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Abstract 

Among its various biological functions, NAD metabolism regulates axon degeneration, which 

is an early and often causative event in a variety of neurodegenerative diseases including 

Huntington’s disease (HD) and Alzheimer’s disease (AD). 

Our research group previously found that reducing the levels of the NAD precursor 

nicotinamide mononucleotide (NMN) pharmacologically with the NMN-synthesizing 

enzyme nicotinamide phosphoribosyl transferase (NAMPT) inhibitor FK866 or genetically 

by expressing the bacterial enzyme NMN deamidase in mammalian neurons remarkably 

reduces axon degeneration after acute injury. Here, we asked whether FK866 could also 

improve axonal pathology and behavioral symptoms in in vitro and in vivo models of HD and 

AD, and compared its effect to that of memantine, an N-methyl-D-aspartate receptor 

(NMDAR) antagonist with a well-defined neuroprotective action. 

An inducible PC12 cell line expressing wild type (Q21 PC12 cells) and HD-associated 

mutant Huntingtin (mHTT) protein (Q72 PC12 cells) was used as an in vitro model of HD, 

while amyloid-beta (Aβ) treatment in mouse cortical neurons was used to mimic AD-

associated Aβ toxicity in vitro. We found that FK866 in combination with nicotinic acid 

(NA) that maintains NAD levels while reducing NMN levels significantly rescued axonal 

pathology and ameliorated nuclear morphology in HD and AD cellular models. NMN added 

together with FK866/NA significantly reverted FK866-mediated axonal protection. In 

contrast, memantine improved nuclear abnormalities while showing no effect in the axonal 

compartment. The similarity between our result in cellular HD and Aβ toxicity models and 

that observed in a model of Wallerian degeneration (Di Stefano et al. 2014) suggests that 

FK866-induced neuroprotection is linked to the reduction in NMN production and it is not 

due to off-target effects of FK866 and underlines shared mechanisms between axon 

pathology in disease and that after an acute injure. 

I tested FK866 efficacy in vivo using HdhQ140 mice, a knock-in mouse model of HD, and 

APPswe/PS1dE9 mice, a transgenic mouse model of AD, crossed with the yellow fluorescent 

protein (YFP)-H transgenic mouse line. In these mice, YFP protein is expressed in restricted 

subsets of neurons, allowing imaging of individual neuronal structures. The point here is to 

see at which neuronal compartment pathology begins. Consistent with previous reports 

(Adalbert et al. 2009; Marangoni et al. 2014), I found that axonal swellings and dystrophies 

appear early in HdhQ140 /YFP-H mice and in APPswe/PS1dE9/YFP-H mice and were the 
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major structural abnormalities detected in these mice at the time-point considered. FK866 in 

combination with NA significantly decreased the number of axonal swellings detected in 

HdhQ140/YFP-H mice and that of axonal dystrophies detected in APPswe/PS1dE9/YFP-H 

mice without causing any alteration in nuclear or dendritic morphology of these mice. In 

addition, FK866 significantly reduced APPswe/PS1dE9/YFP-H mice hyperactivity, a known 

behavioral abnormality in these mice. On the other hand, memantine significantly restored 

the reduction in locomotor activity of HdhQ140/YFP-H mice and improved the sensorimotor 

gating abnormalities of APPswe/PS1dE9/YFP-H mice. 

Our results underlines potential mechanistic similarities between axonal abnormalities 

induced by mHTT and Aβ in vitro and in in vivo and those after acute injury, and they 

highlight the possible therapeutic value of limiting NMN levels with FK866. 
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Axon loss is an early event in most neurodegenerative diseases including Huntington’s 

disease (HD) and Alzheimer’s disease (AD), where it correlates with symptom onset and 

progression and precedes cell body loss. This opens new possibilities for therapeutic 

strategies that selectively target the axonal compartment, since treatments based on the 

protection of the cellular compartment have shown to be largely ineffective. Recent 

evidences shown that modulation of nicotinamide adenine dinucleotide (NAD) synthesis 

pathway with the drug FK866 strongly protect axons in vitro, ex-vivo and in vivo after acute 

injury (Di Stefano et al. 2014). The present thesis aims to test the hypothesis that FK866 axon 

protective properties after acute injury could extend to models of neurodegeneration. In 

particular, we studied whether FK866 reduces axonal damage and attenuates behavioural 

symptoms in in vitro and in vivo models of HD and AD, and we compared its effect to that of 

the reported neuroprotective and axon protective properties of the N-methyl-D-aspartate 

receptors (NMDARs) antagonist memantine. 
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1.1 Huntington’s Disease (HD) 

HD is an autosomal dominantly inherited neurodegenerative disorder caused by expansion of 

a cytosine adenine guanine (CAG) repeat coding for polyglutamine (polyQ) tract in the 

Huntingtin (HTT) gene on the short arm of chromosome 4p 16.3, and manifested clinically by 

triad of psychiatric, motor, and cognitive symptoms. 

 

1.1.1 History 

The majority of HD cases in the United States can be traced back to three England travellers, 

who came to North America in 1630 (Vessie, 1932). The families of these three settlers had 

been persecuted in England for witchcraft. One of the three travellers settled in East 

Hampton, Long Island, New York. His descendant, the Mulford family, was locally known to 

suffer from strange and frightening disease (Vessie, 1932). 

George Huntington (April 9, 1850 – March 3, 1916) was fascinated by the condition affecting 

the Mulford family. He used to visit the patients with his father and grandfather, George Lee 

Huntington (1811–1881) and Abel Huntington (1778–1858), both of whom were family 

physicians in East Hampton (Cangemi and Miller, 1998). George Huntington graduated from 

The University of Colombia in 1871, and in 1872, when he was 22 years old, he wrote his 

first and only paper, ‟On Chorea‟ (Figure 1), that describes the genetic illness that bears his 

name, Huntington’s disease (Huntington, 1872). The condition was a general interest for 

Huntington family, firstly recognized by his grandfather Abel Huntington, then classified by 

his father George Lee Huntington, and finally formally described by George Huntington 

(Cangemi and Miller, 1998). 

 

 

 

 

Figure 1: George Huntington’s 1872 paper ‟On Chorea‟ in The Medical and Surgical Reporter 
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Research in the disease continued steadily during the 20th century, reaching a major 

breakthrough in 1983 when the US-Venezuela Huntington’s Disease Collaborative Research 

Project discovered the approximate location of a causal gene (Gusella et al. 1983). This was 

the result of an extensive research began in 1979, focusing on the populations of two isolated 

Venezuelan villages, Barranquitas and Lagunetas, where there was an unusually high 

prevalence of HD. In 1993, there was another landmark discovery, which was the 

identification of the precise causal gene at 4p16.3, making this the first autosomal disease 

locus found using genetic linkage analysis (HDCRG, 1993). 

