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Summary 

In this work we describe the molecular mechanisms of axonal damage in Krabbe disease (KD). 

KD is a fatal genetic lysosomal storage disorder (LSD) caused by the loss of the lysosomal 

enzyme galactosyl-ceramidase (GALC). The deficiency causes the accumulation of galactosyl-

sphingolipids. Psychosine, one of GALC substrates, is a lipid-raft associated neurotoxin believed 

to cause the death of myelinating cells in the CNS of affected patients. KD patients also suffer of 

neurodegeneration, due to axonal and neuronal deficiencies. Over the years, most studies have 

focused on the loss of myelin induced by psychosine, and have considered neurodegeneration as a 

consequence of demyelination. Recently, our laboratory showed that bone marrow transplantation 

(BMT) improved myelin preservation in Twitcher mice, the natural murine model for this disease, 

but it was insufficient to prevent neurodegeneration. There are various potential interpretations for 

this result. Neuronal loss and axonal degeneration in KD may start before oligodendroglia is 

affected, creating a progressive compounding factor contributing to the severity of the disease. 

Neurodegeneration may even be independent from demyelination. 

We hypothesized that GALC deficiency causes a cell-autonomous defect in the mutant neurons, 

leading to neurodegeneration. By studying the Twitcher mouse, we show that the Twitcher axons 

are affected by a decrease in axonal caliber and by morphological abnormalities from the first 

postnatal days. Importantly, we show that these defects are at least partially caused by changes in 

two critical components of neuronal function: the neurofilament (NF) cytoskeleton and fast 

axonal transport (FAT). In particular, we provide evidence that psychosine alters the activities of 

critical phosphotransferases, interfering with the phosphorylation state of NFs and kinesin, one of 

the molecular motors responsible for FAT. Finally, we identify protein phosphatase 1 (PP1), 

protein phosphatase 2A (PP2A) and glycogen synthase kinase 3 β (GSK3β) as the 
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phosphotransferases involved in psychosine toxicity. By injecting the newborn Twitcher mouse 

with an inhibitor of GSK3β, we rescue the functionality of the mutant nerve to a significant level, 

further demonstrating the relevance of altered phosphorylation in the development of axonopathy 

in the Twitcher mouse. 

In summary, these studies have shown that a sphingolipid can regulate NFs and FAT through 

specific phosphotransferases, and that this effect can cause axonal damage in KD. 

Pharmacological inhibition of these enzymes may provide new therapeutic alternatives to protect 

NFs and FAT in KD, therefore rescuing the mutant axons. Importantly, our studies also define a 

new mechanism by which psychosine, a substrate of a LSD, can cause axonopathy, raising the 

possibility that alterations in NFs and FAT might occur in other LSDs. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Lysosomal storage diseases 

 

1.1.1 Generalities 

The lysosome is the degradative organelle in the cell, discovered in 1955 by De Duve. The 

lysosome contains a wide array of hydrolases (at least 50), with tightly regulated catalytic activity 

and confined to the lysosomal milieu itself. Several types of macromolecules including antigen 

presentation proteins, neurotransmission and signal transduction components and numerous lipids 

are constantly delivered to the lysosome for degradation, their components being then recycled 

(Luzio et al., 2007).   

Lysosomal storage diseases (LSD) are a large group of genetic disorders, resulting from 

the dysfunction of the one or more of the lysosomal proteins (Futerman and van Meer, 2004). 

Frequently, the mutations affect the activity of a specific lysosomal hydrolase, leading to the 

accumulation of its preferred substrate. However, mutations in lysosomal cofactors or sorting 

proteins can also affect the lysosomal catalytic activity. Most lysosomal enzymes are ubiquitous. 

However, the effect of the accumulation of a lysosomal substrate depends on the cell or tissue 

type in which the substrate is synthesized and with a high turnover. For example, all forms of 

Pompe disease, which is characterized by the accumulation of glycogen, involve severe 

myopathy, because of the critical role of glycogen in muscle metabolism. Several 

sphingolipidosis are characterized by severe neuropathology, because of the high levels of 

sphingolipids of the brain. 
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The correlation between the mutations and the symptoms is often unclear. Generally 

speaking, the severity of the symptoms can change, depending on the residual activity of the 

mutated lysosomal enzyme. The most aggressive forms of LSDs are caused by complete loss of 

function of the enzymes, while residual activity of the enzyme results in juvenile or adult forms, 

which develop symptoms more slowly. The nature of the symptoms is extremely specific for each 

LSD, possibly depending on the type of substrate accumulated. For this reason, a common 

pathogenic mechanism has not been identified.  

Newly synthesized lysosomal enzymes are directed to the lysosomes by virtue of the 

mannose-6-phosphate (M6P), a residue attached to all lysosomal enzymes. Binding of the M6P to 

its receptor signals for its delivery to the lysosome. Importantly, the M6P receptor is present also 

on the cell membrane, which allows for the uptake of lysosomal enzymes from the extracellular 

milieu (Sando and Neufeld, 1977; von Figura and Hasilik, 1986). This principle, called cross-

correction, is the basis of most of the LSD therapies (Fratantoni et al., 1968; Olsen et al., 1981) . 

Wild type (Wt) cells can be administered to the patients, providing a source of the missing 

enzyme. Despite the ability of mutant cells to uptake the therapeutic enzymes and correct the 

deficiency, several lysosomal storage diseases are still incurable. 

 

1.1.2 Krabbe disease 

Krabbe disease (KD) is a autosomal recessive disease, first described by the Danish 

neurologist Knud Haraldsen Krabbe (Krabbe, 1916). The disease was named after him and later 

also known as globoid cell leukodystrophy, due to the presence of multinuclear (globoid) 

macrophages. KD is caused by the loss of function of the GALC gene. This gene encodes for the 

lysosomal protein β-galactosyl-ceramidase (GALC), which hydrolyzes the galactosyl ester bonds 
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of galactolipids, including galactosylceramide (GalCer), galactosylsphingosine (also called 

psychosine), and lactosylceramide (Igisu and Suzuki, 1984a; Aicardi, 1993; Suzuki, 1998; 

Wenger et al., 2000). More than 80 different mutations in the gene have been described, leading 

to different forms of the disease. The classic and most aggressive form of the disease is caused by 

a large 30kb deletion of the gene and by multiple widespread point mutations (Luzi et al., 1995; 

Rafi et al., 1995; Wenger et al., 2000). Several of these mutations clearly cause the infantile form 

of the disease if found in homozygosis. However, some mutations appear in heterozygosis or do 

not have a clear correlation with the phenotype. A possible explanation is the association of 

apparent disease-causing mutations to polymorphic changes. Several of these polymorphisms 

have been identified, which appear modify enzyme activity. For example, the C502T 

polymorphism, which is associated to the 30kb deletion, is widespread in Europe, while the 

G936A polymorphism is associated with a 12-base-deletion and 3-base-insertion in Japanese 

patients (Rafi et al., 1995; De Gasperi et al., 1996; Wenger et al., 1997; Xu et al., 2006). The 

infantile form of KD is characterized by the appearance of severe neurological symptoms around 

6 months after birth. During the first months of age, KD patients are usually asymptomatic, and 

are often misdiagnosed. Eventually, neurological symptoms develop, including muscle rigidity 

and atrophy, hearing and vision defects and developmental regression. If left untreated, the 

disease leads to the death of the patient before 2-3 years of age.  

 

1.1.3 Pathophysiology of KD 

The GALC gene is localized in the chromosome band 14q31.3 (Cannizzaro et al., 1994). 

The gene is 57 kb long and is organized in 17 exons, of whom one is a GC-5’ untranslated region 

(Luzi et al., 1995). The protein is synthesized as a 80 kDa precursor protein, with six potential 
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glycosylation sites. The precursor is further cleaved into the active 30 and 50 kDa subunits (Chen 

et al., 1993). GALC expression is ubiquitous, allowing KD diagnosis to be performed by 

determining GALC residual activity in fibroblasts, leukocytes and serum of potential patients. 

Despite the widespread expression of GALC, its deficiency has a tremendous impact on the 

nervous system, in particular on myelin. Likely, this is owed to the high proportion of lipids in 

myelin (70% among glycosphingolipids, phospholipids, cholesterol and glycolipids), with GalCer 

being is the most abundant. GalCer metabolism follows myelination, which starts in the embryo 

and continues in the first two decades of life, before reaching a stable state with constant turnover. 

Myelin turnover occurs constantly, which illustrates the dramatic outcome that GALC deficiency 

brings to myelination. Interestingly, GalCer accumulates only during the first period of myelin 

turnover, triggering one of the hallmarks of the disease: the infiltration of hematogenous 

inflammatory cells in the nervous system and their transformation in multinucleated globoid cells 

(Kozutsumi et al., 2002). As the disease progresses, demyelination continues, with apparent 

increase of myelinating glia cell death. Curiously, GalCer does not accumulate any longer but 

decreases instead. This is paralleled by a constant and rapid increase in psychosine levels in the 

nerve tissue (Svennerholm et al., 1980). Because psychosine proved to be a potent neurotoxin, the 

role of psychosine in the pathogenesis of KD led to the formulation of the so called “psychosine 

hypothesis”. According to this model, psychosine accumulation in myelinating glia leads to the 

death of these cells and the consequent loss of myelin (Suzuki, 1998).  

 

1.1.4 Psychosine 

The psychosine hypothesis is the unchallenged model of KD. This model is supported by a 

great number of studies, which link psychosine accumulation to demyelination. Psychosine was 
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first isolated and quantified from the brain of KD patients in 1980. Its concentration was 

estimated to be 100 fold higher than in the age matched controls, which contain only trace 

amounts of this lipid (Svennerholm et al., 1980). Several studies followed with evidences of the 

severe sensitivity of myelinating cells to psychosine. For example, psychosine induced the 

apoptosis of oligodendrocytes in vitro through a mechanism involving the secretory 

phospholipase A2 (sPLA2) and the caspases 3, 8 and 9 (Zaka and Wenger, 2004; Giri et al., 

2006). These results were later confirmed by the detection of some level of apoptotic 

oligodendrocytes in postmortem brains of KD patients (Jatana et al., 2002). Psychosine also 

affected Schwann cells by inducing morphological abnormalities, process retraction and, 

ultimately, cell death (Hannun and Bell, 1987; Yamada et al., 1996). Because of its unknown 

biological function and notorious toxicity, psychosine was defined as a “mistake of Nature” 

(Suzuki, 1998), even if different studies indicate that psychosine biological activity is not limited 

to the induction of apoptosis in glia. For example, when melanocytes, a highly proliferating cell 

type, are incubated with psychosine, cytokinesis is inhibited, resulting in the induction of 

multinuclear cells. This situation closely resembles the formation of the GLD characteristic 

globoid cells (Kanazawa et al., 2000). Inflammatory cells also respond to psychosine by 

activating inflammatory pathways, leading to cytokine production and induction of nitric oxide 

(Giri et al., 2002; Kagitani-Shimono et al., 2005; Formichi et al., 2007; Pasqui et al., 2007; Bashir 

and Haq, 2011). 

While many pathways appear to be affected by psychosine, how psychosine activates any 

of these pathways remains unknown. White et al. showed that psychosine preferentially 

accumulates in membrane microdomains (MMR), signaling platforms rich in sphingolipids and 

cholesterol (White et al., 2009; White et al., 2011). Psychosine accumulation in MMRs alters their 



6 

 

 

composition, leading to the disruption of at least some of the MMR-dependent signaling enzymes, 

like protein kinase C (PKC) (White et al., 2009). Because of the pleiotropic nature of signaling 

cascades, disruption of MMRs and of their signaling cascades by psychosine can trigger 

completely different effects. Thus, while the molecular steps involved in psychosine’s pathogenic 

mechanism are still unclear, our laboratory has postulated that disruption of lipid raft-signaling 

may be the common initiator of variegated downstream pathways which may vary in intensity 

depending on the cell type and the extent of psychosine accumulation.  

 

1.1.5 KD therapies 

The possibility for treatment of KD was first shown when peripheral nerves from the 

Twitcher mouse, the spontaneous model of the disease, were engrafted in a wild type host. This 

lead to increased GALC activity in the graft, and led to increased number of myelinated axons, 

diminished edema, and lower number of globoid cells nine months after the engraftment 

(Scaravilli and Suzuki, 1983). This experiment proved that the reconstitution of GALC was 

indeed possible in the mutant tissue. Almost all the treatments of KD were thereafter based on the 

principle of restoring the missing enzymatic activity and clearing psychosine. Delivery of GALC 

to the mutant cells is indeed possible thanks to the cross-correction, the process by which 

lysosomal enzymes are secreted by a cell and taken up by neighboring cells. Delivery of GALC 

was achieved by several experimental approaches -transplantation of hematopoietic cells (HSC) 

or bone marrow (BMT), delivery of viral vectors encoding for the GALC gene- with the purpose 

of providing a source of the enzyme inside the tissue (Hoogerbrugge et al., 1988a; Hoogerbrugge 

et al., 1988b; Costantino-Ceccarini et al., 1999; Luddi et al., 2001; Escolar et al., 2005; McGraw 

et al., 2005). From the first works on cell transplant, it became clear that the enzyme replacement 
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is limited, slowing but not curing the disease (Yeager et al., 1984; Ichioka et al., 1987; 

Hoogerbrugge et al., 1988a; Hoogerbrugge et al., 1988b). Similar results were obtained in KD 

newborns transplanted with cord-blood cells (Escolar et al., 2005; McGraw et al., 2005).     

The need for faster and improved GALC reconstitution led to the use of retroviral-, 

lentiviral- and adenovirus-associated based vectors to deliver the GALC transgene (Rafi et al., 

1996; Costantino-Ceccarini et al., 1999; Luddi et al., 2001; Shen et al., 2001; Dolcetta et al., 

2006; Lin et al., 2011a) Of relevance, injection of GALC+ retroviral vectors in the brain of 

newborn P0 Twitcher pups restored up to 15% of GALC activity and cleared 55% of psychosine, 

leading to the amelioration of the neurological phenotype. Earlier delivery of the vector in the 

uterus also showed neurological improvement, although long-term neurological symptoms 

occurred (Shen et al., 2001; Shen et al., 2005).  

Ultimately, the various therapeutic strategies used so far have not been successful to halt 

the appearance of neurological symptoms in KD. The difficulties faced to treat KD, led the 

Bongarzone lab to start working on combining therapies for KD. In 2006, Dolcetta and 

Bongarzone produced and optimized the first lentiviral vector to express the murine GALC 

cDNA. This vector showed to permanently transduce all three neural cell types and to increase 

levels of GALC in the brain of the Twitcher mouse. However, intracranial treatment of Twitcher 

mice with this vector alone showed to be restricted to areas of injection and did not spread 

sufficiently in the rest of the nervous tissue, leading to minor improvement on the overall 

phenotype (Dolcetta et al., 2006). The GALC lentiviral vector was used in combination with 

BMT and showed to partially restore myelin and increase activity of GALC (up to 30%) in brain, 

spinal cord and sciatic nerves (Galbiati et al., 2009b). But even with this combined therapy, the 
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treated mutants survived to about 130 days, after which they developed neurological symptoms 

and died. 

Altogether, the various strategies for therapy in KD have been disappointing. The 

accumulated experience from these studies points to: i) the delivery of the enzyme does not occur 

rapidly and vastly enough to correct for the enzyme deficiency before psychosine accumulates to 

toxic levels and ii) unidentified pathogenic mechanisms may be limiting the clinical value of the 

therapies. In these circumstances, the Bongarzone lab proposed a novel mechanism of axonal and 

neuronal dysfunction, which might contemporaneously compound demyelination in KD.  

 

1.1.6 Primary vs Secondary Neurodegeneration in KD 

Over the years, several research groups considered that the rapid deterioration of nerve 

conduction velocity and the onset of motor/cognitive phenotype affecting KD are primarily the 

consequence of myelin loss (i.e. secondary neurodegeneration). However, sporadic case reports 

detected signs of axonal and neuronal stress (Sourander and Olsson, 1968; Kurtz and Fletcher, 

1970; Schlaepfer and Prensky, 1972; Duchen et al., 1980; Kobayashi et al., 1980; Jacobs et al., 

1982; Nagara et al., 1982; Ohno et al., 1993; Matsushima et al., 1994; Taniike et al., 1999; Wu et 

al., 2000; Galbiati et al., 2007; Galbiati et al., 2009a). For example, large diameter axons are 

reduced in numbers in the Twitcher mouse but the cause for this was never explained (Jacobs et 

al., 1982). This deficiency in large axons was also noticed in some sural nerve biopsies from 

human patients (Schlaepfer and Prensky, 1972). Deficiency of large caliber axons may also 

contribute to slow nerve conduction. The Twitcher mouse also suffers of abnormal postural 

reflexes, grasp, limb strength, and some motor deficiencies at young age (Olmstead, 1987). Our 

own laboratory showed that a defective sympathetic innervation affects lymphoid organs such as 
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the thymus (Galbiati et al., 2007). In the latter study, it is relevant to note that most of the axons 

innervating lymphoid organs are unmyelinated, which hinted to the possibility that myelin-

independent axonal defects may occur in this disease (i.e. primary neurodegeneration). 

The importance of primary neurodegeneration in KD is also illustrated by recent works 

from our laboratory showing that a combination of BMT and lentiviral gene therapy for GALC 

was insufficient to prevent axonal damage in Twitcher mice (Galbiati et al., 2009b). Considering 

that neurons and axons develop before myelination of the nervous system, the timing for GALC 

correction could not be more critical: even when BMT is practiced on newborn KD animals, it 

takes about 30-40 days for donor derived cells (which can produce GALC) to infiltrate the 

nervous system (Wu et al., 2000; Galbiati et al., 2009b) and to start enzymatic cross-correction of 

host cells. We speculate then that by the moment donor cells arrive to the nervous system, 

extensive and likely irreparable damage occurred to neurons and axons. With this idea in mind,  a 

new set of mechanistic questions was generated to understand the pathogenic mechanism 

mediating these defect. 

 

1.2 The neuron and the importance of axonal stability. 

1.2.1 Generalities 

The neuron is one of the most polarized cell types of the body, with defined functional 

domains: the cell body (soma), the axon, the dendrites and the synapses. The axon alone 

represents 99% of the total cell volume, and can be very long (up to one meter long, in the case of 

some spinal cord motoneurons). Since most of the synthetic machinery is limited to the cell body, 

the neuron faces the unique challenge of constantly supplying the distant compartments with 

structural and functional components. Neurons therefore rely on a complex system of intracellular 



10 

 

 

transport, which constantly delivers vesicles and molecules to distant sites. The delivered 

molecules can reside along the axons for several weeks before reaching their final destination. 

