. Studying the normal and mutant functions of related proteins provides a great advantage in terms of understanding the disease at the cellular level and gives insight into disease mechanisms. To identify the most common genes that contribute in HSP’s molecular pathways, we grouped them into three functional groups, namely: myelination, mitochondrial function and vesicular trafficking/signalling. The most common genes in each functional group are discussed below (Figure 1.1). 
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Figure 1.1: Functional classification of the genes causing HSP. 
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[bookmark: _Toc508875521]1.2.3.1 Myelination
SPG1-L1CAM
Various X-linked neurological diseases can be caused by mutation in the neural cell adhesion gene L1CAM, such as complex gait shuffling, MASH syndrome and hereditary spastic paraplegia (Fransen et al., 1997). L1CAM is a member of the immunoglobulin family that can mediate cell-to-cell adhesion (Jouet et al., 1994). 
L1CAM is composed of more than 1200 amino acids, with the extracellular part being the largest domain (Jouet et al., 1994), since it contains six immunoglobulin (Ig) domains, five fibronectin domains and a transmembrane domain (TMD) (Fransen et al., 1997). L1 protein is found in the CNS and involved in the formation of the myelin sheath (Wood et al., 1990), therefore it contributes to the development of the brain, neurite outgrowth, nerve survival and cell migration. 
A lack of L1CAM in mice is linked to the impairment of axonal generation. Since the axons of the developing corticospinal tract within the spinal cord fail to cross contralaterally, these mice present with a weakness in the hind limbs (Dahme et al., 1997). Mutations can occur at any site of the gene, leading to the SPG1 form of HSP (Saugier-Veber  et al., 1994); this form of complicated HSP can be characterised by hydrocephalus, leg spasticity, mental retardation and adducted thumbs (Jouet et al., 1994).

SPG2-PLP1
The myelin sheath is important for the transmission of electrical impulses along axons. Myelin in the peripheral nervous system is provided by Schwann cells, while myelin in the CNS is provided by oligodendrocytes. Proteolipid protein gene (PLP1) and DM20 isoforms are fundamental components of CNS myelin, playing a necessary role in neural maturation (Yool et al., 2000). The DM20 spliced isoform, which accounts for 50% of CNS myelin, is involved in the differentiation and survival of oligodendrocytes (Yang and Skoff, 1997). The PLP1 gene, meanwhile, encodes the tetraspan integral membrane proteolipid protein, which is associated with the pure and complex SPG2 form of HSP (Inoue, 2005). PLP1 mutations are diverse, ranging from deletion, missense to duplication of the gene, and can cause axonal degeneration (Yool et al., 2000). A study of SPG2 patients using magnetic resonance imaging showed abnormalities in the white matter associated with demyelinated cases (Cambi, 1995). Mice with null mutations in PLP1 develop impaired motor function and axonal degeneration (Edgar et al., 2004). Characterisation of these mice revealed abnormal accumulations of organelles forming axonal swellings, which were associated with an axonal transport defect (Edgar et al., 2004). This accumulation might contribute to the spastic paraplegia phenotype. 

[bookmark: _Toc508875522]1.2.3.2 Mitochondrial function 
SPG7-paraplegin
There are two HSP genes that are known to be directly involved in mitochondrial functions, namely, paraplegin (SPG7) and HSP60 (SPG13), both of which are involved in chaperone activity (De Michele, 1998). The SPG7 locus encodes paraplegin, which is an m-AAA metalloprotease of the inner membrane of the mitochondria. It has a role in protein quality control and ribosomal assembly (Casari et al., 1998). Mutations associated with this gene can cause an autosomal recessive form of HSP that can be both complicated and pure. Some patients with the complicated HSP form of SPG7 display pale optic discs, cerebral signs and peripheral neuropathy (De Michele, 1998). This mutation also leads to impairment of mitochondrial oxidative phosphorylation (Casari et al., 1998). Furthermore, in animal models with SPG7 knock out, defects in axonal transport and accumulation of mitochondria in presynaptic terminals are evident, and these mice show impairment in rotarod performance at 6 months old, which deteriorates further with age. They also display axonopathy, with axonal swellings within the spinal cord and periphery (Ferreirinha et al., 2004). 

SPG13-HSP60
Heat shock proteins 60 are also called molecular chaperones, and can be divided into two subgroups; 1) chaperonin I is mitochondrial HSP60, which can be found in the cytosol and organelles, for example mitochondria, 2) chaperonin II is located in the eukaryotic cytosol (Horwich et al., 2007). Mitochondrial HSP60, in coordination with other co-chaperonins, assists the assembly and folding of mitochondrial proteins (Dahme et al., 1997). A mutation has been identified in the HSPD1 gene which encodes the HSP60 protein that triggers the autosomal dominant form of HSP (SPG13), which is characterised by spasticity and weakness in the hind limbs (Hansen, 1992), and is associated with dysfunction of mitochondrial quality control (Shimazaki et al., 2012). It is likely that HSP60 and paraplegian mutations both affect mitochondrial function, leading to HSP.


[bookmark: _Toc508875523]1.2.3.3 Vesicular trafficking and signalling
SPG3-Atlastin
One of the most common forms of the autosomal dominant pure HSP related to trafficking is SPG3A, caused by mutations in Atlastin (Namekawa et al., 2006). Atlastin is a member of the large Guanosine-5’-triphosphate (GTPase) dynamin superfamily (Zhu et al., 2006). Atlastin mutations account for 10% of HSP cases, and typically show earlier onset, often before 10 years of age (Fink, 1996). Atlastin is mainly expressed in the brain, particularly in the corticospinal neurons, and the localisation of Atlastin-1 in endoplasmic reticulum (ER) and Golgi apparatus implies a possible role of Atlastin in vesicle transport, secretion and trafficking (Zhu et al., 2006). Mutation in the GTPase domain in Atlastin interrupts the maturation of the Golgi apparatus and affects cell morphology (Namekawa et al., 2007), although it does not show any effect on the secretory pathway (Rismanchi et al., 2008). 

SPG6-NIPA1
Another HSP gene involved in trafficking is NIPA1 (non-imprinted in Prader-Willi/Angelman syndrome) which is responsible for the SPG6 severe autosomal dominant form of uncomplicated HSP (Rainier et al., 2003). This gene encodes polypeptides with nine transmembrane domains (TMDs) that are conserved during evolution in vertebrates and are expressed in the human CNS (Chai et al., 2003). An in vitro study has shown that NIPA1 encodes a magnesium transporter protein, and the same study, using immunofluorescence to investigate the endogenous NIPA1 in neuronal and epithelial cells, showed that NIPA1 is localised at the cell surface and on endosomes (Goytain et al., 2007). Meanwhile, a study of Tg rats with the NIPA1 mutation revealed a degeneration not only in the CNS but also in the PNS, characterised by accumulation of vesicular organelles beginning at the terminals of axons and dendrites (Watanabe et al., 2013). 

SPG4-Spastin
In this thesis we focus mainly on therapeutic approaches to HSP caused by spastin mutations (SPG4).  In the following section, therefore, the spastin gene is discussed in detail. 

[bookmark: _Toc508875524]1.3 Spastin gene
The SPG4 locus on chromosome 2p22-p23 is associated with the most common type of AD-HSP (40% of patients) (Hazan et al., 1994). This locus contains the SPAST gene that encodes the spastin protein. The main phenotype of spastin HSP patients is gradual spasticity of the lower extremities (Fink, 1996). As the condition progresses, it may include upper limb hyper-reflexia, reduction in the sense of vibration and atrophy in the lower limbs. Even though the majority of SPG4 pedigrees have pure HSP, some families have been reported with complex phenotypes (McDermott et al., 2006). 

[bookmark: _Toc508875525]1.3.1 Spastin structure
Spastin is a large gene composed of 17 exons spanning a region of 90 kb (Hazan et al., 1994) with a transcript length of 5212bp. The open reading frame of spastin has 1848 base pairs with two initiation codons flanked by 5’UTR and 3’UTR that is translated into two major protein isoforms (Claudiani et al., 2005). The two initiation codons give rise to polypeptides called M1 and M87.
M1 is the full-length isoform (616 amino acids) which is 68KD in size, while M87, the short isoform (i.e. lacking the first 86 amino acids), is 60KD in size (Solowska et al., 2008). In human adults, the M87 short form is expressed in the brain and spinal cord, however the M1 longer isoform is expressed significantly more in the spinal cord (Solowska et al., 2008). In rodents, the prevalent isoform is the shorter one, as it is expressed in all tissues at all developmental stages, while the longer isoform is only found in adult spinal cord (Solowska et al., 2008).
Spastin is a member of the AAA family (ATPases associated with diverse cellular activities) similar to the paraplegin gene. The domain structure is illustrated in Figure 1.2. The AAA domain is located at the C-terminus of the protein between amino acids 342 and 599. AAA domain containing-proteins have important functions such as the biogenesis of organelles, regulation of the cell cycle, and assembly of the mitochondrial ribosomes (Patel and Latterich, 1998, Lupas and Martin, 2002).
There are three conserved domains located in the AAA cassette; Walker motif A (p-loop) lies at 382–389, Walker motif B lies at 437–442 and the ATPase domain lies at 480–498 (Walker et al., 1982). The AAA domain is homologous to katanin, another MT severing protein that has been suggested to have a similar function (Solowska et al., 2008). Another domain that has been identified in the spastin protein is the microtubule-binding domain (MTBD), which is located between residues 270–328. This domain, together with the AAA domain, are important for protein interaction and the severing activity of spastin (White et al., 2007). At the  N-terminal spastin has a microtubule-interaction and trafficking (MIT) domain situated between residues 116–194 (Errico et al., 2002). In addition it has a long hydrophobic domain which is also called the transmembrane domain, located between residues 49 and 80. (Salinas et al., 2005).
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Figure 1.2: A diagram of spastin structure with its f
unctional domains and isoforms.
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[bookmark: _Toc508875526]1.4 Spastin’s role in various cellular processes 
[bookmark: _Toc508875527]1.4.1 Spastin’s role in MT severing 
Spastin is considered to be a MT severing enzyme (Solowska et al., 2008). It plays a major role in cutting microtubules into smaller forms so as to regulate MT dynamics on the plus-end (Errico et al., 2002). It is presumed that severing MTs requires spastin to bind ATP and assemble on the MT in a hexameric shape, with a projected central pore that is positively charged and which attaches to and pulls the C-terminus of tubulin, which is negatively charged, thereby cleaving the MT into smaller pieces (White et al., 2007). The mechanical forces that are applied by spastin on the tubulin C-terminus serve to disrupt the interactions of (tubulin to tubulin) on MT (White et al., 2007, Roll-Mecak and McNally, 2010). The most important domains of SPAST are AAA and MTBD, the MTBD domain binds to MT (White et al., 2007). To sever MTs, ATP hydrolysis is required, and this is catalysed by the AAA ATPase domain (Lumb et al., 2012). This severing activity of spastin is supported by a study which transfected wildtype spastin into neuronal and non-neuronal cells to show that spastin leads to the disassembly of MTs (Errico et al., 2002).

[bookmark: _Toc508875528]1.4.2 Spastin’s role in the formation of Endoplasmic reticulum (ER) 
As mentioned above, spastin has two isoforms. M1 is the longer isoform which has an HD on the N-terminal, and is localised to the secretory pathway of ER (Sanderson et al., 2006). The HD region has been suggested as forming a hairpin loop domain, which is inserted into the bi-layer lipid membrane, i.e. endoplasmic reticulum (Sanderson et al., 2006). The same hairpin loop was found in REEP-1 (receptor expression enhancing protein-1), reticulon and Atlastin, which can interact with the hairpin loop in spastin (Sanderson et al., 2006). REEP-1 is an ER morphogen that binds the ER membrane to MT (Beetz et al., 2008). It has also been reported that spastin interacts with reticulon (an ER shaping protein) (Mannan et al., 2006). Atlastin-1 mediates the fusion of ER tubules (Zhu et al., 2006). The exact role of spastin in ER shaping is not yet resolved, however. Taken together, these investigations suggest that the interaction of the spastin HD domain with ER portions is important for ER morphology and shaping (Park et al., 2010). 

[bookmark: _Toc496192579][bookmark: _Toc508875529]1.4.3 The endosomal role of Spastin
Spastin is a cytoplasmic protein with an MIT domain, suggesting that it might be involved in intracellular membrane trafficking events (Patel and Latterich, 1998). Intracellular trafficking includes both secretory and an endocytic pathway. The endocytic system is composed of early endosomes, multivascular bodies (MVB), late endosomes and lysosomes (Seaman, 2008). Its function is largely for recycling cargoes. These cargoes are sent to the early endosome, which has a tubulo-vesicular shape located in the periphery of the cell, and contains internalised molecules from the plasma membrane and transmembrane proteins, as those proteins can be sent back to be recycled to the cell surface (Lemmon and Traub, 2000). The late endosome is formed from the early endosome, trans-Golgi network and phagosomes, and then these cargoes are trafficked away from the cell surface for degradation in the lysosome; specifically, the cellular waste, proteins, carbohydrate and lipid are degraded and returned to the cytoplasm as new material (Lemmon and Traub, 2000). The endosome has several physiological functions, including absorbing nutrients, signal transduction, antigen production, migration, polarity and cytokinesis (Seaman, 2008). 
Spastin is involved in the regulation of endosomal tubulation, and in the sorting and recycling of cargoes (Allison et al., 2013). Spastin has two isoforms, the long M1 and short M87 (Lumb et al., 2012). The M1 isoform contains a hydrophobic domain that is localised to the lipid bilayer of ER and is involved in ER morphogenesis (Connell et al., 2009). M87, however, is present in cytosol and can be recruited to the endosomes by the MIT domain (Connell et al., 2009). The MIT domain can interact with members of the endosomal sorting complexes required for transport III (ESCRT-III) family of proteins namely; CHMP1B and increased sodium tolerance 1 (IST1) (Blackstone et al., 2011). Recruiting spastin stimulates fission and recycling of tubules from the endosome (Blackstone et al., 2011, Allison et al., 2013)  Cells which lack spastin show an increase in endosomal tubulation and have an associated sorting and recycling defect (Allison et al., 2013), In addition spastin depletion in zebrafish embryos showed increases in tubular complex structure in endosomes (Allison et al., 2013), together suggesting that this phenotype is associated fundamentally with axonal degeneration in HSP caused by SPAST mutation.


[bookmark: _Toc508875530]1.4.4 Cytokinesis
Cytokinesis is the last stage of mitotic division, when two daughter cells separate from each other. A ring constriction forms and a bridge (called a midbody or abscission bridge) builds between the two cells (Barr and Gruneberg, 2007). Several studies have shown that this event is regulated by the endosomal trafficking and secretory machinery (Barr and Gruneberg, 2007). CHMP1B is a member of the ESCRT-III family that has an important role in membrane remodelling and cell division during cytokinesis (Carlton and Martin-Serrano, 2007). CHMP1B localises to the midbody and recruits spastin by MIT domain dependent manner to sever the MT at the abscission bridge (Yang et al., 2008), thereby completing the process of separating the two daughter cells. Hela cells depleted in spastin showed a delay in abscission (Connell et al., 2009), however this process might be compensated for by another protein, as spastin depletion does not result in cell division defects.



Chapter 1: Introduction  


25

[bookmark: _Toc508875531]1.5 Spastin mutants in SPG4 patients
Different mutations have been identified within the spastin coding sequence, including large deletions, frameshift, missense, and nonsense and splice-site mutations (Hazan et al., 1994, Fonknechten et al., 2000, Namekawa et al., 2007). Most of these spastin mutations affect the AAA domain (Walker et al., 1982, Errico et al., 2002, Solowska et al., 2010). The majority of SPG4 mutations are believed to decrease the amount of spastin in the cell, leading to haploinsufficiency (Lumb et al., 2012).

[bookmark: _Toc508875532]1.5.1 Truncating spastin mutations
SPG4 encodes a member of the AAA family, which is responsible for the most common AD-HSP (Hazan et al., 1999). A total of 39 mutations have been reported in SPG4, scattered along the coding region of the gene (Hazan et al., 1999). An unstable abnormal transcript is a consequence of deletion, splice site mutation and protein truncation, and such abnormalities might cause a reduction in spastin. Protein truncation is the most frequent among the 39 known mutations in SPG4 (Burger et al., 2000). A study that used high performance denaturing liquid chromatography to screen the SPG4 gene mutations in Italian HSP patients revealed 50% of mutations resulted in a truncated protein (Magariello et al., 2006). In addition, another study that used PCR amplification and sequence analysis to screen SPG4 mutations across all 17 exons in 70 unlinked AD-HSP families and 17 linked families revealed that 50% mutations resulted in a truncated protein (Hazan et al., 1999). This suggests that a truncated protein is the most common mutation in AD-HSP patients. However, truncating mutation may not be translated into a shorter protein. In fact, in the SPAST mouse and pluripotent stem cells derived from HSP patients there was no truncated spastin protein detected (Tarrade et al., 2006, Kasher et al., 2009, Denton et al., 2014).
Suggesting the truncating mRNA is degraded leading to loss of spastin.  Also, there is no evidence suggested that there are neurotoxic effects of truncated spastin, as there was a lack of the detection of truncated spastin protein in the mouse model of HSP -SPG4 (Tarrade et al., 2006, Kasher et al., 2009, Fassier, 2013), and pluripotent stem cells derived from HSP patients  (Denton et al., 2014). This reveals that truncating mutation causes a loss of function due to haploinsufficiency but do not lead to neurotoxicity of a truncated spastin protein. 

[bookmark: _Toc508875533]1.5.2 Missense SPG4 mutations
Neurotoxicity is a hallmark of many neurodegenerative diseases. Spastin neurotoxicity is not well studied. although it is known that most spastin mutations are expressed at lower levels (Burger et al., 2000). Spastin missense mutations are postulated to act in a dominant negative manner, interfering with the function of the wildtype spastin allele. Missense mutations in the AAA domain in spastin have been identified in patients, and when exogenously expressed in cells these induce the formation of MT perinuclear bundles. In vitro, these mutations interfere with ATP binding or hydrolysis (Errico et al., 2002). In addition, missense spastin mutations lead to abnormal spastin interaction with MT and disruption of axonal transport in dendrites (McDermott et al., 2003).  

[bookmark: _Toc508875534]1.6 Spastin localisation 
Consistent with its MT severing function and role in trafficking, spastin is located in the cytoplasm (McDermott et al., 2003), although some research has suggested that spastin is located in the nucleus (Charvin et al., 2003). 
During the development of neurons, spastin transcripts are ubiquitously expressed in both CNS and non-CNS tissues (Hazan et al., 1994). Detection of the spastin protein in adult and embryonic mice has revealed that spastin is localised in most CNS regions in the cell body (cytoplasm, synapse, dendrites and nucleus) in both humans and mice (McDermott et al., 2003, Kasher et al., 2009). An immunochemistry study to investigate the native localisation of spastin, has reported that spastin proteins were localised to the nucleus only (Charvin et al., 2003). On the other hand, another study using specific spastin antibodies revealed that spastin is localised in the perinuclear cytoplasm as well as the nucleus (Beetz et al., 2008). This result was confirmed by a study that showed epitope-tagged spastin and spastin–GFP fusions localising to the cytoplasm in perinuclear compartments (Errico et al., 2002), and it is also enriched in the axons and neuromuscular junctions at presynaptic terminals (Trotta et al., 2004), where it once again controls the MT severing activity. In the long axons, spastin is required to sever MT into small pieces to allow MT transport along the axon. Also, in Hela cells when using antibodies against α-tubulin, a punctate pattern is exhibited around the nucleus, suggesting that spastin is partially co-localised with α-tubulin (Beetz et al., 2008). This variety of locations recognised for spastin suggests that spastin is involved in diverse functional roles. 



[bookmark: _Toc508875535]1.7 Insight into the function of spastin using animal and cellular models
To understand the function of spastin, different cellular and animal models have been used to investigate the effects of pathogenic mutations.

[bookmark: _Toc508875536]1.7.1 Cellular models
Patient-derived stem cell models are a new technology to understand the mechanism of disease-associated mutations. These cells can be generated from a biopsy extracted from the olfactory nasal mucosa and grown in specific media and culture conditions to produce multipotent neuronal progenitors for use in experimental studies (Matigian et al., 2010). Olfactory nasal mucosa derived neuronal cells from HSP patients with spastin mutations, exhibited a 50% reduction in spastin protein and also a 50% reduction in α-tubulin acetylation, with slower moving peroxisomes and mitochondria (Abrahamsen et al., 2013). Furthermore, fibroblasts can be reprogrammed to generate induced pluripotent stem cells (iPSCs). This recently introduced technology has many advantages for researchers seeking to understand neurodegenerative disorders such as amyotrophic lateral sclerosis (Weimann et al., 1999, Ferreirinha et al., 2004), and Alzheimer’s disease (AD) (Zhang et al., 2014a). iPSCs bearing spastin mutations were generated from an SPG4 patient’s dermal fibroblasts. These cells differentiated into neurons with long processes, and showed a significant increase in axonal swellings containing mitochondria, which is one of the hallmarks of axonal transport defects in HSP in vitro (Denton et al., 2014).



[bookmark: _Toc508875537]1.7.2 Drosophila models
Drosophila have been widely used to study functional genetics because of their low cost and ease of genetic manipulation (Penny and McCabe, 2005). Drosophila have a highly conserved spastin homologue, D-spastin (Kammermeier et al., 2003), which is expressed in fly CNS neurons (Sherwood et al., 2004). Homozygous mutant flies showed an increase in pre-synaptic buttons at their neuromuscular junctions (NMJs) compared with their wildtype equivalents. Furthermore, null-spastin adult flies revealed movement defects, since they do not jump or climb (Sherwood et al., 2004). Null-spastin flies that lack just the first exon of spastin, however, demonstrated less severe locomotion defects and normal hatching frequencies in comparison to those where spastin had been completely deleted (Sherwood et al., 2004). In another study, spastin depletion in newly hatched flies was associated with a rapid deterioration of their locomotion performance, indicating a degeneration of the CNS, even though the anatomical and histological aspects of their brains remained normal (Orso et al., 2005). It has been reported that D-spastin over-expression, reduced the stability of MTs at the NMJ, but that reduction of D-spastin restored this stability (Trotta et al., 2004). Spastin is therefore crucial for regulating synaptic structure and function, and for controlling the stability of synaptic MTs (Sherwood et al., 2004, Trotta et al., 2004). Interestingly, loss of function due to D-spastin mutations in Drosophila also led to a reduction in lifespan (Sherwood et al., 2004, Orso et al., 2005). 



[bookmark: _Toc508875538]1.7.3 Zebrafish models
Striking functional conservation of human neurodegeneration genes has been identified in zebrafish (ZF). Because of the transparency of ZF, it is easy to monitor their CNS during embryogenesis. ZF produce many embryos and the manipulation of gene expression in ZF is technically straightforward. ZF have therefore become a powerful experimental tool for the study of vertebrate development and disease (Bandmann and Burton, 2010). A spastin HSP ZF model has been generated (Wood et al., 2006). The ZF spastin gene is composed of 17 exons, similar to humans, and the spastin gene has MIT and AAA domains that are highly conserved (Wood et al., 2006). Antisense morpholino oligonucleotides were used to transiently knockdown the spastin mRNA, and block spastin function. Knockdown of spastin significantly impaired motor neuron outgrowth and was associated with impairment in the axonal development of the motor neurons associated with abnormal swimming behaviour (Wood et al., 2006). Therefore, in fish model, spastin is important for axonal outgrowth during development, presumably via a critical role in MT dynamics. 

[bookmark: _Toc508875539]1.7.4 Mouse models
To evaluate the significance of spastin mutation in mammals, three studies have generated and analysed spastin mouse models (Tarrade et al., 2006, Kasher et al., 2009, Connell et al., 2016).(Table 1.2). The first study generated a mouse model of HSP with disruption of spastin between exons 5-7, using homologous recombination in murine embryonic stem cells (Tarrade et al., 2006). Heterozygous and homozygous mice had a deletion in exons 5-7. When maintained on the C57BL6/Jax genetic background, the mice provided the expected ratio of 50% heterozygous and 25% homozygous mutants. Although this mutation disrupts the AAA cassette of spastin, since the predicted spastin truncated protein was not found in the homozygous mice, this allele is likely to give rise a loss of function rather than a truncated protein (Tarrade et al., 2006). This study demonstrated CNS axonal swellings within the spinal cord tracts of 4 and 12 month old mice. At four months old a section from the spinal cord proved the presence of axonal swellings in the white matter in the mutant mice at the lumbar region (number of axonal swellings/spinal cord section+ standard error SE) (1+0.7). Moreover, the number of these swellings increased dramatically at 12 months old (7.3+1.7). The axonal swellings occurred in the region containing motor fibres (Figure 1.3). By 24 months, disorganisation was detected in cytoskeletal structures within the corticospinal tracts. When these swellings were examined using electron microscopy, accumulations of cargoes were revealed, including mitochondria, lysosomes, peroxisomes and neurofilaments in the distal axon (Tarrade et al., 2006).
The second study (Kasher et al., 2009), generated spastin mutant mice by deletion of the exon 7 splice donor site. This mutation was identified by screening exon 7 as it is located in the AAA domain of spastin gene, where most of the human mutations occurred. A substitution of T→G was identified the intron-exon boundary of exon 7 and intron 7-8 at splice donor site in the EMRC/36.5c mouse line (c.1092+2T>G) (Kasher et al., 2009). This predicted to disturb correct splicing of the SPAST mRNA, since it modifies the consensus splice donor site. Kasher confirmed that the mouse mutation led to a novel transcript encoding a truncated Spast protein with 50 novel C-terminal amino acids followed by a stop codon. Importantly, this mutation mimics at least one human pathogenic mutation in spastin gene that found in HSP patient, this mutation located in exon 7 splice donor site at the +1G position (1223+1G>T) (Fonknechten et al., 2000). The mutation reported by Fonknechten was identified using DNA sequencing in two affected HSP patients from a single family. The splice site mutations, results in unstable aberrant transcript and that leads to decrease spastin causing (haploinsufficiency) (Fonknechten et al., 2000). 
Sperm from the spastin male mice was collected and microinjected into the oocytes of the C57BL6/Jax genetic background in order to maintain the mutation. By testing the offspring, the expected Mendelian ratios were observed. Evaluation of gait defects in these mice revealed that the mutant mice developed a hind limb gait defect that was characterised by a wider base-of-support (BOS) at 7 and 12 months old. Progressive gait defects are also a feature of human HSP patients (Klebe et al., 2004).
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An in vitro study was carried out to investigate fast axonal transport in primary cortical neurons from these mice using time-lapse microscopy. Quantification of the anterograde and retrograde transport of two cargoes revealed that the anterograde transport of the mitochondria was reduced by 25% in SpastΔE7/+ and SpastΔE7/ΔE7. There was no effect on retrograde transport of mitochondria. Axonal swellings were detected in these in vitro cultures as well as adult spinal cords of SpastΔE7/ΔE7 mice. Interestingly the swellings found in cultured neurons were distributed randomly along the axon compartment (Kasher et al., 2009), which is in contrast to the other model, where swellings were only found in the distal axon (Tarrade et al., 2006). This may reflect the difference in culture conditions and imaging approaches used in the different laboratories. 
The third mouse model was generated by a gene targeting approach to knock-in a dominant negative missense mutation (1152C>A) in exon 8, that encodes N384K. This mutation almost completely blocks ATP hydrolysis in the AAA domian (Roll-Mecak and McNally, 2010). These mice also develop a significant number of axonal swellings in spastinN384K/N384K primary neuronal cultures. In this study an alternative methodological approach has confirmed the effect of spastin dysfunction on gait defects. The gait analysis involved in this study was a motorised treadmill based digital analysis system. Different parameters were analysed at four months old, showing that stride length, stride duration and step length were significantly increased in spastinN384K/N384K compared with the spastinwt/wt. 
Taking all this together, none of these studies revealed developmental phenotypes, although cultured embryonic neurons have early defects in axonal transport and pathology. The homozygous mutant mouse models exhibited a mild gait defect, but the heterozygous mice did not show any gait defects. In the N384K mutant, this suggests spastin mutation acts by loss of function. In this thesis, we are using the HSP mouse model with spastin mutation generated by (Kasher et al., 2009), because the spastin mutation mimics at least one human mutation and they exhibit a clear  gait defect. 











[image: C:\Users\USER\Google Drive\my thesis\introduction\mouse models.png]Table 1.2: Genetically modified spastin HSP mouse models.











[bookmark: _Toc508875540]1.8 The role of microtubules in neurodegenerative diseases
MTs are the tracks used to transport cargoes along the axon in the CNS (Goldstein and Yang, 2000). They are composed of α and β tubulin heterodimers, that are arranged along the axon with their minus ends close to the soma, and their plus ends located more distally (Goldstein and Yang, 2000). Alpha-tubulin undergoes acetylation, which is thought to regulate axonal transport. Acetylation of α-tubulin increases the binding of the kinesin-1 motor protein to MT and this enhances axonal transport (Dompierre et al., 2007, D'Ydewalle et al., 2011, Li et al., 2013). 
As discussed in the previous section, the spastin gene encodes a microtubule severing ATPase protein that has several cellular activities. The major function of spastin is severing microtubules (Khan et al., 2008) into small pieces, thereby controlling the mobility, number and distribution of MT plus-ends (Errico et al., 2002). Severing MTs is important for neurons, since cutting long MTs into smaller fragments allows faster movement of cargoes along the axons (Wang and Brown, 2002). In axonpathies, without this severing activity MTs become disorganised (Sherwood et al., 2004).  
Mutations in spastin therefore lead to abnormal alterations of MT dynamics and networks along the corticospinal tact within the spinal cord (Kasher et al., 2009). This disturbance of MT organisation leads to defective axonal transport, which is characterised by swellings along the axon, and abnormal accumulations of cargoes in cortical neurons (Tarrade et al., 2006, Kasher et al., 2009). This conclusion is also supported by a study performed in Drosophila, where knocking out D-spastin increases the stability of the MT network (see section 1.7.2).

[bookmark: _Toc508875541]1.9 Therapeutic approaches towards hereditary spastic paraplegia
There is currently no effective treatment to prevent or slow the progression of HSP. Symptomatic treatment, such as physiotherapy, is recommended to help prevent the deterioration of the disease (Harding, 1984). The development of therapeutic approaches is therefore a priority in HSP research.

[bookmark: _Toc508875542]1.9.1 Current therapeutic approaches
[bookmark: _Toc508875543]1.9.1.1 Physiotherapy and antispastic drugs
Because there is no existing cure for HSP, the treatment of HSP is directed primarily at reducing muscle spasticity through two approaches, depending on patient condition: exercise and medication. 
Physicians recommend that HSP patients participate in physiotherapy, or an appropriate exercise programme, at daily intervals for various reasons, including to increase muscle strength, improve the range of motion, maintain the reflex of walking and improve general fitness (Fink, 2003a). Hydrotherapy is one of the oldest treatment methods designed to reduce the symptoms of HSP, aiming to use exercise in water to increase locomotion. Patients with multiple sclerosis (Gehlsen et al., 1984) and spinal cord injury (Kesiktas et al., 2004),  have reported positive effects on muscular strength, and reduced fatigue following hydrotherapy. Also, patients with late onset HSP have shown a significant increase in waking speed, step length and enhanced hip internal rotation after hydrotherapy courses (Zhang et al., 2014b). Another study has highlighted the effectiveness of an intensive rehabilitation programme (Asir John et al., 2013). In this study, two patients underwent an 8-week long planned programme targeted at improving many functions including balance and walking for HSP patients. The programme showed improvements in walking speed and a reduced risk of falls (Asir John et al., 2013),
Many studies have sought to test the effects of exercise in animal models of neurodegenerative disease, with several such studies suggesting that voluntary training is effective in improving motor performance. For instance, voluntary running activity using a home-cage running wheel for SOD1G93A (ALS model) mice significantly improved the motor function of these mice (Bennett et al., 2014). Hence, exercise could also be beneficial to reduce the HSP phenotype. The effects of voluntary activity on an HSP mouse model with spastin mutation are investigated in this thesis.
Medications, such as muscle relaxation drugs, are another potential symptomatic treatment for lower limb spasticity. Antispastic drugs, such as clonidine, dantrolene, tizanidine, botulinum toxin, benzodiazepines and baclofen, have been used to increase the flexibility of muscles (Fink, 2003a). Some patients have reported greater mobility and increased muscle tone as result of using these antispastic drugs (Harding, 1984). Although these drugs are commonly used for the treatment of spastic or over active muscles, their efficacy, toxicity and safety are a source of concern. Also, most of these drugs are non-selective, and therefore may cause some adverse effects (Khorzad et al., 2012). For example, baclofen is one of the most commonly used medications to reduce muscle tightness and cramping (Margetis et al., 2014). It is a selective GABA-B receptor agonist, can be given orally, and has been associated with improvements in walking performance and lower limb coordination in HSP patients (Margetis et al., 2014). Baclofen, however, has many side effects, such as sleepiness, sedation and tiredness. Moreover, oral administration of as little as 2g of baclofen can lead to coma and hypoventilation side effects (Gerkin et al., 1986). Hence, intrathecal administration is considered by means of a pump implanted into the subarachnoid space in the spinal cord, allowing the drug to be delivered directly to the intended site of action at high concentrations and with limited side effects (Margetis et al., 2014). A disadvantage of this method, however, is the risk of infection. Overall, therefore, identifying appropriate novel therapies is necessary for HSP. 