 

1.1.2 Epidemiology 

Prevalence of HD shows a stable prevalence pattern in most white populations of about 5-7 

affected individuals per 100,000 (Walker, 2007). Prevalence can be much higher in areas 

where the population can be traced back to a few founders, as in the isolated population of the 

Lake Maracaibo region of Venezuela, where HD affects up to seven thousand per million 

people (Young et al. 1986). In contrast, HD appears less frequently in Japan, China, and 

Finland, and among African blacks. The prevalence in Japan has been estimated between 0.1 

and 0.38 per 100,000 (Warby et al. 2011). Currently, the higher prevalence of HD in white 

populations compared with Asian or African individuals has been attributed to the high 

frequency of huntingtin alleles with 28-35 CAG repeats in white people (Harper and Jones, 

2002). 

 

1.1.3 Clinical Findings 

Patients with HD typically develop symptoms around 35-50 years of age, although the onset 

may occur at any time, between the age of 1 and 80 years, and before that they are usually 

healthy and have no apparent clinical findings (Myers, 2004). This asymptomatic period 

merges unnoticeably with a prediagnostic period, when HD patients develop subtle 

abnormalities of personality, cognition, and motor control. Both the asymptomatic and 

prediagnostic periods are often called presymptomatic period, but in fact this period is 

accompanied with non-specific clinical manifestations including progressive weight loss, 

alterations in sexual behaviour, and disturbances in the wake-sleep cycle, and the patients can 

be unaware of them (Snowden et al. 1998; Walker, 2007, Politis et al. 2008). The mean 
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duration of HD is 17-20 years, and as the disease progresses and becomes more complicated, 

patients become more dependent in their daily life, and they finally die, most commonly due 

to pneumonia (Roos, 2010). 

Clinical manifestations of HD patients can be divided into three major categories, psychiatric, 

motor, and cognitive symptoms. 

Psychiatric disturbances, of which depression is the most frequent one, are seen in the early 

stages of the disease, and before the onset of other manifestations, and they usually have a 

highly negative impact on the family, and on the normal daily life functioning (Wheelock et 

al. 2003). Anxiety is also a common finding (34-61%), in addition to apathy, inactivity, 

obsessions, compulsions, irritability, suicidal ideation, feeling of guilt and low self-esteem 

(Roos, 2010). 

The key diagnostic feature in HD patients is chorea. Chorea is an involuntary, nonrepetitive, 

non-periodic jerking movement, initially involving muscles in the distal extremities, like toes 

and fingers, and later involving small facial muscles (Warby et al. 2011). Although useful for 

diagnosis, chorea is a poor marker of disease severity (Mahant et al. 2003). As the disease 

progresses, other movement disorders occur, like dystonia, rigidity, and bradykinesia, while 

chorea becomes less prominent (Young et al. 1986). 

Cognitive dysfunction in HD patients is particularly in relation to executive functions, such as 

organising, planning, checking, or adapting alternatives (Snowden et al. 2002). Normal 

persons are able to distinguish things that are relevant and those that can be ignored, but HD 

patients lose this capability (Roos, 2010). They are unable to organize their daily life, and can 

no longer make mental adjustments. Unlike psychiatric disturbances, which develop with 

some frequency and do not progress as the disease becomes more severe, cognitive symptoms 

worsen over time and speech deteriorates faster than comprehension (Walker, 2007). 

Diagnosis is based on the presence of clinical symptoms in an individual whose parent is a 

proven HD patient. The clinical criteria for diagnosis are motor changes with or without 

psychiatric or cognitive manifestations. However, in the majority of cases, combination of 

psychiatric, motor, and cognitive symptoms usually present (Roos, 2010). The difficulty in 

recognizing the clinical picture is when the parent has died at younger age due to another 

cause. The current standard to solve this is DNA determination, showing expanded CAG 
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repeat in the first exon of the HTT gene on the short arm of chromosome 4p 16.3 (Myers, 

2004). 

 

1.1.4 Pathogenesis 

In 1993, a group of 58 scientists from all over the world, The Huntington Disease 

Collaborative Research Group (HDCRG), characterized the gene responsible for HD and 

named it interesting transcript 15, IT15. HDCRG team found that the first exon of the IT15 

gene observed on HD chromosomes from 75 disease families examined, comprising a variety 

of ethnic backgrounds, contained a repetitive DNA element consisting of three nucleotides: C 

(cytosine), A (adenine), and G (guanine), collectively known as CAG, that was longer than 

the normal range in non-HD controls (HDCRG, 1993). 

An inverse relationship has been described between the length of the CAG repeat, and the age 

of onset of HD (Andrew et al. 1994). The longer the CAG repeats, the earlier the onset of the 

disease. The length of this repeat explains 40-50% of the overall variance in the age of onset, 

and the remaining is influenced by genetic and environmental factors, such as paternal 

inheritance (Brinkman et al. 1997; Wexler et al. 2004). 

The IT15 gene, later renamed the Huntingtin gene (HTT), encodes a 350 kDa very large 

protein called Huntingtin (HTT) (Figure 2) (HDCRG, 1993). An obvious feature of HTT 

structure is the PolyQ tract at its NH2 terminus, followed by a proline-rich sequence (Zuccato 

et al. 2010). This protein is also enriched in approximately 40 amino acid long consensus 

sequences, called huntingtin, elongation factor 3, protein phosphatase 2a, and tor 1 (HEAT) 

repeats (Li et al. 2001). This protein is mainly cytoplasmic, although a small proportion is 

intranuclear (Kegel et al. 2002). 
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Figure 2: Schematic diagram of HTT protein structure (Zuccato et al. 2010). (Q)n indicates polyQ tract, 

which is followed by the polyproline sequence (P)n; the red emptied rectangles indicate the three main groups of 

HEAT repeats (HEAT group 1, 2, 3). The small green rectangles indicate the caspase cleavage sites and their 

amino acid position, while the small pink triangles indicate the calpain cleavage sites and their amino acid 

positions. Boxes in yellow: B, regions cleaved preferentially in the cerebral cortex; C, regions cleaved 

preferentially in the striatum; A, regions cleaved in both. Posttranslational modifications: ubiquitination (UBI) 

and/or sumoylation (SUMO) sites (green); palmitoylation site (orange); phosphorylation at serines 13, 16, 421, 

and 434 (blue); acetylation at lysine 444 (yellow). 

 

Cellular functions of HTT are still not completely understood, but it was found that knocking 

out its gene in mice is embryonic lethal, and this means it is essential for normal embryonic 

development (Zeitlin et al. 1995). In addition, conditional knockout of HTT in forebrain and 

testes had resulted in progressive degenerative neuronal phenotype and sterility, suggesting 

that this protein is required for neuronal function and survival in the brain (Dragatsis et al. 