Consequently, several neuronal proteins have an extremely long half-life to avoid degradation 

during transiting the axon. For example, neurofilaments (NFs), cytoskeletal proteins which 

provide mechanical resistance and diameter to the axon, are extremely resilient to proteases and 

can be detected in the cerebrospinal fluid after neuronal damage (Lycke et al., 1998; Malmestrom 

et al., 2003).  

 

1.2.3 Neuronal cytoskeleton 

The neuronal cytoskeleton has been the object of intense study for its critical role in 

neuronal development, maintenance and survival (Nixon and Shea, 1992; Perrot et al., 2008). The 

neuronal cytoskeleton is composed of microtubules, microfilaments and NFs. This work will 

focus on NFs, because of their critical role in axonal diameter and axonopathy. 

NFs are neuron-specific intermediate filaments, and are among the most abundant of 

cytoskeletal components of the vertebrate myelinated axon. NFs are a combination of peripherin, 

α-internexin and the three forms of NF: the ~60 kDa subunit (NFL), the ~100 kDa subunit (NFM) 

and the ~120 kDa subunit (NFH) (Julien and Mushynski, 1998). NFs have a N-terminal head 

domain, a central α-helical core and a C-terminal tail. Individual subunits form parallel dimers, 

and two staggered dimers form anti-parallel tetramers by associating in their central core. Eight 

tetramers assemble to form 60 nm long filaments, which further assemble end to end (Angelides 

et al., 1989; Heins et al., 1993). During assembly, NFL functions as seeding subunit, on which 

NFM and NFH assemble. Contrarily to microtubules, NFs lack polarity. NFM and NFH tail 
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domains radiate outward from the NF bundle. The tails are enriched in Lys-Ser-Pro (KSP) 

repeats, which are phosphorylated during development to generate repulsive forces.  

 

1.2.3 Expression of NFs 

NF expression and phosphorylation are tightly regulated during development to ensure the 

proper development of the axon, as well the right targeting and positioning of the nerve endings 

(Nixon and Shea, 1992). Peripherin and vimentin, which also belong to the NF family, are 

expressed during neuritogenesis, remain high during axonal development and are progressively 

replaced by the expression of NFL. NFM expression then follows during axonal growth, while 

NFH expression is prompted by synaptogenesis (Willard and Simon, 1983; Carden et al., 1987). 

After synaptogenesis, the expression of the three main NF subunits peaks and remains constant 

during neuronal life. Despite few differences in the animal models, a body of work shows that NF 

expression pattern is tightly regulated at both the transcriptional and translational level and 

strongly depends on the successful development of the axons. When the nerve is damaged, a 

regenerative process starts, which recapitulates the developmental regulation of NFs (Hoffman et 

al., 1985; Hoffman, 1988; Muma et al., 1990). After nerve damage, the mRNAs of the three NF 

subunits decrease, while peripherin and vimentin expression increase, to allow for neurite 

regeneration. During neurite outgrowth, the expression of the three NF subunits increases 

(Goldstein et al., 1988; Oblinger et al., 1989b; Oblinger et al., 1989a). These changes seem to 

depend also on the ability of the neurite to reach for the appropriate nerve target. For example, 

NFM expression does not occur in frog regeneration optic axons and lamprey spinal tracts if the 

axons do not follow the appropriate paths or do not reach their synaptic target (Zhao et al., 1995). 
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1.2.4 Phosphorylation of NFs 

NFs are regulated by several post-translational modifications, such as phosphorylation, 

glycosylation, nitration, oxidation and ubiquitination (Perrot et al., 2008). Phosphorylation of NFs 

has been studied the most, as it is critical in almost all the biological functions of NFs. NFs are 

phosphorylated on their N-terminal heads and C-terminal tails on specific phosphorylation sites 

(Julien and Mushynski, 1982, 1983). Several serine/threonine phosphorylation sites were 

identified on both termini of NFs, although the tails contains up to 51 KSP repeats, which makes 

NFs the most phosphorylated proteins of the axon (Julien and Mushynski, 1982). NF 

phosphorylation follows a regulated topographic pattern. The heads are phosphorylated 

immediately after synthesis in the cell body, while the tails are phosphorylated mostly after their 

entry in the axonal compartment (Sternberger and Sternberger, 1983; Glicksman et al., 1987; 

Oblinger et al., 1987).  

The overall levels of NF phosphorylation are the result of the balanced activities of protein 

phosphatases, mainly protein phosphatase 2A and 1, and of kinases, mainly cyclin dependant 

kinase 5 (CDK5), glycogen synthase kinase 3 β (GSK3β) and casein kinase 1 and 2 (CK1 and 

CK2, respectively) (Floyd et al., 1991; Saito et al., 1995; Veeranna et al., 1995; Strack et al., 

1997a; Nakamura et al., 1999; Brownlees et al., 2000). Balancing the activity of these two groups 

allows the neuron to spatially and temporally regulate NF phosphorylation.  

 

1.2.5 NFs influence axonal caliber 

NFs are pivotal in the radial growth of the axon, which occurs during axonal development 

to increase the conduction velocity of the electrical impulse.  The link between NFs and axonal 

radius was first hinted by studies correlating NF numbers and densities, localization of NFs along 
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the axon and increased axonal calibers (Friede and Samorajski, 1970; Hoffman et al., 1984). The 

current model states that phosphorylation of KSP repeats generates high density of negative 

charges around the NF bundles, which then produce strong radial repulsive forces. These forces 

would then help in the radial expansion (i.e. increasing caliber) of the axon. This model has been 

supported by several observations. Weak repulsive forces are detected by atom force microscopy 

around the core (Brown and Hoh, 1997). These forces are absent when the side arms are 

enzymatically removed or dephosphorylated (Kumar and Hoh, 2004). Furthermore, disruption of 

the NFM gene or expression of a NFM gene with the deletion of its C-terminal (NFM
tailΔ

) results 

in higher NF density and decreased axonal diameter (Garcia et al., 2003; Rao and Mayor, 2005).  

The nerve conduction velocity depends on axonal caliber, internodal length and myelin 

thickness. Since internodal length and myelin thickness are directly proportional to axonal caliber, 

the regulation of NF phosphorylation has a tremendous impact on the speed of the action 

potential. For this reason, myelination and axonal radial growth are tightly regulated. Signals 

between the myelinating processes and the axon regulate NF phosphorylation and the radial 

growth of the axon. Any interference in this process might lead to alterations in the axonal radial 

growth. For example, loss of NF phosphorylation correlates with higher NF density and decreased 

axonal diameter in the dysmyelinating mouse model Trembler (de Waegh and Brady, 1991; de 

Waegh et al., 1992).   

 

1.2.6 Axonal transport 

Axonal transport is an extremely complex mechanism for the sorting and delivery of 

molecular cargoes and compounds to different cellular domains in the neuron. Axonal transport is 

divided in a slow and a fast component. Slow axonal transport (SAT) delivers microtubules and 
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neurofilaments at a rate of 0.2-1 mm per day and microfilaments and cytosolic proteins at 0.8-6 

mm per day. Fast axonal transport (FAT) delivers Golgi-derived vesicles, endosomes, pre-

lysosomes and autophagosomes at a rate of 100-400 mm per day (for a detailed review, see 

(Brown, 2003). Several organelles can have specific modes of transport. For example, synaptic 

vesicles move continuously along the axons, while mitochondria frequently stop and re-start, 

following a saltatory mode of movement (Lorenz and Willard, 1978; Grafstein and Forman, 1980; 

Morris and Hollenbeck, 1993; Ligon and Steward, 2000). 

Axonal transport is based on a great variety of molecular motors, which move 

directionally along the axons by following microtubule polarity. Kinesin moves towards the 

positive end of microtubules, while dynein towards the negative end (Goldstein and Yang, 2000; 

Karcher et al., 2002). This work will focus on the effect of GALC deficiency on kinesin 

regulation. 

Kinesin was first identified in axoplasm preparations and was then isolated as a 

heterotetramer consisting of two heavy chains and two light chains (Vale et al., 1985). Kinesin 

heavy chains (KHC) have a globular N-terminal domain which mediates microtubule binding and 

ATP hydrolysis. The central core forms a α-helical coiled-coil domain, necessary for 

dimerization. Kinesin light chains (KLC) mediate the binding of the motor complex to the 

transported cargo, either directly or through scaffolding proteins (Verhey et al., 1998). Once 

kinesin binds to its cargo and to a microtubule, ATP hydrolysis causes the change in the 

conformation of the KHC globular domain, so that kinesin processively walks along the 

microtubule (Yildiz et al., 2004). 

How the neuron regulates the specific delivery to the right subcellular domain is still 

under investigation. It has been proposed that post-translational modifications of the kinesin 
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chains regulate the activity of the motor (Brady, 1995). One of such modifications is 

phosphorylation. Phosphorylation on specific epitopes on KLC or KHC regulates the binding to a 

specific cargo and the binding to microtubules. Therefore, the cross-talk between the 

phosphotransferase activity of the neuron and the different kinesins influences where and when 

the motor halts and releases its cargo. The neuron employs this system to deliver specific cargoes 

to discrete axonal subdomains. For example, synaptic vesicles are delivered to synapses, while 

ion channels are delivered to nodes of Ranvier. By controlling the localization of specific 

phosphotransferases, like GSK3β, PKC, CKII or JNK, neurons control the delivery of specific 

cargoes to their functional domains (Morfini et al., 2002b; Morfini et al., 2004; Morfini et al., 

2006; Morfini et al., 2007a; Pigino et al., 2009). For example, PP1 activation induces the decrease 

in CDK5 acitivity. This, in turn, causes the decrease in the inhibitory phosphorylation of GSK3β. 

Active GSK3β then directly phosphorylates KLC, inducing the release of its cargo. Interestingly, 

GSK3β is associated with transported vesicles, suggesting that some regulators travel with along 

with kinesin. By localizing PP1 and CDK5 in sites of active delivery (e.g., the growth cone), 

GSK3β-mediated KLC phosphorylation and the cargo release can be quickly triggered. Curiously, 

the GSK3β phosphorylation of KLC is dependent on CKII phosphorylation of an adjacent 

phosphoepitope, which indicates that the cell can regulate kinesin activity by orchestrating 

different kinases. 

 

1.2.7 Axonal transport defects: the dysferophaties 

The complexity of the neuronal architecture and size highlights the tremendous 

importance of axonal transport for neuronal survival. A significant body of evidence links defects 

in axonal transport to several, seemingly unrelated, neuropathies. Specifically, defects in either 
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the amounts or the proper regulation of the molecular motors are sufficient to impair the ability of 

the neuron to supply its distal compartment, ultimately causing synaptic loss and axonal damage. 

These diseases have been collectively called dysferopathies (from the Greek 'phero', to carry or 

transport), as they all have defects in axonal transport. 

 As an example of the functional relevance of axonal transport, mutations in Kinesin-1A 

and Kinesin-1B lead to forms of hereditary spastic paraplegia and Charcot-Marie-Tooth, 

respectively (Zhao et al., 2001; Reid et al., 2002). Importantly, several kinases, which regulate 

transport, are over-activated in neuropathies and appear to cause altered activities of kinesin. For 

example, some presenilin-1 mutations, which can lead to Alzheimer’s disease, increase GSK3β 

activity, leading to KLC phosphorylation and increased detachment of its cargoes (Kanaan et al., 

2011). Similarly, in Huntington’s disease and in spinal bulbar muscular atrophy, the stress-

activated protein kinase JNK3 is overactivated, which also leads to KLC phosphorylation and 

cargo release (Morfini et al., 2006; Morfini et al., 2009a).  

 The importance of these alterations in the motor-associated signaling stems from the 

subtle but significant damages that can build up along the affected axons over time. If kinesin 

activity is deregulated, focal blockades of transport may occur, resulting in the local accumulation 

of unsorted material. Axonal swellings and varicosities may eventually appear which are followed 

by axonal damage and breakdown. The detection of such morphological changes was made 

possible by the employment of electron microscopy and a new generation of fluorescent reporter 

genes, which are expressed only in subsets of axons (Feng et al., 2000; Tsai et al., 2004; Coleman, 

2005; Castelvetri et al., 2011). The fine imaging of the neurites in these models revealed that 

these morphological changes –altogether named “axonal dystrophy”- occur early in the disease, 

before the onset of the symptoms.  Importantly, the cell death machinery that mediate apoptosis of 
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neurons, does not seem to play a role in this type of axonal damage. In fact, inhibition of 

apoptosis, either genetically or pharmacologically, does not prevent axonal dystrophy and axonal 

retraction (Sagot et al., 1995; Burne et al., 1996; Whitmore et al., 2003). In contrast, the lack of 

supply to the distant synapses causes their shutdown and, if the defect is not corrected, axonal 

retraction (Kornek et al., 2001; Tsai et al., 2004; Coleman et al., 2005). Indeed, several 

neuropathies show such a mode of axonal degeneration –called “dying-back”- in which synaptic 

loss and retraction of the axonal endings are the causes of the symptoms and in which cell death 

plays a secondary role. 

 

1.3 The importance of the synapse for the neuron and its targets: the neuromuscular 

junction 

The importance of the synaptic contact for neuronal survival can be exemplified by the 

studies on the neuromuscular junction (NMJ), the synaptic connection between the motoneuron 

and the skeletal muscle. The NMJ is formed by two components: the presynaptic nerve terminal 

which releases the neurotransmitter acetylcholine (Ach), and the postsynaptic endplate, the 

specialized muscle membrane enriched in Ach receptors (AchR). The development of NMJs is a 

multistep process which requires the precise coordination between the developing nerve fibers 

and the growing muscles.  

The development of the mouse NMJ starts during the embryonic life (E12-E14) and 

progresses until the second postnatal week. Several neuronal and muscular factors regulate NMJ 

development. Of these, Ach seems fundamental for the development of both the innervating 

neuron and the muscle fiber, called myofibril (Oppenheim, 1984; Kablar et al., 1999; Kablar and 

Rudnicki, 1999; Heeroma et al., 2003). The first connections are established after the AchRs 
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cluster on the center of the developing myofibril (Mishina et al., 1986; Witzemann, 1989; 

Witzemann et al., 1989). While this process is largely under the molecular control of the muscle, 

it is also critical for the development of the nerve. Several nerve endings contact the patch of 

AchRs, which represent the rudimentary endplate(Ontell and Kozeka, 1984). However, these 

multiple contacts are progressively lost in favor of individually innervated myofibers (Brown et 

al., 1976; Betz et al., 1979). Importantly, Ach seems critical for this selection, as the increased 

activity of neurotransmission in one of the fibers results in the negative selection of the 

supernumerary ones. During this selection period, the neuronal fiber with the highest electrical  

activity induces the retraction of the excessive nerve endings from the endplate (O'Brien et al., 

1978; O'Brien and Vrbova, 1978; Thompson et al., 1979; Thompson, 1983; Henneman, 1985). 

The release of a limited supply of survival factors from the muscle further stabilizes the 

connection (English and Schwartz, 1995; Kwon and Gurney, 1996; Snider and Silos-Santiago, 

1996). At the end of the second postnatal week through adulthood, every endplate will be 

innervated by a single, functional nerve ending.   

The molecular composition of the AchR plays a major role in the selection of the 

innervating neuron. The fetal Ach receptor is composed of five subunits (two α, one β, one δ and 

one γ subunit) (Sakmann, 1978; Mishina et al., 1986; Numberger et al., 1991). The γ subunit is 

particularly important because it allows the muscle to spontaneously contract, which is critical for 

the growth of the muscle (Numberger et al., 1991; Duclert and Changeux, 1995). After the nerve 

ending contacts the muscle membrane, the sustained release of Ach from the nerve terminal 

triggers a switch in gene expression from the γ isoform to the homologous, Ach-dependent ε 

isoform (Numberger et al., 1991; Duclert and Changeux, 1995). The ε receptor is considered the 

adult form of the AchR and is expressed by most skeletal muscles after P20 (Witzemann et al., 
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1996). However, the γ subunit can be re-expressed if the activity of the NMJ is compromised. Re-

expression of the γ subunit is observed in the adult muscle if the relative nerve is transected, a 

condition that causes the retraction of the innervating axons and, consequently, the functional 

decoupling of neuron and muscle (Witzemann et al., 1989; Li et al., 2008; Kong et al., 2009). The 

sharp decline in the Ach release and in the electrical activity of the NMJs induce the upregulation 

of the fetal AchR. The reappearance of the AchR possibly represents a mechanism to allow for 

the reestablishment of new NMJs. Consistently with this idea, the expression of the γ isoform 

following denervation disappears if the transected fibers regenerate and reestablish the NMJ 

(Witzemann et al., 1989; Li et al., 2008; Kong et al., 2009).  

 

1.3.1 Regulation of the muscle growth 

The change in NMJ activity significantly affects the development and the growth of the 

muscle. During the innervation of the skeletal muscle, the myofibrils undergo extensive growth. 