[bookmark: _Toc508875544]1.9.2 Therapeutic areas under development
[bookmark: _Toc508875545]1.9.2.1 Microtubule targeting drugs
	MTs are non-covalently bonded polymers of tubulin found in all eukaryotic cells. They have a highly dynamic structure that allows stretching, pausing and shrinking of the filament using energy obtained from GTP hydrolysis. MTs are typically composed of 13 aligned protofilaments (the basic unit that forms MTs), the later is formed by repeating α and β tubulin heterodimers (Chrétien et al., 1992). The polarity of MTs is important for their biological processes. By tubulin polymerisation α-tubulin is bound to the β-tubulin heterodimer, and consequently the proto-filaments are arranged parallel forming two ends, with β-subunits exposed at the plus ends, and α-subunits exposed at the minus ends, meaning that MT assembly or disassembly can occur at both ends (Walker et al., 1988). 
During MT polymerisation the α/β tubulin sub-units bind to two guanosine-5'-triphosphates  (GTP), and GTP hydrolysis allows dynamic instability (Kirschner and Mitchison, 1986). GTP hydrolyses when tubulin is added to MT and releases hydrolysed phosphate (Pi) to became Guanosine diphosphate (GDP). 
During MT depolymerisation, the tubulin binds to GDP, which acts as a protective cap to prevent tubulin from polymerisation (Mollinedo and Gajate, 2003). A variety of drugs have been identified that bind to tubulin and modulate MT assembly by affecting the polymerisation and depolymerisation activity of MT. 
	MT targeting agents have been strongly suggested as pharmacological approaches to modify the effects of mutant spastin on MTs. MT targeting drugs can be classified as having microtubule-destabilising or microtubule-stabilising activity. 

[bookmark: _Toc508875546]1.9.2.1.1 Microtubule destabilising drugs
MT can be destabilised by pausing the polymerisation of tubulin within the MT so that there will be no tubulin added to the MT (Toso et al., 1993). The first identified destabilisers are Vinca and Colchicines. For example Vinca, can bind to tubulin and form a wedge between two tubulin heterodimers that prevents assembly of tubulin to MT (Gigant et al., 2005).
Vinblastine is an MT destabilising drug that has been proven to help prevent, reduce or slow the progression of the phenotype of a HSP cell model at low doses. In a study conducted on SPG4 patient-specific stem cells and spastin-knockout human embryonic stem cells (hESCs) that were differentiated into forebrain projection neurons in order to generate a model of HSP (Denton et al., 2014), both cell lines exhibited a significant increase in the number of axonal swellings, with a reduction in retrograde mitochondrial mobility. Treating SPG4 iPSC and spastin knockout hESC neurons at week 8 with 10nM vinblastine for 24 hours significantly reduced the number of axonal swellings (Denton et al., 2014). This preventative effect of vinblastine was also tested on human spastin knockout neurons after 10 weeks, with similar effects being observed on SPG4 iPSC and spastin knockout hESC neurons. In a study carried out on human patient-derived olfactory nasal stem cells (ONS), spastin mutations showed a 50% lower level of acetylated α-tubulin in comparison with control cells (Abrahamsen et al., 2013). These cells also exhibited a slower peroxisome trafficking speed. Treating spastin mutant ONS with selective doses of the tubulin binding drug vinblastine restored the peroxisome trafficking defects to the control speed, while also increasing the acetylation of the α-tubulin level to that of the control cells (Fan et al., 2014). The long term use of vinblastine in human cancer patients, however, has been shown to cause striking side effects, including neurotoxicity which may itself cause axonal degeneration (Hansen, 1992). Clearly, it is not ideal to give HSP patients drugs that might have neurotoxic effects leading to the degeneration of neurons. Also, neurons are unlikely to benefit in the long term from a drug that causes neurotoxicity. 


[bookmark: _Toc508875547]1.9.2.1.2 Microtubule stabilising drugs
The stabilisation of MT dynamics can be improved by blocking the GDP cap on tubulin (at the MT tip), to stop disassembly. This helps the MT maintain its rigidity, as it stops shrinking or growing (Mollinedo and Gajate, 2003). Examples of MT stabilising drugs are Taxol (paclitaxel) and nocodazole. Taxol is able to bind with tubulin dimer in microtubules and cause microtubule hyper-stabilisation. Taxol suppress MT dynamics differently according to dose. In vitro dose <100-1000nM selectively suppresses shortening at plus end. Between 100-1000nM inhibits plus and minus end lengthening and shortening. At >1µM dynamics are almost completely suppressed (Derry et al., 1995).
In stem cell cultures derived from the olfactory mucosa from HSP patients, an ultra-low dose of Taxol (0.1 nM) restored the acetylation of α-tubulin (which is a marker of microtubule stability) to levels found in similar cells from healthy controls (Abrahamsen et al., 2013). In another study on cortical neuron cultures from mutant spastin mice, nocodazole was successfully used to reduce the number of axonal swellings without affecting neuronal survival or the density of neurites (Fassier, 2013). Another example of an MT stabilising drug is Epothilone D (EpoD). This drug is able to penetrate the BBB, and has been tested in phase I clinical trials to treat patients with Alzheimer’s disease. EpoD is discussed in detail in Chapter 6. Thus, MT stabilising drugs could be a promising therapy for HSP.

[bookmark: _Toc508875548]1.9.2.2 Histone deacetylases (HDACs) as a therapeutic target in HSP 
Histone deacetylases (HDACs) are a class of enzymes that eliminate acetyl groups from the lysine amino acid of histone (Xu et al., 2007). Eighteen HDACs have been identified in mammals, which can be divided into four main classes depending on their homology to yeast enzymes (Gregoretti et al., 2004). Class I HDACs are located in the nucleus and comprise four enzymes HDAC1, HDAC2, HDAC3 and HDAC8 (Gregoretti et al., 2004), whereas class II is composed of six enzymes (Mai et al., 2005). Depending on sequence homology and domain organisation, class II can be further subdivided into two sub-classes, namely, class IIa, which is composed of HDAC4, 5, 7 and 9, and class IIb, which is composed of two non-histone proteins, HDAC6 and HDAC10 (Mai et al., 2005). Both class I and II HDACs are zinc-dependent catalytic domains and are homologous to yeast Rpd3 and Hda1. Class III is homologous to Sirt2, but it has a different mechanism as it requires the cofactor NAD (Finkel et al., 2009). Class IV, meanwhile, (HDAC11) has one member which is also Zn2+ dependent but its sequence is not similar to other HDACs (Mai et al., 2005) (Figure 1.4).
HDACs oppose the function of histone acetyl transferases (HAT) (Mekada et al., 2009). The balance between HDACs/HATs is also important for the regulation of gene expression (Saha and Pahan, 2006). Acetylation of histone increases local transcription activity because acetylation removes the positive charge on histones and consequently reduces the binding of the N-terminus of histone to negatively charged phosphates on DNA duplexes. When HDACs are inhibited, the bond of histones to the DNA is loosened and the mRNA can be exposed to the transcriptional factors leads to gene expression (Figure 1.5). 
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[bookmark: _Toc508875549]
1.9.2.3 Histone deacetylase 6 (HDAC6) as a potential therapeutic target for HSP
HDAC6 is part of the class IIb HDAC family. The structure of HDAC6 is considered to be unique because it is the only HDAC that has two active deacetylase domains and a ubiquitin binding domain on a C- terminus (Seigneurin-Berny et al., 2001). HDAC6 has many substrates, and can modulate the cell’s protective responses to the accumulation of misfolded proteins (Cabrero et al., 2006). Also, because it can regulate axonal transport and mediate protein aggregation, it has a role in neurodegenerative diseases (Simões-pires et al., 2013). HDAC6 has been shown to deacetylate many cellular proteins such as α-tubulin, cortactin and heat shock protein 90 (HSP90) (Bertos, 2004). For example, overexpression of HDAC6 can reduce α-tubulin acetylation specifically. Acetylation is an important post-transitional modification that regulates the MT network (Iwata et al., 2005). Also, HDAC6 involved in the clearance of misfolded ubiquitinated proteins by stimulate the accumulation of proteins in aggresome so that protects the cell from apoptosis (Iwata et al., 2005). Another function of HDAC6 is to support the growth and survival of cancer cells (Lee et al., 2008). For instance, overexpression of HDAC6 leads to increased motility of tumour cells (Inoue et al., 2002). Inhibition of HDAC6 causes a delay in the cell cycle, and therefore HDAC6 inhibitors are under development as anti-tumour treatments (Wickstrom et al., 2010). 
Since HDAC6 is a multifunctional enzyme, its inhibition might be expected to have a harmful effect, however HDAC6 knockout mice appear normal (Zhang et al., 2008). Genetic and chemical studies have shown a neuroprotective effect in many diseases such as CMT and HD by increasing the acetylation of α-tubulin and upregulating intercellular transport (Reed et al., 2006, Dompierre et al., 2007, D'Ydewalle et al., 2011). Thus, HDAC6 inhibitors are a promising treatment for neurodegenerative diseases.
[bookmark: _Toc508875550]1.9.2.3.1 Chemical inhibition of histone deacetylase HDAC6 
A range of non-selective and selective HDAC inhibitors have been developed. Treatment with broad-spectrum inhibitors of class I and II HDACs can cause neurotoxic side effects; these often occur in cancer patients who receive HDAC inhibitors as a treatment for malignancy (Langley et al., 2008). Long term treatment with high doses of HDAC inhibitors can also cause toxicity and neural death (Jeong et al., 2003). Non-selective inhibitors inhibit most zinc-dependent HDACs, including HDAC6, by binding to the active site and preventing enzyme activity, such as suberoylanilide hydroxamic acid (SAHA) and trichostatin-A (TSA) (Hubbert et al., 2002). 
Some HDAC inhibitors, however, are highly selective in inhibiting only a particular HDAC at a certain dose. Among many types of selective HDAC inhibitors is tubacin, which targets HDAC6, and binds to the catalytic domain governing tubulin deacetylase activity (Haggarty et al., 2003). Treatment of cells with tubacin has been shown not to affect the total histone acetylation, gene expression or MT stability, but does affect MT motility (Haggarty et al., 2003). It has been reported that treatment with tubacin in primary neuronal culture prevents axonal degeneration and improves axonal transport (Chen and Cepko, 2009). This has been suggested, therefore, as a potential therapeutic approach to address reduced acetylation of tubulin and axonal transport defects. 
Another example of a highly selective HDAC6 inhibitor is tubastatin-A. This is a lipophilic drug which has a limited brain distribution (Jochems et al., 2014), however it is effective in the peripheral nervous system of murine model of Charcot Marie Tooth disease (D'Ydewalle et al., 2011). Additionally, it has been shown to improve mitochondrial transport by increasing the acetylation of α-tubulin in the same mouse model (D'Ydewalle et al., 2011). In this model, reduction of α-tubulin acetylation was associated with defects in axonal transport and  these deficits were reversed by restoring tubulin acetylation (D'Ydewalle et al., 2011)(Lumb, 2012 #85). In addition, treating CMT2 mice with tubastatin-A for 3 weeks, at a dose of 25 mg/kg, has been shown to lead to an increase in the acetylated tubulin in the sciatic nerve (D'Ydewalle et al., 2011).
In conclusion, HDAC6 inhibition increases the binding of both kinesin-1 and dynein to microtubules (Reed et al., 2006), and promotes the intracellular transport of cargoes because it increases the acetylation of tubulin and facilitates axonal transport. It has been suggested that the inhibition of HDAC6 could be beneficial in other models of neurodegeneration that are related to defects in axonal transport (Simões-pires et al., 2013).







[bookmark: _Toc508875551]1.9.2.3.2 Genetic inhibition of histone deacetylase HDAC6 
Genetic knockout of HDAC6 has been shown to slow the progression of motor neuron degeneration, and significantly increase the level of acetylation of tubulin in the spinal cord and brain of a mouse model of amyotrophic lateral sclerosis (Taes et al., 2013). HDAC6 knockout in a mouse model of severe amyloid pathology of Alzheimer’s disease ameliorated tubulin K40 acetylation and spatial memory formation (Govindarajan et al., 2013). These findings suggest that knockout of HDAC6 might also be a useful therapeutic strategy in hereditary spastic axonopathy (Li et al., 2013). To confirm the role of HDAC6 in the progression of neurodegenerative disease, a mouse model of Huntington’s disease (HD) R6/2 was crossed with HDAC6 knockout mice to produce double mutant mice (Bobrowska et al., 2011). Although these mice had hyper-acetylation of tubulin in different brain regions (cortex, cerebellum and striatum), they did not show any improvement in motor function. This suggests that a loss of HDAC6 might be compensated for by other deacetylases.  

[bookmark: _Toc508875552]1.10 Behavioural assessment in a mouse model
Behavioural assessment is important for screening phenotypic variation between animals (Hickey et al., 2005) in vivo, in order to investigate the effect of a mutation on their normal performance, or to assess the effects of a drug on the disease onset and phenotype. Several tests can be performed to understand the mechanism of a disease, for example comprehensive phenotype assessment, motor function assessment and gait assessment (Hickey et al., 2005).



[bookmark: _Toc508875553]1.10.1 Motor function assessment
Of all the behavioural tests, the rotarod is one of the most reliable and efficient devices to assess the motor performance of rodents (Dunham and Miya, 1957, Hamm et al., 1994), comprises a cylindrical solid motor wheel that is covered with smooth rubber so as to prevent the mice from adhering to the axis (Hockly et al., 2002). The motor cylinder can be accelerated until the animal falls off, and thus the latency of the fall recorded (Jones and Roberts, 1968). It is used to measure balance and muscle coordination (Hickey et al., 2005). The motor performance on rotarod can be affected by several factors such as learning, motor coordination and cardiopulmonary stamina. 
The rotarod can be used to detect the motor coordination in mouse models of neurodegenerative diseases. For instance, in a mouse model of Huntington’s disease, at four weeks of age mice did not show any difference in their performance on the rotarod compared with the wildtype. By eight weeks, however, the transgenic mice revealed a dramatic reduction in latency of to fall (Hickey et al., 2005).
The rotarod has also been used to detect the onset of motor neuron disease. For example, in a transgenic mouse model of amyotrophic lateral sclerosis with SOD1G93A mutation, those mice displaying hind limb tremors at 12 weeks were compared with non-transgenic mice (Weydt et al., 2003). The wildtype mice were able to stay on the rod longer than the SOD1G93A mice; furthermore, the performance of the SOD1G93A mice reduced steadily such that by 14 weeks latency to fall was statistically significantly lower than that of the non-transgenic mice. At 20 weeks SOD1G93A mice failed to stay on rotarod while the non-transgenic remained at an optimal level (Weydt et al., 2003). Despite the gait defect in spastin  mouse model, they did not show any changes in their rotarod performance (Kasher et al., 2009).


[bookmark: _Toc508875554]1.10.2 Gait assessment 
Previously gait was analysed by allowing a rodent to walk on plain paper after dipping their paws in ink. This technique provided insight into static gait parameters such as stride length, distance, hind and front base of support (i.e. the distance between right and left paws) (Carter et al., 1999). Several devices have now been introduced for automated quantitative gait analysis in rodents. For example, one gait analysis device is composed of a treadmill with a digital video camera beneath it to allow a video recording of the rodent’s paw to be captured. The camera output is sent directly to a computer for analysis and can provide different parameters such as stride, stance and swing time (Wooley et al., 2005). The treadmill locomotion device has been used to compare the gait of C57BL/6J with B6.SOD1 carrying G93A mutation (ALS mouse model), showing that at eight weeks B6.SOD1 mice had a significantly longer stride and stance times than the controls (Wooley et al., 2005).  
Another example is the CatWalk automated gait analysis system. This system is considered to be a comprehensive method to measure static and dynamic gait parameters simultaneously. It consists of a corridor with a glass plate that allows the mouse to run along it, and a camera beneath the glass to video record the mouse’s paws (Hamers et al., 2001). The glass has a internally reflected green light that is scattered when mouse paws touch it (Hamers et al., 2001). A range of quantifiable assessments can be made using the CatWalk software, such as swing duration, stride length, swing speed, paw print area and base of support BOS (the distance between the hind limbs or fore limbs). Measuring the BOS of a spastin mouse model of HSP with the CatWalk system reveals that the BOS is significantly wider in spastin mutant mice compared with wildtype mice at seven and twelve months of age. The same study showed  that spastin mice had no defect on rotarod (Kasher et al., 2009). This is consistent with the results from HSP patients, who also exhibit striking alterations in gait (Klebe et al., 2004). CatWalk is therefore considered to be a reliable and subtle gait analysis system to show the phenotype of motor neuron disease in rodents.
A motorised treadmill system has also been used to evaluate the gait defects of a spastin mouse model of HSP. The mice were placed on a transparent treadmill with a high speed video camera positioned beneath it providing a movie that can be analysed. The system can calculate stride, stance and swing duration (Connell et al., 2016) In this study, the stride length was found to be significantly higher in the mutant mice compared with wildtype mice at four months old (Connell et al., 2016). This suggested the effectiveness of the treadmill motorized system in the quantitative analysis of gait within a mouse model of HSP. 

[bookmark: _Toc508875555]1.11 Project aims 
Hereditary spastic paraplegias (HSPs) are a heterogeneous group of inherited neurological disorders that are characterised by lower limb spasticity and weakness. The clinical pathophysiology is degeneration of axons in the corticospinal tract. The most common gene, which is responsible for 40% of HSP, is spastin (SPAST). SPAST encodes a microtubule-binding protein that has several important roles in the cell, including vesicle trafficking and microtubule severing. Mutations in SPAST cause reductions in axonal transport that lead to mitochondrial accumulation in axonal swellings in the corticospinal tract. So far no cure exists for HSP, although lower limb muscle spasticity can be reduced by the use of muscle relaxation drugs.
In order to try and establish new therapeutic approaches for HSP this project used mutant spastin mice carrying a mutation which mimics a human HSP mutation. Four different approaches were applied to investigate potential therapies for HSP in vivo and in vitro.
1. Firstly, the effect of wheel-running (voluntary exercise) on gait impairment and spinal cord axonal swelling pathology was determined in SPASTΔE7/ΔE7 mice.
1. Secondly, the effect on gait impairment and spinal cord axonal swelling pathology was investigated in SPASTΔE7/ΔE7 mice following chemical inhibition of HDAC6 using ACY-738.
1. Thirdly, the effect of genetic inhibition of HDAC6 by crossing HDAC6 knockout mice with spastin mice to produce double mutant mice was investigated.
1. Fourthly, the effect of the microtubule stabilising agent Epothilone D on gait impairment and spinal cord axonal swelling pathology was investigated in SPASTΔE7/ΔE7 mice.
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Chapter 2: Materials and Methods
[bookmark: _Toc508875557]2.1 Materials
[bookmark: _Toc508875558]2.1.1 Equipment
The main pieces of equipment that were used in this project are listed in (Table 2.1).

Table 2.1: List of equipment used.
	Equipment
	Manufacturer

	G-Box gel imaging system
	Syngene, Synoptics Ltd. UK.

	GENi imaging machine
	Syngene, Synoptics Ltd. UK.

	FLUOstar Omega plate reader
	BMG Labtech Ltd.

	Nikon microscope
	Nikon Instruments Inc.

	CFX96 Touch Real-time PCR detection system
	Bio-Rad Laboratories, Inc.

	MX3000-P Real-time PCR system
	Bio-Rad Laboratories, Inc.

	Catwalk-Version 7.1.
	Noldus Information Technology

	Centrifuge
	Eppendorf AG.

	[bookmark: _Toc493601893]Sigma 2-6E/2-6 Centrifuge
	SciQuip, Ltd. UK.

	Western blot equipment (Electrophoresis chambers, power supply, combs, cassettes, glass plates)
	Bio-Rad Laboratories, Inc.

	Electrophoresis
	Bio-Rad Laboratories, Inc.

	[bookmark: _Toc493601894]Dri-Block heaters
	Bibby Scientific Limited, UK.

	Mini See-Saw Rockers
	Bibby Scientific Limited, UK.

	[bookmark: _Toc493601895]Tube rollers
	Bibby Scientific Limited, UK.

	G-STORM PCR machine 
	GRI, Essex, UK.
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[bookmark: _Toc508875559]2.1.2 Reagents and chemicals
Commonly used chemicals were purchased from Thermo Fisher Scientific Inc. (Fisher Scientific, Loughborough, UK) or Sigma-Aldrich (Poole, UK).

Table 2.2: List of general chemicals and hardware used.
	Item
	Supplier

	Analytical grade solvents including ethanol, methanol, formaldehyde and xylene
	Fisher Scientific, UK

	Pipette tips
	Fisher Scientific, UK


	Nuclease free water
	Ambion, USA



Table 2.3: List of chemicals and hardware used in immunohistochemistry 
	Commonly used items
	Supplier

	Immunohistochemistry Vectastain Elite ABC kits for mouse IgG and rabbit IgG, peroxidase substrate kit and alkaline phosphatase substrate kit
	Vector Laboratories, UK

	Slides, coverslips and mounting media (DPX)
	CellPath Ltd, UK.

	Nano-zoomer- Digital slide scanner 
	Hamamatsu Photonics K.K. 

	IntelliPATH Automated Staining Instrument
	Biocare Medical, LLC.

	Semi-enclosed Benchtop Tissue Processor
	Leica Biosystems Nussloch GmbH.

	 Pathology Embedding System
	Leica Biosystems Nussloch GmbH

	“820” Spencer Microtome
	Optech-Instruments, Oxfordshire, UK

	Microwave oven
	Panasonic 




Table 2.4: List of chemicals and hardware used in western blotting.
	Commonly used items
	Supplier

	Tissue homogeniser
	Anachem, UK

	Protein standards
	Thermo Scientific, UK

	Sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE)
	Melford Laboratories, UK

	Ammonium persulphate (APS)
	Sigma, UK

	Proto Gel 30% (w/v) acrylamide: 0.8% (w/v) (BisAcryl-amide stock solution 37:5.1)
	National Diagnostics, UK

	Tetramethylethylenediamine (TEMED)
	Melford Laboratories, UK

	Filter papers
	Whatman Laboratories, UK

	Enhanced chemiluminescence (ECL) kit
	Biological Industries, UK

	Nitrocellulose transfer membrane  
	Millipore Life Science, Germany




[bookmark: _Toc508875560]2.1.3 Solutions
[bookmark: _Toc508875561]2.1.3.1 Gel Electrophoresis solution
Tris Acetate-EDTA buffer (TAE)
50x TAE stock, 2M Tris-acetate, 5.71% v/v acetic acid, 0.05 M (EDTA) pH 8.0, made to volume with deionised water.

[bookmark: _Toc508875562]2.1.3.2 Tissue lysis solutions
Brinkley Reassembly Buffer (BRB80)
80 mM PIPES pH 6.8, 1 mM MgCl2, 1mM EGTA (ethylene glycol tetraacetic acid), 1% Triton-X-100 supplemented with 1% protease inhibitor cocktail (Roche Diagnostics), and made up to volume with deionised water and stored at 4 °C. 

RIPA buffer
50 mM Tris-HCl pH 6.8, 150 mM NaCl, 2mM EDTA (ethylenediaminetetraacetic acid, Melford), 2mM EGTA, 1% Triton-X-100 or 1% NP40, 0.1% sodium dodecyl sulphate (SDS) (Sigma) and 0.5% sodium deoxycholate, supplemented with 1% protase inhibitor cocktail (Roche Diagnostics) and made up to volume with deionised water and stored at 4 °C.

[bookmark: _Toc508875563]2.1.3.3 Washing reagents
Phosphate buffered saline (PBS)
3.2 mM Na2HPO4
0.5 mM KH2PO4
1.3 mM KCl
135 mM NaCl, pH 7.4

50 mM Tris-buffered saline (TBS)
50 mM Tris  
150 mM NaCl, pH 7.6 

TSB-Tween (TBST)
0.1% (v/v) Tween in 50 mM TBS

[bookmark: _Toc508875564]2.1.3.4 Western blotting solutions 
10% Sodium Dodecyl Sulphate (SDS)
10% (w/v) SDS in deionised water

Running buffer (1x)
25 mM Tris, 192 mM glycine, 0.1% SDS made up to volume with deionised water.
Transfer buffer (1x)
25 mM Tris, 192 mM glycine, 10% methanol, made up to volume with deionised water.

For 4x 1mm thick 10% polyacrylamide resolving gel, pH 8.8
30% (w/v) Acrylamide solution- 8.33 ml
1.5M Tris-HCl pH 8.8 - 6.25 ml
10% (w/v) Sodium dodecyl sulphate SDS- 250 µl 
10% (w/v) Ammonium persulphate (APS)- 250 µl
H2O 10 ml  
N,N,N’,N’ tetramethylethylenediamine (TEMED) 25 µl

For 4x 1mm thick 6% polyacrylamide stacking gel, pH6.8
30% (w/v) Acrylamide solution- 1 ml
0.5M Tris-HCl PH6.8 - 1.25 ml
10% (w/v)  Sodium dodecyl sulphate SDS- 50 µl 
10% (w/v) Ammonium persulphate (APS)- 30 µl
H2O 3 ml  
TEMED 15 µl

Ammonium Persulphate (APS)	
0.9g APS in 9 ml deionised water, (10% w/v final concentration)

Laemmli sample buffer (5x)
160 mM Tris (pH6.8)
25% v/v glycerol
2% SDS
0.1% w/v bromophenol blue (Fisher Scientific)
14.4 mM 2-mercaptoethanol, made up to volume with deionised water 

Blocking buffer
5% (w/v) powdered milk in PBS-Tween (0.05%).
Or 5% (w/v) BSA ( Bovine Serum Albumin) in PBS-Tween (0.05%).

Ponceau S Staining Solution
0.2% w/v Ponceau S, 5% acetic acid made to volume with deionised water.

[bookmark: _Toc508875565]2.1.3.5 Immunohistochemistry solutions
Antigen retrieval/ trisodium citrate buffer (TSC)
0.01M trisodium citrate, pH 6.5.

Scott’s tap water 
0.2% (w/v) potassium bicarbonate, 2% (w/v) magnesium sulphate, made up to volume with distilled water.

Blocking solution
1.5% (v/v) normal goat serum or 1.5% (v/v) normal horse serum (Vector Laboratories, UK) in 50 mM TBST.

Peroxidase blocking solution
1% (v/v) Hydrogen peroxide (H2O2) in 50 mM methanol.

IHC antibody incubation solution 
The required calculated concentration of the Ab diluted in 1.5% blocking solution.
Avidin-biotin peroxidase complex (ABC)
0.5% secondary in 1.5% blocking solution (TBS)

DAB (3,3 -diaminobenzidine peroxidase substrate) solution 
84 µl of buffer stock solution, to 0.5 ml of distilled water, 100 µl of DAB stock solution, 8 µl hydrogen peroxide (H2O2).



[bookmark: _Toc508875566]2.1.4 Antibodies

Table 2.5: List of primary antibodies used in western blotting.
	Target Protein
	Species
	Dilution
	Catalogue number
	Supplier

	Anti-α-tubulin (DM1A)
	Mouse monoclonal
	1:10000
	[bookmark: _Toc493601902]T9026
	[bookmark: _Toc493601903]Sigma-Aldrich, Inc.

	Anti-acetylated tubulin,clone 6-11B-1
	Mouse monoclonal
	1:5000
	T7451
	Sigma-Aldrich, Inc.

	GAPDH (14C10)
	Rabbit monoclonal
	1:2000
	2118S
	Cell Signalling Technology, USA

	[bookmark: _Toc493601904]HDAC6 (histone deacetylase 6)
	Rabbit monoclonal
	1:200
	12-303
	Millipore, USA




Table 2.6: List of secondary antibodies used in western blotting.
	Target protein
	Dilution
	Catalogue number
	Supplier

	Goat Anti-Mouse IgG (HRP)
	1:5000
	ab97023
	Abcam plc.

	Goat Anti-Rabbit Polyclonal IgG (HRP)
	1:5000
	D 0487
	Dako Denmark








[bookmark: _Toc508875567]2.2 Methods
[bookmark: _Toc508875568]2.2.1 Ethics statement
The use of animals in experiments and testing is regulated under the Animals
(Scientific Procedures) Act 1986 (ASPA). Studies in this project were conducted under Project License 40/3089, with approval from the University of Sheffield Ethical Review Sub-Committee, and the UK Animal Procedures Committee (London, UK).

[bookmark: _Toc508875569]2.2.2 Housing
Mice were obtained and bred under specified pathogen free or conventional conditions under a 12 hrs light /dark cycle at a standardised room temperature of 21 ºC at the animal facilities of the University of Sheffield. Experimental mice were singly housed with free access to rodent diet pellets, Teklad (Envego, USA) and water. Cages were lined with sawdust (ecopure chips premium) and paper wool bedding material (Datesand, UK) was used in each cage.

[bookmark: _Toc508875570]2.2.3 Mouse models used in this thesis 
The mouse models used in this project were SPASTΔE7 and HDAC6 null mice. SPASTΔE7 mice were ENU mutagenised mice carrying the c.1092 +2T> G mutation and were originally obtained from MRC Harwell. They were back crossed with C57/Bl6J Jax for more than ten generations to maintain the colony (Kasher et al., 2009). HDAC6 null mice, generated by homologous recombination as described in (Gao et al., 2007), were obtained from Professor Ludo Van Den Bosch (Leuven), and bred with C57/BL6J Jax for maintenance. 



[bookmark: _Toc508875571]2.2.4 Breeding scheme for SPAST+/ΔE7mice and HDAC6 mice:
[bookmark: _Toc508875572]2.2.4.1 Generation of SPASTΔE7 /ΔE7 mice
To investigate the improvement of gait impairment in SPASTΔE7/ΔE7 (null mutant) mice, SPASTΔE7/ΔE7 mice were obtained by crossing SPAST+/ΔE7 mice together (Figure 2.1). Consequently, the offspring were 25% SPAST+/+ wildtype, 50% SASPT+/ΔE7 heterozygous and 25% SPASTΔE7/ΔE7 mutant. The mutations were identified by PCR and restriction digests with BslI (see section 2.2.5). All the SPAST+/ΔE7 mice were culled, while the SPAST+/+ wildtype male mice were used as a control group and the SPASTΔE7/ΔE7 null mutant male mice were used to receive HDAC6 inhibitor compounds. The SPASTΔE7/ΔE7 null mutant female mice were used to receive the microtubule stabilising agent and to test the effect of exercise on the HSP phenotype. 