2000). Different in vitro and in vivo studies have shown that HTT also has antiapoptotic role 

(Rigamonti et al. 2000; Dragatsis et al., 2000; Rigamonti et al. 2001), and although the 

mechanisms of HTT antiapoptotic properties have been partially explained, it could be due to 

the direct inhibitory effects of HTT on the proteolytic actions of caspases such as caspase 3 
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and 9 (Rigamonti et al. 2000; Rigamonti et al. 2001). In addition, biological and molecular 

findings have linked HTT to the production of brain derived neurotrophic factor (BDNF), a 

neurotrophin that is particularly important for the survival of striatal neurons and for the 

activity of the corticostriatal synapses (Zuccato and Cattaneo, 2007). HTT stimulates cortical 

BDNF production by acting at the level of BDNF gene transcription (Zuccato et al. 2001). 

HTT is found predominantly in the cytoplasm of neurons and is enriched in compartments 

containing vesicle-associated proteins (Velier et al. 1998), where it enhances both 

anterograde and retrograde transport of vesicles containing neurotransmitters and also factors 

such as BDNF through binding to the microtubules (Block-Galarza et al. 1997; Gunawardena 

et al. 2003). 

All the above in vitro and in vivo data indicate that wild-type HTT has beneficial functions in 

the mature brain, and it is therefore possible that its loss in HD reduces the ability of neurons 

to survive and even contributes to neuropathology. In support of this, several lines of 

evidence both in humans and in mouse models have shown that homozygosity for the HD 

mutation leads to a more severe phenotype than heterozygosity with the same CAG 

expansion in the HTT gene (Reddy et al. 1998, Wheeler et al. 2000; Squitieri et al. 2003). 

Expansion of CAG in the HTT gene, which is the codon for the amino acid glutamine, leads 

to an abnormally expanded polyQ tract in HTT (HDCRG, 1993). The wild-type HTT gene 

contains CAG repeats ranging from 6 – 35, while the mutant HTT gene is associated with 36 

repeats or more, and definite clinical manifestations occur if the repeats exceed 40 (Zuccato 

et al. 2010). CAG repeats in the range 36-39 leads to incomplete penetrance of the disease or 

to a very late onset (Zuccato et al. 2010). 

There is now strong support for the idea that the rate limiting step in the pathogenesis of HD 

is cleavage of mutant HTT (mHTT) by different proteases, like caspases and calpains, 

resulting in the formation of N-terminal toxic fragments containing the polyglutamine 

expansion (Imarisio et al. 2008). Different molecular pathways have been described to 

explain the mechanisms by which mHTT toxic fragments promote neuronal dysfunction in 

HD (Figure 3). 
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Figure 3: Key cellular pathogenic mechanisms in HD (Zuccato et al. 2010) 

 

1. Neuronal inclusions: mHTT toxic fragments can easily aggregate and accumulate in the 

nucleus forming what is called nuclear neuronal inclusions (or aggregates). Inclusion 

formation in cultured cells was associated with cell death (Hackam, et al. 1998; Ho et al. 

2001). In a conditional mouse model expressing exon 1 fragment of the mutant HTT gene 

with 94 CAG repeats, inclusion formation increases as HD becomes more progressive, 

and these inclusions disappear when the expression of the mutant HTT gene is turned off 

(Yamamoto et al. 2000). The toxicity of nuclear neuronal inclusions could arise from the 

recruitment of transcriptional factors and transcriptional regulators that are important for 

the expression of neuronal survival genes (Cha, 2007; Nucifora et al. 2003). However, 

several lines of evidence support the idea that neuronal inclusions are rather a defensive 

mechanism of the cells to sequester toxic soluble fragments of mHTT (Saudou et al. 

1998; Kuemmerle et al. 1999), and neurons developing inclusions survived significantly 

longer than those without inclusions (Arrasate et al. 2004). A more recent view supports 
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the hypothesis that mHTT toxic fragments in the form of small oligomers intermediates, 

globular intermediates, or protofibrils are neurotoxic, while those in the form of large 

inclusions are neuroprotective (Arrasate et al. 2004; Bennet et al. 2007). Extranuclear 

neuronal inclusions are more likely toxic, since they disrupt the axonal transport between 

the cell body and the synaptic terminal (Li et al. 2001; Gunawardena et al. 2003). 

2. Excitotoxicity: Excessive activation of NMDARs, due to increased release or decreased 

uptake of the excitatory amino acid glutamate, can result in stress or even death of striatal 

neurons (Raymoned, 2003). It has been found that mHTT and its toxic fragments increase 

the expression and activity of extrasynaptic NMDARs in the striatum by different 

mechanisms. Expression of this mutant protein induces tyrosine phosphorylation of 

NR2B subunits of NMDARs, which consequently promote over activation of these 

receptors (Song et al. 2003). In addition, mHTT was found to interfere with the ability of 

HTT to interact with postsynaptic density 95 (PSD95), a scaffolding protein of the post 

synapse, resulting in the sensitization of NMDARs (Sun et al. 2001). NMDARs over 

activation could preferentially activate a number of pro-death pathways, like the forkhead 

box pathway and the proteases calpains, and inhibit a number of pro-survival pathways, 

like cyclic-AMP response element binding protein (CREB) and extracellular signal-

regulated kinase 1/2 (ERK1/2) pathways (Hardingham and Bading, 2010). All these 

processes will eventually result in dysfunction of neuronal interaction at the corticostriatal 

synapses. 

3.  Loss of BDNF: Quantitative assessment of BDNF in human cortices affected by HD 

revealed lower BDNF mRNA and protein levels, indicating reduced production of this 

factor in the brain of HD sufferers (Zuccato et al. 2008). Many laboratories have 

confirmed reduced BDNF levels in brain samples from a large panel of HD animal 

models including both transgenic and knock-in mice models (Zuccato and Cattaneo, 

2007; Zuccato and Cattaneo, 2009). It has been found that mHTT reduces BDNF levels 

by altering the transcription of CREB, CREB binding protein (CBP), specificity protein 1 

(Sp1), TBP associated factor 130 (TAF130), and other transcription factors that regulate 

the activity of BDNF promoters (Zuccato et al. 2001; Cha, 2007). In addition, mHTT can 

interact with both the glutamine-rich activation domain and the acetyltransferase domain 

of CBP that ultimately reduce BDNF mRNA levels further (Steffan et al. 2000). The 

importance of BDNF in supporting the survival of striatal medium spiny neurons 
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(MSNs), leads to the assumption that disturbance in BDNF signalling is the cause for the 

differential vulnerability of striatal neurons in HD patients (Zuccato and Cattaneo, 2007). 