Because 70% of the fiber volume is represented by myofibrillar proteins, the overall growth of the 

fiber is the result of the balance between protein synthesis and degradation Conditions leading to 

increased muscle activity, e.g. repeated contraction and stretching, significantly increase protein 

synthesis over protein degradation. The outcome is the strong increase in protein synthesis and, 

consequently, in muscle mass (hypertrophy). Inactivity has the opposite effect, shifting the 

balance from synthesis to degradation and causing a decrease in muscle mass (atrophy). Although 

the molecular mechanisms of this balance are not fully understood, the protein kinase AKT has 

been identified as an important molecular switch between muscle hypertrophy and atrophy (Cho 

et al., 2001; Gosmanov et al., 2004; McCurdy and Cartee, 2005; McCurdy et al., 2005). Repeated 

contraction of the muscle induces the phosphorylation and activation of AKT at serine 473 
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(Ser473) and threonine 308 (Thr308) (Funai et al., 2006; Haddad and Adams, 2006). This has two 

consequences. First, active AKT phosphorylates the transcription factors FOXOs. FOXOs 

transcription factors control the expression of several muscle-specific ubiquitin ligases, like 

muscle ring finger 1 (MURF1) and muscle atrophy F-box (MAFbx, also known as atrogin-1) 

(Sandri et al., 2004; Stitt et al., 2004). These enzymes add the polypeptide ubiquitin (Ub) to 

proteins. Ubiquitinated proteins are marked for degradation by the proteolitic complex known as 

proteasome. Phosphorylation of FOXO proteins by AKT sequesters them in the cytoplasm, 

preventing them from reaching the nucleus and increasing the expression of MURF1 and atrogin-

1. By preventing the expression of Ub ligases, AKT decreases protein degradation. On the other 

hand, active AKT phosphorylates the mammalian target of rapamycin (mTOR), and GSK3β. Both 

proteins phosphorylate components of the translation machinery, therefore regulating the 

efficiency of the translation of mRNAs in the muscle cells. mTOR and GSK3β phosphorylation 

by AKT significantly increases the rates of protein synthesis. AKT regulation of muscle mass has 

received increasing attention in the recent years, because of its role in both healthy and diseased 

muscle. Several pathological conditions, like cancer, renal failure and motoneuron diseases lead 

to muscle atrophy. In particular, diseases affecting motoneuron survival and function, like ALS, 

spinal muscular atrophy (SMA) and sarcopenia, lead to decrease in NMJ activity and, 

consequently, to muscle inactivity and atrophy (Paturi et al.; Leger et al., 2006a; Millino et al., 

2009). The AKT pathway, together with the its downstream effectors FOXOs, mTOR, and 

atrogin-1 seem to be the molecular mediators of the observed atrophy (Dobrowolny et al.; Bodine 

et al., 2001; Leger et al., 2006b; Leger et al., 2006a; Millino et al., 2009). An important aspect of 

these observations is that AKT activity might be downregulated even in the absence of clear 

neuronal pathology. In particular, dephosphorylation of AKT and nuclear translocation of FOXO 
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proteins are observed in skeletal muscles of mouse models of ALS(Leger et al., 2006a). The 

trigger of muscle atrophy is not the loss of motoneurons, because protection of the neuronal soma 

does not prevent the pathology in the axons and the NMJs. Indeed, subtle changes in muscle 

stability might occur before clear signs of denervation (Dobrowolny et al., 2011). 

 In conclusion, the NMJ represents a clear example of how the synaptic connection is 

fundamental for the physiology of the neuron and its synaptic target. Conditions that affect the 

NMJ can easily compromise the survival of both neurons and muscle cells, leading to the 

dysfunction of the neuromuscular units.  

 

1.4 The Twitcher mouse: the murine model of KD 

The Twitcher mouse is a spontaneous animal model of KD, first discovered in 1976 in the 

Jackson Laboratory. The mutation in the GALC gene (twi) is autosomal recessive and causes 

premature degradation of GALC mRNA, leading to the complete loss of function of the gene 

(Kobayashi et al., 1980). The mutant appears normal during the first two weeks of life. The first 

neurological symptoms appear around 20 postnatal days (P20), with inactivity and tremor, in 

particular of the head and the lower limbs. The size of the mutant is generally smaller and 

progressive weight loss is observed before the onset of the symptoms. Mutants do not survive past 

P45. Histological evaluation revealed that the Twitcher pathology resembles the human disease, 

with widespread demyelination, axonal degeneration and inflammation (Duchen et al., 1980; 

Nagara et al., 1982; Takahashi and Suzuki, 1982; Takahashi et al., 1983; Mikoshiba et al., 1985; 

Nagara et al., 1986). The characteristic multinucleated globoid cells are typically observed, 

especially around the brain capillaries (Duchen et al., 1980). Finally, the accumulation of 

psychosine was demonstrated for both CNS and PNS and was found to correlate with the severity 
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of the disease (Igisu and Suzuki, 1984a, b; Shinoda et al., 1987). The Twitcher mouse therefore 

represents a reliable model of KD, and it has provided an invaluable tool to study the effect of 

GALC deficiency on the nervous system.  

Several works point out the occurrence of axonal defects in both CNS and PNS of the 

mutant (Krabbe, 1916; Sourander and Olsson, 1968; Dunn et al., 1969; Schlaepfer and Prensky, 

1972; Baker et al., 1990). Despite of the aceptance of axonal abnormalities in this mutant, the 

study of this aspect has remained neglected. However, in the past years the Bongarzone 

laboratory observed that neurodegeneration might be a critical determinant of the Twitcher 

symptomatology. For example, Galbiati et al., showed that the loss of innervating fibers of the 

thymus are the likely cause of the thymic atrophy of the Twitcher, which has severe consequences 

on the production of lymphocytes (Galbiati et al., 2007). It is possible that other organs might be 

similarly affected. The skeletal muscle is particularly interesting, because myofibers require a 

constant electrical input from neurons to survive and grow. Actually, the Twitcher mouse is 

affected by muscle weakness, which further develops in paralysis of the lower limbs and 

difficulty in feeding. It is possible that a defect in the innervating fibers might influence the 

muscles of the mutant. In line with this idea, a reduction in MCV is observed in the sciatic nerve 

before the onset of demyelination (Dolcetta et al., 2005; Smith et al., 2011). Because the 

propagation of the electrical impulse also depends on the diameter of the axon, the propagation 

defect can also be caused by the decrease in diameter of the Twitcher fibers (Jacobs et al., 1982). 

No fiber loss is apparently observed in twitcher nerves (Jacobs et al., 1982). This suggests that the 

axonal defects compromise the ability of the axon to sustain its functions. In recent years, several 

neurodegenerative diseases have been described, with a similar axonal dysfunction in the absence 

of neuronal loss. In these diseases, defects in the supply mechanisms of the axon have been 
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observed. Defects in FAT or in the axonal cytoskeleton are of special interest, because they can 

affect axonal stability and synaptic transmission in the absence of apparent histological changes. 

In the specific case of the Twitcher mouse, we have no knowledge of the effect of GALC 

deficiency on the axonal supply machinery.  

 

 In summary, some of the neurological defects in Krabbe disease appear to rely on axonal 

and neuronal dysfunction. The pathogenic mechanisms mediating these defects have remained 

unclear. We think that psychosine may exhert deleterious defects on multiple levels, which may 

include deregulation of axonal stability, leading to muscle wasting and atrophy as seen in the 

twitcher mutant. With these background, we propose to explore various aspects of axonal 

degeneration in Krabbe disease, using the twitcher mouse as our experimental model. 
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CHAPTER 2 RATIONALE &AIMS 

 

 Therapeutic targeting demyelination provides little benefit to animal models and patients 

with KD, showing the need for new insights into the pathological mechanisms of this disease. 

Experimental evidence indicates the existence of an early neurodegenerative component, which 

appears independent of demyelination (Galbiati et al., 2007; Galbiati et al., 2009b). The existence 

of an early neuronal insult, which apparently and irreversibly affects axonal function, represents a 

serious obstacle to the current therapies. Because the mechanisms mediating neurodegeneration in 

KD have remained unaddressed, my study will focus on the characterization of the temporal and 

anatomical progression of neurodegeneration and the identification of the pathogenic mechanisms 

using the Twitcher mouse as an animal model of KD.  

 

 The hypothesis of this study is that increasing concentrations of psychosine trigger a 

direct insult to mutant axons, by altering the signaling regulating two critical components of 

neurons: the neurofilament cytoskeleton and fast axonal transport.  

 

The hypothesis was tested through the following aims: 

 

1) To determine whether neurodegeneration in KD is a dying-back neuropathy, characterized by 

synaptic loss and axonal retraction. 

 

2) To determine the condition of the neurofilament cytoskeleton and its role in axonal maturation 

of KD. 

 

3) To determine if fast axonal transport is defective in KD.
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CHAPTER 3 EXPERIMENTAL DESIGN 

 

Goal 1. To determine the extent of synaptic loss in KD. This analysis determined the number 

of denervated or degenerating neuromuscular junctions (NMJs) of the soleus muscles by 

immunostaining for Alexa-555 conjugated α-bungarotoxin (to label the acetylcholine receptors) 

or for active caspase 3. The analysis was conducted on the TWI-YFPax, a Twitcher mouse model 

expressing yellow fluorescent protein (YFP) in subsets of spinal cord motorneurons, which allows 

YFP tracing of axons. RT-PCR analyses for the main isoforms of the acetylcholine receptor were 

performed to understand whether the expression of receptor subunits was affected by denervation. 

The activation of the atrophic pathway AKT/GSK3β/ubiquitin was examined to elucidate the 

extent of muscular atrophy induced by the loss/dysfunction of NMJs.  

 

Goal 2. To assess the role of neuronal loss in KD. Apoptosis of the neuronal soma is considered 

a late event in dying-back neuropathies. To measure for apoptotic neurons, stereological 

quantification of dying (TUNEL+) neurons (NeuN+) was performed on coronal sections of P7, 

P15 and P30 WT and Twitcher spinal cords. Cords were also stained using the Nissl technique to 

determine soma degeneration chromatolysis. 

 

Goal 3 To determine the density of the NF cytoskeleton in KD. Transmission electron 

microscopy was performed on coronal sections of P12 and P35 WT and Twitcher sciatic nerves 

and the density of NFs was measured. The diameter of the fibers was also measured and 

compared to the NF density. 
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Goal 4 To determine the amount and phosphorylation levels of the major NF subunits. 

Spinal cord and sciatic nerves of P7, P15 and P30 Wt and Twitcher animals were processed by 

immunoblotting to measure for total and phosphorylated NFM and NFH. Immunohistochemistry 

for these NFs was also performed on P30 Wt- and Twi-YFPax cords and sciatic nerves.  

 

Goal 5 To assess the involvement of PP1 and PP2A in NFs dephosphorylation in KD. Protein 

lysates and longitudinal sections from sciatic nerves of P7, P15 and P30 Wt and Twitcher mice 

were processed to determine the enzymatic activity (colorimetric assay) and distribution of PP1 

and PP2A (immunohistochemistry).  

 

Goal 6 To measure the efficiency of anterograde FAT in KD peripheral nerves. For this, 

ligations of sciatic nerves in P7 and P30 Wt and Twitcher live mice were performed. After 2 

hours, the proximal and distal stumps (relative to the spinal cord) and the non-ligated controlateral 

sciatic nerve were processed for immunoblots for antibodies against cargo markers. Band 

intensity was quantified with ImageJ and normalized against that of the loading control. 

 

Goal 7 To determine whether FAT inhibition in KD is caused by deregulated 

phosphorylation of kinesin. To check for changes in phosphorylation of motors, lysates of P7, 

P15 and P30 Wt and Twitcher spinal cords and sciatic nerves were immunoblotted with 

antibodies against total and a phospho-sensitive KLC epitope recognized by the monocloncal 

antibody 63-90. In addition and because the 63-90 epitope is phosphorylayed by GSK3β, we 

analyzed for the activation of this kinase by immunoblotting for total and phosphorylated 

(inactive) GSK3β.  
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Goal 8 To determine whether psychosine is a pathogenic compound that deregulates NF 

phosphorylation. To examine this question, we focused on the effect of psychosine on protein 

phosphatases 1 and 2A (PP1 and PP2A). For this, phosphatase activities were measured in lysates 

from NSC34 cells after treatment with psychosine in the presence and absence of phosphatase 

inhibitors. This analysis was complemented with immunoblotting for total and phosphorylated 

NFs.  

 

Goal 9 To determine whether psychosine is a pathogenic compound that deregulates FAT. 

To address this question two in vitro assays were performed. First, squid axoplasm preparations 

were incubated with psychosine and vehicle. The transport rates of cargoes were measured by 

optical microscopy. Second, the effect of psychosine on movement of mitochondria was 

measured in NSC34 cells after in vivo labeling with Mitotracker Green. Both experimental 

settings were used in the presence or absence of specific kinase and phosphatase inhibitors, to 

determine which phosphotransferase enzyme/s mediates the psychosine's effect on FAT. 
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CHAPTER 4 MATERIALS AND METHODS 

 

4.1 Cell cultures  

Cell cultures of cortical neurons were prepared as previously described (Kaech and 

Banker, 2006). Briefly, E16 pregnant females were sacrificed, the brains of the litter were 

collected and the cortex was isolated. The corteces were chopped as finely as possible, treated 

with 0,25% trypsin and then passed through a fire polished pipette. The cells were then plated in 

DMEM (Mediatech) supplemented with 10% (w/v) fetal bovine serum (FBS) and, after 2 hours, 

the medium was changed to Neurobasal medium supplemented with 1X B27. NSC34 cells were 

grown in DMEM supplemented with 5% (w/v) FBS, L-glutamine (Gibco) and 

penicillin/streptomycin (Gibco). For the experiment, the cells were serum deprived for 12 hours 

before the addition of the different treatments. Psychosine and D-sphingosine were purchased 

from Sigma and resuspended in ethanol to the desired concentration. For the treatment with 

okadaic acid, the inhibitor was added together with psychosine. For the treatment with TDZD8, 

the inhibitor was added 30 minutes prior to addition of psychosine. Both inhibitors were 

purchased from Calbiochem. 

 

4.2 Mitochondria labeling and time lapse microscopy  

The treatment of the cells with the different sphingolipids was performed as described 

above. After the treatment, the cells were incubated for 20 minutes at 37 °C with 75 nM 

Mitotracker G (MTG; Invitrogen) in growth media. At the end of the incubation, the medium was 

replaced with fresh media, and the recording was performed by taking a picture every 10 seconds 

for 5 minutes. The number of mitochondria sprinting along the neurites was counted.
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4.3 Tissue collection, histology, and immunohistochemistry 

Animals were anesthetized and perfused with saline. Tissues for psychosine 

determination, and immunoblot were frozen in liquid nitrogen. Tissues for immunohistochemistry 

and regular histology were postfixed in 4% paraformaldehyde/phosphate buffer saline (PBS) for 

18 h, embedded in sucrose, and embedded in OCT. Appropriate blocks of tissue were separated 

and processed for electron microscope imaging. Cryosections (50 μm for muscle sections, 20 μm 

for sciatic nerve and spinal cord sections) were mounted onto superfrost slides. For 

immunofluorescence staining, sections were dried for 15 minutes at 37°C, and washed in PBS. 

The sections were blocked/permeabilized in 5% (w/v) bovine serum albumin, 0.5% (v/v) Triton 

X-100/PBS for 1 h at room temperature and incubated with primary antibodies (diluted in 2% 

BSA (w/v), 0.5% (v/v) Triton X-100/PBS buffer) for 12 hours at 4°C, with mild agitation. The 

following antibodies were used: NeuN (Abcam; 1:100), phosphorylated NF-M/NF-H (1:1000; 

SMI31R, Covance), dephosphorylated NF-MNF-H (1:250; SMI32, Covance) and active caspase 3 

(1:250; Cell Signaling). For neuromuscular junction staining, muscle sections were 

blocked/permeabilized in 4% (w/v) BSA/0.1% (v/v) Triton/PBS for 2 hours at room temperature, 

incubated with a NF-H antibody (Cell Signaling; 1:250) and then with Alexa Fluo 488 αBTX 

(Invitrogen; 1:500) in blocking solution for 48 hours. Slides were rinsed in PBS and incubated 

with fluorescent secondary antibodies (Alexa 488) for 1 h at room temperature, washed in PBS 

and mounted with Vectashield (Vector, Burlingame, CA). Confocal microscopy was performed 

using a confocal laser Meta Zeiss scanning microscope. Terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) assay was performed according to the manufacturer 

instructions (Roche). Briefly, sections were dried at 37°C, washed in PBS and permeabilized in 

0.1% Triton X-100, 0.1% Na Citrate in PBS on ice for 2 minutes. Slides were incubated with 
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terminal transferase and labeled for 60 min at 37°C mounted with permount. In some 

experiments, sections were colabeled with antibodies against NeuN. 

For light microscopy immunostaining, cryo-sections were treated with 0.3% (v/v) H2O2 10% (v/v) 

methanol/PBS and then blocked/permeabilized with 0.1% (w/v) casein, 0.1% (v/v) Triton X-100 

in PBS for one hour. Sections were incubated with antibodies against PP1 (PP1E9; 1:100; Santa 

Cruz) and PP2A (1:100; Cell Signaling) and developed with biotinylated secondary antibodies 

(Vectastain). 

 

4.4 Stereology 

For unbiased stereological studies on the spinal cord motoneurons, 30-μm-thick spinal 

cord cross sections were selected (one every 10 sections) and stained accordingly. Quantification 

of positive cell markers was performed with design-based stereology system (StereoInvestigator 

version 8, MBF Bioscience, Williston, VT, USA). Briefly, the spinal cord ventral horns were 

traced under a 5X objective and TUNEL+ motorneurons were counted under 63X objective (Zeiss 

AX10 microscope, Carl Zeiss Ltd., Hertfordshire, England). The sampling parameters were set up 

according to the software guide to achieve the coefficient of error ranged between 0.09 and 0.12 

using the Gundersen test, normally a counting frame size 100 x 100 μm, optical dissector height 

20 μm, and an average of 10 sampling sites per section were chosen. 

 

4.5 Western blotting 

Tissues were homogenized in lysis buffer (1 mM PMSF, 2 mM sodium orthovanadate, 1 

mM NaF, 20 mM Tris HCl pH 7.4, 1% (v/v) Triton X-100, 150 mM NaCl, 5 mM MgCl2, 300 nM 

okadaic acid). Samples were briefly sonicated on ice and spun down for 5 minutes at 5000 rpm. 
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Protein concentration in the supernatant was quantified with the Bradford assay (Biorad) and 

equal amount of proteins were loaded on 4–12% Bis–Tris gels (Invitrogen). Proteins were 

transferred onto a polyvinylidene fluoride (Biorad). Blots were blocked in 5% milk, 1% BSA, 

0.05% Tween 20 in TBS (blocking solution) and incubated with primary antibodies at 4°C 

overnight. Secondary peroxidase-conjugated antibodies were incubated at room temperature for 1 

hour. The following primary antibodies were used: actin (1:3000; Sigma), phosphorylated NF-

M/NF-H (1:10000; SMI31R, Covance), NF-L (1:7500; Cell Signaling), dephosphorylated NF-M 

and NF-H (1:2000; SMI32, Covance), total NFM (1:10000; clone RMO189), PP2A (1:2000; Cell 

Signaling) and PP1 (1:2000, Santa Cruz), anti HSP60 (1:200; Santa Cruz), anti SNAP25 (1:1000: 

Abcam), anti phosphorylated GSK3β (pGSK3β; serine 9; 1:5000 Cell Signaling), anti total 

GSK3β (1:5000; Cell Signaling), anti phosphorylated Akt (1:5000; Cell Signaling), anti total Akt 

(1:5000; Cell Signaling), anti ubiquitin (1:100; Santa Cruz), anti-KHC H2 (1:5000, kind gift of 

prof. Brady) and anti-phospho-KLC (63-90; 1:500; kind gift of prof. Brady). Membranes were 

developed using the Enhanced Luminescence kit (Thermo Scientific). For phosphorylated 

proteins, blots were probed for the phospho-sensitive antibody first, then stripped. For the 

stripping protocol, the membranes were incubated in stripping buffer (60 mM Tris-HCl, 2% (w/v) 

SDS, 0.7% (v/v) β-Mercaptoethanol) at 25 °C for 10 minutes and then at 55°C for 10 minutes. 