[image: C:\Users\USER\Google Drive\my thesis\MM_chapter_2\spastin XX.png]
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[bookmark: _Toc508875573]2.2.5 Genotyping SPASTΔE7 mice by PCR restriction fragment length polymorphism analysis
Genotyping for HDAC6 mice and SPASTΔE7 mice was performed according to the following steps: 

[bookmark: _Toc508875574]2.2.5.1 DNA extraction 
Mouse ear clips were obtained by Biological Services staff, and placed in 30 µl QuickExtract Solution (Epicentre, UK). After vortexing, the samples were incubated at 65 ºC for 15 minutes and then at 98 ºC for 2 minutes in order to terminate the reaction. DNA extracts were stored at 4 ºC.

[bookmark: _Toc508875575]2.2.5.2 PCR amplification of the SPASTΔE7 mutations
The PCR mix was prepared using SPAST_BslI forward primer (MSPG4_7 forward: 5’-CTTCCTTCTCTGCCGCCTGA) and SPAST_BslI reverse primer (MSPG4_7 reverse: 5’-CCATCTCCAGGCTTCAATGT) (both synthesised by SIGMA Genosys, UK). Those primers were designed to generate a single-base mismatch into the sequence, in order to create a BslI restriction enzyme site to distinguish between wildtype WT (SPAST) and c.1092+2T>G spastin mutants. A 10 µl reaction contained 1µM of SPAST_BslI forward and reverse primers and FirePol Taq DNA polymerase mix (Solis Biodyne) and 1 µl of DNA extract. PCR amplification was performed for the following cycling conditions in a G-STORM PCR (GRI, Essex, UK):
Lid temperature 100 ºC
Block temperature 98 ºC for 30 seconds
40 cycles of:
Block temperature 92 ºC for 2 seconds (Denaturing)
Block temperature 54 ºC for 15 seconds (Annealing)
End of the cycle
Block temperature 54 ºC for 2 minutes (Elongation)
Block temperature 15 ºC hold 

[bookmark: _Toc508875576]2.2.5.3 Restriction digests 
Once the PCR was complete, the products were digested with the restriction enzyme BslI which cleaves only the mutant sequence by virtue of a single-base mismatch introduced into the sequence in the forward primer (Kasher et al., 2009) (Figure 2.1). A master mix for the restriction enzyme digest was prepared by adding 2 µl of NEB buffer 3, 7.5 µl of deionised H2O and 0.5 µl BslI to 2 µl of the PCR product. The digest performed at 55 ºC for 12 hours in a PCR machine.
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Figure 2.2:
 
The primers design to create a mismatch for genotyping of spastin mice.
 A) Wildtype exon 7-intron 7-8 sequence. B) Mice with a mutation (c.1092+2T>G) sequence presenting (T-G) ENU mutation in pink colour. C) Forward primer (spas_BslI) sequence presenting the (G-C) mismatch in blue colour. D) in the presence of the mismatch BslI restriction site sequence generated C and mutant G allele in the mutants’ spastin (c.1092+2T>G) allele but not the wildtype 
(
Kasher et al., 2009
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[bookmark: _Toc508875577]2.2.6 Genotyping HDAC6 mice
[bookmark: _Toc508875578]2.2.6.1 PCR for HDAC6 mice 
The HDAC6 gene is located on the X chromosome. Males carrying the HDAC6 null allele are therefore considered a knockout because they have one X chromosome. The PCR mix was prepared using four primers, namely:
1. (EXO-10: 5’- GTGGACCAGTTAGAAGCC)
1. (INT-9: 5’ CTGGTTCGTCTGAAGACA)
1. (ZEO-1: 5’ CCATGACCGAGATCGGCGAGCA)
1. (ZEO-3: 5’ CGTGAATTCCGATCATATTCAAT).
ZEO-1 and ZEO-3 are targeting construct primers, which only generate a PCR product for the null allele, sized 250bp. INT-9 and EXO-10 amplify endogenous HDAC6 between intron 9 and exon 10, generating a PCR product of size 300bp. As a result, male carriers only have the ZEO band as they have no endogenous HDAC6. Female carriers, however, have both the ZEO and endogenous HDAC6 PCR products. Wildtype mice only have a product for endogenous HDAC6. 15 µl reactions were performed containing 1 µM of each primer, FirePol taq polymerase (Solis Biodyne) and 1 µl of extracted DNA. The PCR cycle was run according to the following thermal cycle conditions:
Lid temperature 110 ºC
Block temperature 94 ºC for 5 minutes
Touchdown from 65 ºC to 50 ºC - 15 Cycles
25 cycles of:
Block temperature 94 ºC for 30 seconds (Denaturing)
Block temperature 58 ºC for 45 seconds (Annealing)
Block temperature 72 ºC for 90 seconds (Elongation)
End cycle
Block temperature 72 ºC for 10 minutes
Temperature 4 ºC hold

[bookmark: _Toc508875579]2.2.6.2 Agarose gel electrophoresis 
To identify SPAST mutants, the digested PCR products were loaded on a 3% agarose gel (Melford, UK) with 0.02 mg of Ethidium Bromide (EtBr) per 100 ml of 1 x TAE buffer (section 2.1.3.1) (Figure 2.3). To identify HDAC6 mice the PCR products were separated on a 2% agarose gel (Figure 2.4). Hyperladder IV or V (Bioline, UK) was also loaded on the same gels and used to identify the PCR product sizes. The gels were run at 120V in a DNA electrophoresis tank (Geneflow, UK) in 1 x TAE buffer until the PCR products were resolved. DNA fragments were visualised using a gel imaging system (Geni, Syngene,UK).
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Figure 2.3: Result of the spastin mice genotyping. 
On the right side the control bands show the single top band for the 
SPAST
+/+
 
wildtype and double bands for a 
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Figure 2.4: Result of the HDAC6 mice genotyping. 
The level of the primer products has been indicated, namely, ZEO-1, ZEO3 (250bp), INT-9 and EXO-10 (300bp). The genotype for each band is indicated; the single top band is for the wildtype and the double bands are for a HDAC6 female carrier mouse and the lower single band for a HDAC6 male knockout mouse. On the left side is hyper-ladder V.
)













[bookmark: _Toc508875580]2.2.7 Extraction of RNA
Brains dissected from spastin heterozygous mice were cut in half along the midline. One half was weighed and placed in a clean plate before chopping with a clean razor. Then, the chopped brain was placed in a tissue homogeniser and 1 ml of Trizol (Invitrogen) was added for each 50 mg of tissue. After homogenisation, the sample was transferred to a clean 1.5 ml Eppendorf tube and incubated for 5 minutes at room temperature (RT), to ensure the nucleoprotein complexes were totally dissociated. After that 200 µl of chloroform was added for each 1 ml Trizol, the tube was shaken by hand for 15 seconds. Following incubation for 2-3 minutes at RT, samples were centrifuged at 12,000 × g for 15 minutes at 4 ºC. After centrifugation, the mixture separated into a clear upper aqueous phase (containing RNA) and a lower red phenol-chloroform phase with an interphase between them. The upper aqueous phase was gently removed and placed in a clean 1.5 ml Eppendorf tube. The RNA was precipitated by the addition of 500 µl isopropanol for each 1 ml Trizol and incubating for 10 minutes at RT, followed by centrifugation at 12,000 × g for 10 minutes at 4 ºC. After the centrifugation, the RNA formed a gel-like pellet at the bottom of the tube, and the supernatant was carefully removed. To wash the pellet 1 ml of 75% ethanol was added and the tube was vortexed prior to centrifugation at 7,500 × g for 5 minutes at 4 ºC. At the end of centrifugation, the supernatant was again removed and the RNA pellet was air-dried. Finally, the RNA was dissolved in nuclease free water (NF-water). 


[bookmark: _Toc508875581]2.2.7.1 Measuring RNA concentration
The RNA concentration was determined using a nano-drop Spectrophotometer (Labtech International). 

[bookmark: _Toc508875582]2.2.8 cDNA synthesis
cDNA was synthesised from 1 g RNA. To remove contaminating DNA, 1 l of 10x DNase buffer (Invitrogen, UK) and 1 l NEB DNase were added to the RNA sample in a sterile 0.2 ml Eppendorf, made up to 10 l with NF-water. Samples were incubated for 10 minutes at 37 ºC. 1 l of 25 mM EDTA was added and the sample incubated for 10 minutes at 75 ºC to terminate the reaction and inactivate the DNase. Following this step, 1 l of 10 mM random hexamers (Amersham, UK) or 1 l of 0.5 g/l oligo dT (Thermo Scientific) were added to RNA, and 1 l of 10 mM deoxyribonucleotide mix (dNTPs; Promega, UK) was also added. The samples were then incubated for 5 minutes at 65 ºC. Then, the samples were chilled on ice and spun down to break the secondary folded structure and allow primer annealing. Following that, 4 l of 5x reverse transcriptase buffer (Invitrogen, UK) and 2 l of 0.1 M dithiothreitol DTT (Invitrogen, UK) were added and samples were incubated for 5 minutes at 25 ºC. At this temperature, 0.5 l of Superscript III reverse transcriptase (Invitrogen, UK) was added. Samples were incubated at 50 ºC for 1 hour, followed by 15 minutes at 70 ºC. cDNA was stored at -20 ºC until required.


[bookmark: _Toc508875583]2.2.9 Reverse Transcription PCR (RT-PCR)
Pairs of RT-PCR primers were designed (Table 2.7). 10 µl reactions were made up by adding the following: 0.1 µl of each primer (100 µM stock solution, 2 µl of FirePol taq polymerase mix (Solis Biodyne), 6.8 µl RNase free water and 1 µl of (1:5) diluted cDNA in RNase free water. Reactions were performed using these thermal cycler conditions: 
Lid temperature 110 ºC
Block temperature 94 ºC for 3 minutes
Touchdown 65- 50 ºC   15 cycles
Start cycle 30 times 
Block temperature 94 ºC for 30 seconds (Denaturation)
Block temperature 58 ºC for 45 seconds (Annealing)
Block temperature 72 ºC for 1 minute (Elongation)
End of the cycle
Block temperature 72 ºC for 10 minutes (Elongation)
Block temperature 10 ºC hold 
5 µl PCR products were loaded on a 1% agarose gel (Melford, UK) with 0.02 mg of Ethidium Bromide (EtBr) per 100 ml of 1x TAE buffer (section 2.1.3.1). Hyperladder IV or I (Bioline, UK) was also loaded on the same gels and used to identify the PCR product sizes. The gels were run at 100V in a DNA electrophoresis tank (Geneflow, UK) in 1 x TAE buffer until the PCR products were resolved for 1 hour. DNA fragments were visualised using a gel imaging system (Geni, Syngene, UK).



Table 2.7: List of primers used for RT- PCR.
	Oligo name
	Position
	Sequence (5’-3’)

	HDAC6_e1F
	Forward
	TCTGGGGAAATAGGCTGAAG

	HDAC6_e1R
	Reverse
	TCCTGGTCGAAGATGAACTG

	HDAC6_e2F
	Forward
	TGTTCAACCATCTGGCTGTG

	HDAC6_e2R
	Reverse
	GGTGATGATTGTCCCAGAGG

	HDAC6_e3F
	Forward
	ACTGCACTGCCCATGGATAC

	HDAC6_e3R
	Reverse
	GCATAACCCTCCGGTGTTAC

	HDAC6_e4F
	Forward
	TCGTCTGGTACTTCCCATCG

	HDAC6_e4R
	Reverse
	GCTCCAAAGTGCTGAGAACC

	HDAC6_e5F
	Forward
	CTCCAGCCTCGCATACAAAC

	HDAC6_e5R
	Reverse
	TCAGCTCCTTCCTAGGGCTAC

	HDAC6_e22F
	Forward
	TGTAAAACGACGGCAGTG-TGGATTGGGATGTTCATCATGG

	HDAC6_e22R
	Reverse
	GCAGCCAGGTAATCAGCATC

	HDAC6_e23F
	Forward
	TGTAAAACGACGGCCAGTAT-CTCAGTCGGCTTTGATGC

	HDAC6_e24F
	Forward
	TGTAAAACGACGGCCAGTTC-TGAGTCTATGGCTGCCTG

	HDAC6_e24R
	Reverse
	GCCAGTATTTGCGATGGACT





[bookmark: _Toc508875584]2.2.10 Analysis of proteins from mouse tissue
[bookmark: _Toc508875585]2.2.10.1 Sample preparation (protein extraction from tissues)
Mice were terminally anesthetised and sacrificed by cervical dislocation. Tissues (brain, spinal cord, liver and kidney) were dissected and collected in 1.5 ml Eppendorf tubes then homogenised with a hand held homogeniser in 250 µl of lysis buffer, BRB80 or RIPA buffer (section 2.1.3.2). At this stage, both buffers were made up without triton so as to avoid producing foam during homogenisation. After the tissue was homogenised, DNA was sheared by pipetting up and down 15 times using a 1000 µl pipette tip. This step was followed by added 250 µl of the same buffer made up with 2x the concentration of triton.
Homogenised tissues were mixed with 500 µl BRB80 buffer or RIPA buffer and incubated with gentle shaking at 4°C for 30 minutes. Samples were spun down in centrifuge (Eppendorf AG.) at 10,000 X g for 30 minutes at 4 ºC. The supernatant was taken and protein concentration was determined using a Bradford assay.

[bookmark: _Toc508875586]2.2.10.2 Protein determination – Bradford assay 
Protein concentrations were determined using the Bradford assay (Bio-Rad, USA) following the manufacturer’s protocol. Protein concentration was calculated by comparison with known concentrations (250, 500, 750 and 1500 µg/ml) of bovine serum albumin (BSA). In each case, two measurements were taken to make the concentration estimates more reliable. 2 µl of each protein sample were added to a 96 well-plate (Costar, USA). Then 50 µl of Coomassie Plus Bradford reagent (Bio-Rad Laboratories, Inc.) were added to each well. Coomassie binds protein and absorbs light at a wavelength of 595nm, thus the change in absorbance is proportional to the amount of protein bound. The 96 well-plate was placed in a plate-reader (BMG-LabTech) and absorbance readings were taken at 595 nm. The absorbance readings of the BSA protein standards were used to create a standard curve, and then compared with the mean values of protein samples to determine the concentration in µg/µl. Before blotting, each sample was diluted with an appropriate volume 5x laemmli buffer (see section 2.1.3.4) and water to ensure that equal amounts of protein were loaded. 


[bookmark: _Toc508875587]2.2.10.3 SDS-PAGE gel 
Samples were heated for 5 minutes at 95 ºC to allow denaturation of proteins. Then, samples were centrifuged and left to cool to room temperature. 10% polyacrylamide resolving gels (see section 2.1.3.4) were prepared in a volume that was sufficient for 4 gels and poured in a 1 mm spacer glass casting plate (Bio-Rad Laboratories, Inc.). 50 µl of ethanol was added at the top of the gel to remove the air bubbles and make the gel edges level. After the gel had polymerised, ethanol was removed by flushing twice with water and drying with a small piece of filter paper. A 6% stack gel was prepared (see section 2.1.3.4) and poured on top of the resolving gel. A suitable well comb was inserted and the gel was allowed to polymerise. Equal amounts of protein were loaded into each well and the gel was electrophoresed (Bio-Rad Laboratories, Inc.) at 100V for 2 hours, or until the dye front reached to the bottom edge of the glass plates.


[bookmark: _Toc508875588]2.2.10.4 Immunoblotting 
Proteins were then transferred onto a nitrocellulose membrane. The gel was put in a transfer cassette which included two sponges, four 3 mm filter papers (Whatman Laboratories, UK) and a nitrocellulose membrane (Millipore Life Science, Germany). The cassette was then placed in the transfer tank (Bio-Rad, criterion blotter), which was filled with 500 ml transfer buffer (see section 2.1.3.4) and transferred for half an hour at 100V on ice to ensure the samples were kept chilled.
The membrane was stained briefly with Ponceau Red (to show the protein bands on the membrane) (see section 2.1.3.4) for 3 minutes, washed with water and cut according to the level of the size markers. Membranes were blocked with a blocking buffer (see section 2.1.3.4) at 4 ºC overnight to prevent non-specific binding of the primary antibody. The following day, membranes were incubated with the primary antibody (see table 2.5) in blocking buffer for 1 hour at RT with gentle shaking. Prior to adding the secondary antibody, membranes were washed 3 times for 10 minutes each with TBST (see section 2.1.3.3). After washing, membranes were incubated with the secondary antibodies (see table 2.6) for 1 hour at room temperature before being washed again three times with TBST (as before). Secondary antibodies were detected using enhanced chemiluminescence (ECL; Thermo scientific, USA) by mixing equal amounts of EZ-ECLA and EZ-ECLB reagents and putting them on the membrane. The substrate in reagent B reacts with HRP in the secondary antibody to produce a detectable chemiluminescence, which can be visualised using the G-Box (Syngene).

[bookmark: _Toc508875589]2.2.10.5 Imaging immunoblots
Membrane ECL signals were captured using a G-box (Syngene). Quantification of protein bands was carried out using image-J software (NIH, USA). Band intensities were normalised to the loading control.  


[bookmark: _Toc508875590]2.2.11 ENU spastin mouse-phenotypic analysis
[bookmark: _Toc508875591]2.2.11.1 Standard cage 
Mice were singly housed in the Field Laboratories at the University of Sheffield at temperature 21±1oC, humidity 50±5%, and a regular 12 hr light: 12 hr dark cycle. Mice were given free access to water and standard rodent chow pellets Teklad (Envego, USA).

[bookmark: _Toc508875592]2.2.11.2 Home-cage wheel running
Following the recommended published experiment design principles (Festing et al., 2002) we performed power calculations using base of support (BOS) data from wild type C57BL6J mice previously obtained in the lab (Bennett et al., 2014) including Bennett’s unpublished observations. Groups of eight female mice gave 80% power to detect a 50% change in hindlimb BOS. The study was designed by sequentially assigning mice to four groups. Each mouse was individually housed in 21 cm wide x 36 cm long x 18.5 cm high cages. The first group was SPAST+/+ housed with a Fast Trac running wheel (LBS Biotech, UK) fitted on the underside with a 10 x 5 mm magnet and fixed on a lubricated axle (4 cm in height) at an angle of 25º degree below the horizontal (Figure 2.5). The second group, SPAST +/+, were housed in the same cages, but with a Fast Trac wheel that did not rotate. In the third group, SPASTΔE7/ΔE7 were housed with running wheels, and in the fourth group SPASTΔE7/ΔE7 were housed with non-rotating running wheels. Running wheel activity was monitored using a magnetic reed switch attached to a digital odometer (Bennett et al., 2014). Four parameters of running wheel activity were recorded daily and analysed, namely average speed, total time spent running, total distance run, and maximum speed. All the mice were also assessed monthly on the CatWalk system (Noldus Information Technology, Wageningen, Netherlands) for gait analysis. 

[bookmark: _Toc508875593]2.2.11.3 Epothilone D (EpoD) housing
 Because of the toxic properties of EpoD all the mice were singly housed in cages fitted with an air filter, and all the cages placed behind a barrier in the Field Laboratories at the University of Sheffield. For housing conditions (see section 2.2.2).
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[bookmark: _Toc508875594]2.2.11.4 CatWalk gait analysis
The CatWalk system (Noldus Information Technology) (Figure 2.6) is composed of an enclosed corridor equipped with a glass walkway to allow rodents to walk upon it. Beneath the walkway, a green LED light is radiated along the glass. The LED will illuminate any part of the animal in contact with the glass, typically the rodent’s paws. Underneath the walkway, there is a camera, which captures these illuminated areas and sends the information to the computer that runs the CatWalk software. The software calculates a wide range of parameters such as stand time, stride length, base of support, and the time-based relationship between footprints, toe spread, and paw angle. Because SPASTΔE7 mice have a broader hind limb gait (the distance between the two hind limbs are wider than the SPAST+/+) (Kasher et al., 2009), the parameter that we want to determine is the hind limb base-of-support BOS (the distance between the two hind limbs). Six runs in the CatWalk were recorded for each mouse. Sometimes the mice did not walk continuously along the platform, and any runs involving pausing or turning were excluded from analysis. On this basis, the three best runs were selected for the analysis.
All paw prints in each video were manually labelled (i.e. right front, left front for fore limbs and right hind, left hind for hind limbs) using CatWalk software version 7.1. By the end of the labelling, the mean BOS value of all hind limb paw prints is given in pixels. After that, BOS values were taken from the three runs, averaged and converted from pixels to mm, so as to allow a graph to be created comparing mutant with control mice. We also collected and analysed the following parameters; swing duration, swing length, swing speed, stand and duty cycle.
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[bookmark: _Toc508875595]2.2.12 Immunocytochemistry (IHC) in mouse tissue
[bookmark: _Toc508875596]2.2.12.1 Mouse tissue preparation 
The mice used were terminally anaesthetised, the chest was opened and the left ventricle of the heart was injected with 10-20 ml of PBS after snipping the upper right ventricle to remove the blood, followed by perfusion with 4% paraformaldehyde (PFA) in PBS (pH 7) (see section 2.1.3.3) until the mouse was perfused. As an indication of perfusion, we monitored rigidity of the body and the changing colour of the liver. The brain and complete spinal cord were dissected and immersed in 4% PFA for 24 hours and then placed in PBS until used. The spinal cord was cut into cervical, thoracic and lumbar regions and placed into tissue processing cassettes. All cassettes were immersed in ethanol before tissue processing was performed. The Neuropathology Core Facility (University of Sheffield), embedded the processed tissues in paraffin. About 500 µm of the frontal part of the tissue was cut using a microtome (Optech Instruments, Oxfordshire, UK) to remove tissue which may have been damaged during processing. Then 5 or 10 µm serial sections were cut as a ribbon and placed in a water bath at 37 ºC, and individual sections was transferred onto four slides in such a way that the four sections on each slide were sequentially 20 or 40 µm apart. The slides were dried overnight at 37 ºC in an oven prior to staining. 

[bookmark: _Toc508875597]2.2.12.2 IHC for formalin fixed, paraffin-embedded tissue (FFPE)
[bookmark: OLE_LINK14]To investigate the axonal swelling pathology we stained sections with antibodies labelling proteins that were previously observed to accumulate in swellings in mutant spastin mice and HSP patients with spastin mutations (Kasher et al., 2009). The following protocol was performed on spinal cord sections. Sections were dewaxed and placed in two changes of xylene for five minutes for each. To hydrate the tissue, sections were immersed in descending concentrations of ethanol (100%, 95% and 70% EtOH) for five minutes each, following by rinse in water. Endogenous peroxidase activity was quenched by incubating sections in 3% H2O2/methanol for 20 minutes at RT. Sections were then rinsed with distilled water (d.H2O), and antigen retrieval was performed by placing the tissue in a microwave for 10 minutes with trisodium citrate buffer (see section 2.1.3.5). This step is important in order to remove the polymer clusters that are potentially formed on the tissue antigen-binding sites by formalin treatment. Insufficient antigen retrieval will prevent antibodies from binding at the antigen binding site. The sections were then rinsed with water and washed with TBS (see section 2.1.3.3) before being blocked with normal horse serum (Vectastain Universal Elite ABC kit, Vector, California, USA) for 30 minutes at RT by adding three drops of normal horse serum per 10 ml of TBS. Subsequently, sections were incubated in an optimal concentration of primary antibody APP amyloid precursor protein (Abcam, UK) in a normal horse serum (1:2000) for an hour at RT. Then, sections were washed three times with TBS, followed by incubation with a biotinylated secondary antibody from the Vectastain ABC kit (rabbit IgG) for 30 minutes at RT (three drops of normal horse serum, one drop biotinylated secondary antibody, 10 ml TBS were added). The sections were then incubated in avidin-biotin complex solution (ABC) (Vectastain) (see section 2.1.3.5) for 30 minutes at RT, and washed with TBS two times for five minutes. Labelled antigens were visualised by incubated the sections in diaminobenzidine (DAB, Vector, California, USA) (two drops of buffer, four drops DAB, two drops hydrogen peroxide solution and 5 ml dH2O). The H2O2 in the ABC reacts with the H2O2 in the DAB solution to form a brown insoluble product at the antigen site. Sections were washed with dH2O followed by tap water for five minutes. The nuclei were counterstained by immersing sections in Gills haematoxylin for 30-60 seconds, and then washed with tap water. After that, sections were incubated in Scott’s tap water (see section 2.1.3.5) for one minute to give the nuclei a blue colour. After washing in tap water, sections were dehydrated in ascending concentrations of ethanol (70%, 95% and 100% EtOH), and cleared in xylene, before mounting with DPX. 

[bookmark: _Toc508875598]2.2.13 Quantification of axonal swellings 
To determine the number of axonal swellings in the spinal cord of spastin mice APP stained spinal cord sections from both cervical and lumbar regions were scanned using a slide scanner (Visiopharm, Denmark). The slides were viewed and the area of swellings measured using NDP view2 software. The position of the swellings was determined relative to the region of the motor tracts, which are located in the lateral column of the corticospinal tract. The number and the sizes of the swellings were quantified and numbers were normalised to the sections taken. The mean number of swellings was quantified per region. Finally, all data were analysed in GraphPad Prism version 7 and statistical analysis performed using one-way ANOVA with Bonferroni's multiple comparison test.


[bookmark: _Toc508875599][bookmark: OLE_LINK20]2.2.14 Data analysis and statistical methods
	The number of mice used on each experiments were chosen based on the power calculation that was conducted using G*Power (3.1) software. The effect size was interpreted according to (Cohen, 1988). Power calculated according to t- test with two independent means. 
Base of support data in this project was measured using Catwalk automated system (Catwalk software version 7.1). Six runs per mouse were recorded and the best three runs were chosen to be included in the quantification based on the criteria on section (2.2.11.4) to obtain the average of three runs per mouse per month. This step followed by quantifying the average of the BOS per group per month. The statistical analysis involved was two-way ANOVA followed by Bonferroni multiple comparison test. 
Axonal swellings quantification was performed on 20 sections per mouse, poor quality sections excluded from the quantification. The sections were 20 or 40µm apart. The average of axonal swellings in each region per group was quantified. Then the number of axonal swellings normalised to the distance between the sections taken (20 or 40µm). The statistical analysis involved was one-way ANOVA followed by Bonferroni multiple comparison test. All statistical analyses were conducted using GraphPad Prism 7 (Graph Pad Software, San Diego, CA).  
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Chapter 3: Effects of exercise on the HSP phenotype 
[bookmark: _Toc508875601]3.1 Aims
This research presented in this chapter had three aims. Firstly, we wished to determine whether the gait defect in Spastin mutant mice led to any alteration in voluntary motor activity. Secondly we wished to determine if voluntary exercise modified the gait phenotype in spastin mice. Lastly we wished to investigate the effect of voluntary exercise on the pathological axonal swellings found in the spinal cord of mutant spastin mice. 
Home cage running wheels were used, and the daily voluntary running performance of each mouse was recorded. In addition, behavioural testing was carried out every month to investigate the effect of the voluntary exercise on the gait of spastin mice and wild type littermates. At the end of the study, we investigated the effect of voluntary exercise on the axonal swelling pathology in the spinal cord. 

[bookmark: _Toc508875602]3.2 Introduction
The principal defect in the spastin mouse model is a significant progressive increase in hind limb base-of-support (BOS) the distance between the two hindlimbs (Kasher et al., 2009). We have previously showed that Fast Trac home cage running wheels can be used for early and sensitive detection of progressive loss of motor function in a mouse model of motor neurone disease (Bennett et al., 2014). We therefore wished to investigate the voluntary running behaviour of mutant spastin mice using Fast Trac running wheels.
Presently, treatment options for HSP are limited, but physicians may recommend low impact regular exercise and muscle relaxation medication such as Tizanidine, Botox and Dantrolene in order to reduce the spasticity of the lower limb muscles (Fink, 2003a). Much evidence has suggested that lifestyle changes play a major role in delaying aging-related diseases, alleviating depression and potentially lowering the threat of neurodegeneration. Exercise is one factor that could have a direct effect on general brain health. It is known that exercise is an important factor to improve general human health. Regular exercise contributes to reduce the risk of diseases such as cardiovascular disease (Tanasescu et al., 2002) and osteoporosis (Kemmler et al., 2004). 
In a previous experiment in our laboratory (Bennett et al., 2014), we noted that voluntary home-cage running wheel activity significantly improved the performance of a mouse model of motor neuron disease on the rotarod test. Another example of the positive effects of a home-cage running wheel on NDs is a study on a mouse model of Huntington's disease (HD). The authors showed that mice that exercised prior to the onset of symptoms on a running wheel showed reduced motor deficits (Van Dellen et al., 2000). This suggested that exercise on running wheels is beneficial in rodent models of human neurodegenerative disease, and therefore might also have a beneficial effect on gait/motor dysfunction in an HSP mouse model.
Despite the general advice from physicians that moderate exercise may be beneficial in HSP, there is no formal evidence to support this. We therefore wished to investigate the effect of exercise on gait defects in the spastin mouse model systematically and furthermore to investigate whether exercise altered axonal pathology in the spinal cord of these mice.


[bookmark: _Toc508875603]3.3 Results
[bookmark: _Toc508875604]3.3.1 Experimental design
[bookmark: OLE_LINK8]	This study was composed of four groups of female mice, namely, SPAST+/+ with and without running wheel (+RW and -RW) and SPASTΔE7/ΔE7 +RW and –RW. Based on power analysis of previous data (Kasher, unpublished) eight mice were randomly assigned per group before three months of age.

[bookmark: _Toc508875605]3.3.2 Housing conditions
All the mice were singly housed in identical large cages with and without a fast trac running wheel. For housing conditions (see section 2.2.11.2).

[bookmark: _Toc508875606]3.3.3 Running wheel activity in spastin mutant mice
[bookmark: _Toc508875607]3.3.3.1 Characterisation of running activity
[bookmark: OLE_LINK3]From 90 days of age onwards Fast Trac running wheel activity was recorded daily. The following parameters were measured: time spent running, distance run, average speed and maximum speed. Female mice provided with home-cage running wheels spent up to 5 hours (hrs) running, approximately 15 km/night. The running wheel activity of SPAST+/+ and SPASTΔE7/ΔE7 female mice across all four measurements was highly variable and also fluctuated over time. Figure 3.1-A shows a graph for time spent running per night for a pair of mice for the entire duration of the study. It reveals the great variability in this parameter over the period of the study. Figure 3.1 B-C & D show examples of time spent running for three wildtype mice over a three-week period.  As can be seen, the time spent running reached a peak every three to five days, with periods of reduced running between the peaks. Since all the mice in this study are females, it is likely that this cyclic fluctuation in activity is linked to the estrus cycle (Kopp et al., 2006, Basterfield et al., 2009). To minimise the effect of this confounding variability, in all experiments the maximum daily running per week was taken and the average per group calculated for 75 weeks so as to produce the graphs shown in Figure 3.2. 
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Figure 3.1: Running wheel activity fluctuates
.
 