4. Mitochondrial dysfunction: The observation that 3-nitropropionic acid, which is a 

mitochondrial toxin, and an inhibitor of the tricarboxylic acid cycle, can induce lesions in 

the striatum that are similar to the cell loss in HD (Beal et al. 1993), leads to the 

assumption that dysfunctional mitochondria could be implicated in the pathogenesis of 

HD. It has been found that mHTT interferes with transcription of genes involved in 

mitochondrial function, thereby altering their motility and metabolic activity within the 

cells (Orr et al. 2008). This mutant protein could increase the level of the transcription 

factor p53, resulting in mitochondrial membrane depolarization, as well as upregulation 

of two proapoptotic downstream elements, bcl2-associated x protein, and p53-upregulated 

modulator of apoptosis (Bae et al. 2005). In addition, mHTT could repress transcription 

of PPAR-γ coactivator 1α (PGC-1α), a gene encoding for a transcriptional coactivator 

that regulates expression of genes involved in mitochondrial biogenesis and respiration, 

resulting in mitochondrial defects (Cui et al. 2006). Consistent with this, PGC-1α 

knockout mice have shown to exhibit mitochondrial dysfunctions accompanied by 

hyperkinetic movement disorder and striatal degeneration (Cui et al. 2006). 

5. Transcriptional dysregulation: The first evidence highlighting the presence of 

transcriptional dysregulation in HD came from in situ hybridization studies documenting 

specific alternations in mRNA expression in post-mortem human HD brains and also in 

cellular and mouse models of HD (Augood et al. 1996; Augood et al. 1997; Arzberger et 

al. 1997). Cleavage of mHTT has also been shown to activate the stress-signalling kinase 

(SEK1)-JUN N-terminal kinase (JNK) pathway and induce apoptosis in a hippocampal 

neuronal cell line (Liu, 1998). Consistent with these early findings, microarray studies 

revealed alternations in mRNA of genes associated with transcriptional processes, 

neurotransmitter receptors, synaptic transmission, cytoskeletal and structural proteins, 

intracellular signalling, and calcium homeostasis, all implicated in HD (Luthi-Carter et al. 

2000; Luthi-Carter et al. 2002; Chan et al. 2002; Sipione et al. 2002). Decreases in 

mRNA levels were more than increases, and the set of genes that were decreased at 

symptomatic stages was larger than the one affected at presymptomatic stages, suggesting 

that transcriptional dysregulation is an early and progressive event in HD (Zuccato et al. 

2010). 
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To sum up, mHTT and its toxic fragments promote neuronal dysfunction in HD by multiple 

mechanisms, and it is therefore difficult to attribute the broad clinical picture of this 

neurodegenerative disease to a single mechanism, and unlikely that a single therapeutic 

regimen will be able to manage HD patients, especially if started after symptom onset. 

 

1.1.5 Neuropathology 

The basal ganglia are an interconnected set of subcortical brain structures involved in various 

aspects of motor control and cognition (Han et al. 2010). Within the basal ganglia is the 

striatum, which serves the function of filtering multiple input pathways originating from 

different cortical regions (Mitchell et al. 1999). Information processed in the striatum 

ultimately returns to the cerebral cortex to complete what is called the corticobasal ganglia-

thalamocortical loop (Parent and Hazrati, 1995). 

The striatum represented by the caudate and putamen is composed mainly (up to 95%) of 

projection neurons, which are morphologically characterized by long axons, medium-sized 

cell bodies, and spiny dendrites, hence they are commonly termed MSNs (Gerfen, 1988). 

Based on their projection targets, MSNs in the striatum can be divided into two main groups: 

MSNs in the direct or striatonigral pathway (dMSNs), which project axons to the internal 

segment of the globus pallidus (GPi), and MSNs in the indirect or striatopallidal pathway 

(iMSNs), which project axons to the external segment of the globus pallidus (GPe) (Han et al. 

2010). The most pronounced neuropathology in HD is found in the striatum, with prominent 

atrophy and cell loss in the caudate and putamen (Gutekunst et al. 1999). 

There is selective vulnerability within MSNs subclasses. MSNs in the indirect pathway are 

affected at earlier stages and to a greater extent than those in the direct pathway (Reiner et al. 

1988). This could explain the development of chorea as an early functional abnormality in 

patients with HD, since a broad array of experimental evidence supports the proposition that 

iMSNs help to suppress cortical selection of unwanted movement (Eidelberg and Surmeier, 

2011). 

Although less pronounced than in the striatum, other brain areas could also be affected, 

especially in patients with advanced HD. Neuropathological changes have been found in the 

substantia nigra, the cortical layers 3, 5, and 6, the CA1 region of the hippocampus, the 

angular gyrus in the parietal lobe, the Purkinje cells of the cerebellum, the lateral tuberal 
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nuclei of the hypothalamus, and the centromedialparafascicular complex of the thalamus 

(Figure 4) (Walker, 2007). 

 

Figure 4: HD brain (right side) and normal brain (left side) 

 

1.1.6 Models of Huntington’s Disease (HD) 

In the late 1970s, and before discovering the HTT gene, several lines of investigation 

converged to generate animal models of HD (Coyle, 1979). The earliest models used toxins 

to induce death of striatal neurons, either by excitotoxic mechanisms, or by disruption of 

mitochondrial machinery (Ramaswamy et al. 2007). The selective NMDARs agonists 

quinolinic acid and kainic acid have been the two most commonly used agents to produce 

rodent and non-human primate models of HD (Schwartz et al. 1983; Beal et al. 1986; Beal et 

al. 1991). The mitochondrial toxin 3-nitropropionic acid, which is an inhibitor of the 

tricarboxylic acid cycle, has also been used because it produced lesions in the striatum that 

were similar to the cell loss in HD (Beal e al., 1993). Although these toxin models have been 

reliable models for specific aspects of HD, they were limited because it was not possible to 

use them in studying the progression of the disease, or to replicate the widespread 

neuropathology observed in the human condition (Cepeda et al. 2010). The discovery of the 

HTT gene in 1993 led to the creation of genetic models that opened the doors for mechanistic 

studies, and permit examination of the progression of the disease in detail. 
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A. Cellular Models of HD 

To gain insight into some of the molecular mechanisms of HD, several cellular models have 

been developed that stably express the mutant HTT gene in an inducible or constitutive form. 

Exon 1 fragment of the mutant HTT gene with various CAG repeats has been mainly used in 

these models, since it is much more toxic and more liable to aggregation than the full length 

form (Ross and Margolis, 2002). 

The pheochromocytoma12 (PC12) cell line is widely utilized as a cellular model for HD, and 

its properties are well known (Greene and Tischler, 1976). This cell line has been created 

from rat adrenal pheochromocytoma. One week’s exposure of PC12 cell line to nerve growth 

factor (NGF) results in differentiation of these cells and expression of processes that are 

similar to those produced by sympathetic neurons in primary culture. The Tet-On gene 

expression system has been utilized to create a stable inducible PC12 Tet-On cell line 

expressing a green fluorescent protein (GFP)-tagged exon 1 fragment of the mutant HTT gene 

(see chapter 2: materials and methods for the details). Expression of the mutant HTT gene has 

been achieved by transfecting the PC12 cell line with a vector containing this gene under the 

control of a tetracycline-responsive promoter. The expression of this gene is induced in these 

cells by the addition of doxycycline (dox) to the culture medium (Gossen et al. 1995). As a 

result, PC12 cells start to display abnormal morphology, intranuclear aggregate formation, 

and increasing susceptibility to apoptotic stimulation. These cells also start to lose the neurite 

extension response to NGF, and to show altered gene expression (Li et al. 1999; Wyttenbach 

et al. 2000). 