Blots were re-probed with the corresponding total antibody. Bands were semiquantified (Image J, 

NIH) and relative abundance of a particular protein was normalized to that of house-keeping 

proteins. 
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4.6 Gene expression analysis 

RNA from tissue or cells was purified with the Trizol reagent (Invitrogen), according to 

the manufacturer’s instructions. The quality of the RNA was determined by measuring the 

absorbance at 260 and 280 nm. Retrotranscription was performed using the Superscript III kit 

(Invitrogen) according to the manufacturer’s instructions. Quantitative real-time PCR (qPCR) 

analyses were performed with primers specific for the following genes: 

 

atrogin-1  

forward: ATGAAGATGCCACACAAT 

reverse: CATGAAACACAGACATTGCC 

 

acetylcholine receptor β subunit 

 forward: ACCACGACGCACTGAAGG 

 reserve: GGTCCCGACGCTTGTGA 

 

acetylcholine receptor γ subunit 

forward: AGAACAATGTGGACGGTGTC 

 reverse: GCAGCCAGTAGATACACCG 

 

NFM  

forward: AATGAACTTCGGGGACC  

reverse: CCCCTCTAGGAGTTTCCTGT 
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NFH  

forward:GAAAAGCACCAAGGAGTCAC 

reverse: TGGTGTTTCTCAGCTCACTG 

 

60S acidic ribosomal protein P0 (RPLP0) 

forward: TCGCTTTCTGGAGGGTGTC  

reverse: CACAGACAATGCCAGGACG 

 

Primers were tested on a standard curve and the efficiency and the correlation coefficient 

were higher than 90% and 0.990, respectively. PCR analysis was calculated with the Delta-delta 

Ct method (Livak and Schmittgen, 2001) 

 

4.7 Electrophysiology 

Motor conduction velocities (MCV) in sciatic nerves were measured according to 

previously described techniques(Dolcetta et al., 2005). Briefly, compound motor action potential 

(CMAP) was obtained, stimulating the nerve at the ankle and ischiatic notch with a pair of needle 

electrodes and recording in the distal hind limb muscles. The active electrode was placed in the 

middle of plantar muscles, whereas the reference was inserted subcutaneously in the second digit. 

MCV was measured by dividing the distance between the two points of stimulation by the 

difference between proximal and distal CMAP latencies. F-waves were recorded from proximal 

nerve segments and motor roots with the same montage as described for MCV (Toyoshima et al., 

1986).  
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4.8 Ser/thr phosphatase activity assay.  

PP1 and PP2A activities were measured using the Rediplate assay (Molecular probes) 

following the manufacturer’s instructions. Enzyme activity was expressed as pmoles of substrate 

per mg of protein per minute. 

 

4.9 Electron Microscopy  

Sciatic nerves were quickly removed and fixed with 2.5% (w/v) glutaraldehyde and 2% 

formaldehyde (w/v) in cacodylate buffer. Samples were embedded in Araldite, and ultrathin 

sections (60 nm) were collected on Formvar-coated one-hole grids and stained with osmium 

tetroxide and lead acetate. For the quantitative analyses, thirty myelinated axons were randomly 

selected from each sample. A total of 3 nerves per condition were analyzed. Axonal diameters 

were measured and images were processed for counting of NF density as described(Cole et al., 

1994). Briefly, the NFs were counted using a template of hexagons, each of which enclosed an 

area of 2.6 cm
2
 (9 mm per side). All NFs were counted in every hexagon included within the 

axonal boundaries, as described earlier (de Waegh et al., 1992). We did not include any hexagons 

in the quantitative studies in which vesicular organelles occupied more than approximately 10% 

of the area of the hexagon or in which the NFs were not all in true cross sections of axoplasm. At 

this magnification, each hexagon represent a 5.8 x 10m
2
 m

2
 region of axoplasm. Nerves from four 

mice from each line of transgenic mice and their age-matched controls were analyzed. The cross-

sectional area of all individual axons  was determined from 8 x 10 inch photographs at a 

magnification of 2000 x from the same section of sciatic nerve. The length and width of each 

axon (not including the axon sheath) was measured and then the area was determined. 
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4.10 Nissl staining 

Sections (30 μm thick) were treated with 100% ethanol and xylene and then re-hydrated. 

Slides were immersed in 0.1% cresyl violet (prepared in distilled water and 3% acetic acid) for 5 

min, before rinses in 1% acetic acid–70% ethanol and 1% acetic acid–100% ethanol and 

mounting with permount. Deeply stained motorneurons in the ventral horn were counted by 

stereology as viable Nissl+ cells. 

 

4.11 Sciatic nerve ligation 

For the in vivo study of FAT, animals were anesthetized and the right sciatic nerve was 

exposed and ligated using a surgical thread. The wound was sutured. The proximal and distal 

stumps (1mm from each side) were collected from the ligated nerve 6 h after surgery. The 

controlateral, unligated nerve was used as control of unaltered transport. The tissue was processed 

for immunoblot analysis for antibodies against SNAP25, HSP60, H2 and actin. Bands were 

semiquantified (Image J, NIH) and relative abundance of a particular protein was normalized to 

that of actin. The accumulation of the specific marker at the stump is proportional to the 

efficiency of the transport. TEM was performed on the ligated nerves as described above. 

 

4.12 Vesicle motility assays in isolated axoplasm  

Axoplasms were extruded from giant axons of squid (Loligo pealii) (Wood Hole Marine 

Biological Laboratory) as described previously (Szebenyi et al. 2003). Sphingolipids were diluted 

into X/2 buffer (175 mM potassium aspartate, 65 mM taurine, 35 mM betaine, 25 mM glycine, 10 

mM HEPES, 6.5 mM MgCl2, 5 mM EGTA, 1.5 mM CaCl2 and 0.5 mM glucose, pH 7.2) 

supplemented with 2–5 mM ATP to a final volume of 20 μl. The mix was then added to perfusion 
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chambers. Preparations were analyzed on a Zeiss Axiomat microscope with a 100x, 1.3 n.a. 

objective, and DIC optics. Hamamatsu Argus 20 Model 2400 CCD cameras were used for image 

processing and analysis. Organelle velocities were measured with a Photonics Microscopy C2117 

video manipulator (Hamamatsu) by matching calibrated cursor movements to the speed of 

vesicles moving in the axoplasm. Limits to resolution in the light microscope preclude following 

individual organelles in axoplasm, but this method has proved highly reproducible. The rate of 

transport was plotted against the time. Each data point represents an average rate for particles 

moving in the specified direction in a field.  

 

4.13 Statistical analysis 

Where appropriate, results are the average from at least three independent experiments and 

are expressed as the mean ± SE. Data were analyzed by the Student’s t test and p values<0.05 

were considered statistically significant (*). Where experimental variable was investigated across 

different time points in Wt and Twitcher mice, the ANOVA test was used to calculate 

significance.    
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CHAPTER 5 EXPERIMENTAL RESULTS 

 

5.1 Activation of the protein degradation system underlies the muscular atrophy of the 

Twitcher mouse. 

The Twitcher mouse, an authentic mutant that models KD, is known to develop severe 

muscle atrophy of the lower limbs. This muscle waste is evident as early as P15 and worsens as 

the mutant enters more severe stages of the disease. Figure 1 shows images comparing the leg of 

twitcher and wild type littermates at 7, 15 and 35 days of age. Noticeable loss of muscle mass is 

observed at P15, which worsens at P35.  

Muscle mass is regulated by the PI3K/AKT pathway, which modulates the balance 

between protein synthesis and protein degradation. This pathway is differentially regulated both 

in the developing muscle and in several pathological states, like denervation, ALS and spinal 

muscular atrophy (Bodine et al., 2001; Millino et al., 2009; Dobrowolny et al., 2011). To 

determine whether this pathway is involved in this disease, we quantified the fraction of 

phosphorylated AKT (serine 473) (pAKT), which directly correlates to its kinase activity. While a 

significant increase in pAKT was observed in the Wt tissue, concomitantly with the growth of the 

animal, a strong decrease in pAKT was observed in Twitcher soleus muscle protein extracts (Fig. 

2A, and relative quantification in 2C). Inactivation of AKT has two important consequences on 

the muscle biology. First, it leads to the activation of GSK3β, which then inhibits protein 

synthesis (Leger et al., 2006).  In line with this observation, we detected a significant increase in 

the activation of GSK3β in the Twitcher muscles (Fig. 2B, and relative quantification in 2D). 

Secondly, AKT phosphorylates the FOXO transcription factors, which keeps them in the cytosol. 

AKT inactivation releases the FOXO proteins from this inhibition, allowing them to translocate to 
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the nucleus and to increase the expression of the ubiquitin ligase atrogin-1 (Leger et al., 2006). 

Expression analysis detected a 1.5-fold increase in the mRNA levels of atrogin-1 in Twitcher 

soleus muscle at P15 (Fig. 3B), which rose to 14 fold in P30 mutant muscles (Fig. 3C). Analysis 

of the activation of the proteasome system was performed by western blot analysis for 

ubiquitinated proteins in extracts from muscles (Fig. 3D). Higher levels of ubiquitinated proteins 

were observed as early as P15 and more noticeably at P30 in mutant muscle extracts (Fig. 3D). 

These results indicate an undergoing pathological mechanism affecting some mutant muscles.  

 

5.2 The Twitcher NMJs have normal morphology. 

The changes detected in the Twitcher soleus muscle may be triggered by abnormalities in 

the NMJ structure, regulation and/or axonal innervation. To investigate this in more detail, we 

analyzed how the disease affects the nerve endings in NMJs of the soleus muscle in our new Twi-

YFPax mouse line. The Twi-YFPax mouse is a cross between the original Twitcher strain and the 

reporter transgenic mouse Thy1.1-YFP, which expresses the YFP in subsets of neurons, allowing 

for fine morphological analysis of axons (Feng et al., 2000; Castelvetri et al., 2011). Longitudinal 

sections of P30 Wt- and Twi-YFPax soleus muscle were labeled with AlexaFluo-555 α-

Bungarotoxin (BTX), which binds the α-subunit of the muscle acetylcholine receptor (AchR). In 

both Wt and Twi-YFPax mice, YFP+ axons were visualized ending in typical ramified structures, 

which colocalized with BTX labeling (Fig. 4).  Surprisingly, NMJs with little or no BTX staining 

(a sign of denervated muscle) were scarce in mutant muscles, even at 30 days of age (Fig. 4S, 

4T).  



39 

 

 

 

 

Figure 1 Muscle wasting in the Twitcher mouse  

Representative pictures of the right leg of Twitcher (upper panels) and wild type (Wt, lower 

panels) mice after removal of the skin. The Wt muscle progressively increases in size, as expected 

during the postnatal growth. In the Twitcher animal, a strong reduction in muscle mass is 

observed at P35 (white arrows), which indicates severe muscle wasting. 
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Figure 2 Activation of the atrophy signaling pathways in the Twitcher muscles  

Western blot analysis of total and phosphorylated AKT (serine 473; active form) in P7, P15 and 

P30 soleus muscle protein extracts (A). Quantification is shown in C (n=3). Western blot analysis 

of total and phosphorylated GSK3β (serine 9; inactive form) in P7, P15 and P30 soleus muscle 

protein extracts (B). Quantification is shown in D (n=3). p<0.05. Activation of both kinases can 

be observed at P15 and P30. Protein loading was determined with the antibody against GAPDH. 

* 

* 
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Figure 3 Activation of the ubiquitination system in the Twitcher muscles  

qRTPCR analysis for the ubiquitin ligase atrogin-1 on P7 (A), P15 (B), and P30 (C) soleus 

muscle extracts from Wt ad twitcher mice. The analysis shows 1.5 and 14 fold increases in the 

atrogin-1 mRNA at P15 at P30 in the mutant, respectively. Data is expressed as -fold changes in 

the twitcher tissue with respect to the content in the wild type after normalization by the 

expression of RPLP0, as a housekeeping gene. n= 3 animals per genotype per time point. 

Differences at P30 were significant with p<0.05. D) Western blot analysis for the ubiquitin 

antibody, showing the total tissue content of ubiquitinated proteins and the monomeric ubiquitin 

in P7, P15 and P30 soleus muscle protein extracts.  
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Figure 4 The Twitcher NMJs are not denervated. 

Staining of longitudinal sections of the soleus muscle of Wt- and Twitcher-YFPax at P7, P15 and 

P30 with alexa555-conjugated BTX (red) to label AchRs. The axons are labeled by the transgenic 

YFP. The NMJs appear as pretzel-shaped structures, surrounded by the clustered AchRs. All the 

examined NMJs appeared normal at P7 (A-C for Wt and D-F for twitcher) and P15 (G-I for Wt 

and L-N for twitcher). Occasionally, retracting axons were observed in the P30 Twitcher tissue, 

which were also negative for the BTX (arrow in R-T). 
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Quantitative analysis showed the absence of significant differences in the number of 

double positive YFP+/BTX+ NMJs in mutants (Fig. 5), suggesting that denervation is per se 

unlikely to account for the loss of their muscle mass. 

 

5.3 Twitcher NMJs appear to be dysfunctional by increased levels of active caspase 3 and 

abnormal expression of the fetal AchR subunit. 

Muscle atrophy in the absence of clear denervation has been observed in some specific 

neurological diseases such as myasthenia gravis, Lambert-Eaton myasthenic syndrome and 

botulism (Pinter et al., 1995; Balice-Gordon et al., 2000; Kong et al., 2009) and may be 

consequent to dysfunctional NMJs. We examined two possible contributors to NMJ 

abnormalities. First, to examine the possibility that activation of caspases may be destabilizing 

Twitcher NMJs, we stained the Wt and Twitcher muscles for the active fragment of caspase 3. 

Effector caspases can be detected in developing NMJs or in NMJs of myopathological conditions 

such as the slow-channel syndrome (Vohra et al., 2004; Vohra et al., 2006; Keller et al., 2011). At 

P30, we detected numerous NMJs strongly stained for active caspase 3 in Twitcher muscle (Fig. 

6R-6T). Interestingly, some mutant NMJs were lightly stained for the protease, suggesting that 

NMJs could be differentially affected in the mutant (arrowhead in Fig. 6L-6N). These results are 

in line with previous experiments from our laboratory showing the activation of caspase 3 in 

Twitcher axons (Smith et al., 2011). Counting revealed a significant increase of caspase 3+ NMJs 

in Twitcher muscles at P15 and P30 (Fig. 7B, 7C). Interestingly, mutant muscle cells were not 

stained by the caspase 3 antibody, suggesting that apoptosis is not a major component of muscle 

atrophy in this mutant. 
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Second, to determine changes in neurotransmitter receptor compositon in NMJs, we 

analyzed the expression of the AchR subunits. The AchR is composed of five subunits (α, β, γ, ε 

and δ), which are developmentally regulated (Punga and Ruegg, 2012). The γ subunit is expressed 

during the embryonic life, and its expression is shut down after the NMJ is properly developed. 

Improper muscle innervation causes the reappearance of the γ subunit adult muscles, making this 

molecule a reliable marker of NMJ disease (Numberger et al., 1991; Buonanno et al., 1992). 

Unfortunately, commercially available antibodies against the γ subunit proved to be completely 

inneficient for either immunohistology or immunoblotting. Consequently, we opted for analyzing 

for changes in mRNA levels. qRTPCR for the β and γ subunits were performed on Wt and 

Twitcher muscle RNA (P7, P15 and P30). While at P7 no changes were observed in the two 

isoforms, both mRNAs were significantly increased in P15 Twitcher muscles (Fig. 8). At P30, the 

expression of the γ subunit was about three fold increased (Fig. 8). Expression of the AchRγ 

subunit indicates either a delayed development of muscle fibers or a reexpression due to NMJs 

inability to transfer the nerve impulse to the muscle. This may represent a compensatory 

mechanism for the dysfunction of the presynaptic terminal. 

 

5.4 Axonal dystrophy in the Twitcher mouse.  

To analyze for axonal dystrophy, we used the Twi-YFPax, which permits an easy, fast and 

detailed fluorescent characterization of axonal morphology in various neuronal populations. 

These include neurons in the cortex (motor neurons in layers 2-6), cerebellum (some Purkinje 

neurons), hippocampus, dorsal root ganglia and spinal cord (particularly lower spinal cord motor 

neurons). This dissertation focused on axons within the spinal cord and sciatic nerve fibers.  
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Figure 5 Frequency of denervated NMJs  

Denervated NMJs (negative for the BTX) were counted at P30, the only time point when 

denervated NMJs were observed in the twitcher muscle. Data are expressed as percentage of the 

total counted NMJs (n= 3 animals per genotype). The percentage of BTX(+) NMJs is represented 

in white, while the percentage of BTX(-) NMJs is in black. The increase in denervated NMJs in 

the twitcher was not significant. 
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Figure 6 Activation of caspase 3 in the axonal ending of the Twitcher mouse 

Immunostaining for the active fragment of caspase 3 (aCasp3, in red) in longitudinal sections of 

soleus muscle of Wt-YFPax and Twitcher-YFPax at P7 (A-F), P15 (G-L) and P30 (M-R). Several 

aCasp3+ NMJs were observed in the Twitcher muscle at P15 and P30 (arrows in J-L and P-R). 