(A) The daily time spent running for a pair of 
SPAST
+/+
 and 
SPAST
ΔE7/ΔE7 
mice. (B, C and D) Examples of time spent running 
from 110 to 
130 days old. 
)





[bookmark: _Toc508875608]3.3.3.2 Spastin mutation does not affect overall running activities 	
Four running parameters were recorded via the home cage running wheel, namely: time, distance, average speed and maximum speed. Figure 3.2-A shows the longest time spent running per week. Initially, there is a small difference in the longest time spent running between SPAST+/+ and SPASTΔE7/ΔE7. By 14 weeks old, SPAST+/+ spent at most 5+1.5 hrs running and the SPASTΔE7/ΔE7 group spent approximately 22% less, running 4+1 hrs. This small reduction in activity in the spastin group at the initial time point was not statistically significant. After this the time spent running reduced gradually and reached 2+0.5 hrs for wildtype mice and 2+1.2 hrs for spastin mutant mice at 75 weeks old.
Similarly, Figure 3.2-B shows the highest distance run per week. At the starting point, SPAST+/+ ran 11+6 km and SPASTΔE7/ΔE7 ran 9+6 km; therefore, the mutant group ran 23% less than the wildtype mice. Following this time point the distance in both SPAST+/+ and SPASTΔE7/ΔE7 groups increased, until 22 weeks old and then it gradually declined. By 75 weeks old, SPAST+/+ ran 3.2+2 km while SPASTΔE7/ΔE7ran 4+1 km. The highest average speed per week is presented in Figure 3.2-C. We did not notice any difference at the initial time point at 14 weeks old, with the wildtype group running 2.3+0.6 km/hr and the spastin mutant group running 2.1+0.5 km/hr. There was a steady reduction in the highest average speed in both groups. By week 75, the average speed of the SPAST+/+ and SPASTΔE7/ΔE7 mice was 1.4+0.4 and 1.6+0.1 km/hr respectively. Figure 3.2-D shows the maximum recorded running speed per week. There were no significant differences between genotypes applying two-way ANOVA, however it can be seen that variation in maximum speed was higher in the SPASTΔE7/ΔE7 mice than the wildtype littermates. 
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Figure 3.2: Weekly 
measurements of four 
running wheel activities from 14 to 75 weeks old. 
(A) Longest time spent running per week. (B) Longest distance travelled per week. (C) Highest average speed per week. (D) Highest maximum speed per week. All graphs show no statistically significant difference between the 
SPAST
+/+
 and 
SPAST
ΔE7/ΔE7 
over time. 
Statistical analysis involved 
two-way ANOVA followed by Bonferroni's multiple comparisons test. E
rror bars are standard deviation.
)






[bookmark: _Toc508875609][bookmark: OLE_LINK6]3.3.4 No effects of voluntary exercise on mice body weight
Voluntary exercise has beneficial effects in humans (Björntorp et al., 1972) and rodents (Crews et al., 1969). There is a great deal of evidence suggesting that long-term exercise slows the process of aging and prevents diseases associated with aging (Kent, 1982). Also, voluntary training such as walking, jogging or doing moderate-intensity aerobic exercise reduced the risk of many chronic diseases, improved personal fitness and prevented weight gain (Haskell et al., 2007). In mice, voluntary training on running-wheels is widely used to investigate adaptation to exercise (Allen et al., 2001). 
Here we investigated the effects of running-wheel activity on the body weight of SPAST+/+ and SPASTΔE7/ΔE7 mice. Figure 3.3 shows the body weight data for all four groups of mice, from 3 to 17 months of age. Mice gained weight throughout the period of the study. At four months of age, the mice in all four groups weighed approximately 20 g. By month 12, however, it can be seen that the weight of the SPAST+/+ mice had reduced by 10% in the exercised group, although this difference between the groups was not statistically significant (p=0.8995) using two-way ANOVA. Likewise, there was a small but statistically non-significant effect of exercise on body weight in SPASTΔE7/ΔE7 mice. Generally, the SPASTΔE7/ΔE7 mice were lighter than SPAST+/+ mice, although, again, this effect was not statistically significant. 
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Figure 3.3: The effect of voluntary exercise on body weight. 
The body weight of mice was recorded monthly from 4 to 17 months old. There was no statistically significant difference between the groups throughout the period of study
. 
Statistical analysis involved 
two-way ANOVA followed by Bonferroni's multiple comparisons test. Error bars represent standard deviation
.
)









[bookmark: _Toc508875610]3.3.5 The beneficial effects of voluntary exercise on hind limb gait in spastin mice
[bookmark: _Toc508875611]3.3.5.1 Gait Analysis of spastin mouse model using the CatWalk automated system
Motor deficits are a common feature of many neurological diseases, including Parkinson’s disease (PD) and ataxia. Similarly, HSP patients have a gait defect which is characterised by spasticity of the lower limbs (Klebe et al., 2004). The spastin mouse model of HSP also develops progressive gait defects characterised by wider hind limb base-of-support (BOS) (Kasher et al., 2009). 
To evaluate the effects of exercise on gait defects we used the automated CatWalk system (see section 2.2.11.4). This system permits an objective quantification of various gait parameters, and is therefore a useful tool to analyse gait impairment in animal models of neurological disease (Vandeputte et al., 2010). Figure 3.4 displays profiles of the footprints from the automated CatWalk software of female mice at 12 months old illustrating both the narrower wildtype BOS (Figure 3.4-A) and the wider homozygous BOS (Figure 3.4-B). Figure 3.4-C shows that there is a significant difference between SPAST+/+ and SPASTΔE7/ΔE7 at this age. 
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Figure 3.4: 
Gait defect of spastin mice analysed by CatWalk automated system at 12 months old
. (A) Displaying the footprints of the 
SPAST
+/+
 showing narrower base-of-support (BOS). (B) Displaying footprints of gait defects of 
SPAST
ΔE7/ΔE7
 
showing 
wider (BOS). (C) Comparing the BOS of 
SPAST
+/+ 
and 
SPAST
ΔE7/ΔE7
 
revealed a significant di
fference based on two-way ANOVA (eight mice per group).
)








[bookmark: _Toc508875612]3.3.5.2 Hind limb BOS
[bookmark: OLE_LINK13]To assess the effects of exercise on the walking pattern of a spastin mouse model of HSP we used a CatWalk automated gait analysis system (see section 2.2.11.4) at monthly intervals in the four groups, from 3 to 17 months old (Figure 3.5). The graph illustrates the effects of voluntary exercise on BOS. The control group used were the SPAST+/+ (+RW) and (-RW) and the Y axis is the BOS in mm. Data at each time point is an average of eight mice (using three runs per mouse to generate an average BOS for each animal). For quality control, each run had to follow specific criteria (see section 2.2.11.4). The statistical analysis involved two-way ANOVA followed by Bonferroni's multiple comparisons test.
Overall, statistical analysis of the graph shows no significant differences between the groups (p= 0.3760). The statistical analysis between the SPAST+/+ and SPASTΔE7/ΔE7 groups did reveal a significant difference, however (p= 0.0012). Also, there were no significant differences detected between SPAST+/+ (+RW) vs (-RW) or SPASTΔE7/ΔE7 (+RW) vs (-RW) (p = 0.8079 and 0.9299), respectively. 
It can be seen from the graph that the BOS of SPAST+/+ mice was not influenced by wheel running, nor was it affected by increasing age, as it remained between 11.0 and 12.6 mm. The BOS in both SPASTΔE7/ΔE7 (+RW) and (-RW) increased dramatically, however. At the first time point, three months of age, there was a slight difference between spastin mutants and controls, as the SPAST+/+ (-RW) was (mean +SD) 11.4 +1 mm, SPAST+/+ (+RW) 11 +1.3 mm, SPASTΔE7/ΔE7 (-RW) 12.5 +1.2 mm and SPASTΔE7/ΔE7 (+RW) 12.5 +1 mm. These differences were not statistically significant, however. The differences between the spastin and wildtype groups increased over time as the BOS of SPASTΔE7/ΔE7 (-RW) and (+RW) groups became wider than SPAST+/+ (+RW) and (-RW).
[bookmark: OLE_LINK2]By four months old, the BOS of SPAST+/+ (-RW) was 11+1 mm and SPASTΔE7/ΔE7 (-RW) 13.7 + 1.2 mm, and this was significantly different (p<0.05). At five months old, the BOS of the spastin mutant group had increased, as the difference between the SPAST+/+ (-RW) and SPASTΔE7/ΔE7 (-RW) groups was about 25%; this difference was also statistically significant (p= 0.0024). The BOS of SPAST+/+ (-RW) increased until nine months old to 12+1 mm, and then remained relatively constant until 17 months old. In comparison with SPAST+/+ (-RW) at nine months old, the SPASTΔE7/ΔE7 (-RW) BOS was 17+1 mm, a highly significant increase of 40% (p<0.0001). After exercise, the BOS of SPASTΔE7/ΔE7 +RW became significantly different from SPASTΔE7/ΔE7 (-RW) at three time points: 9, 13 and 15 months old. 
At the end time point of the study, when the mice were 17 months old, the SPASTΔE7/ΔE7 (-RW) group had a 34% increase in BOS compared to SPAST+/+ (-RW) (p<0.0001). At this age the SPASTΔE7/ΔE7 (-RW) mice had a 25% increase in BOS compared to SPASTΔE7/ΔE7 (+RW), although this was not statistically significant (p=0.3975). 
















	[bookmark: OLE_LINK1]Age
	SPAST+/+ - RW
Vs
SPASTΔE7/ΔE7 - RW
	SPAST+/+ + RW
Vs
SPASTΔE7/ΔE7 + RW
	SPASTΔE7/ΔE7 - RW
Vs
SPASTΔE7/ΔE7 + RW
	SPAST+/+ - RW
Vs
SPAST+/+ + RW

	Month 3
	ns
	ns
	ns
	ns

	Month 4
	*
	ns
	ns
	ns

	Month 5
	**
	**
	ns
	ns

	Month 6
	****
	ns
	ns
	ns

	Month 7
	**
	ns
	ns
	ns

	Month 8
	**
	ns
	ns
	ns

	Month 9
	****
	**
	*
	ns

	Month 10
	****
	**
	ns
	ns

	Month 11
	****
	**
	ns
	ns

	Month 12
	****
	**
	ns
	ns

	Month 13
	****
	**
	*
	ns

	Month 14
	****
	**
	ns
	ns

	Month 15
	****
	**
	**
	ns

	Month 16
	****
	****
	ns
	ns

	Month 17
	****
	*
	ns
	ns
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Figure 3.5: Effects of voluntary exercise on gait deficits 
of
 the HSP mouse model. 
(A) Gait was measured and analysed using the CatWalk automated system.
 (B) 
Statistical analysis involved 
two-way ANOVA followed by Bonferroni's multiple comparisons test (**** 
p
<0.0001, *** 
p
<0.001, ** 
p
<0.01, 
*
p
<0.05 
& ns >0.05). Error bars represent standard deviation SD. 
)








[bookmark: _Toc508875613]3.3.6 Analysis of additional gait parameters
[bookmark: _Toc508875614]3.3.6.1 Longitudinal analysis of other gait parameters
To identify the full gait profile in the spastin mouse model of HSP, we analysed several gait parameters involving the step cycle phases and paw dimensions. Because the major defects previously reported in spastin mouse models affected hind limbs (Tarrade et al., 2006, Kasher et al., 2009), we analysed a number of different parameters of hind limb gait. 
For illustration of the gait parameters, the step cycle has two phases, swing and stance. Each of these can be measured as a period of time, and swing can also be measured as a distance travelled, and thus a swing speed can be obtained (Figure 3.6-A). The different gait parameters involved in the step cycle are swing duration in seconds (s), swing length (pixels), swing speed (pixels/second), stand (s) and duty cycle (%) (Figure 3.6-A). Other parameters that were analysed included paw dimensions, maximum area (pixels), print area (mm2), print length (mm), print width (mm), paw angle (degree), max contact (s), max contact (%), intensity (1-255) and initial contact (s), (Figure 3.6-B). For a definition of each parameter see Table 3.1. 
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Figure 3.6: Gait parameters 
measured
 
by the catwalk automated system. 
(A) Step cycle for the (RH) right hind paw which is divided into stand and swing. The dark red line shows the standing phase of the step cycle (when the paw is in contact with the glass plate) and the area between two dark red lines is the swing phase of the step cycle
 
(when the paw is not in contact with the glass plate) . (B) Paw dimensions including (paw angle, max are, print length and print width).
)
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Table 3.1: The definition of the static gait parameters
)












To give an overview of any differences at any parameter, we chose to present the p-value of the difference between groups after applying two-way ANOVA followed by Bonferroni's multiple Comparisons test. Table 3.2 shows the comparison between different experimental groups, i.e. SPAST+/+ (-RW) vs SPASTΔE7/ΔE7 (-RW), SPAST+/+ (-RW) vs SPAST+/+ (+RW) and SPASTΔE7/ΔE7 (-RW) vs SPASTΔE7/ΔE7(+RW). We assessed the gait parameters at 3, 6, 9, 11, 13, 15 and 17 months. 
Comparison of the non-exercise groups of SPAST+/+ and SPASTΔE7/ΔE7 showed that some additional gait parameters might be altered in the model. It is of potential relevance to HSP phenotypes in patients that the swing speed (pixels/second), which means the speed of the paw during its swing, was significantly reduced in the SPASTΔE7/ΔE7 group at three of the time points, specifically, 6, 9 and 13 months old. The swing duration and length was not affected in the spastin mutant group. We also noted a significant difference in maximum contact (%). This parameter is defined as the proportion of the stand cycle where the paw is making maximal contact with the glass plate. This difference was observed at 3, 9, 15 and 17 months old. There were no significant differences observed in other parameters related to the step cycle or paw dimensions, however. It is notable that the comparison between SPAST+/+ (-RW) vs SPAST+/+ (+RW) did not show any significant differences in any of the assessed parameters. Likewise, the comparison of SPASTΔE7/ΔE7 (-RW) and SPASTΔE7/ΔE7 (+RW) only showed sporadic effects of exercise that were not found at more than one-time point, and are therefore likely to reflect the phenotype inheriting variation.  
[bookmark: OLE_LINK4]In conclusion, exercise did not significantly modify any additional gait parameters in wildtype or SPASTΔE7/ΔE7 mice. In the non-exercised mice, however, SPASTΔE7/ΔE7 showed deficits in swing speed and max contact % compared with SPAST+/+. 




[image: C:\Users\USER\Google Drive\my thesis\R_chapter_3_RW\image in Chp RW\table of all parameters.png] (
Table 3.2: Analysis of gait parameters.
)
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Gait parameters were compared using two-way ANOVA followed by 
Bonferroni's multiple comparison test. Statistically significant effects are indicated in the table.
)

[bookmark: _Toc508875615]3.3.6.2 Examination of additional gait defects identified in this study
Exercise does not seem to have affected the parameters related to the step cycle when we compared the running wheel wildtype and spastin groups. A statistically significant difference was noted, however, between the SPAST+/+ and SPASTΔE7/ΔE7 (-RW) groups in some parameters such as swing speed (pixel/second) and maximum contact (%). Since we want to investigate the gait defect in an HSP mouse model, different step cycle parameters have been analysed and presented in (Figure 3.7). It can be seen in Figure 3.7-A that the spastin group spent longer in the swing phase compared with the wildtype, but this difference was not statistically significant, except on one occasion at six months old (p= 0.0153). In Figure 3.7-B the swing length, which is the distance between the same paw placements, was not affected during the study period. As Figure 3.7-C shows, however, the swing speed (pixels/second) was lower in the SPASTΔE7/ΔE7 group compared to SPAST+/+ at the 6, 9 and 13 month time points comparison to the SPAST+/+ group (Figure 3.7-D). 
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Figure 3.7: CatWalk automated gait analysis for four different parameters.
(A) Swing duration (s), (B) Swing length (mm), (C) Swing speed (pixels/seconds), (C) Maximum contact (%). E
rror bars represent standard deviation SD.
)








[bookmark: _Toc508875616]3.3.7 Effect of exercise on axonal swelling pathology in the spastin mouse model of HSP
Experimental analysis of the effects of voluntary exercise in mouse models of disease may provide a better understanding of the underlying protective molecular mechanisms associated with the positive effects of exercise training. Understanding such mechanisms could facilitate the treatment of disease (De Bono et al., 2006). Exercise is important for brain function as it enhances memory and learning, and decreases mental decline and age related brain diseases (Colcombe and Kramer, 2003). Exercise has been shown to be beneficial for different animal models of NDs, such as AD, HD and PD. For example, it delayed the onset of HD in mouse (Pang et al., 2006), and improved spatial memory formation in an AD mouse model and also reduced the formation of β-amyloid plaques in the brain  (Adlard et al., 2005). At the molecular level, voluntary exercise increased the levels of the synaptic proteins synapsin I and synaptophysin neurotransmitters that regulate the release of synaptic vesicles (Vaynman et al., 2006). 
Because of the moderately beneficial effects of exercise on gait, we aimed to investigate whether this was associated with a reduction in the axonal swellings in the spinal cord. We therefore quantified the number of axonal swellings in the UMN that relay to the LMN to innervate the lower extremities. The UMN at the cervical level is composed of long and short axon fibres that supply the upper body parts; at the lumbar level, however, it is composed of the longest axon fibres that supply the lower body parts (Figure 3.8). 
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Figure 3.8: Diagram illustrating mouse motor neuron fibres.
The upper motor neuron (UMN) composed of long and short fibres. The longest fibres only synapse to the lower motor neuron (LMN) and supply different body parts including lower limb muscle via neuromuscular junctions (NMJ).
)







We also determined the anatomical distribution of axonal swellings in the white matter of the spinal cord, namely the lateral corticospinal tract (LCST) and corticospinal tract (CST), which are composed of the motor fibres (Hsu et al., 2006). Also, the anatomical distribution has been determined for the cervical and lumbar spinal cords. The areas that have mixed fibres (motor and sensory) namely;  ventrolateral funiculus (VLF) and ventral funiculus (VF) (Fuller and Gates, 2016) (Figure 3.9). 
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Figure 3.9: Spinal cord anatomy.
 
(A)
 Levels of the spinal cord. 
(B)
 A diagram of the horizontal section of the spinal cord showing the regions in which axonal swellings occur. 
)






The spinal cords from three mice per group were cut into 5µm thick transverse sections (see section 2.2.13). Sixteen sections were taken at 20µm intervals from each region per mouse. To detect and quantify swellings in this study we used an antibody recognising the vesicular amyloid precursor protein (APP) (Abcam, UK) (Figure 3.10). Any poor quality sections were removed from the quantification.
After all the slides from wild type and mutant mice spinal cords had been stained with the APP antibody, we noticed that there were some smaller swelling-like structures present in the wild type sections. To differentiate between these and the large swellings found in mutant spastin mice we determined the relative frequency of swelling sizes in wild type and mutant mice. We found that most of the swellings in the mutant mice were bigger than 20µm2, whereas most of the swellings in the wild types were smaller than 20µm2, and occasionally bigger than 20µm2. Based on this outcome, we chose a threshold of 20µm2 to distinguish axonal swellings.
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Figure 3.10: Representative images for axonal swellings in the spinal cord.
(A and B) section from 
SPAST
+/+
 in different scales. (C and D) sections from 
SPAST
ΔE7/ΔE7
 
in different scales, the black box in C is enlarged in D. Dash line separated between gray and white matter. Axonal swellings stained against (APP) antibody
 (Abcam, UK) 
indicated by arrows. 
)




Cervical cord
The axonal swelling was quantified and the number of swellings per micron is presented in Figures 3.11 and 3.12. It is notable that the number of axonal swellings above 20 µm2 is higher in the SPASTΔE7/ΔE7 (-RW) compared to all other groups in all regions of the spinal cord, based on one-way ANOVA statistical analysis. Also, we detected only rare swellings in wildtype mice; hence the frequency of swellings in these groups is close to zero.
In the CST and LCST, which are composed of the motor fibres, the axonal swellings per micron were significantly higher in SPASTΔE7/ΔE7 (-RW) compared with SPAST+/+ (-RW) as the p-values were 0.0182 and 0.0002 respectively. Similarly, in the VLF region, the axonal swellings were more numerous in the mutant mice compared with the wildtype (p=0.0029). Interestingly, the number of swellings in the LCST of the spastin mutant group was significantly reduced after exercise (p= 0.0011). 
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Figure 3.11
: 
Frequency of axonal swellings per micron at the cervical level of the spinal co
rd after 14 months of exercise
 (A) Corticospinal tract and (B) lateral corticospinal tract are regions with motor fibres. (C) Ventrolateral funiculus and (D) ventral funiculus are the regions with mixed fibres including motor and sensory fibres. Statistical analysis was by one-way ANOVA. (**** p<0.0001, *** p<0.001, ** p <0.01, *p<0.05 & ns >0.05). Error bars represent standard deviation.
 (Section thickness= 
5µm)
 (three mice per group)
. 
)











Lumbar cord
The bar charts in Figure 3.12 show the number of axonal swellings per micron in the same spinal cord axon tracts at the lumbar level. The descending motor fibres at the lumbar level are by definition “long axons” since they have cell bodies projecting axons from the motor cortex. It is notable from the graphs that the number of swellings per micron was reduced in all four tracts after exercise, but this reduction was not statistically significant. Also, it is evident that the number of swellings in the mutant groups was higher than in wildtypes, but again this difference is not statistically significant. Error bars indicate significant variability within each group. 
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Figure 3.12
: 
Frequency of axonal swellings per micron at the lumbar level of the spinal cord after 14 months of exercise. 
(A) Corticospinal tract and (B) lateral corticospinal tract are regions with motor fibres. (C) Ventrolateral funiculus and (D) ventral funiculus are the regions with mixed fibres including motor and sensory fibres. Statistical analysis was by one-way ANOVA. (**** p<0.0001, *** p<0.001, ** p <0.01, & ns >0.05). Error bars represent standard deviation. (section thickness= 5µm) (three mice per group).
)





	

	



[bookmark: _Toc508875617]3.4 Discussion
In this Chapter we set out to investigate whether spastin gait defects affected voluntary wheel running in mutant spastin mice, and to determine whether voluntary exercise modified the gait defect in these mice.
[bookmark: _Toc508875618]3.4.1 Effect of spastin mutation on voluntary wheel running
We know from a previous study of this mouse model of HSP that significant gait defects in the form of a wider BOS were noticed at 7 and 12 months old (Kasher et al., 2009); thus, we commenced the experiment at an earlier point, before the disease onset, at three months old. Mice were assigned to the experiment earlier than three months of age to acclimatise them to the running wheel. Females were chosen in this study because they run further than males, with laboratory studies revealing that they run about 15 km/night (De Bono et al., 2006). This meant that they should demonstrate any effects of exercise on the gait defects more readily than male mice. 
The running wheel cages were provided with an odometer to record the running activities (time, distance, average speed and maximum speed). Surprisingly, we noticed that all the running wheel activities were highly variable, with the data fluctuating over time to reach a peak every four to five days. We propose that these regular fluctuations may represent variation associated with mouse female estrous cycle, which has four stages, repeating every four to five days (Byers et al., 2012). The highest reading per week has therefore plotted over the period of the study (Figure 4.2). After an initial period of “training” where mice steadily improved their running, we noted that running time, distance and average speed in SPAST+/+ and SPASTΔE7/ΔE7 dropped gradually over time. Because the decline over time was similar in wild type mice and spastin mutants it does not appear that home cage running wheel activity is a suitable way to measure disease onset and progression in this HSP model. 
[bookmark: _Toc508875619]3.4.2 Running wheel did not alter the weight gain
Weight loss is achieving by improving personal fitness by physical exercise and reducing unhealthy food consumption (Haskell et al., 2007). In a different animal model of motor neuron disease, voluntary exercise did not affect the weight gain during the study period (Bennett et al., 2014). Similarly, our mice did not show any significant reduction associated with exercise, since all the female mice in all groups gained weight gradually.
[bookmark: _Toc508875620]3.4.3 Effect of voluntary wheel running on spastin mice hind limb gait
Various environmental changes can have beneficial effects in mouse models of neurodegenerative disease, such as a slowing in the progression of motor defects and a delay in the onset of disease {van Dellen, 2000, Delaying the onset of Huntington&`#039`;s in mice}(Hockly et al., 2002). Exercise on running wheels is one such change that has shown beneficial effects in a mouse model with gait defects (Van Dellen et al., 2000). HSP is one of the motor neuron diseases that is characterised by lower limb weakness and spasticity (Klebe et al., 2004). To date, there is no cure for the HSP phenotype, except temporary symptomatic relief using muscle relaxation medications, with some patients reporting greater mobility and increased muscle tone as result of using antispastic drugs such as intrathecal baclofen (Dan et al., 2000), Dantrolene, Tizanidine and Botox (Harding, 1993, Fink, 2003a). In addition, physicians have recommended adopting a regime of regular low impact exercise to reduce the spasticity and improve gait (Fink, 2003a). This notion, however, is based on clinical experience rather than a statistically significant intervention-based study. In the present study, therefore, we investigation the beneficial effects of voluntary exercise on a running wheel on gait defects of an HSP mouse model with spastin mutation.
Spastin mice do not show any defects in rotarod performance, which indicates that the muscle coordination and strength are not impaired (Tarrade et al., 2006, Kasher et al., 2009). We therefore used the automated CatWalk gait analysis system to determine the effects of voluntary exercise on the HSP phenotype in this mouse model. The CatWalk system permits the quantitative analysis of many gait parameters including BOS. It is widely used to evaluate NDs in animal models (Vandeputte et al., 2010). Moreover, CatWalk can also analyse several other gait parameters and potentially give more detailed information about the gait phenotype in spastin mice. CatWalk was used in a previous study to investigate the gait defect in the spastin mouse model (Kasher et al., 2009). In Kasher’s study BOS was measured at three time points: 3, 7 and 12 months old, with the results revealing that spastin mice have a gait defect which is characterised by a significant increase in the hind limb BOS at 7 and 12 months old (Kasher et al., 2009). That investigation, therefore, indicated that the gait defect developed at some point between three and seven months old. Consistent with the previous finding, we did not see any difference between SPAST+/+ and SPASTΔE7/ΔE7 (p>0.9999) at three months old. Interestingly we discovered that gait was significantly impaired as early as four months of age (p<0.05), and progressively widened to 17 months old.
 (
Table 4.4: Post-hoc power calculation to demonstrate HSP mice base of support changes.
)Although the overall effect of exercise measured using two-way ANOVA was not statistically significant (p= 0.3760), there was significant improvement at three time points in the SPASTΔE7/ΔE7 exercised group compared with the non-exercised group: specifically, at 9, 13 and 15 months old. Voluntary exercise decreased the BOS of SPASTΔE7/ΔE7 mice by approximately 12% at these three time points. Our findings are supported by a study in a Huntington’s disease model which showed that physical activity at a presymptomatic stage contributed positively in delaying the motor defects associated with the disease (Van Dellen et al., 2000). In addition, a study in SOD1G93A mice showed improvement in rotarod performance with access to a running wheel (Bennett et al., 2014). We did not notice a statistical improvement in other time points because one problem related to this experiment is the small group size. To address the limitations of our study we have performed a post-hoc power calculation to determine the group sizes of mice required in order to obtain a statistically significant improvement in gait (Table 3.3).

 (
Table 
3.3
: Post-hoc power calculation to demonstrate 
HSP mice base of support 
changes.
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 (
The size of the groups which would provide a statistical significant result, less than 12 mice, after month eight is indicated in the red boxes. 
)

Based on the effect size calculated for exercise, and the variation observed within groups, we conclude that 12 mice per group would be likely to provide statistically significant results for the majority of time points after month eight. Although we showed that exercise had beneficial effects on mutant mice at certain time points, exercise did not affect the BOS of wildtype mice. The improvement in gait defects we noticed in SPASTΔE7/ΔE7 mice therefore provides an insight into the potential effect of exercise on HSP, at least in a mouse model of disease. 
[bookmark: _Toc508875621]3.4.4 Additional parameters
Because the CatWalk system collects a wide range of gait parameters, we also investigated whether any of these were altered in spastin mice, or by exercise. Changes in swing speed (pixels/second) and maximum contact (%) were detected between SPAST+/+ and SPASTΔE7/ΔE7. Swing speed was significantly reduced in spastin mutant mice at six months (p=0.0014), nine months (p=0.0030) and 13 months (p=0.0136). Two quantitative studies are in line with this finding; Klebe (2004) found that the velocity of HSP patients, which correlates with swing speed in our study, was significantly lower than healthy controls. The cadence (step rhythm) was also lower in patients compared with controls. Another study revealed that HSP patients have a shorter swing duration, which affects the gait speed (Serrao et al., 2016). Both studies reported that patients with HSP have a shorter stride length and a reduction in the range of motion of the knee because of spasticity (Klebe et al., 2004, Serrao et al., 2016).
[bookmark: _Toc508875622]3.4.5 Exercise reduced the number of axonal swellings in the LCST
Pathological changes could provide a clue as to the mechanisms of the disease, and clues towards better treatments. One major pathology of HSP is axonal swellings, which are likely to arise as a result of axonal transport defects (Kasher et al., 2009). It has also been suggested that axonal swellings are a consequence of impaired MT dynamics (Fassier, 2013). Here we investigated the indirect effects of voluntary exercise on axonal swellings in vivo. Several studies have reported the effects of exercise on the brain, such as reducing amyloid load in a mouse model of Alzheimer’s disease (Adlard et al., 2005). A previous study in our laboratory demonstrated that axonal swellings could be detected in spinal cord sections from spastin mutant mice using an anti-APP antibody (Kasher et al., 2009), as this protein accumulates in the event of axonal blockage. In our study, the cervical and lumbar levels of three spinal cords were examined from each mouse in each group. We noted that the frequency of axonal swellings at the lumbar level was higher than at the cervical level, but this difference was not statistically significant, although this is likely to be due to the small number of samples analysed in each group. All UMN axons pass through the cervical level of the spinal cord; in other words, it contains both long and short motor axons. The UMN axons present in the lumbar region, however, are by definition “long”, and so the increase in axonal swellings at this level of the spinal cord is consistent with the idea that spastin mutation causes a length-dependent axonal disorder. Future studies with a larger number of pathological specimens will allow us to obtain statistically significant data.
Consistent with Kasher’s 2009 study, at the cervical level we found a higher number of axonal swellings in the white matter of the spinal cord of SPASTΔE7/ΔE7 (-RW) in the LCST, CST and VF compared with the wildtype. Interestingly, the number of LCST swellings was significantly reduced in the SPASTΔE7/ΔE7 (+RW). The LCST contains motor axons, suggesting that exercise is sufficient to modulate gait and axonal swelling pathology in this mouse model.
Other axon tracts also showed reduced swellings in the exercise group, but did not reach statistical significance. Again this is likely to be due to small sample sizes, so we are currently repeating the experiment using more mice, allowing a larger number of pathological specimens to be obtained. In the lumbar region the variability in the number of axonal swellings between specimens was very high, which precluded any statistically significant findings. 

[bookmark: _Toc508875623]3.4.6 Potential mechanisms underlining the beneficial effect of exercise on the HSP phenotype
A large body of evidence has showed the beneficial effects of exercise on neuronal health. Perhaps some of this evidence could identify mechanism underling the delayed gait defect in the spastin mouse model and the reduction in the HSP phenotype. Several studies have claimed that exercise can modulate NDs by affecting the physiological and pathological processes in the brain (Svensson et al., 2015). Voluntary activity was shown to stimulate the neurogenesis in the adult hippocampus (Van Praag et al., 1999). In addition, physical activity was revealed to induce the expression of neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), which helps to support neural survival (Rangasamy et al., 2010), and is suggested to have a role in neuromuscular maintenance and plasticity (Gomez-Pinilla et al., 2001). Suggested that the lack of BDNF is linked to neurodegenerative disease (Svensson et al., 2015), and induce this factor by exercise might have a beneficial effect on the disease phenotype. 
In a MPTP mouse model of PD, running on a treadmill daily for 18 weeks increased the amount of BDNF in the substantia nigra, as well as reducing motor impairment (Lau et al., 2011). Some studies, however, have revealed that even without affecting the level of BDFN, exercise still has neuroprotective effects. For example, in HD Tg mice that have an abnormal accumulation of BNDF, exercise on a running wheel reduced the cognitive deficits and delayed the onset of rear-paw clasping onset even though the level of BDNF in the substantia nigra was not affected (Pang et al., 2006). To address this in a spastin mouse model, the level of neurotrophins in the brain needs to be measured before and after the exercise regime.  
Furthermore, exercise can alter axonal transport; for instance, in a study conducted on the sciatic nerve of rats to investigate the effect of a 10-12 week progressive running-training programme on fast axonal transport of a radio-labelled protein, revealed that exercise significantly increased the velocity of fast axonal transport compared with control sedentary rats (Jasmin et al., 1988). The present study showed that daily training on a running wheel reduced axonal swellings which could rise as a consequence of an increase in axonal transport velocity. The fact that spastin mutation inhibits Bone Morphogenetic Protein (BMP) signalling suggests that it might have a role in axonopathy leading to axonal swellings (Tsang et al., 2009). This is also an aspect that can be addressed in the future in the spastin mouse model to determine the effect of physical activity in modulating BMP signalling. 