 

B. Genetic Mouse Models of HD 

With the discovery of the HTT gene in 1993, it became possible to create genetic models that 

attempt to recapitulate the neuropathology and symptomatology of HD. Ideally, mouse 

models should reproduce the key features of the disease in humans, and display an early, easy 

to measure, and highly reproducible phenotype that can be used for preclinical therapeutic 

trials (Menalled et al. 2003). The first of these models were created in the laboratory of 

Gillian Bates in 1996, and named the R6 lines (R6/2, R6/1, R6/5, and R6/0) (Mangiarini et al. 

1996). Since then, numerous genetic rodent models have been generated that differ regarding 

the type of mutation expressed, portion of the protein included in the transgene, promoter 
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employed, and level of expression of mHTT (Li et al. 2005). These models express either a 

truncated or full-length form of the mutant HTT gene, inserted either randomly in the rodent 

genome (transgenic models), or carry expanded CAG repeats contained within the native 

murine HTT gene (knock-in models) (Table 1) (Ramaswamy et al. 2007). Knockout models 

are not good models of HD because nullizygous animals die during embryonic development, 

but they have demonstrated that HTT plays a crucial role during embryogenesis (Menalled, 

2005). 

 

Table 1: Commonly used genetic mouse models of HD 

 

Transgenic Mouse Models of HD 

Transgenic Mouse Models Expressing Truncated Form of The Human HTT Gene 

The R6/1 and R6/2 transgenic mice were the first transgenic mouse models developed. They 

both express exon 1 fragment of the human HTT gene with around 115 and 150 CAG repeats 

respectively (Mangiarini et al. 1996). The truncated mutant HTT gene is randomly inserted 

into the mouse genome, and the resulting mouse expresses the mutant gene copies, in 

addition to its endogenous wild-type copies. The human HTT promoter drives the transgene 

expression in these mice, and the resulting mutant gene is expressed in all cells of the mouse 

and at 31% and 75% of the wild-type gene level in the R6/1 and R6/2 models respectively 

(Mangiarini et al. 1996). 

 

Genetic mouse models of Huntington’s disease (HD) 

Transgenic mouse models of Huntington’s disease (HD) 
Mouse 
model Construct Promoter CAG 

repeats Age at death Earliest abnormal 
behaviour 

Nuclear 
inclusions References 

R6/1 Exon 1 fragment of the 
human HTT gene 

Human HTT 
promoter 115 40 weeks 15-21 weeks of age 5 months of age Mangiarini et al. 1996 

Menalled and Chesselet, 2002 

R6/2 Exon 1 fragment of the 
human HTT gene 

Human HTT 
promoter 150 10-13 weeks 5-6 weeks of age 4 weeks of age Mangiarini et al. 1996 

Menalled and Chesselet, 2002 

YAC72 Full-length form of the 
human HTT gene 

Human HTT 
promoter 72 

Not reported 
(> 12 months) 

7 months of age Extremely rare Hodgson et al. 1999 
Menalled and Chesselet, 2002 

YAC128 Full-length form of the 
human HTT gene 

Human HTT 
promoter 128 3 months of age 15 months of age Hodgson et al. 1999 

Bayram-Weston et al. 2012 

BACHD Full-length form of the 
human HTT gene 

Human HTT 
promoter 97 2 months of age Extremely rare Gray et al. 2008 

Knock-in mouse models of Huntington’s disease (HD) 
Mouse 
model Construct Promoter CAG 

repeats Age at death Earliest abnormal 
behaviour 

Nuclear 
inclusions References 

Hdh94 Exon 1 fragment of the 
human HTT gene 

Mouse HTT 
promoter 94 

Not reported 
(> 12 months) 

2 months of age 6 months of age Menalled et al. 2002 
Menalled et al. 2003 

Hdh140 Exon 1 fragment of the 
human HTT gene 

Mouse HTT 
promoter 140 1 months of age 1 months of age Menalled et al. 2003 
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The R6 mouse models, and in particular the R6/2 line offer many advantages that make them 

a popular choice and the most widely used in therapeutic trials. They manifest a very 

aggressive, rapidly progressing form of HD, with signs of motor deficits as early as 5-6 

weeks of age, nuclear inclusions of mHTT at 4 weeks, reduced brain (44%) and striatal 

(41%) volume at 12 weeks, and death at approximately 10-13 weeks of age (Davies et al. 

1997; Menalled and Chesselet, 2002). The R6/1 line presents with phenotypic alterations that 

are similar to the R6/2, but in a more protracted form, and death could be delayed to 40 

weeks of age (Mangiarini et al. 1996).  

The R6 transgenic mouse models are not without limitations. First, since the mutant HTT 

gene is randomly inserted in the mouse genome of these lines, there could be interference 

with the normal functions of other genes not related to HD. Second, as these mice contain 

multiple copies of the HTT gene, some researchers believe that they may not be 

representative of the genetics of the disease as it appears in humans, who usually have only 

one normal allele and one mutant allele of this gene (Ramaswamy et al. 2007). Third, the 

transgene expression in these mice is driven by human promoter and not by their endogenous 

promoter, and this may lead to a phenotype that does not correctly mimic the disease. For 

instance, loss of striatal neurons, which is widely reported in HD patients, is minimal in the 

R6 lines, and appears evident only at a very late stage of the disease, after the appearance of 

behavioural symptoms (Davies et al. 1997). 

 

Transgenic Mouse Models Expressing Full-length Form of The Human HTT Gene 

Hayden and colleagues created another transgenic mouse model in 1999, using a yeast 

artificial chromosome (YAC) vector system to express a full-length form of the human HTT 

gene under the control of the human HTT promoter (Hodgson et al. 1999). The resulting 

mutant gene is expressed in all cells of the mouse and at 30-50% of the wild-type gene level 

(Menalled and Chesselet, 2002). YAC mice contain either 72 or 128 CAG repeats. YAC72 

mice display abnormal behaviour around 7 months of age, with preferential loss of lateral 

striatal neurons at 12 months, while those with 128 CAG repeats display earlier and more 

severe manifestations (Slow et al. 2003). YAC128 mice exhibit hyperkinesia and increased 

open-field activity at 3 months of age, but then begin to show signs of hypokinesia at 6 

months, and by 12 months, open-field activity diminishes significantly compared with 

controls (Slow et al. 2003). In addition, at 48 weeks of age, these mice show reduced striatal 
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(10–15%) and cortical (7–9%) volume, and reduced striatal (9.1%) and cortical (8.3%) 

neuron number. An attractive feature of the YAC lines compared to the R6 lines is that the 

neuronal loss they present is limited to striatum; also since YAC mice live much longer than 

their R6 counterparts, this mouse model is a favourite candidate for long-term therapeutic 

studies (Ramaswamy et al. 2007). Presence of nuclear inclusions of mHTT is extremely rare 

in these mice (Menalled and Chesselet, 2002). 