Few NMJs were weakly labeled in the Twitcher muscles (arrowheads in P-R), suggesting 

different levels of caspase 3 activation.  
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Figure 7 Frequency of aCasp3(+) NMJ in twitcher muscles 

aCasp3(+) NMJs were counted in longitudinal sections of soleus muscles of Wt-YFPax and 

Twitcher-YFPax at P7 (A), P15 (B), and P30 (C). Data are expressed as percentage of the total 

counted NMJs (n= 3 animals per genotype and time point). The percentage of cCasp3(-) NMJs is 

represented in white, while the percentage of aCasp3(+) NMJs is in black. Differences at P15 and 

P30 were significant with p<0.05. 
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Figure 8 Alteration in the subunit composition of the AchR in the Twitcher muscle 

qRTPCR analysis for the β (adult) and γ (fetal) in soleus muscle RNAs isolated from Wt and 

twitcher mice at P7, P15 and P30, showing increased expression of the fetal subunit at P15 and 

P30.  The β subunit also increased at P15. n= 3 animals per condition per genotype. 
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Confocal analysis showed a decrease in the density of YFP+ axons in the lumbar spinal 

cord of P30 Twi-YFPax mice. This was particularly evident in ventral white matter (Fig. 9A, 9B). 

In coronal sections, some mutant axons appeared with swellings (insets in Fig. 9A), suggesting 

local accumulations of YFP. This observation was confirmed by confocal analysis of longitudinal 

sections of the spinal cord (white arrows in Fig. 9E). Some axons showed breaks or transections 

(blue arrows in Fig. 9E) suggesting severe structural disruption. Orthogonal confocal analysis 

demonstrated that these pathologic profiles were abnormal structures contained within mutant 

axons (Fig. 10A to 10C). Wild type samples were completely devoid of these profiles (Fig. 10D). 

5.5 Axonopathy starts before the onset of demyelination. 

Myelination of the central nervous system appears normal in the early postnatal life of the 

Twitcher mouse. Published studies (Nagara et al.; Suzuki and Suzuki) and our own examination 

(Fig. 11) show that the onset of demyelination starts around the third week of postnatal life of 

Twitcher mice. Examination of Twi-YPFax mutants showed axonal swellings and varicosities 

already within the ventral white matter as early as P7 (arrows in Fig. 12A-12B), but not in the 

age-matched controls (not-shown). Axonal profiles increased in frequency in the spinal cord of 

older mutants (Fig. 12C-12E) but not in control tissue (Fig. 12F). The appearance of axonal 

profiles (swellings or varicosities) at such early postnatal ages and in the absence of 

demyelination suggests unexpected premature neuronal vulnerability in this disease. 

5.6 Peripheral nerves are affected of axonopathy.  

The observation of a progressive axonal dystrophy in the spinal cord prompted us to 

investigate axonal damage in the sciatic nerve, as this nerve carries some of the longest axons. 

Similarly to what we found in the spinal cord, swellings and varicosities were detected in sciatic 

nerves. While these were evident at P15 (arrows in Fig. 13B), we could not detect gross 
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morphological changes in axons from P7 mutant nerves (Fig. 13A). Axonal abnormalities became 

more evident with the onset of demyelination. At P30, axons in the mutant sciatic nerve appeared 

with multiple swellings and were frequently transected (arrows in Fig. 13C).  

 

5.7 Neuronal loss is a late event in the Twitcher mouse  

Axonopathy generally precedes apoptotic death. To address whether Twitcher neurons 

undergo cell death, coronal sections of the lumbar spinal cord from the Twitcher parental line and 

from wild type littermates were subjected to the TUNEL assay. The TUNEL assay identifies 

cleavages in DNA, and has served as a traditional method for detecting apoptosis (Gavrieli et al., 

1992; Wijsman et al., 1993). As expected, TUNEL+ glial nuclei were detected in the white matter 

of symptomatic mutant mice. The frequency of these apoptotic glia in presymptomaic (P7-P15) 

Twitcher mice was minimal and not significantly different from wild type littermates (Fig. 14A). 

However, TUNEL+ glia sharply increased as Twitcher mice developed the disease, reaching 

stereological significance when mutants passed the onset of the disease (P30) (Fig. 14A). Figure 

14D-14F shows TUNEL+ glial nuclei within the ventral white matter in lumbar spinal cord 

samples from P30 Twitcher. These results are in line with previous studies showing apoptotic 

death of oligodendrocytes in the Twitcher animals, (Taniike et al., 1999; Jatana et al., 2002). 
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Figure 9 Axonopathy in the Twitcher spinal cord  

Coronal (A, C) and longitudinal (B, D) sections from postnatal day 30 (P30) Wt-YFPax and Twi-

YFPax were observed with a confocal microscope to detect axonal dystrophy. VWM ventral 

white matter, VH ventral horn. Inset boxes are higher magnifications from boxed areas in the 

ventral white matter. Magnification X200. Red fluorescence is propidium iodine. E-F) 

Longitudinal sections from P30 Twi-YFPax and Wt-YFPax were confocally imaged to identify 

axonal abnormalities. White arrows point to swellings and blue arrows to breaks or transected 

areas in mutant axons. Red fluorescence is propidium. 
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Figure 10 Progressive axonal degeneration in Twitcher axons 

Confocal imaging revealed different stages of axonal degeneration in Twitcher axons. Z-stacking 

confocal imaging was performed on longitudinal sections of P30 spinal cord. White arrows point 

to three different stages of axonal degeneration in the Twitcher mouse (A–B). Orthogonal 

reconstructions show the YZ and XZ axes. White lines point to selected axonal alterations. These 

pathological profiles were not detected in any wild-type tissue analyzed (X1,000) 
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Figure 11 Progressive demyelination in the Twitcher mouse 

Western blot analysis for the expression of MBP in brain and spinal cord and P0 in sciatic nerve 

lysates from P7, P15 and P30 Wt and twitcher mice. MBP and P0 are reduced in the twitcher 

tissues during aging. Actin was used as loading control. 
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Figure 12 Early signs of axonal dystrophy in the Twitcher mouse 

Confocal imaging of longitudinal sections from P7 (A, B) and P15 (C–F) lumbar spinal cords 

revealed axonal swellings (arrows) at 7 days of age in the Twitcher spinal cord. These 

pathological profiles were not detected in any wild-type tissue analyzed. Magnification x650 
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Figure 13 Axonal degeneration in the Twitcher sciatic nerve 

Confocal imaging of longitudinal sections from P7 (A), P15 (B) and P30 (C) sciatic nerves 

revealed axonal dystrophy in P15 and P30 (arrows) but not in P7 nerves of the mutant mouse. 

These pathological profiles were not detected in any wild-type tissue analyzed. Magnification 

x650 
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Figure 14 Glial apoptosis in the Twitcher spinal cord 

TUNEL staining (green) of twitcher (A-C) and Wt (D-F) P30 spinal cords revealed the presence 

of cell death in the mutant white matter at late stages of the disease. Magnification x400. 

TUNEL+ glia counts confirmed the appearance of apoptotic glia at P30, but not at P7 and P15 

(G). Counting was expressed as TUNEL+ cells per square mm. n=3 mice. p<0.05 

* 
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Notably, some large TUNEL+ motorneurons were also detected in the gray matter of 

Twitcher mice but only when mutants were symptomatic (P30) (Fig. 15B). However, we did not 

detect any TUNEL+ motorneuron (or any other spinal neuron) at earlier time points (P7 and P15) 

(Fig. 15A) nor in tissues from wild type littermates at any of these time points. Co-staining for the 

neuronal nuclear marker (NeuN) confirmed the neuronal nature of these dying cells (Fig. 15C-

15E). Stereological counting of TUNEL+ motorneurons confirmed these results (Fig. 15M). 

Stereological counting of total Neu+ neurons showed absence of significant differences between 

mutant and control littermates at any age (Fig. 15L), suggesting limited if any real loss of 

neurons. Interestingly, apoptotic neurons were mostly localized in the ventral horn of mutant 

cords and showed cytoplasmic rather than nuclear localization of the TUNEL staining (Fig. 15C). 

Although the reason for cytoplasmic localization of the TUNEL staining has not been explained, 

this pattern has been reported for neurons undergoing chromatolysis (Karnes et al., 2009). To 

examine this possibility, spinal cords from P7 and P15 Twitcher and wild type littermates were 

stainied with the Nissl stain (Fig. 16A). The Nissl stain labels large stacks of rough endoplasmic 

reticulum and ribonuclear complexes (also called Nissl bodies), and its disappearance is a known 

endpoint for neuronal demise, (Cragg, 1970). Stereological counting of Nissl+ motorneurons 

showed a significant loss (~20%) of healthy (Nissl+) motorneurons as early as P7 (Fig. 16B) in 

the mutant cord. This loss increased to about 45% in P15 mutant mice (Fig. 16B).  

 

5.8 Decrease in diameter of Twitcher axons.  

To better understand the condition of the Twitcher axonopathy, we performed 

transmission electron microscopy (TEM) on coronal sections of sciatic nerves collected from WT 

and Twitcher mice at P12 and P30. Axonal diameter, which is usually affected during an ongoing 
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axonopathy, was measured and the frequency of axons calculated for mice at each age. Twitcher 

nerves showed fewer large-caliber axons as compared to controls already at P12 (Fig. 17A, 17B). 

As disease progressed, mutant nerves showed severe loss of myelin, edema (Fig. 17D, asterisk) 

and a visible reduction in the number of large-caliber axons (Fig. 17D, 17E). Even those mutant 

axons with no obvious demyelination showed smaller diameters (Fig. 17D, arrows). Frequency 

analysis confirmed these observations; at P12, mutant nerves contained higher numbers of axons 

with 2- to 3-micron calibers (Fig. 18A), and at P30, there was a significant (p<0.05) shift to axons 

of smaller diameters, with the majority of mutant axonal caliber ranging between 1-5 microns 

(Fig. 18B). In contrast, the majority of WT axons grew in diameter as expected (Fig. 18A, 18B).  

 

5.9 Lower density of NFs in Twitcher axons.  

To determine whether the observed reduction in diameter of mutant axons involved 

alterations in the NF cytoskeleton, we examined NF density by TEM. Because NF density is 

affected by the level of myelination of the axon (Reles and Friede, 1991; de Waegh et al., 1992; 

Mata et al., 1992; Hsieh et al., 1994), we analyzed only mutant fibers that remained myelinated 

during the time-frame of our experiments (i.e., P12 and P30). Cross sectional and longitudinal 

imaging analysis showed that the spacing between NFs increased between P12 and P30 in WT 

nerve fibers (Fig. 19B, 19D, 19F), as expected for normal developing fibers, whereas Twitcher 

NFs appeared compacted at both time points (Fig. 19A, 19C, 19E), suggesting a failure in the 

mechanism regulating the spacing of these proteins. Quantitation of these observations by 

counting the NFs per random region of axoplasm revealed the expected decreased density of NFs 

(number  of   hexagons  containing  a  given   number  of  NFs/3.5 x 10
-2

 m
2
  area  of  axoplasm), 
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Figure 15 Neuronal apoptosis in the Twitcher spinal cord 

TUNEL staining (green) of P7 (A) and P30 (B) Wt (right panel) and twitcher (left panel) spinal 

cords. TUNEL+ cells were detected in the ventral horn (VH), but not in the dorsal horn (DH) or 

in the ventral and dorsal white matter (VWM and DWM, respectively). Staining for TUNEL 

(green) and NeuN (red) showed that the TUNEL+ cells were neurons (C-E). Counting of the 

NeuN+ cells showed no significant change in the number of NeuN+ neurons in the VH (F). 

NeuN+ /TUNEL+ cells were observed only at P30 in the twitcher spinal cord (G). Counting was 

expressed as NeuN+/TUNEL+ cells per mm
2
. n=3 mice 
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Figure 16 Chromatolysis in the Twitcher mouse 

Coronal sections of Wt (left) and twitcher (right) lumbar spinal cords at P7 and P15 processed for 

Nissl staining show chromatolysis in the mutant tissue (A). Stereological counting of Nissl(+) 

motoneurons in the ventral horns of the Wt and twitcher spinal cord at P7 and P15. Counting was 

expressed as Nissl(+) motoneurons per mm
2
. n=3 mice. p<0.05. 

* 
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Figure 17 Decrease in diameter of Twitcher axons 

Electron micrographs of coronal sections of Wt and twitcher sciatic nerves at P12 and P30 show a 

decrease in axonal diameter in the Twitcher fibers (A) as compared to age-matched Wt fibers (B). 

Severely demyelinated and abundant small diameter axons were clearly observed in older (P30) 

Twitcher nerves (C). All images are at the same magnification (bar in A=2 μm). Arrows and 

asterisk in C point to myelinated axons and edema, respectively. 
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Figure 18 Prevalence of small-diameter fibers in Twitcher sciatic nerves 

Distribution profiles based on axonal diameter in P12 (A) and P30 (B) sciatic nerves showed a 

growing increase in small-caliber axons. A minimum of 50 axons was counted per each nerve 

(n=3 nerves/time point/genotype). Data were analyzed by ANOVA/post hoc paired test. p<0.05. 
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Figure 19 Lower density of NFs in the Twitcher mouse 

Increased packing of NFs in Twitcher axons. A–D) High-magnification TEM of coronal sections 

of P12 and P30 sciatic nerves revealed slightly increased NF density at P12 (A) but significantly 

higher density at P30 in Twitcher axons (C) as compared to Wt axons (B and D, respectively). 

E,F) High-magnification TEM of longitudinal sections of P30 Wt (E) and twitcher (F) sciatic 

nerves showed several gaps among NF bundles in the Wt nerve. Twitcher NFs were tightly 

packed together, further confirming the increase in NF density in the mutant axons. (Bar=0.5 μm 

for A,B and =0.250 μm for C–F). 
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 between P12 and P30 in WT nerves (Fig. 20A) but a consistently high NF density in Twitcher 

axons at both developmental times (Fig. 20B). Immunoblotting analyses of the total amount of 

NF proteins in sciatic nerves showed decreased levels of each NF protein in the nerves of 

Twitcher mice (Fig. 20C). Real-time PCR analysis of each NF mRNA revealed no statistically 

significant difference in the spinal cord of Twitcher and age-matched WT mice (Fig. 21P, 21Q), 

suggesting absence of gene transcription deficits. 

 

5.10 Reduced phosphorylation of mutant NFs.  

The higher densities of NFs in the mutant nerve suggested abnormal phosphorylation of 

NFs. To test this possibility, we first examined coronal sections of WT and Twitcher spinal cords 

stained for phosphorylated epitopes on NF-M and NF-H using monoclonal antibody SMI31; the 

number of SMI31+ fibers was noticeably reduced in Twitcher spinal cords, which was most 

evident in axons within the ventral white matter (compare Fig. 21A and 21B with 21E and 21F, 

respectively). Subsequent analysis of longitudinal sections of cords stained using the SMI32 

antibody, which binds to dephosphorylated epitopes on NF-H, and using tissue isolated from the 

TWI-YFPax reporter model (Castelvetri et al., 2011), showed increased SMI32 immunostaining 

in Twitcher cords, especially in axons with clear signs of dystrophy (swellings, breaks; arrows in 

Fig. 21C, 21D and 21G). In contrast, WT axons were minimally stained with SMI32 (Fig. 21H). 

Finally, analysis of longitudinal sections of sciatic nerves from TWI-YFPax and age-matched 

WT-YFPax mice (P30) immunolabeled with the SMI31 antibody indicated a clear reduction in 

SMI31 binding in the mutant axons (compare Fig. 21I and 21J with 21L and 21M, respectively). 

Further assessment for changes in phosphorylation of NF in Twitcher mice, western blotting of 

protein extracts from sciatic nerves (obtained between P7 and P40) using antibody SMI31 
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revealed a clear reduction of phosphorylated NM-F levels at each developmental stage (Fig. 21K, 

pNFM). Analyses for the levels of both phosphorylated NF-M (Fig. 21N) and NF-H (Fig. 21O) 

showed significant (p<0.01) reduction of these cytoskeletal proteins in mutant nerves at P15 and 

P30 but not at P7. 

 

5.11 Increased activity of serine/threonine protein phosphatases in Twitcher sciatic nerves.  

Phosphorylation of NFs is regulated by Erk1/2, CDK5, p35 and SAPK1b kinases and 

ser/thr protein phosphatases PP1 and PP2A (Perrot et al., 2008). To determine whether PP1 and/or 

PP2A were involved in abnormal dephosphorylation of mutant NFs, we first determined the 

activation levels for both phosphatases in protein extracts from WT and Twitcher sciatic nerves. 

Quantitative analysis indicated a significant increase in the activity for both PP1 and PP2A at 

P30, whereas at P7, only PP2A increased significantly in mutant sciatic nerves (Fig. 22A, 22B). 

Further analysis of longitudinal sections of sciatic nerves immunolabeled with antibodies against 

PP1 (Fig. 22C, 22E) and PP2A (Fig. 22D, 22F) revealed an increase in PP1 in mutant sciatic 

nerves (Fig. 22C) and an even greater increase in PP2A (Fig. 22D; black arrows indicate axons 

immunolabeled for PP2A; white arrow points to the surrounding area of myelin sheath). 

 

5.12 Psychosine is sufficient to increase PP1 and PP2A activity in neuronal cells.  

To test the possibility that psychosine might underlie the observed activation of PP1 and 

PP2A, we first carried out a correlation analysis of levels of all three molecules in mutant sciatic 

nerves.  Indeed, we found a strong correlation between the elevated levels of psychosine (Fig. 