[bookmark: _Toc508875624]3.5 Summary
To sum up, in this study we investigated the onset of HSP gait defect in the spastin mouse model, which occurs at four months old. In addition, we noted other gait parameter defects in spastin mouse such as in swing speed and maximum contact. Physical exercise had a positive effect on the BOS of the spastin mice and thus delayed the progression of the disease. Exercise also reduced the number of axonal swellings in regions of the spinal cord containing motor axons, although the mechanism for this is unknown, the molecular mechanism underlining the effect of exercise in reducing axonal swellings therefore needs to be investigated further.
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Chapter 4: Pharmacological inhibition of HDAC6
[bookmark: _Toc508875626]4.1 Aims
This chapter aims to investigate the effect of using a selective brain penetrant HDAC6 inhibitor, ACY-738, for the pharmacological inhibition of HDAC6, on axonal swelling pathology and gait defects in the spastin HSP mouse model. To confirm that ACY-738 is able to penetrate the blood brain barrier (BBB) and inhibits HDAC6, we measured the acetylation of α-tubulin in the central nervous system (CNS) and peripheral tissues. Behavioural tests were carried out every month to investigate the effect of ACY-738 on gait defects. Pathological investigations to quantify axonal swellings were performed in vehicle or ACY-738 treatment group.

[bookmark: _Toc508875627]4.2 Introduction
HSP is a motor neuron disorder with predominant manifestation of lower limb spasticity (Harding, 1984). Spastin mutations are the most common genetic cause of HSP (Hazan et al., 1994), and many studies have highlighted that mutations in spastin lead to the degeneration of CNS neurons, characterised by axonal swellings associated with accumulation of organelles inside these swellings (Tarrade et al., 2006, Kasher et al., 2009, Denton et al., 2014). Alteration of microtubule dynamics is likely to underlie these swellings (Fassier, 2013).
Microtubules have a heterogeneous and highly dynamic structure. Their function can be controlled by depolymerisation and polymerisation (Desai and Mitchison, 1997). Also, the dynamics of MTs can be modulated by interaction with motor and non-motor proteins; the latter are called microtubule associated proteins (MAPs). The two families of motor proteins are kinesin (Reed et al., 2006) and dynein (Hirokawa, 1998), which interact with MTs to induce axonal transport. Two other groups of non-motor proteins are also involved in MT dynamics: MT stabilising proteins (Tau, MAP1 and MAP2) and MT severing proteins (spastin and katanin) (Roll-Mecak and McNally, 2010). 
Moreover, MT dynamics are potentially controlled by post-translational modifications (PTMs) of tubulin subunits α and β  (Brunden et al., 2010). Both are subjected to a variety of modifications such as glutamylation, detyrosination, polyglutamylation, polyglycylation and acetylation (Janke and Bulinski, 2011). Alpha-tubulin acetylation on lysine 40 (K40) is associated with stable MT populations. This residue is located on the luminal face of MTs (Nogales et al., 1999). The exact roles of α-tubulin acetylation in the regulation of MTs have not been completely resolved, however it is known that acetylated K40 causes Kinesin-1 to bind to MTs and thus increases axonal transport (Dompierre et al., 2007). 
Alterations in tubulin acetylation may affect the expression of genes
implicated in apoptosis and neuroprotection, and is thus associated with many neurological disorders (Saha and Pahan, 2006). Some neurological diseases have lower levels of acetylated tubulin (Dompierre et al., 2007, Abrahamsen et al., 2013). In this chapter we investigated the level of acetylated tubulin in the brain and spinal cord of spastin mice, and the effects on the HSP phenotype of increasing acetylation of α-tubulin. 



[bookmark: _Toc508875628]4.3 Results
[bookmark: _Toc508875629]4.3.1 Determination of α-tubulin acetylation level in the SPAST mouse model of HSP 
Several studies that have been conducted on NDs have reported reduced levels of acetylated tubulin. In one example there was a reduction in the level of tubulin acetylation in HSP patient-derived stem cells with the spastin mutation compared with controls (Abrahamsen et al., 2013). To investigate this in a spastin mouse model carrying the c.1092+2T>G mutation, we measured the acetylation of α-tubulin in the brain and spinal cord. Four mice were selected from each genotype (SPAST+/+, SPAST +/E7 and SPASTE7/E7) and sacrificed at six weeks old. Brain tissue was collected for western blot analysis. Acetylated tubulin and total tubulin were detected using specific antibodies, while GAPDH was used as a loading control. 
As shown in Figure 4.1 A-B, total tubulin and acetylated tubulin were detected in all three genotypes. Densitometry readings from each nitrocellulose membrane were normalised to the loading control GAPDH, and then normalised acetylated tubulin was compared to normalised total tubulin in order to quantify the relative level of acetylated tubulin in each tissue (Figure 4.1-C). This demonstrated that there were no significant differences in the levels of acetylated tubulin between the different genotypes (p=0.0560) using one-way ANOVA. It is possible that we may expect to find changes in older mice. Thus, western blots were also performed on brain lysates from four SPAST+/+ and four SPASTE7/E7 mice at 16 months old to detect levels of total and acetylated α-tubulin (Figure 4.2). As can be seen, there were again no significant differences between the wildtype and spastin mutant mice in tubulin acetylation (p=0.3869) using a t-test. We conclude, therefore, that spastin mutation does not affect overall levels of tubulin acetylation in mouse brains.
It has been reported that increasing the acetylation of α-tubulin via HDAC6 inhibition is beneficial even without any disease-associated reduction in the level of acetylation (Taes et al., 2013). Inhibition of HDAC6 has also been shown significantly to restore deficiencies in axonal transport (Jochems et al., 2014). Based on this prior work, we anticipated that if the level of acetylated α-tubulin in spastin mice was increased by chemical inhibition of HDAC6, then this could be sufficient to rescue axonal transport defect and reduce the axonal swellings in the corticospinal tract. In addition, any effects on the gait defect in spastin mice would be determined.
Chapter 4: Pharmacological inhibition of HDAC6 
In this way we aimed to determine the relationship between axonal transport, pathological axonal swellings, and gait defects in the spastin mouse model.
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Figure 4.1: 
The level of acetylated tu
bulin in the brains of six weeks
 old 
SPAST
+/+
, SPAST 
+/
E7
 
and
 SPAST
E7/
E7
 mice
Western blot analysis of 10 
g total brain protein from 
SPAST
+/+
, SPAST 
+/
E7
 
and
 SPAST
E7/
E7
mice. 
(A) Anti-acetylated t
ubulin monoclonal antibody. (B) 
DM1A mouse monoclonal antibody (for total tubulin), and anti-GAPDH used for both as a loading control. (C) Acetylated tubulin normalised to total tubulin. The statistical analysis involved is one-way ANOVA. Error ba
rs represent standard deviation.
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Figure 4.2: The level of acetylated tubulin in the brains of 16 month old 
SPAST
+/+
 
and
 SPAST
E7/
E7
 mice.
Western blot analysis of 10 
g total brain protein from 
SPAST
+/+
, SPAST 
+/
E7
 
and 
SPAST
E7/
E7
mice. (A) Anti-acetylated tubulin monoclonal antibody. (B) DM1A mouse monoclonal antibody (for total tubulin), and anti-GAPDH used for both as a loading control. (C) Acetylated tubulin normalised to total tubulin. The statistical analysis involved is the 
t
-test. Error ba
rs represent standard deviation.
)

[bookmark: _Toc508875630]4.3.2 Effects of HDAC6 inhibitors on the level of α-tubulin acetylation in the spastin mouse model 
Since the discovery of tubulin acetylation, two tubulin deacetylase enzymes have been found: Sirtuin 2 (Sirt2) (North et al., 2003), and histone deacetylase 6 (HDAC6). HDAC6 is a member of a family of histone deacetylase enzymes. It has a unique structure and function and is predominantly located in the cytoplasm (Verdel et al., 2000). It plays crucial roles in many cellular processes. For instance, it is involved in the degradation of misfolded proteins, a process which plays a contributing role in NDs (Kawaguchi, 2003). It also binds to ubiquitinated proteins and dynactin to promote the transport of ubiquitinated proteins to the microtubule-organising centre (MTOC), forming aggresomes that are degraded via autophagy (Kawaguchi, 2003).
The important functions of HDAC6 in neurons have made it a potential therapeutic target in NDs. A number of studies have revealed that using pharmacological HDAC6 inhibitors can increase α-tubulin acetylation and diminish axonal transport defects in NDs. For example, treating neurons isolated from the HSPB1S135F mouse model of CMT with the selective HDAC6 inhibitors tubacin and tubastatin A, restored the number of moving mitochondria (D'Ydewalle et al., 2011). One problem with these HDAC6 inhibitors, however, is their limited bioavailability in the brain (Jochems et al., 2014). To address this, Acetylon Pharmaceuticals (Massachusetts USA) has introduced new selective HDAC6 inhibitors that cross the BBB, namely ACY-738 and ACY-775. In a previous study, both of these HDAC6 inhibitors have been tested and have been shown to lead to considerable increases in α-tubulin acetylation in the brain has been associated with an antidepressant effect (Jochems et al., 2014).
Before commencing preclinical experiments, we chose to confirm the effectiveness of the HDAC6 inhibitor ACY-738 in crossing the BBB and increasing α-tubulin acetylation in the CNS. 

[bookmark: _Toc508875631]4.3.3 ACY-738 is brain penetrant 
In order to investigate the efficiency of ACY-738 and tubastatin-A both in penetrating the BBB and in eliciting changes in tubulin acetylation compared with a vehicle control, we selected three groups of C57BL6/Jax mice, each composed of three mice at six weeks of age. The first group was given free access to a chow–based formulation containing 0.625g/kg ACY-738. This dose was based on extensive pharmacokinetic studies performed in rats (Majid et al., 2015). Mice weighing 25g were reported to consume on average 4 g of chow per day, equivalent to a dose of 2.5mg per mouse per day, or 100 mg/kg/day (Majid et al., 2015). This dose has been shown to lead to a significant increase in the level of acetylated α-tubulin in peripheral nerves without affecting the abundance of overall tubulin (Jochems et al., 2014).  ACY-738 chemical structure is presented in Figure (4.3).
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Figure 4.
3: ACY-738 chemical structure  
(
Jochems et al., 2014
)
.
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The second group were treated daily with tubastatin-A at 50 mg/kg/day via intraperitoneal injection. Tubastatin-A was dissolved in DMSO and diluted to a final concentration of 0.75% in 0.9% saline and administered at a volume of 10 ml/kg (Jochems et al., 2014). The third group comprised the untreated control mice. All the mice were euthanised after seven days; tissues were harvested and rapidly frozen and stored at -80 °C. The levels of total tubulin and acetylated α-tubulin were assayed using western blot analysis for brain tissue (Figure 4.4), spinal cord (Figure 4.5), liver (Figure 4.6) and kidney (Figure 4.7).
The data in Figures 4.3 and 4.4 show that ACY-738 increased the acetylation of α-tubulin in the CNS (brain and spinal cord) to a similar extent as was seen in HDAC6 knockout mice. In comparison, tubastatin-A did not show any increase in α-tubulin acetylation in CNS tissues at this time point. 
We therefore investigated the systemic effect of both treatments in two non-CNS tissues: liver (Figure 4.6) and kidney (Figure 4.7). We again found that ACY-738 markedly enhanced the acetylation of α-tubulin and that tubastatin-A still did not significantly alter α-tubulin acetylation, either systemically or in the CNS.
In conclusion, ACY-738 penetrates the BBB and increases the acetylation of α-tubulin in both CNS and non-CNS tissues. We have therefore determined that ACY-738, delivered at 100 mg/kg/day, in chow is a good candidate to test the hypothesis that HDAC6 inhibition will be beneficial in a spastin HSP model in vivo.
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Figure 4.4: The level of acetylated tubulin in the brain following a week of ACY-738 administration. 
Western blot analysis of 10 
g total brain protein from C57BL/6Jax mice. The first lane on the left side is from an HDAC6 knockout mouse and the second lane from the left is from an HDAC6 wildtype mouse, both used as controls. C57BL/6Jax mice treated with tubastatin-A (50 mg/kg/day), ACY-738 (100 mg/kg/day) and on the left untreated (control) as indicated. (A) Anti-acetylated tubulin, using mouse monoclonal antibody (Sigma) (for acetylated α-tubulin). (B) DM1A mouse monoclonal antibody (Sigma) (for total tubulin), with anti-GAPDH (Cell Signalling Technology, USA) used for both as a loading control.
)
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Figure 4.
5
: The level of acetyl
ated tubulin in the spinal cord 
following a week of ACY-738 
administration.
Western blot analysis of 10 
g total 
spinal cord
 protein from 
C57BL/6Jax 
mice. The first lane on the left side is from an HDAC6 knockout mouse and the second lane from the left is from an HDAC6 wildtype mouse, both used as controls. 
C57BL/6Jax 
mice treated with tubastatin-A (50 mg/kg/day), ACY-738 (100 mg/kg/day) and on the left untreated (control) as indicated. (A) Anti-acetylated tubulin, using mouse monoclonal antibody (Sigma) (for acetylated α-tubulin). (B) DM1A mouse monoclonal antibody (Sigma) (for total tubulin), with anti-GAPDH (
Cell Signalling Technology, USA) 
used for both as a loading control.
)
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Figure 4.6: The level of acetylated tubulin in the liver 
following a week of ACY-738 
administration.
Western blot analysis of 10 
g total liver protein from C57BL/6Jax mice. The first lane on the left side is from an HDAC6 knockout mouse and the second lane from the left is from an HDAC6 wildtype mouse, both used as controls. C57BL/6Jax mice treated with tubastatin-A (50 mg/kg/day), ACY-738 (100 mg/kg/day) and on the left untreated (control) as indicated. (A) Anti-acetylated tubulin, using mouse monoclonal antibody (Sigma) (for acetylated α-tubulin). (B) DM1A mouse monoclonal antibody (Sigma) (for total tubulin), with anti-GAPDH (Cell Signalling Technology, USA) used for both as a loading control.
)
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Figure 4.
7
: The level of a
cetylated tubulin in the kidney 
following a week of ACY-738 
administration.
Western blot analysis of 10 
g total 
kidney
 protein from 
C57BL/6Jax 
mice. The first lane on the left side is from an HDAC6 knockout mouse and the second lane from the left is from an HDAC6 wildtype mouse, both used as controls. 
C57BL/6Jax 
mice treated with tubastatin-A (50 mg/kg/day), ACY-738 (100 mg/kg/day) and on the left untreated (control) as indicated. (A) Anti-acetylated tubulin, using mouse monoclonal antibody (Sigma) (for acetylated α-tubulin). (B) DM1A mouse monoclonal antibody (Sigma) (for total tubulin), with anti-GAPDH (
Cell Signalling Technology, USA) 
used for both as a loading control.
)














[bookmark: _Toc508875632]4.3.4 Experimental design 
[bookmark: OLE_LINK18]To investigate the effect of ACY-738 on a spastin mouse model of HSP, we used mice carrying the c.1092+2T>G mutation (Kasher et al., 2009). Two types of studies were conducted: 1) A symptomatic study with treatment starting after the mice have developed profound gait defects at nine months old, 2) a presymptomatic study with treatment starting before the onset of gait defects, at one month old. Four groups of male mice were selected, namely, SPAST+/+ and SPASTE7/E7 (ACY-738 treated and placebo). The selection of mice for placebo or treatment groups was performed randomly by coin toss. 

[bookmark: _Toc508875633]4.3.5 Housing conditions and cage enrichments
Mice were singly housed in the Field Laboratories at the University of Sheffield (see section 2.2.2), at a temperature of 21±1 °C, humidity 50±5 %, and a regular 12 hr light: 12 hr dark cycle. They were given free access to water and either standard rodent chow pellets Teklad (Envego, USA) or ACY-738 chow pellets ad libitum. Cage enrichment was implemented in the cages with older mice (i.e. in the symptomatic study) to try to reduce anxiety (Van Dellen et al., 2000). One of the cage enrichments was provided every week on Monday and another on Wednesday. The enrichments used were shredded paper (10 g), marbles, cardboard tubes, red plastic tubes, a bundle of straw, small squares of shredded paper (10 g) or a trapeze.   




[bookmark: _Toc508875634]4.3.6 Symptomatic treatment with HDAC6 inhibitor (ACY-738)
[bookmark: _Toc508875635]4.3.6.1 Determination of the level of acetylated tubulin after ACY-738 administration 
[bookmark: OLE_LINK15]ACY-738 is a potent and selective HDAC6 inhibitor with good brain penetrance (see section 4.3.3) (Jochems et al., 2014). Commencing at nine months of age, SPAST+/+ and SPASTE7/E7 mice were fed ACY-738 in chow. After seven months of ACY-738 administration, four mice from each group were sacrificed in order to investigate the level of α-tubulin acetylation in the brain using western blot analysis. A comparison was performed between SPAST+/+ ACY-738 vs SPAST+/+ placebo and SPASTE7/E7 ACY-738 vs SPASTE7/E7 placebo. The SPAST+/+ ACY-738 treated group had a significantly higher level of acetylated α-tubulin compared with the placebo group applying the t-test (p=0.0011) (Figure 4.8). Similarly, the SPASTE7/E7 ACY-738 treated group had a marked increase in the level of acetylated α-tubulin in the brain when we compared it with the SPASTE7/E7 placebo group (p=0.0088) (Figure 4.9). 
In conclusion, these data show that ACY-738 effectively increased tubulin acetylation in vivo, allowing us to investigate the clinical benefits of this therapy on the gait of these mice. To address this, gait assessment was performed monthly to measure the base of support (BOS).
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Figure 4.8: The level of acetylated tubulin in the brains of 
SPAST
+/+ 
ACY-738 and 
SPAST
+/+ 
placebo
 
mice
 (symptomatic treatment).
Western blot analysis of 10 
g total brain protein. (A) Anti-acetylated tubulin, mouse monoclonal antibody. (B) DM1A mouse monoclonal antibody for total tubulin. Anti-GAPDH was used for both as a loading control. (C) The level of acetylated tubulin normalised to the level of total tubulin. The 
t-
test was used for s
tatistical analysis and error bars represent the standard deviation.
)
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Figure 4.9: The level of acetylated tubulin in the brains of 
SPAST
E7/
E7
ACY-738 treated and 
SPAST
E7/
E7
placebo
 
mice (symptomatic treatment).
Western blot analysis of 10 
g total brain protein. (A) Anti-acetylated tubulin, mouse monoclonal antibody. (B) DM1A mouse monoclonal antibody for total tubulin. Anti-GAPDH was used for both as a loading control. (C) The level of acetylated tubulin normalised to the level of total tubulin. The 
t-
test was used for 
statistical analysis and error bars represent the standard deviation. 
)






[bookmark: _Toc508875636]4.3.6.2 Effect of symptomatic treatment with ACY-738 on the gait defects of spastin mouse model of HSP 
The major manifestation of the HSP mouse model with spastin mutation is a wider base-of-support BOS (a wider distance between the hind limbs) (Kasher et al., 2009). In this symptomatic study all four groups of mice were subjected to the CatWalk analysis monthly so as to measure the hind limb BOS. The graph in Figure 4.10-A illustrates the mean BOS +/- standard deviation from four months of age. The BOS was monitored every month (±4 days) for each mouse. Each mouse was recorded for three runs, and the average was calculated. The data presented in this graph are the average of the BOS measurements for eight mice in each group.
It can be seen from Figure 4.10-A that at four and five months old, before starting treatment there was a slight statistically significant difference between the average BOS of the SPASTE7/E7 placebo group and the SPASTE7/E7 ACY-738 group: (p=0.0022) and (p=0.0248) at four and five months old respectively applying two-way ANOVA. There was then no statistical significant difference observed between them up to 13 months old, at which point a significant difference reappeared (p=0.04). Both the wildtype ACY-738 and placebo groups had a BOS of about 12 mm throughout the period of the study. In this symptomatic study we started the treatment at nine months of age, at least five months after the gait defect was detected. 
At the end of the study we did not notice any statistically significant difference between the treated and untreated groups from both genotypes. Since the SPASTE7/E7 treated and placebo groups at 16 months old had a BOS of 17+ 1.7 mm and 16+ 1.9 mm, respectively. Furthermore, the wildtype groups (treated and placebo) followed the same trend, as they did not show any changes in gait during the period of the experiment.
 In Figure 4.10-B, the BOS data is normalised within each group to the mean value at nine months old to show the effect of ACY-738 on the HSP mouse model gait defect. All four groups fluctuated between 0.9 and 1.1, without showing any effect of treatment.
To conclude, after six months of treatment with the HDAC6 inhibitor ACY-738 there appeared to be no statistically significant beneficial effect on gait defects as measured by BOS.






















	Age
	SPAST+/+placebo
vs
SPASTΔE7/ΔE7 placebo
	SPAST+/+ACY-738 treated
vs
SPAST+/+placebo
	SPASTΔE7/ΔE7 ACY-738 treated
vs
SPASTΔE7/ΔE7 placebo

	month 4
	**
	ns
	ns

	month 5
	*
	ns
	ns

	month 6
	ns
	ns
	ns

	month 7
	ns
	ns
	ns

	month 8
	ns
	ns
	ns

	month 9
	ns
	ns
	ns

	month 10
	ns
	ns
	ns

	month 11
	ns
	ns
	ns

	month 12
	ns
	ns
	ns

	month 13
	*
	ns
	ns
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Figure 4.
10
: CatWalk gait analysis of spastin mice after ACY-738 administration (symptomatic treatment). 
(A) Hind
 
limb BOS was measured using 
the 
CatWalk system. (B) BOS data normalised to the mean values for each group at the onset of the treatment, to show the effect of ACY-738 on gait defects. (C) Table shows results of statistical analysis using two-way ANOVA followed by 
Bonferroni's multiple comparisons test. (**** 
p
<0.0001, *** 
p
<0.001, ** 
p
 <0.01, *
p
<0.05 & ns > 0.05).
 The start of the treatment indicated by (*), e
rror bars represent the standard deviation.
)



[bookmark: _Toc508875637]4.3.6.3 No effect of symptomatic treatment with ACY-738 on spastin mouse body weight
Weight monitoring is important in order to determine if there were adverse effects of the drug on mice. To monitor the effect of spastin mutation and ACY-738 on body weight, the weight of the mice was recorded weekly and the average weight per month was calculated for each group. As shown in Figure 4.11, although all the mice in all groups gained weight gradually throughout the study, it appears that the SPASTE7/E7 mice were lighter than their SPAST+/+ littermates. Although non-significant, both genotypes plateaued at a slightly reduced body weight when fed ACY-738 in chow.
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Figure 4.1
1
: The effect of symptomatic treatment with ACY-738 on spastin mice body weight. 
Statistical analysis was by two-way ANOVA followed by Bonferroni's multiple comparisons test. Error bars r
epresent the standard deviation.
)





[bookmark: _Toc508875638]4.3.6.4 Effect of symptomatic treatment with ACY-738 on axonal swelling pathology in the spastin mouse model of HSP
Aggregation and misfolding of proteins, which accumulate both in extracellular and intracellular spaces in the CNS, is considered to be a pathological theme in most NDs (Roy et al., 2005). A common pathological hallmark of spastin mutation is the presence of axonal swellings (Tarrade et al., 2006, Kasher et al., 2009). Restoring axonal transport defects has therefore been suggested as a potential therapeutic approach in many NDs. It is thought that increasing the acetylation of α-tubulin by inhibition of HDAC6 will reduce axonal transport defects. HDAC6 is the major enzyme with α-tubulin deacetylase activity (Hubbert et al., 2002), and can regulate mitochondrial transport in hippocampal neuronal cultures (Chen and Cepko, 2009). Since axonal swellings have been identified in transverse sections in the spinal cord from 12 month old spastin mutant mice (Tarrade et al., 2006), we wished to investigate the ability of ACY-738 treatment to modulate the number of axonal swellings in vivo. Previously, it has been reported that an HSP patient bearing a frameshift mutation in spastin had axonal swellings in the lateral column of the spinal cord (Kasher et al., 2009). This is the region that contains descending motor axons projecting from motor neuron cell bodies located in the motor cortex. Even though many of the dystrophic axonal features observed in the neuropathology of NDs are considered to be hallmarks of particular diseases, it is not clear whether these aggregations have a direct contribution to the onset or progression of disease.
In order to investigate the effects of HDAC6 inhibition on the axonal swelling pathology in spastin HSP, at 16 months old, after seven months of ACY-738 treatment, three mice from each group were sacrificed and perfused, and transverse sections of the cervical and lumbar spinal cord were prepared for immunohistochemistry, with the aim of quantifying the number of axonal swellings from the cervical and lumbar regions. For more detail about the quantification of swellings see section 2.2.13. 

Cervical cord 
Figure 4.12 shows the quantification of the number of axonal swellings in the cervical region of the spinal cord. The cervical region includes both long and short motor axons descending from the motor cortex. Axonal pathology in diseases affecting upper motor neurons is mainly found in the lateral corticospinal tract area, which contains the longest motor axons (Yamanaka et al., 2006). We were therefore particularly interested in quantifying axonal swellings in regions of the spinal cord that have motor fibres, namely the CST and LCST. 
Figure 4.12-A shows there were (mean± SD) 0.1±0.1 swellings in the CST of SPASTE7/E7untreated mice, whereas the number of swellings was reduced to 0.02±0.03 swellings/µm in the ACY-738 treated group. In the LCST, the number of swellings was reduced from 0.1±0.1 swellings/µm in the SPASTE7/E7 untreated group to 0.02±0.2 swellings/µm in the ACY-738 treated group. This difference was not statistically significant (p>0.9999) when one-way ANOVA was applied. When we quantified the areas containing mixed sensory and motor fibres (Figure 4.12 C-D) VLF and VF, we also found a higher number of swellings in the untreated mutant mice compared with ACY-738 treated animals. 
Even though the number of axonal swellings in the SPASTE7/E7 mice was higher than wild type littermates in all regions of the spinal cord, the difference was not statistically significant, due to the high variability in the number of swellings found in individual mice within each group. 
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Figure 4.1
2
: 
Frequency of axonal swellings per micron at the cervical level of the spinal cord following ACY-738 symptomatic treatment
 (16 month old)
.
 (A) Corticospinal tract and (B) lateral corticospinal tract are regions with motor fibres. (C) Ventrolateral funiculus and (D) ventral funiculus are regions with mixed fibres including sensory fibres. 
Statistical analysis entailed 
one-way ANOVA. 
Error bars represent the standard deviation
 SD
 
(
section thickness= 
5
µm
)
 
(three mice per group).
)





[bookmark: OLE_LINK12]Lumbar cord 
Figure 4.13 shows the quantification of the number of axonal swellings per micron of the spinal cord in the lumbar region. The lumbar spinal cord only contains the axons of the very long upper motor neurons descending from the motor cortex, meaning that the lumbar CST and LCST regions are where we may expect to see axonal length-dependent effects of spastin mutation in upper motor neurons. There were higher numbers of axonal swellings in the SPASTE7/E7placebo group compared with the SPAST+/+ littermate controls in all regions (CST, LCST, VLF and VF), but these differences only reached significance in the LCST (p=0.0432) using one-way ANOVA (Figure 4.13-B). Although the number of axonal swellings in these two regions reduced after ACY-738 treatment, this reduction was not statistically significant. Also, there was a reduction in the number of the swellings in the VLF and VF areas within the SPASTE7/E7 group after ACY-738 administration, which was significant in VF (p=0.0200). 
To sum up, the HDAC6 inhibitor did reduce the number of axonal swellings but this reduction was not statistically significant in the cervical region. The fact that it reduced the axonal swellings in the VF area in the lumbar region, however, might be consistent with the protective role of HDAC6 inhibitor in axonal transport disorders.
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Figure 4.1
3
: 
Frequency of axonal swellings 
per micron 
at the lumbar level of the spinal cord following ACY-738 symptomatic treatment
 
(16 month old)
.
 
(A) Corticospinal tract and (B) lateral corticospinal tract are regions with motor fibres. (C) Ventrolateral funiculus and (D) ventral funiculus are regions with mixed fibres including sensory fibres. 
Statistical analysis was by 
one-way ANOVA. 
Error bars represent the standard deviation
 
(
section thickness= 
5
µm
) 
(three mice per group)
.
)







[bookmark: _Toc508875639]4.3.7 Presymptomatic treatment with HDAC6 inhibitor (ACY-738)
[bookmark: _Toc508875640]4.3.7.1 The effects of presymptomatic treatment with ACY-728 on gait defects in the spastin mouse model of HSP
Since treatment with ACY-738 at the symptomatic stage did not have any effect on the gait defect, we wanted to investigate whether there was any beneficial effect if the treatment was started before disease onset (Figure 4.14). We therefore started the treatment at one month of age in four groups of mice, eight mice per group, namely; SPASTE7/E7 and SPAST+/+, which received ACY-738 or placebo. The four experimental groups were behaviourally tested using the CatWalk automated system to measure the BOS at monthly intervals. Statistical analysis was conducted by two-way ANOVA.
Generally, the BOS increased steadily throughout the study in all groups. We noted at the first time point that there was a slight difference between the SPASTE7/E7 placebo, which was 11.6+0.9 mm and the  SPAST+/+ placebo, which was 11+ 1.2 mm, but this difference (about 4.4%) was not statistically significant at this point, although it became statistically significant at three months old (p=0.0309). After six months of treatment with ACY-738, the gait defect had not improved in the SPASTE7/E7 group, since the BOS of the spastin mutant placebo group was 15+ 1 mm, while the treated group was 15+ 2 mm. ACY-738, therefore, did not have any effect on the gait of SPASTE7mice. In addition, the difference between the SPASTE7/E7 and SPAST+/+ placebo groups remained significant from three to six months old (Figure 4.14).
















	Age
	SPAST+/+ placebo
Vs
SPASTΔE7/ΔE7 placebo
	SPAST+/+ placebo
Vs
SPAST+/+  ACY-738 treated
	SPASTΔE7/ΔE7 placebo
Vs
SPASTΔE7/ΔE7  ACY-738 treated

	Month 1
	ns
	ns
	ns

	Month 2
	ns
	ns
	ns

	Month 3
	*
	ns
	ns

	Month 4
	*
	ns
	ns

	Month 5
	***
	ns
	ns

	Month 6
	**
	ns
	ns



 (
Figure 4.1
4
: CatWalk 
g
ait analysis 
of 
spastin mice after ACY-738 administration (presymptomatic study). 
 
(A) Hind
 
limb BOS was measured using 
the 
CatWalk system. (B) Table shows results of statistical analysis using two-way ANOVA followed by 
Bonferroni's multiple comparisons test. (**** p<0.0001, *** p<0.001, ** p <0.01, *p<0.05 & ns > 0.05).
 Error bars r
epresent the standard deviation. 
)





[bookmark: _Toc508875641]4.3.7.2 Effect of presymptomatic treatment with ACY-738 on mice body weight 
Figure 4.15 presents the average body weight in each group per month. It is notable from the graph that the spastin mutant placebo group weighed less than the wildtype placebo group at one and two months old, and that this difference was statistically significant when two-way ANOVA was applied, with p-values of 0.0164 and 0.0258, respectively. From months three to six, however, there were no significant differences detected between the groups, as all the mice gained weight gradually.
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Figure 4.1
5
: The effect of treatment with ACY-738 on the body weight 
of presymptomatic spastin mice. 
Error bars represent the standard deviation. 
)





[bookmark: _Toc508875642]4.3.7.3 Effect of presymptomatic treatment with ACY-738 on axonal swelling pathology in the spastin mouse model of HSP 
Treatment with ACY-738 at the symptomatic stage did not show any effects on the gait defects exhibited in the spastin mouse model of HSP, although the number of the swellings per section in the VF (which contains mixed fibres) was reduced by ACY-738 treatment in the lumbar region (Figure 4.13). Our previous investigation used three mice per group, but it became clear that this was insufficient to reach significance since the data was highly variable. Here, therefore, we analysed five spinal cords per mouse. Figures 4.16 and 4.17 were produced following the same protocol of swelling quantification as in section 2.2.13. 