A more recently transgenic mouse model was created in the laboratory of William Yang in 

2008, using a bacterial artificial chromosome (BAC) vector system to express a full-length 

form of the human HTT gene, with 97 CAG repeats, under the control of the human HTT 

promoter (Gray et al. 2008). BACHD mice exhibit progressive motor deficits starting from 2 

months of age, and these symptoms become robust and more severe by 6 months of age. 

These mice also show neuronal synaptic dysfunction, and late-onset selective 

neuropathology, which includes significant cortical and striatal atrophy and striatal dark 

neuron degeneration. Unlike R6/2 mouse model and consistent with YAC mouse model, 

BACHD mice do not show early and diffuse nuclear inclusions of mHTT (Gray et al. 2008). 

By 12 months of age, BACHD brains have only a few small inclusions predominantly in the 

cortical neuropils, in addition to very tiny inclusions in the striatum. This interesting finding 

suggests that the pathogenetic process in these mice can occur without early and diffuse 

nuclear accumulation of aggregated mHTT. 

Both YAC and BAC mice display normal life span, and premature death has not been 

reported in any of these transgenic models (Zuccato et al. 2010). 

 

Knock-in Mouse Models of HD 

Knock-in mouse models carry expanded CAG repeats contained within the native murine 

HTT gene, and they are considered the most accurate representative for HD from a genetic 

standpoint, because they carry the mutation in its appropriate genomic and protein context. 

These models may contain either expanded CAG repeats within an unmodified mouse gene, 

or a chimeric mouse/human exon 1 carrying the expanded CAG repeats region and the human 

polyproline region (Menalled et al. 2012). Initial results with knock-in mouse models were 

disappointing as the first line generated termed HdhQ70-80, with 70-80 CAG repeats, had 

normal life-span and did not show the classical HD motor deficits (Shelbourne et al. 1999). 
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However, sensitive and careful testing of knock-in mice with longer CAG repeats revealed 

that subtle behavioural abnormalities were present as early as 1-2 months of age (Menalled et 

al. 2000). 

HdhQ94 is a chimeric knock-in mouse model of HD with 94 CAG repeats (Levine et al. 

1999). These mice displayed a biphasic motor phenotype, starting with increased motor 

activity at 2 months, followed by hypoactivity at 4 months. Nuclear staining and 

microaggregates of mHTT in HdhQ94 mouse model were restricted to the striatum, and 

appeared consistently at 6 months. However, no nuclear inclusions were found in the cerebral 

cortex (Menalled and Chesselet, 2002).  

In an attempt both to confirm the relationship between CAG repeats length and age of onset 

characteristic of polyglutamine expansions disease, and to provide a model with a faster onset 

of abnormal behaviour for drug testing; Scott Zeitlin’s group created HdhQ140 knock-in 

mouse model (Menalled et al. 2003). These mice express chimeric mouse/human exon 1 

containing 140 CAG repeats inserted in the murine HTT gene. Impairment in locomotor 

activity as seen using open field test is observed in HdhQ140 mouse model as early as 1 

months of age (Menalled et al. 2003), which is around the time when abnormalities were 

detected in R6/2 mice (Luesse et al. 2001), and much earlier when abnormalities were 

observed in YAC128 mice (Slow et al. 2003). In addition, at 12 months of age HdhQ140 

mice display a more apparent motor dysfunction as measured by a decrease in stride length 

similar to what is characterized in HD patients (Menalled et al. 2003). Moreover, nuclear 

inclusions and staining of mHTT are observed in these mice at 4 month of age, particularly in 

the striatum. Later as the animal aged, the size and number of nuclear inclusions and the 

intensity of nuclear staining are increased in the striatum, and also start to be detected in the 

olfactory system, cerebral cortex, hippocampus, and cerebellum (Menalled et al. 2003). Like 

YAC128 mice though, HdhQ140 mice display normal life span. Because of their early 

behavioural anomalies and regionally specific pathology, HdhQ140 knock-in mouse model 

provide a powerful tool with which to evaluate the effectiveness of novel therapies and to 

study the mechanisms involved in the neuropathology of HD. 

 

 

 



	 32 

C. Invertebrate Models of HD 

Invertebrate models of HD like Drosophila melanogaster and Caenorhabditis elegans offer 

the potential of using powerful genetic techniques to search for genetic factors that enhance 

or suppress an experimentally induced phenotype (Margolis and Ross, 2003). The Drosophila 

model expresses the expanded CAG repeats in the eye of the fly, resulting in subsequent 

degeneration of its photoreceptors (Jackson et al. 1996). The Caenorhabditis model expresses 

the expanded CAG repeats in the nervous system of the worm, resulting in overall decreased 

motility (Brignull et al. 2006). Invertebrates have short life span, which makes it easy to 

generate large numbers of animals, but research to develop novel therapeutic strategies for 

HD ultimately requires animal models with more complexity (Ramaswamy et al. 2007). 

 

 

1.2 Alzheimer’s Disease (AD) 

AD is an age-related neurodegenerative disease, and it is the most common cause of dementia 

worldwide, characterized by extracellular depositions of amyloid-β (Aβ) plaques, 

intracellular aggregates of neurofibrillary tangles, and neuronal loss, and manifested 

clinically by memory loss and progressive decline of cognitive functions.  

 

1.2.1 History 

The story of AD begins at the beginning of the 20th century when a 51-year-old woman, 

Auguste D, was admitted to the Frankfurt State Asylum where she was examined by a young 

psychiatrist, Alois Alzheimer, who was interested in her case until her death in Frankfurt on 

April 8, 1906 (Figure 5). He reported the patient findings at a conference in Tubingen on 

November 3, 1906 under the title “On a peculiar disease process of the cerebral cortex” 

(Alzheimer, 1907). Alzheimer discussed Auguste D’s case and mentioned she had a striking 

cluster of symptoms that included severely impaired memory, aphasia, erratic behaviour, 

paranoia, and auditory hallucinations. Moreover, on post-mortem examination, he found 

argyrophilic plaques, tangles and atherosclerotic changes in the brain. 
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            Figure 5: Alois Alzheimer and his patient Auguste D 

 

Unfortunately, Alzheimer notes were lost for almost a century but were discovered in the 

basement of the University of Munich by Konard Maurer who published Auguste D 

photograph and handwritten notes of Alzheimer on Auguste D’s case in the journal The 

Lancet (Maurer et al. 1997). The slides prepared from Auguste D brain on which Alzheimer 

had based his diagnosis were also discovered later and a team of scientists succeeded in 

extracting DNA from these samples and found that Auguste D did not carry the e4 allele of 

the apolipoprotein E gene which made her at risk for developing early onset disease (Graeber 

et al. 1998). 