23A) and PP2A activity in the mutant nerve at P7 and P30 (r P7=0.994 and rP30=1, respectively),  
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Figure 20 Lower levels of NFs in the Twitcher mouse 

NF abnormalities in Twitcher sciatic nerves. A,B) NF density in P12 (A) and P30 (B) Wt and 

Twitcher sciatic nerves was quantitated by counting the NFs per hexagonal grid laid on high-

magnification EM pictures of sciatic nerve coronal section. Twitcher axons had significantly more 

hexagons with higher number of NFs at both time points, indicating the increased NF density in 

Twitcher mice. C) Quantitation of Western blot analysis of NF-L, NF-M and NF-H in P7, P15 

and P30 Wt and Twitcher sciatic nerves. Levels of all three proteins were decreased at P15 and 

P30, as assessed using ImageJ software and by normalizing to actin levels. Data are mean±SEM 

of four independent nerves per genotype per time point. Data were analyzed by ANOVA/post hoc 

paired test. Asterisk indicates p<0.05. 
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Figure 21 Reduced phosphorylation of mutant NFs 
A, B, E, F) Immunohistochemical staining of P30 spinal cord coronal sections from twitcher (A, enlarged in B) and 

Wt (E, enlarged in F) with monoclonal antibody SMI31 shows a decrease in the density of SMI31+ fibers, especially 

in the ventral white matter, in Twitcher mice. C, D, G, H) Immunofluorescence staining of spinal cord longitudinal 

sections from WT-YFPax (H) and Twitcher-YFPax P30 mice (C, D and merged image in G) for SMI32 (red) and 

YFP (green) shows the stronger reactivity for SMI32 in the twitcher fibers and the accumulation of dephosphorylated 

NFs in sites of axonal swellings and breaks (white arrows). I, J, L,M) Immunofluorescence staining of sciatic nerve 

longitudinal sections from WT-YFPax (L and M) and Twitcher-YFPax (I and J) P30 mice for SMI31 (red) and YFP 

(green) shows stronger SMI31 reactivity in the WT tissue (L) as compared to Twitcher tissue (I), indicating the loss 

of NF phosphorylation in the Twitcher peripheral nervous system. K) Representative Western blot of phosphorylated 

NF (pNF-M, obtained with monoclonal antibody SMI31) and total NF-M (obtained with monoclonal antibody 

RMO189) of P10, P20, P30 and P40 Wt and twitcher sciatic nerves, with actin as a loading control. N,O) 

Quantitation of Western blot analyses of pNF-M and pNF-M, respectively, in sciatic nerves of P7, P15 and P30 WT 

and Twitcher mice and normalizing to actin. Data are mean±SEM of four replicates. Data were analyzed by 

ANOVA/post hoc paired test. Asterisk indicates p<0.01. P,Q) qRTPCR analysis of the mRNA for NFM and NFH in 

spinal cords of P7, P15 and P30 Wt and Twitcher animals.  
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Figure 22 Increased activity of serine/threonine protein phosphatases in Twitcher sciatic 

nerves 
Increased activation of PP1 and PP2A in the Twitcher sciatic nerve. A, B) Quantitation of PP1 (A) and 

PP2A (B) enzymatic activity in lysates from P7 and P30 sciatic nerves of Wt and twitcher mice showed 

that both enzymes in twitcher nerves were strongly over-activated at P30, while only PP2A was 

significantly more active in the P7 tissue. Activity is expressed as micromol substrate (DiFMUP)/mg 

protein/min. Data are mean±SEM of three replicates. Data were analyzed by ANOVA/post hoc paired test. 

Asterisk indicates p<0.01. C–F) Representative immunohistochemical staining for PP2A in P30 Twitcher 

(C,D) and Wt (E,F) sciatic nerves shows the higher frequency of fibers intensely stained for PP2A in the 

twitcher nerve (black arrows in C and D). Rarely, PP2A+ myelinating Schwann cells were also detected in 

Twitcher tissue (asterisks in D). Enlarged in D, the presence of PP2A in a mutant axon is readily observed 

(black arrow in D), surrounded by the myelinating sheath (white arrow in D). 
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Figure 23 Psychosine is sufficient to increase PP1 and PP2A activity in neuronal cells NSC34 

A) Quantitation of psychosine by mass spectrometry in P30 Wt and twitcher sciatic nerves 

indicated significantly higher levels of psychosine already at P7 in the Twitcher tissue, with 

accumulation progressively increasing over the course of the disease. Data are mean±SEM from 4 

nerves per time point per genotype. Data were analyzed by ANOVA/post hoc paired test. Asterisk 

indicates p<0.01. B,C) Quantitation of PP1 (B) and PP2A (C) enzymatic activities in NSC34 cells 

treated with 0, 1 or 5 μM psychosine for 3 h, showed that psychosine induces a dose-dependent 

increase in phosphatase activity. Activity is expressed as μmol substrate (DiFMUP)/mg 

protein/min. Data is mean±SEM of three replicates. Data were analyzed by t-test of Student. 

Asterisk indicates p<0.05. 
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whereas the correlation with PP1 levels was significant only at P30 (rP30=0.932).  To test whether 

psychosine is sufficient to modify phosphatase activities, PP1 and PP2A activity was measured in 

immortalized NSC34 motor neuronal cells exposed to various concentrations of psychosine; 

activities of both PP1 and PP2A were significantly increased (Fig. 23B, 23C) in a pyschosine 

concentration-dependent manner.  

 

To determine whether psychosine leads to dephosphorylation of NFs through deregulated 

activities of PP1 and PP2A, we assessed these activities in NSC34 cells incubated with 5 M 

psychosine and with 10 nM okadaic acid, a broad phosphatase inhibitor that is non-toxic at this 

concentration (Atkinson et al., 2009).  Induction of PP1 activity was efficiently blocked by 10 nM 

okadaic acid in these cultures, while blockage of PP2A activity was less efficient (Fig. 24A).  

Western analysis for changes in levels of phosphorylated NF using protein extracts from treated 

and control cells labeled with SMI31 monoclonal antibody showed that psychosine was sufficient 

to induce significant dephosphorylation of NF-M, while the presence of okadaic acid almost 

completely inhibited this psychosine-triggered dephosphorylation (Fig. 24B, 24C). In these 

experiments, psychosine was administered in the cell media, where appears to be rapidly taken up 

by the cells. To understand if GALC deficiency has a cell autonomous effect on neurons, we 

cultured Wt and Twitcher embryonic cortical neurons for 8 days. The cells were then collected 

and processed for immunoblot analysis for total and phosphorylated NFs. A significant reduction 

in NF phosphorylation was observed in the Twitcher cultures (Fig. 24 representative blot in D and 

quantification in E).  
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5.13 Fast axonal transport is reduced in Twitcher sciatic nerves.  

To determine whether FAT was altered in the Twitcher mouse, we performed ligations of 

sciatic nerves. In this experimental model, accumulation of transported cargoes at the ligation site 

provides an indication of the transport efficiency. Wt and Twitcher mice at P30 were unilaterally 

ligated for 6 hours and imm of the proximal and distal stumps of the nerve (relative to the spinal 

cord) were collected and processed for immunoblot analysis. Reduced accumulations of KHC, the 

synaptic marker SNAP25, and the mitochondrial marker HSP60 were found in ligated Twitcher 

nerves (Fig. 25A, 25C). The decrease in the transport of mitochondria and synaptic vesicles, both 

with transport modalities substantially different, indicates in principle a general inhibition of the 

transport of axonal cargoes, rather than a defect in the transport of specific organelles.  

Because axonal transport defects were observed in other myelin disorders (de Waegh and 

Brady, 1990; de Waegh and Brady, 1991; de Waegh et al., 1992), this raised the question whether 

demyelination was contributing to this defect. To investigate this possibility, ligation experiments 

were performed in P7 Wt and Twitcher animals. Again, significant reductions in the amount of 

accumulated markers were observed in mutant nerves (Fig. 25B). To confirm that these 

accumulations were consistent with membrane cargoes, TEM analyses were performed, which 

confirmed the immunoblotting results. Figure 26 shows visible reductions of accumulated 

membranous material in both myelinated and unmyelinated Twitcher axons (Fig. 26D, 26E, 26F). 

Vesicular structures and dense bodies were observed beneath the plasma membrane in the 

unligated Twitcher control (arrows in Fig. 26D). The presence of these vesicular accumulations 

might indicate a defect in the sorting of the transported cargoes, a process that is tightly regulated 

by specific enzymatic activities (Runnegar et al., 1999; Morfini et al., 2004; Morfini et al., 2007b; 

Hooper et al., 2008). 
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Figure 24 Psychosine induces the dephosphorylation of NFs through PP1 and PP2A 

Okadaic acid protects NF from dephosphorylation triggered by psychosine. A) NSC34 cells 

incubated with 5 μM psychosine and 10 nM okadaic acid (OA) for 3 h showed significant 

inhibition of both PP1 and PP2A activity. Data is expressed as fold-change of phosphatase 

enzymatic activity relative to the vehicle (n=3). B, C) Analysis of NSC34 cells treated with 

vehicle, 1 or 5 μM psychosine for 3 h and processed for immunoblotting detection of pNF-M and 

total NF-M indicated that psychosine triggers NF-M dephosphorylation (quantitation in B using 

ImageJ and normalizing the amount of pNF-M with respect to actin; representative Western blot 

in C), and that OA prevents this dephosphorylation. Data is expressed as fold-change relative to 

the vehicle (n=3). D-E) Similar results were observed when primary cortical neurons were 

incubated with psychosine and a reduction in the pNF was observed (blot in D and quantification 

in E). F-G) Primary cortical neurons from Wt and Twitcher mice were cultured for 8 days and the 

amount of pNF was quantified by western blotting. A significant reduction in pNF was observed 

in the Twitcher neurons (blot in F and quantification in G). Data is mean±SEM of three replicates. 

Data were analyzed by t-test of Student. Asterisk indicates p<0.05. 
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Figure 25 Evidence of defective axonal transport in the Twitcher mouse 

A) Western blot analysis of the non-ligated control (NL) and of the proximal (PS) and distal (DS) 

stumps of the ligated Wt and twitcher (right panel) nerves. While the WT accumulates 

mitochondria (represented by the mitochondrial protein HSP60), synaptic vesicles (represented by 

the synaptic vesicle SNAP25) and KHC (antibody H2), ligated twitcher showed little or no 

accumulation of any of the transported molecules. The experiment was run in triplicates, and the 

bands of the immunoblot were quantified.  Values were averaged and normalized to the loading 

control (actin). B-C) Quantification of the ligation experiment (proximal stumps) performed on 

the P7 (C) and P30 (D) Wt and twitcher animals. The decrease in the accumulation of transported 

cargoes was evident already at P7, when demyelination is not present. Data are mean±SEM of 

three replicates. Data were analyzed by t-test of Student. Asterisk indicates p<0.05. 
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Figure 26 FAT is deficient in myelinated Twitcher axons 

TEM pictures of non-ligated (A,D) and ligated (B,C,E,F) wild type (A-C) and twitcher (D-F) 

sciatic nerves. The Wt axons displayed abundant accumulation of vesicular material towards the 

site of ligation (B,C), while several twitcher axons was significantly less (E). Some mutant axons 

showed accumulation of vesicular material nearby the ligation zone (E, and boxed area), 

suggesting that FAT defects may not be affecting all of the axons. White arrows in D point to 

vesicular material already accumulating in unligated mutant axons. Bar=2 m 
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5.14 Defects in FAT involve GSK3β 

Defects in FAT could be affecting either or both anterograde and retrograde directions. 

Because of the complexity of this, we focused on the anterograde transport. We hypothesized that 

the observed FAT deficiency involved changes in phosphorylation of kinesins, and likely those 

involving the PP1/GSK3β pathway, which has already been implicated in pathological alterations 

of FAT (Morfini et al., 2006; Morfini et al., 2009b; Kanaan et al., 2011). First, we measured for 

the activation of GSK3β, by immunoblotting for total and phosphorylated GSK3β. 

Phosphorylation of serine 9 of GSK3β acts as an on/off-switch, inactivating the protein (Fig. 27). 

Therefore, the ratio of phosphorylated over total GSK3β is an indirect measurement of the 

enzyme activation. Our analysis showed increased activation of GSK3β in the Twitcher spinal 

cord and sciatic nerve, albeit at different time points. In the mutant spinal cord, more GSK3β was 

activated at P7 than at P30, while the opposite was detected in the sciatic nerve (Fig. 28B-28E). 

The discrepancy in the time of activation of the kinase could be explained by the presence of 

GSK3β in several cells of the nervous tissue, like myelinating glia and microglia (Ogata et al., 

2004; Azim and Butt, 2011; Wang et al., 2011). GSK3β has several functions, which often 

depend on the cell type and its kinase activity. Because the shown data were obtained from whole 

tissue lysates, it is likely that the change in ser9 phosphorylation in neurons is “diluted” by the 

overall enzyme levels in the tissue. It is also possible that GSK3β activation might be 

differentially affected by the mutation, depending on the cell type. Further studies will be required 

to determine GSK3β phosphorylation in other neural cell types.  

GSK3β regulates FAT mainly through the phosphorylation of KLC subunits of the motor 

complex, which induces the detachment of the cargo and the decrease in anterograde transport. 

Thus measurement of phosphorylated KLC is a good indicator of the status of this regulatory 
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pathway. To examine this aspect, we immunoblotted spinal cord and sciatic nerve lysates with the 

monoclonal antibody 63-90, which binds to a KLC epitope only if it is not phosphorylated by 

GSK3β (Fig. 27). Not surprisingly, a decrease in the intensity of 63-90 binding to KLC was 

detected in both Twitcher spinal cord and sciatic nerve (Fig. 29A-29D). While these results 

significantly point to a defective regulation of phosphotransferase activities involved in FAT, we 

need to also examine for changes in expression of the various components of the motor families. 

In this respect, preliminary experiments indicate that RNA and protein levels of KIF5 are not 

significantly different in the twitcher mouse (data not shown). 

 

5.15 Psychosine induces KLC phosphorylation through PP1 and GSK3β  

PP1 is a major regulator of GSK3β, by dephosphorylating serine9. Because of the 

increased activation of PP1 observed in Twitcher sciatic nerves and in psychosine-treated cells, 

we speculated that psychosine could be facilitating the activation of GSK3β through PP1. To test 

this hypothesis, NSC34 cells were treated with psychosine, and the protein lysates were analyzed 

by western blotting for total and phospho-GSK3β. As expected, psychosine induced a dose-

dependent increase in GSK3β activity, which was completely prevented by 10 nM okadaic acid 

(Fig. 30A, 30B). Importantly, treatment with psychosine also increased KLC phosphorylation, as 

determined by the decrease in binding of the 63-90 antibody (Fig. 31A). To test whether 

psychosine increased KLC phosphorylation through the PP1/GSK3β pathway, cells were treated 

with psychosine and either okadaic acid or TDZD8 (a specific non-competitive inhibitor of 

GSK3β). Both treatments completely prevented KLC phosphorylation, strongly suggesting that 

psychosine effects on KLC phosphorylation are mediated by activities of PP1 and GSK3β (Fig. 

31A, 31B). 
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Figure 27 GSK3β  regulates KLC phosphorylation.  
Removal of the phosphate group on serine 9 of GSK3β causes its activation. GSK3β directly 

phosphorylates KLC, triggering the release of its cargo. The antibody 63-90 binds to 

dephosphorylated KLC. An increase in KLC phosphorylation causes less immunoreactivity for 

this antibody.  
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Figure 28 Activation of GSK3β  in the Twitcher nervous system 

A,B) western blot analysis for total and phospho-GSK3β (serine 9; inactive form) in spinal cord 

(A) and sciatic nerve (B) of Wt and Twitcher mice (quantification in C and D, respectively). Data 

are mean±SEM of three replicates. Data were analyzed by t-test of Student. Asterisk indicates 

p<0.05. 
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Figure 29 Increased KLC phosphorylation in the Twitcher nervous system 

A-B) Western blot analysis for H2 (antibody against KHC) and 63-90 (pKLC) in spinal cord and 

sciatic nerve of Wt and twitcher mice shows the decrease in immunoreactivity of the antibody at 

P7 in the spinal cord and at P30 in the sciatic nerve (quantification in C and D, respectively). Data 

are mean±SEM of three replicates. Data were analyzed by t-test of Student. Asterisk indicates 

p<0.05. 
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Figure 30 Psychosine induces GSK3β dephosphorylation  

A-B) Western blot analysis of NSC34 cell after treatment with 1 and 5 uM psychosine shows the 

decrease in the amount of phospho-GSK3β (serine 9; inactive form). Co-administration of 

psychosine and 10 nM OA prevented GSK3β activation (representative bolt in A and 

quantification in B). Data are mean±SEM of three replicates. Data were analyzed by t-test of 

Student. Asterisk indicates p<0.05. 
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Figure 31 Psychosine induces KLC phosphorylation  

A-B) Western blot analysis of psychosine treated cells for H2 (KHC) and 63-90 antibodies, 

showing that psychosine increases KLC phosphorylation. Both 10 nM OA and 1 M TDZD8, a 

specific non-competitive inhibitor of GSK3β, prevented KLC phosphorylation, demonstrating the 

involvement of ser/thr PPs and GSK3β in psychosine-mediated effect on KLC (representative blot 

in A and quantification in B). C) Cultures of embryonic Twitcher cortical neurons showed 

increased activation of GSK3β, when compared to Wt control cultures (C). Data are mean±SEM 

of three replicates. Data were analyzed by t-test of Student. Asterisk indicates p<0.05. 
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To understand if psychosine-induced GSK3β activation was a cell autonomous effect, we 

measured for active GSK3β in lysates of Wt and Twitcher primary cortical neurons. Figure 31C 

shows that indeed, Twitcher neurons contained increased levels of activated GSK3β, supporting 

the idea of cell autonomous defect in Twitcher neurons.   

 

5.16 Psychosine is present in Twitcher neurons.  

 The evidence presented so far suggests that psychosine may be a pathogenic molecule that 

triggers not only demyelination but also axonal and neurons defects. A relevant question is 

whether neurons are capable of producing psychosine. To address this possibility, we first 

determined expression levels of CGT, the enzyme responsible for the synthesis of psychosine 

(Cleland and Kennedy, 1960), in neurons. Immunohistochemical analysis revealed detectable 

levels of CGT expression in motorneurons (arrows Fig. 32A) and as expected, in oligodendroglial 

cells (not-shown). Immunoblotting and real time PCR analyses also showed CGT expression in 

protein extracts from NSC34 cells (Fig. 32C) and mRNA isolated from cortical neurons, (Fig. 

32D). Neuronal expression of GALC was also confirmed by real time PCR, (Fig. 32D). 

Altogether, these results show that neurons contain the metabolic components for the potential 

production of psychosine. Next, we measured levels of neuronal psychosine in granule neurons –

which are largely unmyelinated- isolated from Twitcher and wild type brains. High performance 

liquid chromatography tandem mass spectrometry (LC-MS-MS) showed three fold-increase of 

psychosine in mutant neurons respect levels in control neurons (Fig. 32E, 32F). These results 

provide evidence that a significant amount of psychosine may accumulate in some twitcher 

neurons. Further studies will need to address the accumulation of psychosine in other neuronal 

cells such as motorneurons.  
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5.17 Psychosine inhibits axonal transport.  