Cervical cord
Figure 4.16 illustrates the number of swellings per micron in the cervical region. Overall, it can be seen that the number of axonal swellings in the SPASTE7/E7 placebo group was higher than in the other groups. In the LCST, VLF and VF, the number of swellings/µm was significantly more than in the SPAST+/+ placebo group (p=0.0026, 0.0156 and 0.0040, respectively). The frequency of swellings was reduced in these three areas in the SPASTE7/E7 group after treatment with HDAC6 inhibitor, but this reduction was not statistically significant. Wildtype mice contained none, or very few, axonal swellings at this age (Figure 4.16).
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Figure 4.1
6
: 
Frequency of axonal swellings 
per micron at
 the cervical 
level of the 
spinal cord following presymptomatic ACY-738 
treatment
 (6 months old)
. 
(A) Corticospinal tract and (B) lateral corticospinal tract are regions with motor fibres. (C) Ventrolateral funiculus and (D) ventral funiculus are regions with mixed fibres, including sensory fibres. There were a significant differences between mutant treated mice in both the lateral corticospinal tract and ventral funiculus. The statistical analysis was by one-way ANOVA. Error bars represent standard deviation 
(
section thickness= 
10
µm
) 
(five mice per group)
.
)







Lumbar cord 
Figure 4.17 presents the number of axonal swellings per micron in the lumbar region. It can be seen from the figure that there were no swellings observed in all four areas within the spinal cord in the SPAST+/+ placebo and treated groups. The area with the most swellings in the SPASTE7/E7 placebo was the VLF (0.04+0.05); this area has a mix of sensory and motor fibres (Figure 4.17- C). These reduced after HDAC6 inhibitor treatment to (0.02+ 0.03), but this reduction was not statistically significant since the variation between the numbers of the swellings within the group was very high. In addition, no difference was observed between the SPASTE7/E7 placebo and the treated group in the other areas. In the LCST, the number of swellings per section was significantly higher in the SPASTE7/E7 placebo compared with the SPAST+/+ placebo, but this number was not modulated by the treatment with HDAC6 inhibitor (Figure 4.17 B). 




























 (
Figure 4.1
7
: 
Frequency of axonal swellings 
per micron at the 
in the lumbar
 level of the
 spinal cord following 
presymptomatic
 
ACY-738 
treatment 
(6 months old)
.
 (A) Corticospinal tract and (B) lateral corticospinal tract are regions with motor fibres. (C) Ventrolateral funiculus and (D) ventral funiculus are the regions with mixed fibres including sensory fibres. There was a significant difference between mutant treated mice in both the lateral corticospinal tract and ventral funiculus. The statistical analysis was by one-way ANOVA. Error bars represent standard deviation 
(
section thickness= 
10
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) 
(five mice per group)
.
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[bookmark: _Toc508875643]4.4 Discussion
The objective of this study was to determine the effects of a brain-penetrant HDAC6 inhibitor on the spastin mouse model of HSP. Human patients with HSP have a gait defect that is characterised by spasticity and weakness in the hind limbs (Klebe et al. 2004), while the HSP mouse model has a gait defect which is characterised by a broader base of support (Kasher et al., 2009). In vitro, the major phenotype of the spastin mouse model of HSP is axonal transport defects (Kasher et al., 2009), which is reflected in swellings and accumulation of cargoes along the axon in the corticospinal tract in the spinal cord in vivo (Tarrade et al., 2006). 
Acetylation stimulates motor proteins to bind with MTs, increases transport along microtubules, and thus reduces the axonal transport defects (Dompierre et al., 2007). Reduced levels of acetylated tubulin are associated with many neurological disorders. For example, measurements of the level of acetylated α-tubulin from the brains of post-mortem striatal Huntington's disease (HD) patients have revealed that there is a significant reduction in acetylated α-tubulin in HD patients compared with controls (Dompierre et al., 2007). Supporting this notion, patient-derived olfactory nasal stem (ONS) cells with spastin mutation showed lower levels of α-tubulin acetylation in comparison with control-derived ONS cells (Abrahamsen et al., 2013). Also, in an Alzheimer’s disease (AD) mouse model (APPPS1-21), there was a diminished level of α-tubulin K40 acetylation in the hippocampus compared to wildtype mice (Govindarajan et al., 2013). A CMT mouse model carrying an HSPB1 mutation, meanwhile, showed a significant reduction in acetylated α-tubulin in peripheral nerves, which was related to axonal transport defects (D'Ydewalle et al., 2011). Based on our observations, however, we did not see any alteration in the level of tubulin acetylation in either old or young spastin mouse brains. This raises the possibility that the acetylation in the whole brain lysate is different from that in isolated cells, since the acetylation might be compensated for by other proteins. Also, the reduction in tubulin acetylation could be only present in small part of brain therefore we did not see a lack of acetylation in a whole brain lysate. Furthermore, it is possible that the axonal transport defect in spastin models is not caused by reduced acetylation of tubulin. Since transport defects and axonal swellings have been detected in the spastin mouse model (Kasher et al., 2009), we hypothesised that increasing the acetylation of tubulin should restore axonal transport and improve the HSP gait phenotype. In order to achieve this increase in tubulin acetylation we used a brain penetrant HDAC6 inhibitor. HDAC6 inhibitors have been suggested as promising therapeutic targets for many neurological disorders (D'Ydewalle et al., 2011, Fassier, 2013). A number of HDAC6 inhibitors are available, although very few are reported to be brain penetrant, and therefore likely to be suitable for treatment of HSP, a disorder of the upper motor neurons. Tubastatin A is a highly selective inhibitor of HDAC6 but with only limited brain bioavailability (Jochems et al., 2014); a finding confirmed by our own work in section 4.3.3, where tubastatin A was shown not to have penetrated the BBB and to have no effect on the level of α-tubulin acetylation in the CNS and peripheral tissues. Although this was a single dose, single time point assay, it raises the possibility that tubastatin-A does not lead to lasting effects on tubulin acetylation in the CNS.
ACY-738 and ACY-775 are also highly selective HDAC6 inhibitors (Jochems et al., 2014), and both have been tested and have shown markedly increased α-tubulin acetylation in the brain (Cook et al., 2014, Jochems et al., 2014). Our results (see section 4.4.1) supported these findings, showing that ACY-738 formulated in chow is able to penetrate the BBB and increase the acetylation of α-tubulin levels in the CNS and peripheral tissues. Similar evidence has been reported in a study carried out by administering 50 mg/kg of ACY-738 to male Swiss mice by intraperitoneal injection, which led to an increase in the acetylation of α-tubulin in the brain (Jochems et al., 2014). Moreover, a reduction in HDAC6 has been shown to lead to a striking increase in tubulin acetylation throughout the brain (Bobrowska et al., 2011). We therefore tested the effects of ACY-738 at both symptomatic and presymptomatic stages. 

[bookmark: _Toc508875644]4.4.1 Neither symptomatic nor presymptomatic treatment with ACY-738 modified the HSP gait 
Based on a power calculation (see section 3.4.3) using data from a previous study (Kasher et al., 2009), groups of eight male mice were used. We conducted this study using single-sex cohorts because the hind limb BOS of male mice is much larger than that of females (Figure 4.18). Using a mixed sex cohort would have necessitated the use of a larger cohort to achieve the same statistical power. 













	Age
	SPAST+/+ Females
	SPAST+/+ Males
	SPAST+/+ Males+Females

	Month4
	0.102699
	0.060268
	0.111136

	Month5
	0.081068
	0.082633
	0.108364

	Month6
	0.086282
	0.092176
	0.143772
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Figure 4.1
8
: The co
efficient of variation of males, 
females and mixed group BOS (mm) in wildtype spastin mice.
A) BOS (mm) of male, female and mixed group. B) Shown higher coefficient of variation of the BOS in the mixed group of mice. The statistical test involved is two-way ANOVA
 (
** 
p
 <0.01
)
 (eight mice per group)
.
)




We initially carried out the treatment only at the symptomatic stage based on a previous study that suggested that treating primary neuronal cultures from symptomatic HSPB1S135F mice with a selective HDAC6 inhibitor increased the number of total axonal mitochondria, as well as restoring the number of motile mitochondria (D'Ydewalle et al., 2011). Also, based on a previous experiment conducted in our lab, we know that the HSP mouse model with spastin mutation has gait defects at seven months of age (Kasher et al., 2009). We therefore started the treatment after the mice had an observable profound gait defect (nine months old). We noted a slight difference between the treated and placebo homozygous groups, probably because we assigned the mice to the study randomly by coin toss. After seven months of treatment with the HDAC6 inhibitor we did not see positive effects on the gait defect phenotype of the spastin mouse. A similar finding has been reported in a study on an HD mouse model (R6/2 Mouse), which has a progressive gait defects: knocking out HDAC6 did not modify the overall performance of the mice (Bobrowska et al., 2011).
It is possible that HDAC6 inhibition needs to occur at a presymptomatic stage in order to see an effect on gait. In a second study, therefore, we performed a similar experiment beginning at one month of age. We noted that the gait defect in SPASTE7/E7 mice became significantly larger than wildtype siblings at three months old. Even though the treatment started before this time, no improvement in gait defects was observed.
Although we did not notice any changes in gait in the symptomatic and presymptomatic treatment with ACY-738, we asked whether the HDAC6 inhibitor showed any effect at the molecular level in terms of modulating the number of axonal swellings in the spinal cord. We looked at serial sections from cervical and lumbar regions of the spinal cord after both symptomatic and presymptomatic ACY-738 treatment. Generally, the number of swellings in the cervical region was higher than in the lumbar region, presumably because there are more axon fibres passing through the cervical region before they branch out of the spinal cord, meaning that the number of axon fibres at the lumbar level is lower. The higher number of axon fibres in the cervical region gives a chance of seeing more swellings in the cervical than the lumbar region. 
Also, the number of axonal swellings per micron was higher in older mice than younger mice in both the cervical and lumbar regions. Probably because the disease had progressed further in the older mice and thus had produced more swellings. Spastin mutant mice have a higher number of axonal swellings compared with wildtype mice. Specifically, in the LCST, which has the motor fibres, the swellings were significantly higher in the lumbar region of both older and younger mice. This suggests that axonal swellings in the motor axons underlie the gait defect in the HSP mouse model.
In the symptomatic study, we observed that the number of the swellings/µm was reduced in the homozygous ACY-738 treated group compared with the placebo. This reduction did not reach significance, even though we analysed three mice per group, since the variability within each group was very high. In the lumbar region, the number of swellings in the ventral funiculus was significantly reduced after symptomatic treatment with ACY-738 in the SPASTE7/E7 compared with the placebo. This supports the idea of using an HDAC6 inhibitor to restore the axonal transport defects and alleviate axonal pathology (D'Ydewalle et al., 2011). 
In the presymptomatic treatment, on account of the variability within each group, we tested five spinal cords per group. Interestingly, in cervical spinal cord we noticed a significantly higher number of axonal swellings/µm in the spastin mutant placebo group compared with the wildtype placebo in the LCST, VLF and VF. In the cervical region of the spinal cord, the number of axonal swellings in SPASTE7/E7 mice was reduced in all areas in the ACY-78 treated group. Despite analysing five spinal cords per group the difference was not significant. In the lumbar region, although the axonal swellings reduced after ACY-738 treatment, no statistically significant difference was detected. 
Although the ACY-78 HDAC6 inhibitor mitigates the axonal swellings, this did not lead to any alteration in the gait defect in the spastin mouse model. Potentially, the axonal swellings and gait defect are not associated with each other. This suggests that, although defective axonal transport underpins the pathology of HSP, it probably is not sufficient to cause the gait defect. It may also be that there is something else contributing to the gait defect, for example, endosomal defects. Spastin is known to be involved in endosomal pathways (Yang et al., 2008), mutation in spastin increases endosome tubulation and impaired tubules sorting and fission (Allison et al., 2013). In this case increased acetylation is not the proper target to restore the function of spastin. 
Axonal abnormality is also linked to Bone Morphogenetic Protein (BMP) signalling dysregulation which is important for the endocytic process (Polo and Di Fiore, 2006). The four HSP endosomal proteins, i.e. atlastin-1, spastin, spartin and NIPA1, are inhibitors of BMP signalling (Tsang et al., 2009). In Drosophila, alterations in BMP signalling have been shown to result in axon transport defects (Wang et al., 2007). In Drosophila, spichthyin is homologous to NIPA1 in mammals, inhibiting BMP signalling, and binding with BMP receptor II to promote internalisation from the plasma membrane to the endosytic compartment (early endosome) (Tsang et al., 2009). Spastin localises endosomes and is important for MT severing, remodelling and for the trafficking of the endosomal compartment (Connell et al., 2009). The function of endosomes in controlling the BMP signalling is therefore critical in the corticospinal tract, specifically in the long axons. Probably, spastin mutation affects BMP signalling and therefore treatment with an HDAC6 inhibitor is not sufficient to modify the HSP gait defect in mice, since it does not target the critical disease pathway. 

[bookmark: _Toc508875645]4.4.2 Spastin mutation and ACY-738 have no effect on body weight 
To test the effect of spastin mutation and HDAC6 inhibitor drugs on the mice, their weight was monitored weekly. As we know from previous studies using a different HSP mouse model with a different gene mutation (paraplegin knockout mice), Spg7-/-, homozygous mice have an impairment of motor function and a statistically significant reduction in body weight compared with heterozygous littermates (Ferreirinha et al., 2004). Although we noticed that spastin mutant mice were lighter in both symptomatic and presymptomatic studies than their wildtype counterparts, this was not statistically significant. Also, mice treated with ACY-738 were lighter than the untreated controls, but again the difference was not significant as all the mice gained weight gradually throughout the period of study. This was similar to male NIH Swiss mice, who also did not show any difference in body weight when treated with  ACY-738 at six weeks old, for four weeks (Jochems et al., 2014).

[bookmark: _Toc508875646]4.5 Summary
To sum up, in this study ACY-738 appeared to be brain penetrant and to increase the acetylation of α-tubulin in both CNS and peripheral tissues with no unwanted side effects on the mice. ACY-738 treatment also led to a reduction in the number of axonal swellings in the lumbar region in the spinal cord following symptomatic treatment. Neither symptomatic nor presymptomatic treatment with ACY-738 modified the gait defect in the spastin model, however, suggesting that axonal swellings are not causally linked to gait defects in this model of HSP, and therefore that alternative disease-modifying strategies need to be explored.
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Chapter 5: Genetic deletion of HDAC6
[bookmark: _Toc508875648]5.1 Aim
As an alternative strategy to investigate the potential beneficial effect of HDAC6 inhibition in HSP, we used a genetic approach. By crossing SPAST mutant mice with HDAC6 knockout mice we wished to generate double mutant mice. In this way we hoped to compare littermates that were homozygous for mutant SPAST and either carrying the wildtype or a knockout allele of HDAC6. Specifically, we wished to determine the effects of genetic silencing of HDAC6 on gait defects and axonal swellings in vivo. 

[bookmark: _Toc508875649]5.2 Introduction
Compared to the other HDAC enzymes, HDAC6 is unique since it has two HDAC catalytic domains (Khan et al., 2008). It mainly appears in the cytoplasm where it deacetylates α-tubulin (Khan et al., 2008), cortactin and Hsp90 (Zhang et al., 2003). Through this deacetylation activity and together with its ubiquitin binding activity HDAC6 plays an important role in limiting misfolded protein toxicity in cells, and it has been demonstrated that it also plays a role in aggresome formation (Kawaguchi, 2003).

Equilibrium between protein synthesis and protein degradation is important in cells. As imbalance between these two processes leads to aggregation of misfolded proteins and that can be a result of many NDs. Also, misfolded proteins caused by of impairment in synthesis, folding machinery or mutations that leads to proteins cannot be folded properly and abnormally gathering (Hartl and Hayer-Hartl, 2002). These protein aggregates (misfolded and ubiquitin proteins) can be identified by a group of proteins and sent to be degraded in the proteasome (Kopito, 2000). Failure in the aggresome pathway is a contributory factor in NDs. (Kopito, 2000).
HDAC6 has a C-terminal ubiquitin-binding domain, which is suggested to be involved in aggresome formation and degradation. Aggresomes are unique organelles located near to the MTOC (Microtubule organisation centre) (Johnston et al., 2002), MTs are required for transport of misfolded proteins to the aggresomes in order to be degraded.  HDAC6 binds with ubiquitinated misfolded proteins through its ubiquitin binding domain, and facilitates the loading of ubiquitinated misfolded proteins to cytoplasmic dynein (Kawaguchi, 2003). This complex is transported to the aggresome by microtubule-dependent transport where it is degraded in proteasome (Kawaguchi, 2003) (Figure 5.1). Loss of HDAC6 therefore perturbs the clearance of misfolded proteins in the cytoplasm and this may lead to apoptosis (Kawaguchi, 2003) (Figure 5.1). 
HDAC6 deacetylases many proteins, one of the best characterised substrates is α-tubulin, by deacetylasting α-tubulin HDAC6 regulates MT function (Zhang et al., 2015). Inhibition of HDAC6, increases the acetylation of α-tubulin and mitigates the axonal transport defects observed in cellular models of NDs  (Zhang et al., 2003, Dompierre et al., 2007, D'Ydewalle et al., 2011, Majid et al., 2015). 
Studies in mice have shown that spastin mutation produces axonal degeneration characterised by axonal swellings in the spinal cord along with impaired axonal transport (Tarrade et al., 2006, Kasher et al., 2009). Based on previous studies of NDs where HDAC6 inhibitors have mitigated axonal transport defects (Zhang et al., 2003, D'Ydewalle et al., 2011), and based on the observation that axonal swellings were reduced after HDAC6 inhibitor administration (Chapter 4 of this thesis), we expected that if we were to completely inhibit HDAC6 using a genetic approach there would be a beneficial effect on axonal swelling phenotype which might reduce the axonal transport defects and improve the gait phenotype of these mice.
To this end, we crossed HDAC6 null mice (Zhang et al., 2008), with mutant spastin mice to generate double mutants that would permit us to consider the effect of genetic silencing of HDAC6 on gait defects in these spastin mutant mice in vivo and on axonal swellings in vitro. 
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Figure 5.1: The role of HDAC6 in aggresome formation. 
)







[bookmark: _Toc508875650]5.3 Results
[bookmark: _Toc508875651]5.3.1 Breeding strategy for SPASTΔE7 and HDAC6 crosses
In order to investigate the beneficial effect of the deletion of HDAC6 in spastin mice, SPAST+/+ wildtype/ HDAC6+/- female carrier mice were crossbred with SPAST+/ΔE7 heterozygous/ HDAC6+/y wildtype male mice (Figure 5.2). Since HDAC6 is located on the X-chromosome, males carrying the mutant allele are genetically null. This meant that our crossbreeding strategy resulted in approximately 50% of the littermates being SPAST +/+ wildtype/ HDAC6+/+ wildtype females and males, 25% being SPAST+/ΔE7/ HDAC6-/y knockout males and 25% SPAST +/ΔE7/ HDAC6+/- female carriers. 
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Figure 5.2: Crossbreeding spastin and HDAC6 mice. 
This step was to produce 
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+/
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E7
 heterozygous/
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 female carriers and 
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 male knockout mice. 
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This first stage of crossbreeding was followed by a further stage of crossing double mutant mice in order to generate HDAC6 knockout mice in spastin null mice. To achieve this, we crossed SPAST+/ΔE7 heterozygous/ HDAC6+/- female carrier mice with SPAST+/ΔE7 heterozygous/ HDAC6+/y males (Figure 5.3). The male offspring of this cross therefore fell into four groups: SPAST+/+ wildtype / HDAC6+/y wildtype mice, which were used as a control group; SPAST+/+ wildtype / HDAC6-/y knockout mice, which were used to detect whether the HDAC6 knockout had any effect on gait; SPASTΔE7/ΔE7 null mutant / HDAC6+/y wildtype mice, which were used to confirm the gait defect phenotype of the spastin mouse model; and, finally, SPASTΔE7/ΔE7 null mutant / HDAC6-/y knockout mice, which were used to determine the effect of the HDAC6-/y knockout in mitigating the SPASTΔE7/ΔE7 null mutant phenotype.
[image: C:\Users\USER\Google Drive\my thesis\R_chapter 5_genetically inhibition HDAC6\coossign stage2.png]
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Figure 5.3: Crossing double mutant mice.
 
Male offspring from this cross were used as indicated in the final row of the flow diagram.
)

We know that these HDAC6 knockout mice have a very high level of acetylated tubulin in the CNS and peripheral tissue (see section 4.3.3). Tubulin acetylation increases MT-dependent axonal transport, suggesting that in this genetic background there might be an improvement in the axonal transport defects usually observed in the HSP mouse model. Crossing SPAST with HDAC6 mice was performed to obtain double mutant mice, as indicated in Table 5.1. Surprisingly, from the crosses that were made, we did not obtain the expected frequency of each genotype. For example, whereas we would have expected 13 HDAC6-/y null /SPASTΔE7/ΔE7 males (0.25% of all offspring), we only observed four mice actually had this genotype. The surviving mice with this genotype were very small in size compared with other mice, or were born with hydrocephalus. This hydrocephalus outcome was also observed in SPAST+/ΔE7/ HDAC6-/y, and again the number of this genotype was less than expected, since 27 mice were expected and we observed only nine (Table 5.1). Also, we noticed the opposite effect in the HDAC6+/y /SPAST+/+ offspring, the expected number is 13 mice, but we observed 23 mice. This suggested a novel genetic interaction between spastin and HDAC6 or gender-specific lethality and since we failed to obtain sufficient numbers of double mutants, we did not continue with this experiment. The result of the crossbreeding, however, led us to try to investigate the potential reasons for not obtaining the expected ratio of double mutant offspring.
To make sure that there was no developmental problem associated with the crossing of spastin with HDAC6 mice, the number of the offspring at postnatal day one was quantified as indicated in the Table 5.2, to compare them with the number of the offspring after weaning in Table 5.1. It can be seen from Table 5.2 that the observed number of mice in the SPAST+/ΔE7/ HDAC6-/y and SPAST ΔE7/ΔE7/ HDAC6-/y was again less than the expected in the same way as within the older mice. Also, in the genotype the HDAC6+/y /SPAST+/+, expected number was 2.5, but we observed double that number. This suggested there is a problem affecting the generation of the double mutant mice at the embryonic stage. 

 (
Table 5.1: The expected and observed ratio of offspring after crossing spastin with HDAC6 double mutant mice (one month old). 
)
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Spastin mice were crossed with HDAC6 mice to generate double mutant mice. The number of male (blue boxes) and female (pink boxes) offspring was calculated according the expected ratio, with the offspring confirmed by genotyping. The red box indicated those groups with an unexpected number of mice. 
)
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Table 5.2: The expected and observed ratio of offspring after crossing spastin with HDAC6 do
uble mutant mice (postnatal day one
).
)
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 (
Spastin mice were crossed with HDAC6 mice to generate double mutant mice. The number of male (blue boxes) and female (pink boxes) offspring was calculated according the expected ratio, with the offspring confirmed by genotyping. The red box indicated those groups with an unexpected number of mice. 
)







[bookmark: _Toc508875652]5.3.2 Investigation of the genetic interaction between spastin and HDAC6
To look for clues about the genetic interaction between spastin and HDAC6 we undertook a pathological investigation. Sections were taken from the brains of the double mutant male mice at one month old, so as to look for hallmarks of degeneration. Three different markers were used to look for alterations in microglia (IBA1), astrocytes (GFAP) and neurons (SMI31A).
Preliminary data was collected from the brain histology (Figure 5.4). It can be seen in the figure that different features were detected in different parts of the brain for the wildtype mice in the left column and the double mutant SPAST ΔE7/ΔE7 /HDAC6-/y in the right column. For example, A-B shows that there were more amoeboid microglia in the double mutant mice than in the SPAST+/+/HDAC6+/y brain in the corpus callousm. In C-D the SMI31A detected numbers of axonal thickening in both SPAST+/+/HDAC6+/y and SPAST ΔE7/ΔE7/HDAC6-/y in the cortex area. In E-F brain sections the SPASTΔE7/ΔE7 /HDAC6-/y mice had higher numbers GFAP protein astroglia in the cerebral cortex layer IV, indicated by arrows however this pattern was not observed in the wildtype. 
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Figure 
5.4
: Effect of SPAST and HDAC6 double mutation on mice brain histology.
(A-B)The Iba1 marker showed amoeboid microglia
 (
corpus callous)
. (C-D) SMI31A marker showed axonal thickening indicated by arrows
 (
cortex)
.
 
(E-F) 
The
 GFAP
 
m
arker showed an increase in the gliosis type pattern
 
indicated by arrows
 
in (
cerebral cortex layer IV)
. 
)




[bookmark: _Toc508875653]5.4 Further evidence for gender-specific genetic interactions: Crossing SPASTΔE7 with the C57BL/6J-OlaHsd sub-strain
At a later stage of the project we experienced a similar gender-specific lethal interaction between SPASTΔE7/ΔE7 and an uncharacterised gene. SPAST+/ΔE7 mice were being in-crossed to generate progeny for the investigations in Chapter 6, Again we noticed an absence of SPASTΔE7/ΔE7 male mice. After further investigation we determined that spastin mice that were normally maintained by back-crossing with the C57BL/6Jax sub-strain mice had instead been back-crossed with the C57BL/6J-OlaHsd strain by mistake. This led us to believe that OlaHsd carries a genetic variant that imparts a gender-specific effect of the OlaHsd sub-strain in SPASTΔE7/ΔE7 mice. Given the similarity of the effect in OlaHad to the HDAC6 in-cross, we initially explored this possibility by measuring the level of acetylated tubulin in brain tissues of each C57BL/6J sub-strain.

[bookmark: _Toc508875654]5.4.1 Determination of α-tubulin acetylation level in the C57BL/6J-OlaHsd
We sought to determine the level of acetylated tubulin in the brain lysate of both strains of mice (the C57BL/6Jax and the C57BL/6J-OlaHsd sub-strains) (Figure 5.5). It can be seen from the figure that the level of acetylated tubulin in the C57BL/6J-OlaHsd strain was higher than that in the C57BL/6Jax sub-strain, but not statistically significant when applying one-way ANOVA, although it did not reach the level of the HDAC6 knockout. 
The higher level of acetylated tubulin found in the C57BL/6J-OlaHsd strain is consistent with reduced HDAC6 activity in the brain. We therefore measured the level of HDAC6 in brain samples of both sub-strains. 
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Figure 5.5: The level of α-tubulin acetylation 
in the brain of C57BL/6J-OlaHsd
 and 
C57BL/6J
 mice at six weeks old.
 
Western blot analysis of 15 
g total brain protein
 
from 
C57BL/6J-OlaHsd
 and 
C57BL/6Jax sub-strains
. 
(A) Anti-acetylated tubulin monoclonal antibody. (B) DM1A mouse monoclonal 
antibody (for total tubulin), and anti-GAPDH used for both as a loading control. (C) Acetylated tubulin normalised to total tubulin (two replicates). Statistic
al analysis involved is one-way
 ANOVA, error bars represent
 standard deviation. 
)



[bookmark: _Toc508875655]5.4.2 Determination of the level of endogenous HDAC6 in the C57BL/6J-OlaHsd brain
[image: C:\Users\USER\Google Drive\my thesis\R_chapter 5_genetically inhibition HDAC6\WB.png]	 We quantified the level of HDAC6 in brain lysates from two mice in each sub-strain: C57BL/6J-OlaHsd and C57BL/6Jax (Figure 5.6). The molecular weight of HDAC6 is 131 kD, and we detected a band of endogenous HDAC6 at ~134kD in mice from the C57BL/6J-OlaHsd sub-strain. There was no detectable HDAC6 protein in HDAC6-/y lysate. This demonstrates that the OlaHsd mice were not a complete null for HDAC6, which suggests they may contain a missense mutation. 






 (
Figure 5.6: 
Level of HDAC6 in 
C57BL/6J
ax
 and C57BL/6J-OlaHsd sub-strains. 
Western blot analysis of 15 
g total brain protein from 
C57BL/6J-OlaHsd
 and 
C57BL/6J
ax sub-strains. HDAC6 rabbit polyclonal antibody was used to detect endogenous HDAC6. 
Anti-GAPDH was used as the loading control. 
)






[bookmark: _Toc508875656]5.4.3 Sequence analysis of HDAC6 in C57BL/6J-OlaHsd sub-strain
Since we found no evidence for an HDAC6 null allele at the protein level, we decided to look for missense mutations or alterations in splicing. HDAC6 is large gene, we therefore chose to sequence cDNA obtained from RT-PCR of brain mRNA. Five overlapping fragments of 600-700bp were amplified from OlaHsd and Jax sub-strain mice. Four of the amplicons showed no sequence difference; however, the amplicon including exon 22 showed mixed sequences reads (Figure 5.7). Closer inspection of the chromatograms showed that the double sequence reads represented two transcripts either including or excluding exon 22 (Figure 5.7). The transcript lacking exon 22 was not found in the Ensembl genome database, suggesting that it may result from a splicing defect in the OlaHsd mice (Figure 5.8). Splicing defects commonly arise due to mutations at intron-exon boundaries. No sequence alterations were found in OlaHsd cDNA in this region; therefore, we also investigated the intronic sequences flanking exon 22. We found no sequence changes in OlaHsd. The effect of omitting exon 22 is to produce frameshift in the open reading frame of the protein and the inclusion of a premature stop codon. This is likely to lead to degradation of the aberrant cDNA, or to production of a truncated protein.  The HDAC6 antibody we use has an epitope located on the C-terminal of the frameshift found in OldHsd show as the yellow box in (Figure 5.8). Therefore, it was not possible to detect the aberrant HDAC6 protein 
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Figure 5.
7
: 
Sequencing of 
cDNA obtained from the 
PCR
 
amplified 
from 
C57BL/6J-OlaHsd 
and C57BL/6Jax
 sub-strains.
 The figure shows the 
chromatogram for
 
C57BL/6J-OlaHsd
. PCR products were sequenced and a mix read was revealed in the region sequencing of exon 21-23 in 
C57BL/6J-OlaHsd
. (
A)
 
Exon 21-22 junction
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Ola
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 in red shows exon 23 in place of exon 22
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Exon 22-23 junction
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Figure 5.
8
: Alignment 
of predicted 
C57BL/J-OlaHsd and C57BL/J-Jax
 HDAC6 protein based on sequence of cDNA
.
 HDAC6 protein sequence was obtained from Ensembl. To detect the effects of excluding exon 22, we translated the aberrant cDNA sequence in Silico. This revealed a frameshift leading to identified 6 amino acids followed by a premature stop codon. 
HDAC6 antibody binding site is indicated by the 
yellow
 box.
)

[bookmark: _Toc508875657]5.5 Discussion
The main goal of this study was to investigate any beneficial effect of HDAC6 knockout in the spastin mutant mouse model of HSP. HDAC6 has become an attractive target in many neurodegenerative diseases since it has been linked to an increase in the acetylation of the lysine of α-tubulin at position 40, which stimulates the recruitment of motor proteins, kinesin and cytoplasmic dynein, to facilitate axonal transport (Reed et al., 2006, Dompierre et al., 2007) The pathogenesis of several neurodegenerative diseases is associated with impairment of axonal transport. One way to improve this defect is by increasing the acetylation of tubulin by inhibiting HDAC6 genetically or pharmacologically (Dompierre et al., 2007, D'Ydewalle et al., 2011). Several HDAC6 inhibitors have been tested and have been shown to be able to mitigate the axonal transport defect and alleviate the tubulin acetylation (Jochems et al., 2014). Also, a small molecule of HDAC6 has been shown to increase the innervations of neuromuscular junctions and improve the conduction of motor and sensory nerves (Benoy et al., 2016). Since there is no current treatment for HSP, and based on the pathological defect in the HSP mouse model with spastin mutation (Kasher et al., 2009), these findings strongly suggest that HDAC6 inhibition should modify the progression of the HSP mouse model with spastin mutation.
We therefore aimed to crossbreed the HDAC6 knock-out mice with the spastin mice in order to investigate the effect of ablating HDAC6 on spastin mutation. Since HDAC6 is located in the X-chromosome, mutant males will be HDAC6 null mice (Mahlknecht et al., 2001). HDAC6 null mice that were generated with homologous recombination in embryonic stem cells, are viable, and have a very high level of α-tubulin acetylation in all organs, especially in the testes, without affecting fertility (Zhang et al., 2008). Surprisingly however, our findings showed that we did not get the expected ratios of double mutant offspring from in-crossing HDAC6 and spastin lines, so we were unable to conduct the experiment. Of the few double mutant mice that were observed, we noted the presence of hydrocephalus. 