 

1.2.2 Epidemiology 

Aging has become a worldwide universal phenomenon, and recent reports from the UN 

Aging Program and the US Centers for Disease Control and Prevention have estimated that 

the number of older people aged 65+ years in the world is expected to increase from 420 

million in 2000 to nearly 1 billion by 2030 (Kalaria et al. 2008). Since occurrence of AD is 

strongly associated with increasing age, hence it would be expected that AD cases are 

constantly increasing which would pose substantial burden on caregivers. It has been 

estimated that 25 – 30 million people worldwide currently suffer from AD and these cases 

will approximately triplicate by 2040 (Ferri et al. 2005). AD is the most common cause of 

dementia accounting for up to 75% of all dementia cases, and caring for late onset dementia 

patients in UK are estimated to cost over £17 billion per year (Dementia UK, the full report 

2007). Early-onset familial AD is often caused by autosomal dominant mutations, and 

accounts for only about 2% of all AD patients, while the majority of AD cases are sporadic, 
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and present considerable heterogeneity in terms of risk factor profiles (Blennow et al. 2006). 

 

1.2.3 Clinical Findings 

Clinical findings in AD patients follow three distinct phases, the forgetfulness phase, the 

confusional phase and the dementia phase (Schneck, Reisberg and Ferris, 1982). These 

manifestations reflect the accumulation of the extracellular amyloid plaques and the 

intracellular neurofibrillary tangles in the hippocampus, amygdala, basal forebrain, and the 

cerebral cortex, with consequent synaptic loss and axon degeneration in these brain areas. 

In the first phase, the forgetfulness phase, there is usually poor short-term memory, tendency 

to forget where objects have been placed, and difficulty in recalling names of familiar people 

and places (Mohanaruban, Sastry and Finucane, 1989; Greene, Hodges and Baddeley, 1995; 

Goldblum, et al. 1998). Sufferers maybe unable to concentrate on tasks, and there is 

significant lack of curiosity, in addition to some emotional changes such as anxiety and 

irritability (Goudie, 1993; Thompson, 1997). 

In the second phase, the confusional phase, memory, both short-term and long-term 

deteriorate, with decline in generalized intellectual performance, changes to speech for 

example inability to find a word, and difficulty in performing complex tasks with complete 

loss of social independence skills (Reisberg, 1983; Goldblum, et al. 1998). Lack of interest in 

social life follows quickly and can be extremely distressing to family and friends (Thompson, 

1997). 

In the third phase, the dementia phase, memory deteriorates further, and sufferers become 

highly dependent on the others for self-care skills such as dressing, toileting and feeding 

(Thompson, 1997). In the late stages, AD patients become bedridden and typically acquire 

comorbidities such as pneumonia and decubitus ulcers. 

 

1.2.4 Pathogenesis and Neuropathology 

AD is an irreversible progressive neurodegenerative disease that predominantly affects 

cerebral cortex and hippocampus, which loose mass and shrink (atrophy) as the disease 

advances. Progressive atrophy of the frontal, parietal, and temporal cortical lobes is the main 
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gross anatomical correlate of AD, with relative sparing of occipital, and primary motor and 

sensory regions (Minati et al. 2009). Atrophy of the hippocampus is significant and can 

extend to the amygdala. Enlargement of the ventricles, particularly the temporal horns are 

also one of the unique neuropathological changes observed in the AD brain (Figure 6) (Mott 

and Hulette, 2005). 

 

Figure 6: AD brain (right side) and normal brain (left side) 

 

Amyloid-Beta, Amyloid Plaques, and The Amyloid Cascade 

As previously described by Alois Alzheimer himself more than a century ago, the presence of 

extracellular amyloid plaques of which Aβ – a peptide formed by enzymatic cleavage of the 

transmembrane protein amyloid precursor protein (APP) – is one of the key histopathological 

hallmarks of the AD brain (Alzheimer, 1907). 

Diffuse plaques, commonly referred to as preamyloid deposits, represent an early stage in the 

formation of senile plaques, they are much less dense and consist of nonfibrillary forms of 

Aβ (Tagliavino et al. 1988). Senile plaques represent a mature form of neuritic plaques. They 

have a diameter ranging between 10 and 160 µm, and appear as radiating bundles of amyloid 

with or without a dense central core (Mott and Hulette, 2005).  

It is believed that Aβ is a critical factor in the pathogenesis of AD, both in familial and 

sporadic forms, and its accumulation is an early event leading to neurodegeneration. APP is a 

transmembrane protein that can undergo a series of proteolytic cleavage by secretase 

enzymes α-secretase and β-secretase (also called β-site amyloid precursor protein cleaving 

enzyme (BACE)), releasing soluble extracellular fragments α-sAPP and β-sAPP respectively 
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(Minati et al. 2009) (Figure 7). Cleavage by β-secretase takes place at the N-terminus of the 

Aβ sequence, and this leaves the Aβ region attached to the C-terminus fragment (β-CTF), 

while cleavage by α-secretase takes place within the Aβ region and thus prevents the release 

of the full-length Aβ peptide (α-CTF) (Minati et al. 2009). γ-secretase, another enzyme 

complex in the amyloid cascade, composed of presenilin 1 and 2 (PS1 and PS2), 

subsequently cleaves α-CTF and β-CTF releasing, respectively, either a harmless p3 fragment 

or multiple isoforms of Aβ peptide (Nathalie and Jean-Noel, 2008). The most predominant 

form of this peptide is 40 residues in length (Aβ1-40), whereas a small proportion 

(approximately 10%) is the 42 residue variant (Aβ1-42) (Citron, 2010). Aβ1-42 is significantly 

more prone to aggregate into oligomers, a process called oligomerization, forming larger 

insoluble fibrils that subsequently develop into mature senile plaques, and hence it is 

considered more neurotoxic than Aβ1-40, and deposition of these plaques around cerebral 

neurons are confirmed to be the major cause of neurodegeneration associated with AD 

(Citron, 2010). 

 

Figure 7: The amyloid cascade pathway (Patterson et al. 2008). Cleavage of the transmembrane protein APP 

takes place through competing α-secretase and β-secretase. Cleavage by α-secretase takes place within the Aβ 

region and thus prevents the release of the full-length Aβ peptide. Cleavage by β-secretase takes place at the N-

terminus of the Aβ region, and subsequent cleavage by γ-secretase result in the release of Aβ peptide  
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Mutation in three genes - APP, PS1 and PS2 – is known to shift the balance in the amyloid 

cascade in favour of the amyloidogenic pathway, and the commonality of these mutations is 

they all end up in the production of more amyloidogenic Aβ (Aβ1-42), and manifest in early-

onset AD pathogenesis (St George-Hyslop and Petit, 2005). One commonly studied mutation 

in APP gene is known as the Swedish mutation (APPswe), in which a double amino-acid 

change leads to increased cleavage by β-secretase, and subsequently more β-CTF and Aβ 

produced (Haass et al. 1995). Mutation in PS1 gene and its homolog PS2 cause shift in Aβ1-

40:Aβ1-42 ratio, and so more amyloidogenic Aβ1-42 will be produced, leading to early-onset AD 

(Guo et al. 1999; Jankowsky et al. 2004). 