Next, we tested whether psychosine was capable to impair vesicular traffic using two in 

vitro models of axonal transport. Vesicular transport measurements using axoplasm preparations 

from the squid Loligo Pelai have been extensively used to examine the effects and the mechanism 

of different pathogenic proteins on FAT (Morfini et al., 2002b; Morfini et al., 2004; Morfini et al., 

2006; Morfini et al., 2007b; Pigino et al., 2009; Kanaan et al., 2011). Pure preparations of 

extruded axoplasm isolated from the squid were perfused with different concentrations of 

psychosine (or related controls) and the speed of vesicular cargoes was recorded over time. Figure 

33 shows that perfusion of axoplasms with control D-Sphingosine, the sphingoid base of 

psychosine, or an enantiomer of psychosine (Kind gift of Dr Mark Sands, Washington University, 

St Louis) resulted in typical transport rates of 1,5-2 μm/sec (anterograde FAT) and 1-1,4 μm/sec 

(retrograde transport). In contrast, 1 μM and 5 μM psychosine resulted in a strong inhibition of 

both modes of axonal transport (Fig. 33A, 33B).  

Using this model, we confirmed that the psychosine effect on FAT was mediated by the 

PP1/GSK3β signaling pathway. Co-perfusion of psychosine and different inhibitors of PP1 (OA 

and inhibitor-2) or GSK3β (ING35) showed to ameliorate FAT inhibition, (Fig. 34). Interestingly, 

the recovery of FAT was not complete, suggesting that other signaling pathways maybe involved 

in this defect. 
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Figure 32 Psychosine in Twitcher neurons  

A-B) Confocal imaging of the CGT enzyme in motor neurons from the ventral horns of the spinal 

cord of P7 wild-type mice. Non-specific binding of secondary antibodies is shown in B. C) 

Western blot analysis of CGT expression levels in lysates from P7 Wt and twitcher spinal (sp) 

cords and from NSC34 cells (Neu). Actin was used as a loading control. D) qRTPCR analysis of 

GALC and CGT mRNA expression levels in wild-type primary cultures of cortical neurons 

cultured for 3 and 8 days in vitro (DIV). Results are shown as fold increase with respect to levels 

in one DIV cultures. E-F) Quantification of psychosine levels in Wt and twitcher primary neurons 

by LC–MS–MS. Chromatograms in E show the corresponding peak of psychosine in the Twitcher 

cells (arrow). Wt cells showed traces of the lipid. Quantification of psychosine levels in neurons 

and enriched cultures of Wt (white white bars) and twitcher (black bars) oligodendroglia is shown 

in F. 
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Figure 33 Psychosine inhibits FAT  

Pure preparations of squid axoplasms were treated with 1 and 5 M psychosine (A and C, 

respectively). The rates of fast anterograde (blue arrows) and retrograde (red arrows) transports 

were measured over time. Psychosine induced a strong decrease in FAT rates in both directions 

(A and B). D-Sphingosine had no effect on FAT (C). Psychosine enantiomer had no effect on 

FAT (D).  
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Figure 34 Psychosine inhibits FAT through PP1 and GSK3β 

Co-perfusion of squid axomplasm preparations with psychosine and OA (A) or inhibitor-2 (I2) 

(C), a PP1 specific inhibitor, resulted in almost complete protection of FAT rates. Similarly, ING-

35, a GSK3β specific inhibitor, prevented psychosine-mediated inhibition of FAT (B). TBCA, a 

CKII specific inhibitor, did not prevent the psychosine effect.  
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The inhibitory effect of psychosine on FAT was further confirmed by measuring the 

mitochondrial mobility in a motoneuronal cell line. NSC34 cells were cultured in the presence of 

psychosine and with Mitotracker green, a fluorescent live mitochondrial probe. Fluorescence 

pictures were taken every 10 seconds for 300 seconds. Quantification of the number of actively 

transported mitochondria per cell confirmed that psychosine is capable of significantly impair the 

transport of this organelle (Fig. 35). When NSC34 cells were co-treated with myristoilated-L803 

(myr-L803), a competitive, cell-permeable inhibitor of GSK3β, mitochondrial transport appeared 

protected, Fig. 35).  

5.18 In vivo neuroprotection by inhibition of GSK3β. 

To determine if GSK3β is a potential target for neuroprotection in KD, twitcher mice were 

injected intraperitoneally with 400 nmoles/day of myr-L803. Injections were started three days 

after birth and maintained on daily schedule for 20 days. Figure 36 shows that treatment with the 

inhibitor significantly normalized phosphorylation of KLC in sciatic nerves. This appears as a 

direct evidence of the abnormal phosphorylation of KLC by GSK3β in the Twitcher mouse. Of 

functional relevance, treatment with myr-L803 also improved MCV in Twitcher animals (Fig. 

37).   
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Figure 35 Psychosine inhibits mitochondrial transport 

NSC34 were labeled for the mitochondrial probe MTG and visualized by time-lapse microscopy 

(pictures were taken every 10 seconds for 5 min.). The number of transported mitochondria per 

cell was counted. Psychosine treatment induced a decrease in the number of transported 

mitochondria. Myr L803, a cell-permeable, non-competitive inhibitor of GSK3β, prevented the 

inhibition of mitochondrial transport. Data are mean±SEM of three replicates. Data were analyzed 

by t-test of Student. Asterisk indicates p<0.05.  
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Figure 36 In vivo inhibition of GSK3β prevents KLC phosphorylation 

Quantification of the western blot analysis for the pKLC and KHC in the sciatic nerve of Wt and 

twitcher animals after treatment with myr-L803, a GSK3β inhibitor. Daily intra-peritoneal 

injections of the twitcher animals with 400 nmoles of L803 prevented the phosphorylation of 

KLC in the P20 sciatic nerves of the Twitcher mouse. Data are mean±SEM of three replicates. 

Data were analyzed by t-test of Student. Asterisk indicates p<0.05. n=3 
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Figure 37 In vivo inhibition of KLC phosphorylation restores the MCV in the twitcher animal  

MCV recording on Wt and twitcher mice after treatment with myr-L803.  
Daily intra-peritoneal injections of the twitcher animals with 400 nmoles of L803 prevented the 

decrease in MCV observed in the sciatic nerves of the Twitcher mouse at P20. Data are 

mean±SEM of three replicates. Data were analyzed by t-test of Student. Asterisk indicates 

p<0.05. n=3 
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CHAPTER 6 DISCUSSION 

 

6.1 Summary 

The aim of this study was to determine the extent and the molecular basis of 

neurodegeneration in KD. By examining the Twitcher mouse, an animal model of this disease, we 

demonstrated the existence of multiple levels of axonal pathology, including degeneration of 

nerve endings, muscle atrophy, axonal swelling, axonal caliber reduction, NF cytoskeleton defects 

and impairments in FAT. Our study shows that these pathological processes occur with minimal 

or no neuronal loss, which was only evidenced very late in the life of the Twitcher mouse. Our 

study also demonstrates that psychosine is capable per se of triggering some of these problems by 

deregulated changes in NFs and FAT, by recruitment of PP1, PP2A and GSK3-β activities. Our 

characterization of the Twitcher neurodegeneration proposes the existence of a dying-back 

axonopathy and develops a more complex neuropathological mechanism of this disease, where 

axonopathy appears as a compounding factor to demyelination (Figure 38).  
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Figure 38 Model of psychosine-medited axonopathy  
Psychosine, by altering the membrane architecture of MMDs and vesicles, can cause defects in signaling, in 

particular through ser/thr phosphatases. The over-activation of phosphatases has two important consequences. First, it 

causes a decrease in the total NF phosphorylation. Possibly, other cytoskeletal proteins might be affected, like Tau or 

microtubules.  Secondly, it triggers the activation of GSK3β, which directly phosphorylates KLC, causing the release 

of cargoes. Psychosine might also affect other signaling pathways regulating kinesin, possibly interfering with 

microtubule binding and the ATPase domain of KHC. Furthermore, other molecular motors, like cytoplasmic dynein 

and the microfilament-binding myosin could be inhibited. Importantly, psychosine could affect both NFs and kinesin 

by direct binding and interference. 

 

6.2 Axonal pathology in the Twitcher mouse. 

Because of the severity of the white matter disorder in KD, most of the studies using 

Twitcher mice have focused on central and peripheral demyelination. Only few studies have 

examined axonal and neuronal abnormalities in this mutant. Impaired development of large 

diameter fibers was reported in Twitcher sciatic nerves but the cause for defect was never studied 

(Jacobs et al., 1982). Neuronal damage was observed in specific neuronal populations in the 

mutant brain and spinal cord (Dolcetta et al., 2005; Smith et al., 2011). Postural and motor 
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deficiencies the Twitcher mouse early in life (Olmstead, 1987). Altogether, these studies pointed 

to a neuropathogenic mechanism affecting the function of numerous neural paths. By studying the 

condition of Twitcher neurons and their connections during the progression of the disease, our 

study aimed at elucidating the nature of neurodegeneration of KD. This study focused on spinal 

cord motoneurons because of their accessibility and because of the extensive studies on Twitcher 

peripheral nerves (Duchen et al., 1980; Scaravilli and Jacobs, 1981; Jacobs et al., 1982; Powell et 

al., 1983; Kobayashi et al., 1988). 

Our study on the Twitcher neurons demonstrates the existence of a clear axonal pathology 

in the Twitcher spinal cord and sciatic nerves. The Twitcher axonopathy is characterized by the 

early appearance of axonal swellings and breaks, many of which co-localized with local 

accumulations of dephoshorylated NFs (Castelvetri et al., 2011). The appearance and the 

progressive increase in the frequency of axonal abnormalities are paralleled by abnormalities of 

the NMJs and the progressive atrophy of the muscles of the lower limbs. These characteristics are 

consistent with a model of dying-back pathology, where axonal dysfunction, likely in the form of 

synaptic shut-down, precedes the death of the neuronal body (Sagot et al., 1995; Burne et al., 

1996; Coleman and Perry, 2002; Whitmore et al., 2003; Coleman, 2005). In a dying-back 

pathology, an insult to the axons impairs the ability of the neurons to supply the synapses, leading 

first to their inability to properly transmit the electrical information and then to the retraction of 

the distal neurites. Importantly, the cell body of the affected neurons can be anatomically 

unaltered, while their synapses are shutting down and degenerating. Our experiments show indeed 

that the abundance of spinal cord motoneurons is similar in both Wt and Twitcher mice, and 

apoptotic motoneurons can be detected only after disease onset (P30), when the neuronal damage 
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might be caused by a combined effect of axonopathy, demyelination, inflammation and 

astrogliosis.  

 

6.3 Muscular atrophy as a consequence of the Twitcher axonopathy 

 The abnormalities observed in the Twitcher NMJs help in understanding the muscular 

deficiencies observed in KD patients. Marjanović observed severe hypotonia and weakness in 12-

months old KD patients. These authors suggested that the muscular phenotype may be caused by 

altered development of the muscle fibers (Marjanovic et al., 1996). The development of a 

functional muscle requires the precise coordination between muscle cells and nerve endings and 

the correct establishment of electrically-active NMJs (Witzemann, 2006). The contact and the 

exchange of signals between the growing neurite and the muscle cell direct the structural 

organization of the NMJ, as well as its molecular composition (Punga and Ruegg, 2012). A key 

event in the muscle development is the switch in the gene expression from the γ to the ε subunits 

of the AchR, which represents the transition from the fetal (γ subunit) into the mature (ε subunit) 

form of the AchR. The γ subunit is required for the nerve-induced clustering of the AchRs, but its 

expression is suppressed when the NMJ is electrically active and releasing Ach (Numberger et al., 

1991; Duclert and Changeux, 1995). The expression of the γ subunit in postnatal life of the 

Twitcher mouse suggests the possibility of a compromise in the synaptic communication between 

the fiber ending and the muscle cells.  The increased activation of caspase 3 in the terminal could 

effectively alter the NMJ functionality (Vohra et al., 2004; Vohra et al., 2006; Keller et al., 2011). 

Caspase 3, a well-known mediator of cell death, is also critical for long-term potentiation in the 

brain, and its inhibition results in strong impairment of synaptic plasticity. Although caspase 3 

activity is essential for the proper development of synapses in the brain, its over-activation is 
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implicated in several late-onset neurological disorders, in which severe synaptic dysfunction is 

observed (Su et al., 2001; Martin et al., 2002). It is possible that caspase 3 over-activation in the 

Twitcher axons might lead to the NMJ inactivation, even in the absence of clear axonal retraction. 

Indeed, NMJ dysfunction has been observed, which lead to severe muscle atrophy even in the 

absence of NMJ loss (Pinter et al., 1995; Balice-Gordon et al., 2000). In line with this idea, our 

group has shown activation of caspase 3 in fibers of the twitcher sciatic nerve as well as in the 

ventral funiculus of the twitcher cord (Smith et al., 2011), which contain the anterior corticospinal 

tract and the lateral vestibulospinal tract. Demise or dysfunction of these tracts, which carry the 

information to lower limb muscles, may affect their muscle connections, furthering the loss of 

muscle connections and, eventually, muscle wasting (Ludolph et al., 1987; Ugawa et al., 1991). It 

is feasible that the mutant muscle attempts to preserve NMJs by upregulating the AchR γ subunit. 

However, the decrease in the electrical activity of the sciatic nerve, together with the activation of 

caspases in the presynaptic terminals, and demyelination may cause the shut-down of the synapse. 

 These alterations of the NMJ in Twitcher muscles appear to also be compounded by the 

deregulation of the AKT-muscle growth-signaling pathway. The activity of AKT has been shown 

to act as molecular switch between protein synthesis and degradation, therefore determining the 

overall growth or reduction of the muscle mass (Dobrowolny et al.; Alessi et al., 1996; Bodine et 

al., 2001; Millino et al., 2009). We found that phosphorylation of AKT, which is directly 

proportional to its activity, was strongly decreased in Twitcher soleus muscle. One of the 

functional consequences of a decrease in phospho-AKT in muscle cells is an increase in protein 

ligases, like atrogin-1, and the corresponding increase in ubiquitination of the muscle proteins and 

their degradation (Glass, 2003b, a). This leads to reduction in muscle mass. All together our 

results provide a first understanding of the muscle atrophy in this mutant. While it is still possible 
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that GALC deficiency has a direct effect on muscle cells, this possibility is beyond the scope of 

this work and is going to be explored at a later time.  

 

6.4 Alterations in NFs  

The changes of the Twitcher NMJs suggest that all or some of the nerve terminals are 

dysfunctional. One interpretation is that Twitcher axons are unable to properly maintain electrical 

stimulation of muscles, leading to alteration in the NMJs. Consistent with this idea, we observed 

an increase in the frequency of small diameter fibers in the Twitcher sciatic nerves. The 

prevalence of small diameter fibers suggests a problem in the development of large myelinated 

fibers in the Twitcher mouse. During development, axons may grow up to 15 times their original 

diameter after establishing their synapses (Goldberg and Frank, 1979; Graf von Keyserlingk and 

Schramm, 1984). This has profound implications on the function of the axons, as a larger 

diameter increases the propagation speed of the axon potential. Thus, the prevalence of small 

diameter fibers can contribute significantly to the decreased propagation speed observed in the 

Twitcher peripheral nerves (Takei et al., 2000; Eng et al., 2001; Wang et al., 2006; Lin et al., 

2011b).  

 NFs are critical mediators of the increase of the axonal caliber. Variations in NF gene 

expression, transport and phosphorylation have been implicated in unrelated neurodegenerative 

disorders, such as ALS (Hirano et al., 1984); Hirano et al., 1984), Parkinson disease (Brownlees 

et al., 2002) Pappolla, 1986) and Charcot–Marie–Tooth disease (Brownlees et al., 2002). Of 

fundamental importance, small changes in NF composition or function can lead to changes in the 

diameter of the axons and to severe muscle pathology (Shen et al., 2011; Wakeling et al., 2011). 

Our analysis shows a decrease in the amount (in the case of NFM) and organization of NFs in 
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most of axons of the Twitcher sciatic nerve. These changes are not caused by variations in gene 

expression as we could not detect significant changes in mRNA and protein levels for the 

different NFs in the spinal cord of the Twitcher mice. On the other hand, dephosphorylation of 

NFs could significantly affect both the assembly and the transport of NFs along the nerve. NF 

phosphorylation is the result of the overall activity of ser/thr phosphatases, like PP1 and PP2A, 

and specific kinases, like Erk1/2, CDK5, p35 and SAPK1b (Perrot et al., 2008); Perrot et al., 

2008). Importantly, phosphorylation of NF side chains regulates not only the assembly and 

transport of NFs, but also the radial growth of the axons, by virtue of the repulsive forces 

generated between the numerous phosphate groups of the NFs. If the balance between 

phosphorylation and dephosphorylation is shifted, alterations in NF dynamics will consequently 

occur. Consistent with this idea, the activity of PP2A is significantly increased in the Twitcher 

nervous system already after one week of life. The increase in phosphatase activity could explain 

the decrease in the axon diameter and, consequently, conteribute to a low MCV.  

It is important to remember that, during development, the thickness of the myelin and the 

fiber size are adjusted to optimize the speed of electrical conduction. Signals between the axon 

and myelin allows for their coordinated growth. Importantly, the crosstalk between the two allows 

for the local regulation of axonal diameter, so that the axon is smaller at the nodes of Ranvier. 

Local regulation of phosphotransferase activity and NF phosphorylation seem fundamental for the 

determination of the fiber size.  Accordingly, thinner myelin was observed around P18 in the 

twitcher sciatic nerve (Jacobs et al., 1982) Thus, our observations on the axonal phosphatases and 

the fiber size might represent a more complex problem of interaction between myelin and the 

axon. Alterations in the activity of phosphatases could affect axonal growth and this, in turn, 
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influence the process of myelination. Further studies will be required to understand how GALC 

deficiency affects the crosstalk between myelin and the axon. 

 

6.5 Fast axonal transport as a pathological mechanism in KD. 

A general defect in transport can create localized bottlenecks, causing the accumulation of 

unsorted cargoes. If this condition persists, the neuron might not be able to supply its neurites, 

leading to further damage along the axons. Axonal dystrophy is considered a histological 

symptom of axonopathy, even if the axonal insult is not limited to the area of the swelling. 

Importantly, axonal dystrophy can be caused by a deficiency in FAT. Our experiments on the 

Twitcher mouse concur with this idea. FAT deficiency was first determined at P7, when the first 

axonal swellings were also detected in Twitcher mice (Castelvetri et al., 2011). Interestingly, our 

TEM analysis of ligated nerves showed that not all axons were similarly affected by FAT 

deficiencies. FAT defects could be affecting mutant neurons to different extents, so that axonal 

degeneration develops differently in neurons located in the same area of the nervous system. 