[bookmark: _Toc508875658]5.5.1 In vivo investigations of HDAC6 and SPAST double mutants 
[bookmark: _Toc508875659]5.5.1.1 Assessment of viability of double mutants
One possibility is that the double mutant mice died during the embryonic stage as they did not express HDAC6, and that this affected the generation of these mice. Although HDAC6 knockout mice develop normally without any phenotype (Zhang et al., 2008), knockout of HDAC6 and spastin might interfere in several developmental pathways. To investigate the effect of HDAC6 and spastin double mutant mice on the development of the correct ratio from each genotype, we quantified the ratio of the offspring from each genotype after the mice were weaned (at one month old). We noticed that there was a lower number on the SPAST+/ΔE7/ HDAC6-/y and SPAST ΔE7/ΔE7/ HDAC6-/y genotypes. It was not clear at which stage double mutants were non-viable. For this reason we quantified the ratio of mice form each genotype at postnatal day one, to compare them with the ratio after weaned (one month old). We also found again at this age we did not get the expected number of the SPAST+/ΔE7/ HDAC6-/y and SPASTΔE7/ΔE7/ HDAC6-/y genotypes. This suggested that there was a problem that impaired the generation of these mice at the embryonic stage. 

[bookmark: _Toc508875660]5.5.1.2 Pathology
Different markers have been used to investigate the brain pathology differences between double mutant mice with the wildtype, such as IBA1for microgla, GFAP for astrocytes and SM31A for neurons. The data collected from this study was preliminary data, showed increased in gliosis pattern, amoeboid microglia and axonal thickening in double mutant mice. Further investigations in brain pathology in double mutant mice are required. 

[bookmark: _Toc508875661]5.5.1.3 Protein mechanism 
A pathway that might affected by HDAC6 and spastin knockout is autophagy, HDAC6 is crucial for the autophagic pathway, as it associates with motor protein (dynein) and the recruitment of ubiquitinated proteins to dynein, thus helping to retrograde transport of aggregates to the perinuclear region (Kawaguchi, 2003). Increases in ubiquitin positive aggregates have been shown in mouse fibroblasts as a result of the HDAC6 knockout, since HDAC6 inhibition stopped the proteasome activity (Martin et al., 1999). Moreover, aggresome degradation has been shown to be induced by HDAC6, leading to an increase in aggregate load in knock-down HDAC6 cell cultures (Iwata et al., 2005). In our study, there may be unknown interactions between HDAC6 and the spastin gene that affected this pathway and consequently perturbed the development of the double mutant mice. This was not the case in R6/2 mice, however, which are a model of Huntington disease, since they showed that the autophagy process is not affected by the knocking out of HDAC6 (Bobrowska et al., 2011). Also, we observed in Chapter 4 that the HDAC6 inhibitor does not have a lethal effect on spastin mice, since this inhibitor only affects the deacetylase domain, not other HDAC6 domains. This suggests that what we observed in this genetic study is more likely to be due to loss of non-deacetylase functions. Formally, that could be tested by feeding pregnant spastin mice with HDAC6 inhibitor to investigating the effect of loss of deacetylase activity on the development of spastin mutant offsprings. 


Another pathway might be affected by spastin/HDAC6 null is endocytosis, both spastin and HDAC6 are involved in endocytic pathway, we suggest that the knockout of spastin and HDAC6 affects this process causing embryonic lethality. Endocytosis is a process that delivers cargos form endosomal compartment to be recycled or degraded in the lysosome. It has been mentioned previously that spastin involve in endocytic process by controlling endosome tubulation, cells lack in spastin have tubules sorting and recycling deficiency (see section 1.4.3). Certain receptors provide a specific signal to be recycled to plasma membrane through endosome tubules. Tubules sorting and fission deficiency can be resulting in receptor mistrafficking (Traer et al., 2007).  
In regard to HDAC6 role in endocytosis, epidermal growth factor receptor (EGFR) is one of the cargos that can be transported to the endosome and recycled to the cell surface or degraded. EGFR is crucial for tissue homeostasis up or down-regulation of this receptor causing several diseases such as Alzheimer disease and cancer (Lee and Threadgill, 2009).Transit of cargos from early endosomes to late endosomes requires MT. Inhibition of HDAC6 leads to increase the acetylation of MT and that causes to increase the flux of cargos from early endosomes to late endosomes and then to lysosomes (Brown et al., 2005). By inhibition of HDAC6, some crucial cargos degraded before it sorted or recycled in late endosomes, one of these cargos is EGFR-bearing vesicles. It has been reported that lack of HDAC6 accelerates the delivery of EGFR-bearing vesicles from early endosomes to be degraded in lysosomes by increasing the movement of these vesicles via MT (Gao et al., 2010). Degradation of these EGFR-bearing vesicles, reduces EGFR signaling and that causing lethality of prenatal and postnatal mice because of undeveloped placenta (Dackor et al., 2007, Lee and Threadgill, 2009)
  These data suggests that both knockouts (spastin and HDAC6) would lead to increased degradation of EGFR, and EGFR knockouts are embryonic lethal, which is consistent with SPAST/HDAC6 null effect being embryonic.

[bookmark: _Toc508875662]5.5.1.4 Hydrocephalus 
Hydrocephalus is a pathological condition which is a result of the accumulation of cerebrospinal fluid CSF in the brain ventricles (Bruni et al., 1985). CSF is produced by the choroid plexus (CP), which is located in the lateral third and fourth ventricles in the brain and is part of the neuroepithelium. Motile cilia present on the ependymal cells lining the ventricles and interventricular spaces are responsible for circulating the CSF through the ventricles (Ibanez-Tallon et al., 2004). The CSF thus circulates between the brain ventricles and is absorbed by blood vessels and the lymphoid system (Weller et al., 1992). The observation of hydrocephalus in double mutant mice suggests that the equilibrium between the secretion, cilia-mediated flow, and absorbance of CSF may be defective.
The exact mechanisms leading to hydrocephalus in double mutant mice is unknown, although one potential route is dysfunctional cilia (Ibanez-Tallon et al., 2004). Cilia are a cytoskeleton-enriched structure comprising axonemes, composed of nine outer MT doublets surrounded by a ciliary membrane. The motile cilia are composed of a central doublet of MT with outer and inner dynein arms 1-3 (Ishikawa and Marshall, 2011). HDAC6 plays a crucial role in several cellular processes, including the disassembly of cilia (Li et al., 2010, Dere et al., 2015). The assembly and disassembly of cilia is regulated by many ciliary proteins, including HDAC6. HDAC6-mediated deacetylation of cortactin and α-tubulin leads to ciliary disassembly by stimulating cell motility (Ran et al., 2015) .
Axonemes in the cilia contain  highly acetylated α-tubulin that stabilises the MT, in keeping with the role of HDAC6 deacetylation which reduces the MT stability and stimulates cortactin binding with F-actin in the cilia, consequently speeding up the polymerisation of actin and causing a ciliary response (Ran et al., 2015).
Homeostasis in ciliary assembly/disassembly is important for cilia motility. Overexpression of HDAC6 shifts the balance towards disassembly, suggesting that knocking out HDAC6 would shift the balance towards stability. According to our findings from multiple crosses we found a case of a SPASTΔE7/ΔE7/ HDAC6-/y and SPAST+/ΔE7/ HDAC6-/y mice born with hydrocephalus. Perhaps HDAC6 knockout increased the acetylation of α-tubulin and stabilised the axonal MT, and then knocking out spastin has an additional stabilising effect of MT. Perhaps this combination of ciliary MT-stabilising effects causes a loss of cilia motility. We could further test this possibility by dissecting postnatal brains and using live microscopy to image motile cilia in the ventricles. On the other hand since these potential effects are all mediated by the deacetylase activity of HDAC6, and we saw no effect of long-term HDAC6 deacetylase inhibition using chemical inhibitors, other mechanisms may also need to be considered. 


[bookmark: _Toc508875663]5.5.2 C57BL/6J-OlaHsd sub-strain
C57BL/6Jax and C57BL/6N are the most commonly characterised sub-strains (Rendina-Ruedy et al., 2015). The C57BL/6Jax black sub-strain was first characterised in 1948 at Jackson Laboratory, and in 1951 they were passed to National Institutes of Health (NIH) (Mekada et al., 2009). Several C57BL sub-strain mice have been generated by selective in-breeding in different laboratories, with one of the most frequently used being the C57BL/6J-OlaHsd sub-strain. This sub-strain has a deletion in α-synuclein (Snca) and multimerin-1 (Mmrn1) genes which was established at 1998 (Specht and Schoepfer, 2001). Genetic deletion in Snca is associated with Parkinson's disease in humans (Kruger et al., 1998), while Mmrn1 deletion is associated with platelet degradation causing bleeding disorders in humans (Reheman et al., 2010). Although the C57BL/6J-OlaHsd sub-strain has a deletion in both Snca and Mmrn1 genes, no significant notable phenotypes have been observed in respect to these sub-strains (Specht and Schoepfer, 2004), and they have been used as wildtype mice in thousands of laboratories. However, recently, a comparative study between the C57BL/6J-OlaHsd and C57/BL6Jax mice showed that Mmr1 plays a major role in bone remodelling (Liron et al., 2017) and that C57BL/6J-OlaHsd mice demonstrated a significant reduction in trabecular bone mass in comparison with C57/BL6Jax (Liron et al., 2017). This finding suggests that crossing spastin onto different sub-strains might cause a novel interaction between spastin and the genetic background. This is consistent with our findings, in that the crossing error that occurred in our colony was that one of the C57BL/6J-OlaHsd mice had been used for breeding with the SPAST ΔE7 mice. This led to a complete failure to generate SPASTΔE7/ΔE7 male mice, consistent with gender-specific effects we had previously observed in the HDAC6 crosses with SPAST ΔE7 mice. 
We suggest that HDAC6 is affected in OlaHsd mice; therefore, we measured the level of acetylated tubulin in both sub-strains. Consistent with this we found a higher level of tubulin acetylation in C57BL/6J-OlaHsd compared with C57BL/6J-Jax, but this level did not reach the HDAC6 knockout level. This suggested that there is a partial reduction of HDAC6 function. Because HDAC6 is a large gene we decided to sequence cDNA by RT-PCR of mRNA from the mice brain. Although we found that there were no missense or nonsense mutations, there was an omission of exon 22 which suggested that there is a splicing defect in OlaHsd. Sequencing of genomic DNA failed to identify an alteration in this region in OlaHsd, which suggested that there is an intronic change. Sequencing of intron failed to identify any mutations in OlaHsd. The reason for the exon 22 being omitted remains unknown.  


[bookmark: _Toc508875664]5.6 Summary
To sum up, although we know that HDAC6 null mice developed normally, in-crossing HDAC6 mice with SPAST ΔE7 mice affected the generation of male double mutant mice. This suggested that there were unknown genetic interactions between spastin and HDAC6 that had a lethal effect on male mice and that need further investigation. The fact that two of the double mutant mice showed signs of hydrocephalus supports a model where spastin and HDAC6 mutations converge on cilia motility in the ependymal cells lining the ventricles. Our findings in OlaHsd mice are consistent with OlaHsd carrying an uncharacterised HDAC6 allele that affects the splicing of exon 22 and leads to partial loss of HDAC6 function.
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Chapter 6: Microtubule stabilising agent (Epothilone D) 
[bookmark: _Toc508875666]6.1 Aims  
This chapter aims to investigate the effects of a microtubule stabilising compound, Epothilone D (EpoD), on the HSP phenotype of a spastin mouse model. We determined the effects of EpoD in vivo by injecting the mice with EpoD weekly, followed by behavioural assessments at monthly intervals to confirm the effects of EpoD on gait. At the conclusion of the in vivo, study investigations were undertaken on serial sections from the spinal cord in order to determine the effects of the drug on the axonal swelling pathology observed in the HSP mouse model.

[bookmark: _Toc508875667]6.2 Introduction 
Microtubules are fundamental structures in the process of building the cytoskeleton of eukaryotic cells. They are also highly dynamic, and composed of α- and β-tubulin heterodimers, which are oriented with an α-tubulin monomer pointing towards the faster growing plus end, and an α-tubulin homodimer exposed at the slower growing minus end (Desai and Mitchison, 1997). The assembly of tubulin heterodimers occurs at the microtubule organisation centre (MTOC) (Stiess et al., 2010). MTs demonstrate a process called “dynamic instability” with GTP-dependent growth or depolymerisation occurring at the plus ends (Desai and Mitchison, 1997). The plus end of microtubules is stabilised by the presence of a tubulin GTP-cap, as well as a number of end-binding proteins (Mitchison and Kirschner, 1984).
MTs are required to mediate the transport of vital cellular components along the axons. MTs themselves need to be transported the entire length of an axon (up to 1 m in humans) and, to facilitate this, MTs are cut into small pieces with multiple plus and minus ends, allowing motor proteins to efficiently transport tubulin, along with other cargos, along the axon (Hirokawa and Noda, 2008). MTs in neurons exhibit more stability than other cells because of the abundant microtubule associated proteins (MAPs) that bind to MTs and play an essential stabilising role (Pryer et al., 1992). Impairment in MT stability because of altered binding of MAPs is linked to the development of neurological disorders. For example, Tau is thought to be critical for MT stabilisation since it plays an important role in the engagement of kinesin (motor protein) to the MT, and thus regulates axonal transport (Drechsel, 1992). In taupathies, Tau becomes hyperphosphorylated leading to a reduction in tau to MTs, which reduces the stability of the MTs (Baudier and Cole, 1987). Opposing these stabilising effects is spastin, which severs MTs and reduces MT stability so as to facilitate axonal transport. The absence of spastin is therefore suggested to increase MT stability by stopping severing activity and thus causing NDs, including HSP.
Although spastin mutation stabilises the MTs, the use of MT stabilising agents linked to an improvement in axonal transport in neuropathology (Abrahamsen et al., 2013). Also in fibroblasts, using lower concentrations of MT stabilisers is linked to increases in acetylation and increase severing by katanin (Sudo and Baas, 2010). An example of an MT stabilising agent is Taxol. Taxol is able to bind to polymeric MTs and reduce the rate of depolymerisation of α and β tubulin, therefore enhancing the stability of MTs (Schiff and Horwitz, 1981). Using Taxol is problematic, however, because it is associated with many serious side effects arising from its complex chemical structure and insoluble properties (Bollag et al., 1995). Different drugs have therefore been screened to find an improved compound that mimics Taxol’s mechanism of action; one of these compounds is EpoD. 
[bookmark: OLE_LINK19]EpoD is a microtubule-stabilising drug (Lou et al., 2014). Its structure is presented in Figure 6.1 (Lou et al., 2014), and it shares the same binding site on MTs as Paclitaxel (a version of Taxol) (Bollag et al., 1995). Since both EpoD and Taxol share the same binding site on β-tubulin, they each stimulate the polymerisation, assembly and bundling of MTs (Amos, 2011). Several MT binding drugs, such as Taxol (paclitaxel) and vinblastine, have been tested in vitro on both HSP patient-derived and control olfactory nasal stem cells (ONS), and have shown an ability to improve the level of α-tubulin acetylation, which is associated with MT stability (Abrahamsen et al., 2013). Also, a pilot study testing the effectiveness of a range of doses (0.5 nM, 1 nM, 5 nM) of EpoD on the patient-derived stem cell model of HSP revealed that EpoD increased the level of acetylation in a dose-dependent manner at these very low concentrations (Fan et al., 2014). Based on dose response curves, a dose of 2 nM has been chosen to treat HSP patient-derived cells and this was sufficient to restore the acetylated α-tubulin to the control level and rescue proxisome trafficking (Fan et al., 2014). 
	Many MT stabilising agents have been tested and revealed not to be suitable for human patients due to poor penetration to the CNS (Brunden et al., 2011). EpoD, however, has been shown to penetrate the brain in a mouse model of schizophrenia (Andrieux et al., 2006). A pharmacokinetic analysis for the concentration of EpoD in brain and plasma has been conducted on a group of three mice that received EpoD at 3 mg/kg, before being euthanised 4, 6 and 10 days following the IP injection. EpoD concentration was higher in the brain compared to plasma at all-time points. This prolonged persistence in the brain is suggested to be preferable in that it allows the CNS to be exposed to the drug for longer, stabilising the MT and minimising the exposure of the peripheral tissue to the drug Also, it has been shown to clear out from the body slowly (Brunden et al., 2011). EpoD is therefore a preferable MT stabilising compound as it penetrates the BBB with no side effects reported (Brunden et al., 2010). 
Since all the data so far relating to EpoD in HSP has been related to in vitro studies, we wished to explore its potential in vivo in a mouse model. Specifically, we wished to determine whether EpoD treatment had a beneficial effect on the typical gait defect and axonal swelling pathology shown in our spastin mouse model of HSP.
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[bookmark: _Toc508875668]6.3 Results 
[bookmark: _Toc508875669]6.3.1 EpoD dosing 
Many studies have tested EpoD in vivo, for example, a study which was performed on a transgenic mouse model of tau pathology, tested weekly intraperitoneal injections of different concentrations of EpoD, namely 1 mg/kg and 3 mg/kg, for a period of three months. This investigation revealed that EpoD stayed in the brain for more than a week after administration of a single weekly dose (Brunden et al., 2011). 3 mg/kg EpoD showed improvement in MT density and axonal integrity in the CNS without any intolerable side effects (Brunden et al., 2011). Also, this dose matched the dose used in clinical human phase II trials for cancer treatment (Beer et al., 2007). Another study revealed that repeated injections of 1 and 10 mg/kg restored MT dynamics to the normal level in a transgenic tau mouse model, without any toxic effect on the animal (Barten et al., 2012).  In vivo, treatment of an MPTP-mice model of Parkinson’s disease with EpoD (1 or 3 mg/kg) revealed neuroprotective effects in the system of dopaminergic nigrostriatal and increased the mass of MTs in the substantia nigra, however, the motor performance did not show any improvement and the body weight was not affected (Daniele et al., 2013). Despite this finding we expected that if we used MT stabilising agents there would be some amelioration of axonal transport defects and improvement in gait defects in the mouse model of HSP. 
Based on these studies, and the advice of Dr Barten at Bristol Myers Squib (who generously provided the compound), we treated the spastin mouse model with EpoD at 1 mg/kg. To solubilise the drug we made up a stock solution of 1 mg EpoD in 1 ml of ethanol. This stock was refreshed each month. Mice were injected weekly by IP injection after diluting the stock solution 1:10 in water. The dose was adjusted to 1 mg/kg according to the weight of individual mice. The control mice were injected with a 1:10 dilution of ethanol in water.
[bookmark: _Toc508875670]6.3.2 Experimental design
In this experiment we used six mice in each group. We ran two experiments; symptomatic and presymptomatic. Also, to avoid variability in the data arising from mixed gender experiments (given that male mice have a wider BOS compared to females of the same age, see section 4.4.1, Figure 4.17), we only used female mice in this study.

[bookmark: _Toc508875671]6.3.3 Housing conditions
Mice were singly housed in large cages fitted with air filteres, and all the cages placed behind the barrier in the Field Laboratories at the University of Sheffield. For more details, see section 2.2.11.3.

[bookmark: _Toc508875672]6.3.4 Effect of EpoD on gait defects in the spastin mouse model of HSP 
The spastin mouse model of HSP has a gait defect related to spasticity and weakness in the hind limbs (Kasher et al., 2009). Here we investigated the effect of the MT stabilising agent EpoD in vivo, hypothesising that if the MTs are stabilised by EpoD this would alleviate the axonal swelling phenotype, as was reported in vitro in patient-derived ONS cells (Fan et al., 2014). If this hypothesis is correct, we would expect to see loss of axonal swellings and an improvement in HSP gait defects in vivo. We therefore conducted two studies: 1) a symptomatic study when spastin mice had already developed a gait defect, and 2) a presymptomatic study before the onset of the disease. To determine the effects of the drug on gait, the mice were tested on the CatWalk gait-analysis system at monthly intervals. 

[bookmark: _Toc508875673]6.3.4.1 The effects of treatment with EpoD on gait defects in the symptomatic spastin mouse model of HSP in vivo.
We started the treatment of spastin mice with EpoD MT stabilising agent. First, we aged the wildtype and spastin mice until they clearly exhibited profound gait defects at 13 months of age (p<0.0001) (as shown in Figure 6.2-A). Then, we randomly assigned SPAST+/+ and SPASTΔE7/ΔE7 mice to treatment and vehicle groups. On account of the random assignment to groups, our groups were not well matched by gait (Figure 6.2-A), although the difference between the two SPAST groups did not reach overall significance (Figure 6.2-C). We therefore present the raw data and the gait for each group after normalisation to its respective baseline value at 13 months (Figure 6.2-B).
Figure 6.2-A shows the BOS of the four groups of mice, namely, SPAST+/+ placebo, SPAST+/+ EpoD treated, SPASTΔE7/ΔE7 placebo, SPAST ΔE7/ΔE7 EpoD treated. In Figure 6.2-A the Y axis shows the BOS in mm. Data at each time point is an average of six mice (using three runs per mouse to generate an average BOS for each animal). For quality control, each run had to follow specific criteria (see section 2.2.11.4). It can be seen from the graph that, at four months old, the BOS differed by 21% between SPAST+/+ placebo (12+0.6 mm, mean +SD) and SPASTΔE7/ΔE7 placebo (14.8+0.8 mm). This difference reduced marginally as the BOS of both groups followed the same increasing trend over the time period of the study. It is notable that at 11 months old, the BOS of the EpoD treated homozygous mice had risen considerably to 17.2+1.2 mm and that it remained between 17 mm and 17.4 mm through to the end of the study. Furthermore, the BOS of the SPASTΔE7/ΔE7 placebo group showed a similar trend as it climbed to 16.6+1 mm one month after the start of the study and that decreased to (16.3+1.3) at the end point. In contrast, both wildtype groups (placebo and treated) had a narrower BOS compared with the homozygous groups, being 12.6+0.8 mm and 13.7+1.7 mm, at 13 months of age. Because of the effects of age, the BOS became wider at 17 months old (SPAST+/+ placebo, 14+0.9; EpoD treated, 14.8+1.5).
In Figure 6.2-B the BOS data for each group is normalised to the mean value for that group at 13 months old to better represent the overall change from baseline gait after EpoD treatment. It can be seen from the graph that there were no improvement in BOS in SPASTΔE7/ΔE7 mice receiving EpoD. It must be concluded, therefore, that we did not see any beneficial effects of EpoD on gait defects in the Spastin mouse model. This may have been because the drug treatment was started at 13 months of age, when the gait defect was already well-established. We therefore ran another study to investigate the effects of EpoD when mice were treated from a presymptomatic stage.
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	Age
	SPAST+/+ placebo
Vs
SPASTΔE7/ΔE7 placebo
	SPAST+/+ placebo
Vs
SPAST+/+ EpoD treated
	SPASTΔE7/ΔE7 placebo
Vs
SPASTΔE7/ΔE7 EpoD treated

	Month 13
	****
	ns
	*

	Month 14
	****
	ns
	ns

	Month 15
	***
	ns
	ns

	Month 16
	**
	ns
	ns

	Month 17
	**
	ns
	ns
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Figure 6.2:
 
CatWalk
 gait analysis
 of spastin mice, after the treatment with microtubule stabilising drug Epothilone D (symptomatic study).
(A) Hind limb base of support (BOS): the distance between the hind paws was measured using the CatWalk system. (B) BOS data normalised to the mean value prior to the first point of the treatment (13 months of age) to show the effects of EpoD on the gait defects. (C) Table shows results of statistical analyses using two-way ANOVA followed by Bonferr
oni's multiple comparisons test
 (**** p<0.0001, *** p<0.001, ** p <0.01, *p<0.05 & ns > 0.05).
 The start of the treatment indicated by (*), e
rror bars represent the standard deviation
.
)




[bookmark: _Toc508875674]6.3.4.2 Effect of treatment with EpoD on gait defects in a presymptomatic spastin mouse model of HSP in vivo.
Treating spastin mice with an MT stabilising drug (EpoD) from 13 months old did not show any beneficial effects on gait defects. This raises the possibility that the treatment was started too late to have an effect on the already established gait defects. We therefore performed a similar study using presymptomatic mice (treated from one month old) to determine the effects of EpoD on gait defects before the onset of symptoms. To study the effect of EpoD on the gait of the HSP mouse model, BOS was assessed at monthly intervals in the four groups (Figure 6.3). The line graph shows analysis of the BOS after the treatment with EpoD from one month to six months of age. The graph demonstrates that EpoD had no effect on BOS in wildtype or SPASTΔE7/ΔE7 mice. The statistical analysis involved two-way ANOVA followed by Bonferroni's multiple comparisons test.
Generally, in all the groups, the BOS became wider as the mice got older, and the BOS of the SPASTΔE7/ΔE7 groups (treated and placebo) were wider than SPAST+/+ groups. Statistical analysis of the results showed no significant differences between the SPASTΔE7/ΔE7 and SPAST+/+ (p= 0.4584). 
At the first time point, the difference between the SPAST+/+ and SPASTΔE7/ΔE7 was 13%, but the BOS of the mutant placebo mice became wider than the wildtype placebo at four months old, with a statistically significant difference (p= 0.0445), and this difference was also significant at six months old (p= 0.0002). There were no significant differences detected between treated and placebo groups for either genotype.  
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	SPAST+/+ placebo
Vs
SPASTΔE7/ΔE7 placebo
	SPAST+/+ placebo
Vs
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	Month 1
	ns
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	Month 3
	ns
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	Month 4
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	ns
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	Month 5
	ns
	ns
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	ns
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Figure 6.3:
 
CatWalk
 gait analysis
 of spastin mice BOS after the treatment with microtubule 
stabilising drug Epothilone D (pre
symptomatic study).
Hind limb base of support (BOS) measured by CatWalk automated system. Error bars represent the standard deviation SD. Statistical analyses involved two-way ANOVA followed by Bonferroni's multiple comparisons test. (**** p<0.0001, *** p<0.001, ** p <0.01, *p<0.05 & ns > 0.05).
)





[bookmark: _Toc508875675]6.3.5 Effect of spastin mutation and EpoD treatment on body weight 
To monitor the effect of EpoD on body weight, the weight of the mice was recorded weekly and the average weight per month was calculated for each group. As shown in Figure 6.4, all the mice in all groups gained weight gradually throughout the study. Although the spastin mutant treated with EpoD weighed less than the vehicle group, no statistically significant difference was observed between them at each time point.
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Figure 6.4: Effect of EpoD 
treatment on mice body weight (pre
symptomatic study). 
Statistical analyses using two-way ANOVA followed by 
Bo
nferroni's multiple comparisons.
)



[bookmark: _Toc508875676]6.3.6 Effect of presymptomatic treatment with EpoD on axonal swelling pathology in the spastin mouse model of HSP
The study reported in Chapter 3 showed that quantification of the axonal swellings from three mice per group was not sufficient to reach statistical significance, since there was a high degree of variability in the number of swellings in the mice in each group. Here, therefore, we analysed five spinal cords per group. Also, to investigate the axonal swellings in the spinal cord, 10 µm thick transverse sections were cut from the cervical and lumbar levels (see section 2.2.13). Swellings were detected by immunostaining using an antibody against amyloid precursor protein (APP) (see section 3.3.7, Figure 3.10). We analysed four different regions in the spinal cord (see section 3.3.7, Figure 3.9 for more details about the regions).