Collectively, our observations support this notion. For instance, axonal swellings are observed in 

several, but not all the fibers of sciatic nerve and spinal cord. It is therefore possible that GALC 

deficiency leads to a selective neuronal vulnerability, similarly to other neurological disorders. 

For instance, ALS strikes cholinergic motoneurons, while hippocampal and cortical pyramidal 

neurons are affected in AD. The reason for this selectivity is still unclear. In the case of the 

twitcher mouse, we found that the increase in PP1 and PP2A catalytic subunits is localized to 

specific fibers of the sciatic nerve. The defect in sphingolipid metabolism might alter axonal 

phosphotransferases differently, depending on the neuronal type. Furthermore, different neuronal 
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populations might require different levels of GALC activity, and this would also affect the 

specific levels of psychosine.  

Our results raise an important question: what is the initial insult that triggers the defect in 

FAT in the Twitcher mutant? Our work advances one hypothesis: small but significant amounts 

of psychosine are responsible for the FAT defect. Psychosine concentration is significantly higher 

already in the P7 Twitcher sciatic nerve, when compared to the Wt control, suggesting that the 

synthesis and accumulation of this sphingolipid starts before, possibly during the embryonic life. 

Unpublished data from the dissertation work of Hongling Zhu in our laboratory confirmed that 

indeed, psychosine is already accumulated in twitcher embryos (Zhu and Bongarzone, 

unpublished results). Therefore, small but considerable amounts of psychosine may be sufficient 

to affect FAT, even in the absence of demyelination or inflammation. Indeed, psychosine alone 

was sufficient to inhibit FAT, both in the model of extruded squid axoplasm and in cultured cells. 

This inhibitory effect is specific for psychosine, as D-sphingosine does not exert any effects on 

the transport rates in either model. Our results showed an abnormal activation of the PP1/GSK3β 

pathway likely leading to the release of transported MBOs from kinesin-based motors. A similar 

situation was previously shown to affect anterograde transport in AD (Morfini et al., 2004; 

LaPointe et al., 2009; Kanaan et al., 2011). In particular, the aggregation of tau, a microtubule 

associated protein involved in the pathogenesis of AD, exposes a phosphatase-activating domain 

which, in turns, activates the PP1-GSK3β pathway. Upregulation of this path by aggregated tau is 

therefore a toxic gain-of-function that alters FAT and, consequently, that alters neuronal 

survivability. The PP1/GSK3β pathway seems to regulate only anterograde transport (Morfini et 

al., 2002a; Morfini et al., 2004). In our study, we show that psychosine affects both antero- and 

retrograde directions. Likely, psychosine activates multiple pathways, possibly regulating both 
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directions of FAT. In line with this idea, we observed that the protection of FAT rates with 

inhibitors of PP1 and GSK3β is not complete. We are currently investigating if other signaling 

enzymes are activated by psychosine. These enzymes might alter other properties of the molecular 

motors, like the microtubule binding or the ATPase activity of KHC and dynein regulation.  

Our experiments on primary cultures of Wt and Twitcher cortical neurons suggest that 

GSK3β activation occurs autonomously, independent of myelin defects. It is however possible 

that the initial accumulation of psychosine subtly affects the myelin-axon interaction and, as a 

result, the myelin-related regulation of FAT might be altered in the mutant axons. For example, 

defects in myelin proteins result in significant changes in axonal transport, causing axonal 

swellings despite the presence of normal-appearing myelin (Lappe-Siefke et al., 2003). These 

swellings occur at the nodes of Ranvier, which are considered an important delivery destination of 

nodal proteins, like ion channels. Because GALC deficiency affects the differentiation of 

oligodendrocytes as well, it will be important to understand whether psychosine affects 

intracellular transport in myelinating glia as well. Kinesin-based transport is important for 

myelination, because several myelin proteins or their mRNAs are transported along the 

myelinating processes (Ainger et al., 1993; Carson et al., 1997; Song et al., 2003). Defects in 

kinesin-based transport in oligodendrocytes are indeed sufficient to alter myelination and to 

induce axonal abnormalities (Lyons et al., 2009; Kreutzer et al., 2011).    

6.6 Is psychosine as a natural regulator of axonal phosphotransferases? 

The current work describes how the NF cytoskeleton and FAT are both affected in the 

Twitcher mouse. How is it possible that these two critical axonal components are affected by 

GALC deficiency? We answered this question, at least partially, by demonstrating that 

psychosine alone can decrease both NF phosphorylation and the rate of FAT, in the absence of 
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any glia-derived effect. Further these effects were mediated by specific enzymes: the ser/thr 

phosphatases PP1 and PP2A and the kinase GSK3β.  

These enzymes are among a larger number of regulators of NFs and axonal transport. PP1 

and PP2A account for 15% and 60% of the total dephosphorylation activity of the NFs, 

representing the most important NF-associated phosphatases (Strack et al., 1997b). Differential 

localization of these phosphatases along the axon allows the neurons to regulate the local 

phosphorylation of NFs, tightly controlling axonal diameter. The activity of PP1 is also important 

to activate GSK3β which, in turn, phosphorylates KLC and induces the release of its cargo 

(Morfini et al., 2002b; Morfini et al., 2002a; Morfini et al., 2004). On the other hand, GSK3β also 

phosphorylates NFs on specific epitopes, likely regulating their assembly along the axon (Sasaki 

et al., 2002; DeFuria and Shea, 2007; Sasaki et al., 2009). The crosstalk between these enzymes is 

therefore quite complex, and involves several levels of regulations. PP1 and GSK3β, for example, 

colocalize on transported vesicles, suggesting that the signals required for FAT regulation travel 

directly with kinesin (Morfini et al., 2002a). By activating PP1 and GSK3β at specific locations, 

the neuron regulates where and when kinesin cargoes are released. NF phosphorylation is also 

spatially regulated along myelinated axons (Mata et al., 1992). The NFs underlying the nodes of 

Ranvier are markedly less phosphorylated than the adjacent NFs spanning the internode (de 

Waegh et al., 1992). Studies on the trembler mouse, a mutant of the myelin protein PMP-22, 

confirmed that myelin differentially regulates the phosphorylation state of NFs, depending 

whether they are underlying the node or the internode. If psychosine alone is able to increase the 

activities of ser/thr phosphatases and kinases, which are critical for the regulation of NF and FAT, 

even small concentrations of the lipid could severely undermine mutant axons.  
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Now, one relevant question is how psychosine activates PP1, PP2A and GSK3β. An 

obvious possibility is that psychosine directly binds to specific signaling proteins, altering their 

regulation or activities. Despite several efforts, the existence of a “psychosine receptor” has never 

been demonstrated. It is however possible to speculate that proteins involved in the regulation of 

PP1 and PP2A might be able to bind psychosine. For example, ceramide can bind inhibitor 2, a 

specific phosphatase inhibitory subunit, triggering the release and the activation of the 

phosphatase (Mukhopadhyay et al., 2009). Certain phospholipids also bind NFs (Kim et al., 

2011). Our laboratory is working to identify potential psychosine binding motifs in proteins that 

regulate PP1 and PP2A. While binding motifs have not been described for psychosine, the fact 

that this lipid is degraded by GALC and no other hydrolase implies a specific recognition, and 

hence, potential binding motifs. The consequence of this binding may vary, depending on the 

binding partners. If this is true, then such differential binding may help to explain why psychosine 

has different effects on NFs and KLC.  

An alternative –yet maybe additive mechanism- is that that psychosine alters membrane 

dynamics. Our laboratory has previously shown that psychosine specifically accumulates in lipid 

rafts and interferes with the associated signaling complexes (Keller and Simons, 1998; Manes et 

al., 1999; White et al., 2009). Several critical signaling enzymes, like AKT and PKC, require re-

localization to the rafts to be properly activated, and the disruption of these domains  significantly 

compromises their signaling pathways (Zundel et al., 2000; Elhyany et al., 2004; White et al., 

2009). PP2A is present in rafts, where cholesterol levels modulate its activity (Berrou and 

Bryckaert, 2009). Importantly, all three enzymes were present in rafts isolated from cultured 

neuronal cells, but their association to the membrane decreases after psychosine treatment (data 

not shown).  
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Finally, it is also possible that psychosine accumulates in the membranes of the 

transported vesicles, which can carry specific lipids. The presence of psychosine in transported 

cargoes would provide a mean to transport psychosine along the axons. Importantly, because PP1 

and GSK3β are associated with the transported vesicles, psychosine could directly affect the 

FAT—regulatory enzymes (Morfini et al., 2004). Our laboratory is currently investigating this 

possibility. 

 

6.7 GALC deficiency may generate a cell autonomous pathogenic defect in neurons 

What is the source of psychosine in Twitcher neurons? Significant levels of psychosine 

can be detected in brain lipid rafts at P3, a much earlier developmental time than previously 

suggested (Suzuki, 1998; White et al., 2009). The presence of psychosine before major 

myelination raised the possibility that psychosine may be synthesized by other neural cells such 

as neurons in addition to myelinating glia. Our studies on cultured neurons showed that CGT, the 

enzyme responsible for psychosine synthesis, and GALC are present in primary cultures of 

neurons and in spinal cord motoneurons (Castelvetri et al., 2011). Cultures of acutely isolated 

neurons from wild type and Twitcher mice showed that not only does psychosine accumulate 

significantly in these cells but also that mutant neurons degenerate faster than wild type controls. 

This indicates that Twitcher neurons maybe affected by an intrinsic mechanism of degeneration.  

 In culture, Twitcher neurons accumulated psychosine to lower levels than mutant 

oligodendrocytes. Despite this difference, the accumulation of low amounts of psychosine may 

still be significantly toxic to neurons. In fact, we found that even a low concentration of 

psychosine (1 M) was sufficient to activate PP1, PP2A, and GSK3β, and, eventually, to alter NF 

and KLC phosphorylation levels. This may mimic conditions seen during the first week of life of 
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the animal. While accumulation of psychosine in neurons may be primarily the result of 

endogenous neuronal synthesis, it is still possible that the neuronal concentrations of psychosine 

might be even higher, if non-neuronal psychosine reaches the neuronal compartment. For 

example, the transfer of certain phosphoinositides from myelin to axons has been already proven 

(Ledeen and Haley, 1983; Toews et al., 1988; Ledeen et al., 1992). If this is true, psychosine 

could be synthesized by glial cells and then transferred to the neuron. The modality of this 

transfer could be based on cell-to-cell contact and/or mediated by mobilized vesicles. Recent 

studies indeed show that the lysosomal activity regulates the release of exosomes which carry 

proteins and lipids from one cell to another (Subra et al., 2007; Alvarez-Erviti et al., 2011; Fitzner 

et al., 2011; Strauss et al., 2011; Yuyama et al., 2012). For example, neurons carrying the 

mutation of Niemann-Pick disease type C, which accumulate cholesterol release cholesterol-

enriched exosomes, to reduce the burden (Strauss et al., 2011). It is therefore possible that the 

constant accumulation of psychosine and the lack of lysosomal degradation in the Twitcher might 

cause release of this sphingolipid from myelinating glia into the extracellular environment and its 

redistribution to other cell types. 

 

 

 

6.8 Neurodegeneration as a new target for KD therapy. 

The data presented in this work have important therapeutic implications. The main goal of 

the traditional therapies such as BMT for KD has been to reconstitute GALC activity in the 

nervous system and to assume that the enzyme would help in the clearance of the sphingolipid 

accumulation. Numerous studies have demonstrated that GALC reconstitution in the nervous 
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system provides several benefits, although the extent of therapeutic success depends on the 

protocol used. However, the inability to completely arrest the development of the disease is a 

shared pitfall in all of these studies (Ichioka et al., 1987; Kondo et al., 1988; Krivit et al., 1998; 

Escolar et al., 2005; Siddiqi et al., 2006; Galbiati et al. 2009). Various limitations may intervene 

to reduce the benefits of BMT. Maybe the biggest obstacle is the timing for cross-correction in the 

nervous system. Donor-derived macrophages take about 30-45 days to infiltrate the nervous 

system and cross-correct host cells (Wu et al., 2000; Galbiati et al., 2008). Thus, during this lag of 

time the protective value of BMT correction of the nervous system might be significantly reduced 

in comparison to the periphery. In other words, before sufficient GALC enzyme is produced in 

the brain, cord and nerves, mutant neurons and axons may have already been damaged. Our 

findings on the changes in FAT and NF phosphorylation support this idea and indicate the 

importance of protecting peripheral fibers during the early life of the mutant animal. 

 PP1, PP2A and GSK3β, as mediators of psychosine effects on FAT and NFs, represent 

new potential targets for KD therapy. Pharmacological inhibition of PP1, PP2A and GSK3β may 

be helpful to slow or halt the effect of psychosine on these enzymes, preventing or reducing 

axonal burden. Inhibition of these enzymatic activities may prove to be relevant since the first 

days of life, when psychosine is known to be already accumulating in the membranes of the 

GALC deficient cells (White et al., 2009). As such, a pharmacological treatment is likely to be 

insufficient with increasing concentrations of psychosine. However, a combination of this 

pharmacological intervention and BMT may prove to add synergy to the treatment. Our 

laboratory is currently working on these ideas and a number of combined protocols are in the 

process of experimentation.  
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6.9 Relevance of this study in other lysosomal storage diseases 

This work focused on the Twitcher mouse, a model of KD with accumulation of 

psychosine. Our studies determined how psychosine triggers neuropathogenic mechanisms 

compromising the function of the nervous system, in addition to demyelination. Of relevance, 

psychosine may have natural targets such as PKC, PP1, PP2A and GSK3β, which may regulate 

under normal metabolic conditions. Our laboratory is currently investigating whether normal 

concentrations of psychosine may elicit specific effects on these pathways.  

Our findings may be relevant to other LSDs. Various sphingolipidosis cause severe 

neurological symptoms, suggesting that other accumulated substrates may be toxic to neural cells. 

We speculate that if psychosine regulates specific kinases and phosphatases, it is possible that 

other LSD substrates have similar effects. To challenge this hypothesis, we administered 

gangliosides GM1 and GM2, which accumulate in GM1 gangliosidosis, Tay-sachs disease and 

Sandhoff disease (O'Brien et al., 1965; Balint and Kyriakides, 1968; Sandhoff et al., 1971; 

Srivastava and Beutler, 1973) to squid axoplasm preparations. We observed that these 

sphingolipids are potent inhibitors of anterograde FAT (data not shown). Sphingomyelin, which 

accumulates in Niemann-Pick disease type A (Brady et al., 1966), has a similar inhibitory effect 

on anterograde FAT (data not shown). Interestingly, co-administration of these sphingolipids with 

inhibitors of the p38 MAP kinase completely prevented their inhibitory effects (data not shown). 

In light of these observations, we speculate that different sphingolipids may regulate different 

phosphotransferase activities, and this regulation is altered with supra-physiological levels of 

these lipids. Furthermore, we hypothesize that many of the neurological symptoms in these 

diseases may arise from axonal defects through FAT deregulation. It is fascinating to think that 

defects in sphingolipid-regulated signaling might be a common pathogenic mechanism in several 
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unrelated LSDs. Identification of the kinases and phosphatases affected in different LSDs might 

provide novel targets to develop new and more potent pharmacological treatments for these 

diseases. 
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CHAPTER 7 CONCLUSIONS AND FUTURE DIRECTIONS 

 

We provide evidence of an early axonopathy affecting the nervous system of the twitcher 

mouse. This is the first description of how a sphingolipidosis affects axonal stability by 

dysregulating FAT and the NF cytoskeleton, leading to a subtle defect in the fibers of the mutant. 

Our experiments show that the twitcher axonopathy starts during the first week of postnatal life 

and that it is the likely cause of synaptic dysfunction and muscle atrophy. Because no evident loss 

of fiber is observed, the twitcher axonopathy has remained undetected, and most of the scientific 

community has focused on the pathogenesis of demyelination and inflammation in the twitcher. 

However, the described axonopathy represents a major obstacle to the therapy of the disease, 

because most of the available therapies require several days to restore GALC activity in the 

nervous system. During this time, the axons of the twitcher are exposed to a progressive insult, 

which might irremediably compromise their function. This effect is particularly prominent in 

spinal cord motoneurons. However, other neuronal cell types might be affected. Further studies 

are required to understand how this sphingolipidosis affects other neurons.  

We conclude that the twitcher axonopathy is caused by the accumulation of psychosine in 

the nervous system of the newborn mutant. Psychosine alters some phosphotransferase activities 

of the axons. Consequent changes in the phosphorylation state of NFs and kinesin dramatically 

impair the ability of the neuron to sustain its functions. We identified PP1, PP2A and GSK3β as 

mediators of psychosine neurotoxicity on the axons.  Although psychosine might affect other 

molecules, we show that the inhibition of these enzymes provides protection against psychosine 

effects. In particular, GSK3β inhibition restores the conduction velocity of the peripheral nerve. 

Because the current therapies are mostly limited to the CNS, our experiments set the basis for new 
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pharmacological treatments. Possibly, inhibition of GSK3β will protect the mutant fibers during 

the first weeks of life, until the GALC replacement therapies provide sufficient enzyme to rescue 

the genetic defect in the entire nervous system. We are currently investigating the extent of the 

axonal protection provided by different GSK3β inhibitors. To the best of our knowledge, this is 

the first report on the regulatory effect of a sphingolipid on motor based transport. The question 

then rises: is the defect in transport limited to neurons? Because kinesin and dynein are widely 

expressed, a defect in transport might affect othercell types. For example, specific isoforms of 

kinesin transport the mRNA of myelin proteins, and are required for the proper development of 

myelin (Lyons et al., 2009). It is possible that psychosine could affect myelinating glia by 

interfering with the kinesin-based transport of important myelin components. Our laboratory is 

investigating if defects in motor-based transport are present in myelinating glia in the Twitcher 

mouse and at the core of the demyelinating mechanism. 

Finally, is FAT dysregulation a common pathological mechanism in different LSDs? 

Possibly, different sphingolipids could affect motor-based transport, by regulating specific 

signaling pathways. Our preliminary data on the effects of sphingomyelin and the gangliosides 

GM1 and GM2 on FAT suggest that defects in FAT might be part of the pathogenesis of GM1 

gangliosidosis, Tay-sachs disease and Sandhoff disease. Studying the extent and relevance of 

FAT defects in sphingolipidosis will deepen our knowledge on the functions of sphingolipids, 

while also providing potential new target for pharmacological treatments for these devastating 

pediatric neurological diseases.  
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