Cervical cord
The cervical region of the spinal cord is the area that contains all the fibres descending from the motor cortex of the brain before they synapse with the lower motor neurons. The corticospinal tract (CST) and lateral corticospinal tract (LCST) are the regions in the spinal cord containing the motor fibres and thus provide an opportunity to investigate axonal defects in the upper motor neurons. Also, to determine the effects of the EpoD on other axon fibres, we studied the other fibre tracts in the spinal cord, namely the ventral funiculus (VF) and ventrolateral funiculus (VLF), which contain mixed motor and sensory fibres. The statistical analysis test used in this experiment was one-way ANOVA.
Figure 6.5 shows the mean number of axonal swellings per micron in the four examined regions of the spinal cord (CST, LCST, VLF and VF). Error bars indicate significant variability within each group. There were no swellings detected in the CST and VF in the wildtype placebo and treated groups. In the LCST and VLF of the wildtype placebo group, however, a very low frequency of swellings was discernible.  
At this age, six months old, there was not a significant increase in the axonal swellings in the SPASTΔE7/ΔE7 vehicle group compared with SPAST+/+ treated and placebo. It is notable from the graph that the SPASTΔE7/ΔE7 EpoD treated group had the highest number of axonal swellings in all four regions in the cervical spinal cord.  Thus the treatment with EpoD has increased the axonal swellings/µm in the SPASTΔE7/ΔE7 significantly compared with SPAST+/+ EpoD treated in all four areas; CST, LCST, VLF and VF (p= 0.0015, 0.0481, 0.0062 and 0.0156) respectively. In other words, treatment with EpoD acts specifically with SPASTΔE7/ΔE7 to significantly increase the amount of axonal swellings in mouse spinal cord. 
There was no significant change in the frequency of LCST and VLF swellings in the SPAST+/+ mice treated with EpoD (Figure 6.5 B & C). Although the mean number of axonal swellings per micron was always higher in the SPASTΔE7/ΔE7 EpoD treated mice compared to SPASTΔE7/ΔE7 placebo, this difference only reached significance in the CST (p=0.0229) (Figure 6.5-A).
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Figure 6.5:
 
Frequency of axonal swellings per micron at the cervical level of the spinal cord following
 
presymptomatic EpoD treatment (6 months old).
 (A) Corticospinal tract and (B) lateral corticospinal tract are regions with motor fibres. (C) Ventrolateral funiculus and (D) ventral funiculus are regions with mixed motor and sensory fibres. Statistical analysis was by one-way ANOVA. (**** p<0.0001, *** p<0.001, ** p <0.01, *p<0.05 & ns >0.05). Error bars represent standard deviation (section thickness= 10µm) 
(five mice per group)
.
)







Lumbar cord
The lumbar region contains the longest UMN axons originating from cell bodies in the motor cortex of the brain and the brain stem. These axons carry the information from the UMN to the LMN and control movement of the lower limbs. Studying the axonal swellings in this region helps to provide a better understanding of the relationship between axon length and disease. 
Figure 6.6 shows that the number of axonal swellings/µm in the SPASTΔE7/ΔE7 placebo was higher than in the SPAST+/+ placebo in the LCST,VLF and VF, however the different was not statistically significant, except in the VLF region were (p=0.0071) (Figure 6.6-C). Treating SPASTΔE7/ΔE7 with EpoD increased the number of axonal swellings in three regions of the spinal cord: CST, LCST and VF, compared with the SPASTΔE7/ΔE7 vehicle control group, but this difference was not statistically significant (Figure 6.6 A, B & D).
Also, there were fewer axonal swellings detected in the CST in the wildtype placebo but, again, this was not statistically significant in comparison with the EpoD treated group (p>0.9990) (Figure 6.6-A). Similarly, in the VLF and VF there were no significant differences detected in both areas between the wildtype treated and untreated (Figure 6.6 C & D). 
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Figure 6.6:
 
Frequency of axonal swellings per 
micron at the lumbar level of the spinal cord following
 
presymptomatic EpoD treatment (6 months old).
 (A) Corticospinal tract and (B) lateral corticospinal tract are regions with motor fibres. (C) Ventrolateral funiculus and (D) ventral funiculus are regions with mixed motor and sensory fibres. Statistical analysis was by 
one-way 
ANOVA. (**** 
p
<0.0001, *** 
p
<0.001, ** 
p
<0.01, *
p
<0.05 & ns 
p
>0.05). Error bars represent standard deviation SD (section thickness= 10µm)
 (five mice per group)
.
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[bookmark: _Toc508875677]6.4 Discussion 
Protein accumulation is a hallmark of many neurodegenerative diseases that manifest with progressive motor impairment. In terms of hereditary spastic paraplegia, aggregates of protein have been found in the spinal cord in the spastin mouse models and HSP patients (Tarrade et al., 2006, Kasher et al., 2009). Spastin is a MT severing enzyme, and loss of function mutations in spastin reduce this severing activity, leading to alterations in axonal transport and the accumulation of cargoes along the axon (Kasher et al., 2009). Furthermore, it has been suggested that axonal swellings might be associated with the significant gait impairment that is characterised by a wider BOS in spastin mutant mice (Kasher et al., 2009). In vitro studies have showed that using a MT stabilising agents has a beneficial effect in terms of mitigating the axonal transport defect (Abrahamsen et al., 2013, Fan et al., 2014). In order to test the provenance of this therapeutic rationale in vivo, we investigated the effects of MT stabilising agent on the clinical and pathological phenotype of the spastin mouse model. 
Many well-known MT stabilising drugs, such as Paclitaxel, provide a therapeutic benefit in vitro, but are not suitable for use in vivo because of their poor CNS penetration properties and potentially serious side effects (Fellner et al., 2002)(Fellner, 2002, Transport of paclitaxel ( taxol  across the blood- brain barrier in vitro and in vivo;Fellner, 2002 /381). Several criteria are therefore required for a drug that can be used in vivo, such as BBB permeability and no/minimal side effects. A limited number of MT stabilisers have been tested in vivo; therefore more studies are required to test different stabilising agents.
 EpoD however, has been reported as being BBB permeable. This is supported by the U.S. Food and Drug Administration (FDA), which approved Epothilones as MT stabilising agents that are permeable to the BBB (Ballatore et al., 2012). Teating AD mouse model with EpoD, did not show any intolerable side effect (Brunden et al., 2010). Also, it has been used in phase I clinical trial for AD patients (https://clinicaltrials.gov/ct2/show/NCT01492374). Overall, therefore, these criteria make it an attractive candidate to treat neurodegenerative diseases, including HSP.
Several studies have tested EpoD in vivo, for example, weekly intra-peritoneal (IP) injections of EpoD (1 mg/kg) were found to be sufficient to cross the BBB and significantly increase the level of tubulin acetylation in the brain (Brunden et al., 2011). Also, treating Tg mice with tau pathology with 1 mg/kg EpoD restored MT dynamics to the control level (Barten et al., 2012). Using this previous work as a foundation, we injected HSP mice with weekly intraperitoneal injections of 1 mg/kg EpoD to test the effect of the drug on gait defects and axonal swellings in vivo.
[bookmark: _Toc508875678]6.4.1 Symptomatic test of EpoD in vivo
We investigated the effect of EpoD on the female spastin mouse model of HSP beginning treatment at 13 months old, when the mice were already exhibiting a profound gait defect. This type of study is more representative of treatment of symptomatic HSP patients in the clinic. After four months of the treatment (when the mice were 17 months old), the BOS in all four groups had not changed significantly compared to the baseline value at 13 months. EpoD, therefore, did not lead to any improvement in respect to the gait defect in the homozygous group despite using established dose and route of administration (Brunden et al., 2011). One issue we had with this study was the decision to randomly assign mice to treatment or vehicle groups. This led to a difference in the baseline BOS readings at 13 months, which must reflect the inherent variation present in the phenotype.
In terms of the lack of efficacy, we treated the mice after disease progression, when the axonal transport issues already existed. Unfortunately, we could not carry on the experiment since by 17 months the SPASTΔE7/ΔE7 groups of mice were experiencing many problems such as loss of fur, eye problems and long teeth, which prevented them from eating. Overall, because we did not find any changes in the gait defect in these mice after the treatment it may be that starting the treatment at 13 months old was too late. Furthermore, since EpoD improved the cognitive performance and axonal transport deficits in tau pathology mice when they were treated with EpoD presymtomatically (Zhang et al., 2012), we also decided to test the effect of treatment before disease onset. We noticed from the previous experiment that the progressive gait defect had already begun by four months of age (see Chapter 3). Based on that, we started the treatment at an earlier age, after the mice were weaned at one month old. It was surmised that if the treatment were started before the onset of HSP disease, it might help to improve the axonal transport defects and reduce the axonal swelling pathology, which would then be reflected as an improvement in gait. 
As we expected, based on our observation on the gait defect the disease onset in Chapter 3, the gait defect started at four months of age, with this difference in onset between the wildtype and spastin mutant placebo mice being (p<0.05) (two-way ANOVA) significant. EpoD treatment showed no significant effect on gait of SPAST+/+ or SPASTΔE7/ΔE7 mice. Moreover, the mice were monitored to ensure that drug toxicity did not affect their weight; hence, weight was measured weekly and indicated that the mice gained weight steadily. This observation is in line with a previous study carried out on Tg mice treated with EpoD which shown no toxicity associated with the drug and normal weight gain among the treated mice (Zhang et al., 2012). 

[bookmark: _Toc508875679]6.4.2 EpoD increased the number of axonal swellings in the spinal cord
Abrahamsen (2013) developed stem cells derived from an HSP patient with an autosomal dominant spastin mutation. These cells have lower levels of α-tubulin acetylation and peroxisome trafficking defects (Abrahamsen et al., 2013). Low levels of tubulin binding drugs, such as Taxol, Vinblastine, Epothilone D and Noscapine were shown to restore the patient-derived cells’ peroxisome trafficking without affecting cell proliferation (Fan et al., 2014). Various studies have confirmed the effect of EpoD on MT stability, in particular in compensating for loss of function in mouse model with tau pathology. EpoD also reduced axonal dystrophy, tau neuropathology and hippocampal neuron loss in this model (Brunden et al., 2010).
To test for the effects of EpoD on pathology, sections from the spinal cord of five mice per group were used to count axonal swellings in the spastin HSP model. EpoD shares the tau binding site on MT and enhances the ability of motor proteins to bind with MT, thus mitigating axonal transport defects (Zhang et al., 2012). Our finding in axon tracts in the cervical region of the spinal cord however shows that treating spastin mutant mice with EpoD before the onset of HSP phenotype actually increases the formation of axonal swellings in spastin mutant mice without affecting wildtype mice. 
We do not think this increase in the number of axonal swellings occurred because the dose of EpoD was toxic or the long duration of the treatment, as our mice appeared healthy and gained weight normally. 
Furthermore, the number of swellings in the wildtype groups was not affected after presymptomatic treatment with the MT stabilising drug. Thus the pathology is consistent with synergy between spastin mutation and MT stabilisation. As loss of spastin has MT stabilising effect on MT (Lou et al., 2014) and adding EpoD also stabilises MT (Zempel and Mandelkow, 2015), we hypothesise that both effect together to cause more stabilisation of MT which worsens the HSP phenotype selectively in the spastin mouse model (Figure 6.7). It is interesting to note that despite an increase in swellings in EpoD treated SPASTΔE7/ΔE7 mice; there was no association of worsening pathology with worsening gait. 
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[bookmark: _Toc508875680]6.4.3 A possible therapeutic target in the treatment of HSP
In a model of AD, exposing cultured neurons to Aβ causes, tau to be mislocalised from the soma to dendrites where it induces TTLL6 (Tubulin-Tyrosin-Ligase-Like 6) to the dendrites. The latter polyglutamylates the MT and recruits spastin to initiate the severing of MT in the dendrites. This leads spastin to breakdown MT in dendrites causing MT decay (Zempel and Mandelkow, 2015). In the case of AD, stabilising the MT is a good target to reduce MT loss. Also, inhibition of spastin activity could be beneficial in AD (Figure 6.8).  
In HSP the opposite of the  previous mechanism would be beneficial as tau is important to recruit spastin to sever MT by recruiting TTLL6, to glutamylate MTs,  which is appears to mediate the activation of spastin (Lacroix et al., 2010). Therefore targeting tubulin with polyglutamylation by adding TTLL6 to induce the severing activity of spastin would be a therapeutic approach in an HSP mouse model with spastin mutation, rather than seeking to stabilise MTs.  However, in SPASTΔE7/ΔE7 mice this approach would only work in heterozygotes since homozygous mutant mice have no spastin protein. 
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Figure 6.
8: Diagram of proposed mechanism of MT severing in both HSP and AD.
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[bookmark: _Toc508875681]6.5 Summary
In this study we investigated the effect of EpoD in vivo on the HSP phenotype. In both symptomatic and presymptomatic treatment, EpoD did not show any improvement in the hind limb BOS. In the spinal cord, of mutant spastin mice but not wildtype controls, EpoD did slightly increase the number of axonal swellings in the cervical region and lumbar region. This increase reached significance in the cervical region. Our data suggests that EpoD, a microtubule stabilising agent that others have reported to be beneficial in vitro in HSP models (Fan et al., 2014), in fact did not show any benefits in an in vivo system. This may be linked to the fact that both loss of function mutations in spastin and EpoD cause stabilisation of MTs. Our findings suggested other therapeutic targets that might alleviate the HSP phenotype. In addition they raise questions about the validity of using axonal swellings as a predictive tool for selecting drugs for preclinical testing in HSP.
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Chapter 7: General discussion
HSP is a motor neuron disease characterised by lower limb weakness and spasticity (Klebe et al., 2004). It can occur during any stage of life (Fink, 2003a). According to many studies, SPG4 is considered as the most common cause of HSP (Hazan et al., 1999, Fonknechten et al., 2000). Currently, there is no treatment for HSP except for using anti-spastic drugs to reduce lower limb muscle spasticity (Margetis et al., 2014). More research is therefore required to investigate potential therapeutic approaches in HSP.
Thus, several mouse models of HSP with spastin mutation have been generated (Tarrade et al., 2006, Kasher et al., 2009, Connell et al., 2016) (Chapter 1, Table 1.2). In one of these models SPASTE7, the mice have a mutation which mimics the human c.1092+2T>G mutation, and these mice accordingly exhibit an HSP phenotype, revealed in a wider hindlimb BOS in vivo, and also in vitro in axonal swellings in the spinal cord (Kasher et al., 2009). 
Treatment for HSP is challenging, and therefore, in this project we aimed to test different therapeutic approaches using SPASTE7 mouse model. 

[bookmark: _Toc508875683]7.1 Effect of exercise on the HSP mouse model
Based on physicians’ recommendations, one of the approaches to reduce the HSP phenotype in humans is exercise; however, this recommendation is not based on any statistically significant evidence. Also, exercise is known to have a preventative effect in relation to many neurodegenerative diseases (Hamer and Chida, 2009). It has been suggested that this beneficial effect on brain health is linked to exercise’s ability to increase blood flow and oxygen to the brain, specifically, it has been reported that voluntary exercise reduces the risk of Alzheimer’s disease by 45% and dementia by 28%  (Hamer and Chida, 2009). Also, walking for 1.5 hours in a week is associated with better cognitive performance (Weuve et al., 2004).
We therefore sought to study the effect of exercise on the HSP mouse model in vivo using home cages equipped with running wheels, with the aim ultimately of translating findings to clinical recommendations. The data in Chapter 3 confirms that exercise has an effect in delaying the progression of the disease but it did not show a statistically significant alleviation of symptoms. This was probably due to the small size of the group, since we used just eight mice per group. Applying a post-hoc power calculation, however, it was revealed that at least twelve mice were required to reach statistical significance at most time points. Nonetheless, this finding of the beneficial effect of exercise supports clinical case reports that show a beneficial effect on the functional abilities of HSP patients after physical therapy (Asir John et al., 2013).  
Exercise also reduced the number of axonal swellings in the spastin spinal cord, and the effect was significant in the LCST.  This finding suggested that voluntary exercise has an indirect effect in terms of reducing axonal swelling. Several studies have shown that exercise benefits neuronal function (Fabel et al., 2009, Kobilo et al., 2011). Voluntary exercise can improve neuronal morphology by increasing synaptic density (Dietrich et al., 2008). The most common pathway that can be modulated by exercise is Brain-derived neurotrophic factor (BDNF).  BDNF has a crucial role in synaptic plasticity (Patterson et al., 1996). It has been shown that an increase of BDNF protects neurons against amyloid-beta (Aβ) protein accumulation which induces cell death (Kitiyanant et al., 2012). BDNF supports cytoskeletal changes (Rex et al., 2007), and helps in neurotransmitter release (Bekinschtein et al., 2007). To confirm this in our mouse model, however, we need to measure the level of this neurotrophic factor in spastin mice brain before and after exercise. 
Different mouse strains can run different distances per day. Female mice of the BALB/c strain can run 5 km/night (Goh and Ladiges, 2013). In our study, in agreement with previous work, we found that C57BL/Jax female mice  can run 15 km/night (De Bono et al., 2006), thus giving a better chance to see the effect of exercise on the gait defect. In humans active people can walk approximately 11km/day (Levine et al., 2008). In the mouse model there are many measurable parameters that can be obtained using the CatWalk system to identify the defect in gait, and to investigate the effect of exercise on gait such as swing duration, swing speed and swing length (Bennett et al., 2014). To translate this to the treatment of humans; patients with HSP should be exposed to a well-designed exercise programme. This could be followed by measuring different gait parameters using an eSHOE (a wearable gait monitoring system). This system targets two main goals, 1) fall prevention and, 2) assistance for diagnosis and rehabilitation treatment. It provides long term analysis of all important gait parameters such as stance time, swing time and double limb support (Jagos and Oberzaucher, 2008). This wearable system offers a new contribution in the understanding of the gait defect and pathological changes in human ambulation, and could be used to investigate HSP patients exercise and gait. 

[bookmark: _Toc508875684]7.2 Effect of chemical inhibition of HDAC6 on the HSP mouse model
Alteration of the level of acetylated α-tubulin is associated with many NDs (Dompierre et al., 2007). Increasing the acetylation of tubulin is therefore a potential therapy for several NDs. One way to increase the acetylation of tubulin is by inhibiting HDAC6, the main Histone deacetylase enzyme (Kawaguchi, 2003). HDAC6 has become an attractive candidate in the treatment of NDs, because of its essential role in a variety of cellular processes (Kawaguchi, 2003). 
Table 7.1 summarises some examples of the beneficial effect of inhibiting HDAC6 chemically and genetically. One example is a study into hereditary axonopathies, and with a mouse model of mutant HSPB1 induced CMT, inhibition of HDAC6 restored the acetylated tubulin, and alleviated the axonal transport defects, especially in terms of mitochondria transport; ultimately leading to improved motor function (Benoy et al., 2016). The use of some HDAC6 inhibitors, such as Tubastatin A, is problematic, however because of their limited brain potency; as is shown in Table 7.1 it increased the acetylated tubulin in peripheral nerve but not in the spinal cord (D'Ydewalle et al., 2011). This aligns with our findings on testing Tubastatin A on C56BL/Jax mice as we did not observe any changes in the level of acetylated tubulin in the CNS.
 ACY-738 is a highly selective and effective HDAC6 inhibitor (Perez et al., 2009). An in vitro assay of ACY-738 showed  that it inhibits the C-terminal deacetylase of HDAC6 which leads to increase acetylation of α-tubulin (Jochems et al., 2014). Many studies have reported a significant increase in the level of acetylated tubulin after ACY-738 administration (Cook et al., 2014, Majid et al., 2015, Benoy et al., 2016) (Table 7.1). 
We used ACY-738 treatment at symptomatic and presymptomatic stages. Although ACY-738 increased the level of acetylated tubulin in both SPAST+/+ and SPASTE7/E7 and in both older and young mice, it did not modify the gait defect. In neuronal cultures, the inhibition of HDAC6 has led to an increase in the acetylation of tubulin as well as mitigation of the axonal transport defect (D'Ydewalle et al., 2011, Benoy et al., 2016). This mitigatory effect occurred in isolated cells, however, which conceivably behave differently from a whole animal model. 

Both HDAC6 knockout mouse and flies are viable and develop normally (Zhang et al., 2008, Du et al., 2010), which means genetic approaches are feasible. In Drosophila, crossing null mutant HDAC6 with tau overexpressing flies (a taupathology model) showed improvement in MT defects in muscles and neurons (Xiong et al., 2013). Also, in a mouse model of ALS, HDAC6 knockout has been shown to maintain axon integrity (Taes et al., 2013), while in an amyloid mouse model it mitigated memory defects (Majid et al., 2015). 
In the spastin mouse model of HSP the pharmacological inhibition of HDAC6 through ACY-738 had no beneficial effect on gait, suggesting that increases in tubulin acetylation is not a target in the regulation of the MT severing activity of spastin in HSP. This is supported by a study which shows that polyglutamylation rather than acetylation is the modulator for spastin activity (Valenstein and Roll-Mecak, 2016). However, in our SPASTE7 mouse model there is no spastin protein, suggesting this mechanism might only be functional in HSP patients as they typically carrying a single functional spastin allele.  Another possible pathway that can be targeted in HSP is endosomal trafficking. It has been reported that spastin is involved in the sorting and recycling of endosomal cargoes, as cells lacking spastin showed an increase in endosomal tubulation and defects in the sorting/recycling of cargoes (Allison et al., 2013). In this model loss of spastin leads to an increase in sorting cargos to late endosomes, this is possibly linked to the axonal degeneration in the HSP phenotype of our spastin mouse model. The treatment with M1 spastin is a possible therapy for HSP since M1 has the hydrophobic domain which is localised to the bilayer lipid membrane of ER and involved in ER morphogenesis (Sanderson et al., 2006), also it recruits to the endosome as that might help in sorting and recycling cargoes and possibly reducing axonal swellings in the spinal cord. Thus, gene therapy, by replacing spastin, particularly M1 that can binds and sever MT is a potential therapy for HSP. 
Table 7.1: The effect of HDAC6 inhibitors/ HDAC6 knockout in different neurodegenerative disease models.
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[bookmark: _Toc508875685]7.3 Novel genetic interaction between SPAST and HDAC6 
A significantly higher level of acetylation has been reported in the HDAC6 null mice used in our study, revealing hyperacetylation in the peripheral tissue (Zhang et al., 2003), the cerebellar cortex and striatum  (Bobrowska et al., 2011). These findings suggest that the crossing of HDAC6 null mice with spastin mutant mice would have a beneficial effect on the HSP phenotype by increasing axonal transport. In practice, after crossing HDAC6 with SPAST mice, we observed a correct ratio of HDAC6+/- / SPASTE7/E7 genotype, but there were 50% fewer than expected HDAC6-/y/ SPASTE7/+ and almost no double mutant mice HDAC6-/y/ SPASTE7/E7, we therefore did not conduct the planned experiment. 
Because HDAC6+/-/SPASTE7/E7 were born at normal ratio, whereas HDAC6-/y/ SPASTE7/+ and HDAC6-/y/ SPASTE7/E7 were non-viable we believe that the spastin mutation sensitises to HDAC6 deficiency, rather than HDAC6 sensitising to spastin deficiency. This is consistent with spastin regulating HDAC6 function rather than HDAC6 regulating spastin. The mechanism behind this effect is unknown. Considering the function of each gene, however, we anticipate a few pathways that might lead to this phenomenon. Firstly, we know that both genes are involved in MT modification by severing- spastin, and deacetylation- HDAC6. There is no evidence, however, to show that acetylation of tubulin can modulate the severing. Rather it is known that glutamylation of tubulin modulates severing (Lacroix et al., 2010). Secondly, we found that the double mutant mice are likely to be embryonic lethal since the percentage of male double mutant mice at postnatal day one were 70% less than the expected ratio. Although we did not observe any side effects of pharmacological HDAC6 inhibition on spastin mice, we suggest that there was probably a deleterious effect of inhibiting HDAC6 during embryonic development. Thirdly, we observed one case of hydrocephalus among the double mutant mice and another in the SPASTE7/+/ HDAC6-/y group. This suggested that there is another candidate mechanism; ciliary dysfunction. It has been reported that HDAC6 controls cilia motility inside the brain ventricles, (Li et al., 2010). Homeostasis of assembled cilia helps to maintain the flow of the CSF and maintains equilibrium in the brain (Ran et al., 2015). Knockout of HDAC6 might disturb this process in the brain leads to disassembly of motile cilia and thus hydrocephalus. To test this we need to measure the size of the ventricles during the embryonic stage or the flow of CSF and thus to look for the effect of HDAC6 knockout on the cilia that line the ventricles. We also need to determine the effect of spastin mutation on cilia.

[bookmark: _Toc508875686]7.4 Effect of a MT-stabilising drug on the HSP mouse model
Several MT stabilising drugs have been tested in vivo but have shown only limited brain bio-viability. EpoD, however, has been shown to be able to cross the BBB and to increase the acetylation of tubulin in the brains of mice when administered at 1 mg/kg for seven days (Brunden et al., 2011). This concentration was therefore used to test our hypothesis that using MT stabilising agent would reduce axonal swellings in vivo and rescue HSP gait defects. Although it has been reported that EpoD has a beneficial effect in several NDs models (Table 7.2), in our study we showed that EpoD neither modified the gait defect nor reduced the axonal swellings. Indeed, opposite to the previous finding which shown that EpoD rescued axonal transport defect in ONS cells derived from HSP patients (Fan et al., 2014), we showed that the number of axonal swellings actually tended to increase with EpoD. This finding is consistent with the contention that spastin mutation has a stabilising effect on MT, thus producing axonal swellings (Fassier, 2013). By adding EpoD MT-stabiliser, the MTs may become over-stabilised therefore, worsening the phenotype. Many studies reported beneficial effects of MT- destabilising agents (Table 7.2). One example is a study that showed that using Vinblastin and Nacodazole (MT- destabilising drugs) in primary neuronal culture from knockdown spastin mice, reduced axonal swellings significantly (Fassier, 2013). We might therefore need to test a destabilising agent on spastin mutant mice. Table 7.2 summarises some examples of the beneficial effect of MT stabilising and destabilising agents on different NDs. 
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[bookmark: _Toc508875687]7.5 The onset of the gait defect in the spastin mouse model 
The BOS of the HSP model which carries the c.1092+2T>G mutation has been measured previously at 3, 7 and 12 months old (Kasher et al., 2009). The fact that the gait defect was observed at seven months old suggested that it must occur at some stage between three and seven months, since no measurement was taken during this period of time. Here, therefore, we measured the gait defect in separate experiments for males and females from one month onwards. Overall, we found that the gait defect started at 4 months old, with a significant difference between male wildtype vs male mutant and female wildtype vs female mutant. 

[bookmark: _Toc508875688]7.6 There is no relationship between axonal swellings and gait defect in the spastin mouse model of HSP
The precise relationship between axonal swellings and gait impairment in the spastin mouse model of HSP is not yet fully understood. It has previously been suggested that there is a correlation between the HSP disease phenotype and axonal degeneration, characterised by axonal swelling caused by accumulation of cargoes inside the axons (Tarrade et al., 2006). In our study, however, we observed that the gait defect developed in SPASTΔE7/ΔE7 at four months old. In terms of axonal swellings, spastin mice showed the gait defect before the appearance of axonal swellings in the spinal cord, since spinal cord sections from six months old spastin mice did not reveal a significant increase in the number of axonal swellings compared with the wildtype. This evident that there is no correlation between axonal swelling and the gait defect; i.e. that axonal swellings are not the main cause of the HSP phenotype. It does not, however, rule out axonal transport defects as caused in HSP. 
Investigating the axonal swellings after chemically inhibiting HDAC6 we found that the number of axonal swellings reduced, although not significantly, but that using the MT-stabiliser EpoD worsened the axonal swellings. The gait defect did not change in either case, however. This again supports the contention that there no relationship between the gait defect and axonal swellings. In the exercise study, however, we noticed that a reduction in the number of axonal swellings appeared to be associated with a delay in the progression of the gait defect. It may be, therefore, that exercise targets a different pathway in the disease leading to broader modifications in the HSP phenotype. Further investigation is therefore required to identify the pathways targeted by exercise in the HSP mouse model. 



[bookmark: _Toc508875689]7.7 Future work 
There are several points that need further investigation based upon these studies. Although we showed a reduction in the axonal swellings following exercise and modification of the gait defect, the questions that need to be addressed is whether there is a relationship between the axonal swellings and the gait defect. What mechanism does exercise reduces the number of axonal swellings? Also, since we observed that the HDAC6 inhibitor reduced the axonal swellings but did not modify the gait defect, we need to know if increasing the acetylation of tubulin is a good target to alleviate the HSP phenotype in vivo? It has been reported that another post-translational modification (glutamylation) targets spastin to MTs and this finding also needs further investigation in terms of HSP therapy development.
Also, another area that needs to be addressed is that, given that inhibition of HDAC6 reduces the number of axonal swellings in the spinal cord, but when HDAC6 is inhibited genetically it has a lethal effect on male double mutant mice. What is the genetic basis of the lethal interaction between HDAC6 and spastin?  We suggests endosomal trafficking and cilia are two relevant areas for future investigation. We also showed that a MT stabiliser drug EpoD worsened both gait and axonal swelling. We suggest an alternative strategy is to use MT destabilising drugs. 
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Table 1.1: Known HSP genes, divided according to the inheritance mode.

Gene Locus Protein Cell biological function
Autosomal Dominant HSP

SPG3A/ATL1 14912-qg21 Atlastin-1 ER morphogenesis/BMP
signalling

SPG4/SPAST 2p22 Spastin ER morphogenesis
Endosomal traffic
BMP signalling/ Cytokinesis
Cytoskeletal regulation

SPG6/NIPA1 159q11.2-q12 NIPAl Endosomal traffic

BMP signalling

SPG8/KIAA0196 8q24 Strumpellin Endosomal morphogenesis
Cytoskeletal regulation
SPG10/KIF5A 12qg13 KIF5A Microtubule-based motor protein
SPG12/RTN2 19q13 Reticulon2 ER morphogenesis
SPG13/HSPD1 2024-34 HSP60 Mitochondrial chaperoning
SPG17/BSCL2 11912-q14 Seipin/BSCL2 Lipid droplet biogenesis
ER membrane protein
SPG31/REEP1 2p12 REEP1 ER morphogenesis
ER-microtubule interaction
SPG42/SLC33A1AD SLC33A1 Acetyl-CoA transporter
Autosomal Recessive HSP
SPG5/CYP7B AR 8q CYP7B1 Cholesterol metabolism
SPG7 16q Paraplegin Mitochondrial protease
SPG11 15q Spatacsin Membrane traffic
SPG15/ZFYVE26 1l4q Spastizin also AR Endosomal traffic
known Cytokinesis/ Autophagy
ZFYVE26/FYVE-
CENT
SPG18/ERLIN2 8p11.23 Erlin2 ER-associated degradation
Lipid raft-associated
SPG20 13q Spartin Endosomal traffic
BMP signalling/ Cytokinesis
Lipid droplet turnover
Mitochondrial regulation
SPG21 15q Maspardin Endosomal traffic
SPG48/KIAA0415 KIAA0415 Endocytic adaptor protein
complex
SPG5/CYP7B 8p CYP7B1 Cholesterol metabolism
SPG35/FA2H 16g21-q23 Fatty acid- Hydroxylation of myelin lipid
2hydroxylase Target organophosphatase
SPG39/PNPLA2 19p13 Neuropathy target Phospholipid homeostasis
esterase
SPGa4/GiICc2. - Connexin-47 Intercellular gap junction channel
X-linked HSP
SPG2/ PLP1 Xq21 Proteolipid protein Major myelin protein
SPG1/L1CAM Xq28 L1CAM Cell adhesion and signalling
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Gait parameters

Definitions

Swing duration (s)

Time in seconds when the paw is not in contact with glass plate
during the step cycle

Swing length (pixels)

The distance between successful placements of same paw

?;iv):g:‘]s/ss':ii?l d) The speed of paw during swing
Stand (s) Duration of the paw within contact with glass plate during the

step cycle

Duty cycle (%)

Stand duration as a percentage of the
duration of the step cycle

Max area (mm2)

The maximum area of a paw in pixels that when the paw in
contact with the glass plate

Print area (pixels)

The area in pixels of the complete paw

Print length (mm)

The length of the whole paw

print width (mm)

The width of the whole paw

print angle (degrees)

The angle of the paw axis

Max contact (s)

The time in seconds from the start of the data file
at which the largest part of a paw contacts the glass plate

Max contact (%)

The time of Max contact in relation to the standing time each paw
placement

intensity (1-255)

The mean brightness of all pixels of the print at Max contact
(Intensity ranges from 0 to 255).
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SPAST** -RW Vs SPASTATAET.RW

Age (months)
Parameter 3 6 9 11 13 15 17
Swing speed ns i i ns * ns ns
(pixels/second) 0.0041 0.0030 0.0136
Max contact (%) * ns i ns ns * *

0.0164 0.0026 0.0185 0.0150
Swing duration(s) ns * ns ns ns ns ns
0.0153
Swing length(pixels) ns ns ns ns ns ns ns
Stand (s) ns ns ns ns ns ns ns
Duty cycle (%) ns ns ns ns ns ns ns
Max area (pixels) ns ns ns ns ns ns ns
Print area(mm?) ns ns ns ns ns ns ns
Print length (mm) ns ns ns ns ns ns ns
Print width (mm) ns ns ns ns ns ns ns
Paw angle (degree) ns ns ns ns ns ns ns
Max contact (s) ns ns ns ns ns ns ns
Intensity (0-255) ns ns ns b ns ns ns
<0.0001
Initial contact (s) ns ns ns ns ns ns ns
SPAST**-RW Vs SPAST**+RW

Age (months)
Parameter 3 6 9 11 13 15 17
Swing speed ns ns ns ns ns ns ns
(pixels/second)
Max contact (%) ns ns ns ns ns ns ns
Swing duration(s) ns ns ns ns ns ns ns
Swing length(pixels) ns ns ns ns ns ns ns
Stand (s) ns ns ns ns ns ns ns
Duty cycle (%) ns ns ns ns ns ns ns
Max area (pixels) ns ns ns ns ns ns ns
Print area(mm?) ns ns ns ns ns ns ns
Print length (mm) ns ns ns ns ns ns ns
Print width (mm) ns ns ns ns ns ns ns
Paw angle (degree) ns ns ns ns ns ns ns
Max contact (s) ns ns ns ns ns ns ns
Intensity (0-255) ns ns ns ns ns ns ns
Initial contact (s) ns ns ns ns ns ns ns

SPASTAEVAET_RW Vs SPASTAETAET+RWY

Age (months)
Parameter 3 6 9 11 13 15 17
Swing speed ns ns ns ns ns ns ns
(pixels/second)
Max contact (%) ns ns ns ns ns ns ns
Swing duration(s) ns ns * ns ns ns ns

0.0374
Swing length(pixels) ns ns ns ns ns ns ns
Stand (s) ns ns ns ns ns ns ns
Duty cycle (%) ns ns i ns ns ns ns
0.0088

Max area (pixels) ns ns ns ns ns ns ns
Print area(mm?) ns ns ns ns ns ns ns
Print length (mm) ns ns ns ns ns ns ns
Print width (mm) ns ns ns ns ns ns ns
Paw angle (degree) ns ns ns ns ns ns ns
Max contact (s) ns ns ns ns ns ns ns
Intensity (0-255) ns ns ns ns ns ns ns
Initial contact (s) ns ns ns ns ns ns ns
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