 

Neurofibrillary Tangles 

Another histopathological hallmark of the AD brain is development of neurofibrillary tangles, 

a flame-shaped, helical deposits of the hyperphosphorylated axonal proteins tau, which are 

integral components of microtubules, and they play an important role in maintaining the 

structure and stability of neurons as well as participating in essential neurons functions, such 

as axonal transport (Alzheimer, 1907; Goedert, 1993; Braak et al. 1994; Goedert et al. 2006). 

Under normal conditions, phosphorylation of tau proteins is at 5 epitopes. In AD, Aβ plaques 

deposition results in altered ionic homeostasis that consequently shift the balance between 

phosphorylating protein kinases and dephosphorylating protein phosphatases toward more tau 

proteins phosphorylation (at up to 21 epitopes) (Noble et al. 2003; Goedert et al. 2006). As a 

result, there will be tau protein hyperphosphorylation, release of tau from microtubules and 

their consequent accumulation in the perykaria and dendrites, polymerization and tangle 

formation, and finally synaptic dysfunctions and axon degeneration (Brion, 1998; Sorrentino 

and Bonavita, 2007). 

 

1.2.5 Models of Alzheimer’s Disease (AD) 

Animal models of AD have been created to recapitulate the major neuropathological 

hallmarks of this neurodegenerative disease in order to understand the pathological 

mechanisms that occur as the disease progress and also to investigate the effectiveness of 

potential novel medicines (Wenk and Olton, 1987; Wenk and Olton, 1989). The ideal model 

of AD would develop the full range of AD features, both pathological, biochemical and 
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behavioural, including cognitive deficits, amyloid plaques, neurofibrillary tangles, in addition 

to synaptic, axonal and neuronal loss and neurodegeneration. However, it is important to 

emphasise that there is no existing AD model that exhibits all these features, and all the lines 

that have been created display some but not all AD phenotypes to varying degrees and in 

different combinations. 

Numerous knockout mouse models have been created to investigate a particular aspect of AD 

which is suppression of genes that encode proteins involved in the pathogenesis of this 

neurodegenerative disease, in particular APP gene that encode β-secretase (BACE), and PS1 

and PS2 genes that encode γ-secretase (Shen et al. 1997; Herreman et al. 1999; Luo et al. 

2001). 

Although BACE had no clear physiological functions, BACE knockout mice were perfectly 

viable with no obvious defects and they no longer produced any Aβ (Luo et al. 2001; Roberds 

et al. 2001). However, later studies revealed that these mice showed significantly reduced 

level of myelination and myelin thickness (Hu et al. 2006; Willem et al. 2006), suggesting a 

vital role of this enzyme in the development of the nervous system. 

PS (both PS1 and PS2) knockout mice developed severe neurodegeneration of cerebral cortex 

and impairment of memory and synaptic function (Shen et al. 1997; Saura et al. 2004), which 

highlighted that the encoded protein of these genes, γ-secretase, has several other functions 

besides cleaving β-CTF and releasing Aβ peptide, including cleavage of other γ-secretase 

substrates, neurogenesis, cell adhesion, synapse formation, calcium homeostasis, and 

apoptosis (Thinakaran and Parent, 2004). 

The first attempt to generate transgenic mouse models of AD, which are the oldest and the 

most widely used models of this neurodegenerative disease, counted only on overexpression 

of the entire sequence of human APP in the brain (Quon et al. 1991; Yamaguchi et al. 1991; 

Buxbaum et al. 1993; Lamb et al. 1993; Moran et al. 1995). Despite the successful expression 

of APP transgene in these mouse brains, neuropathology was very limited and in the majority 

of cases there was no amyloid deposit. This could be attributed to the absence of a disease-

causing mutation in the transgene, to the genetic background of mice, or to other unknown 

factors inherent to the mouse brain compared to human (Saraceno et al. 2013). 
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 The next transgenic mouse models generated did not take in consideration overexpression of 

human APP only, but also that this protein must be mutated for the production of high levels 

of Aβ, and as a result these mice developed age-dependent AD-like pathology including 

amyloid deposit (Table 2) (Games et al. 1995; Hsiao et al. 1996; Andra et al. 1996; Chishti et 

al. 2001). However, these transgenic mice are not without limitations. They do not develop 

extensive neuronal loss like human AD patients, and this could be attributed to the amount of 

time needed to develop this characteristic neuropathological feature. While AD progresses 

over decades of human life, transgenic mice are maintained only for 2 years (Saraceno et al. 

2013). 

 

Table 2: Commonly used genetic mouse models of AD 

 

More than 20 autosomal dominant APP mutations linked to AD had been characterized, and 

the commonality of these mutations is they all enhance the production and/or aggregation of 

Aβ. Of these, only few have been used to generate transgenic mouse models of AD, and they 

are named according to the geographic location from which the affected family originated. 

K670D/M671L double mutation at the β-secretase cleavage site, originally found in a 

Swedish family, results in increased β-secretase cleavage activity, and subsequently more Aβ 

produced, both Aβ1-40 and Aβ1-42 (Citron et al. 1992; Mullan et al. 1992; Suzuki et al. 1994). 

Genetic mouse models of Alzheimer’s disease (AD) 

Transgenic mouse models of Alzheimer’s disease (AD) expressing mutant form of the human APP gene 
Mouse 
model Construct Promoter Pathological and Behavioural Abnormalities References 

PDAPP Human APP gene with 
“Indiana” mutation 

Platelet-derived 
growth factor-β 

• At 3 months: Hippocampal atrophy 
• At 6-9 months: Deposition of Aβ plaques in hippocampus, and cerebral cortex 
• At 18 months:  Microgliosis, synaptic alternations and behavioural deficits 

Games et al. 1995; 
Dodart et al. 1999; 

Irizarrry et al. 1997a 

Tg2576 
Human APP gene with 

”Swedish” double 
mutation 

Hamster prion 
protein 

• At 2-9 months: Elevated Aβ level, in particular the amyloidogenic Aβ1-42/43 
• At 11-13 months: Deposition of Aβ plaques in cortex, hippocampus, and cerebellum 
• At 9-10 months: Signs of memory deficits as evident by Y-maze and Morris water maze 

Hsiao et al. 1996 

CRND8Tg 
Human APP gene with 

both “Indiana” and 
”Swedish” mutations 

Syrian hamster 
prion protein 

• At 3 months:  Deposition of Aβ plaques 
• At 6 months: 3,200-4,600 pmol of Aβ1-42/gm brain, with an excess of Aβ1-42 over Aβ1-40 
• At 3 months: Signs of memory deficits as evident by Morris water maze 

Chishti et al. 2001 

Double transgenic mouse models of Alzheimer’s disease (AD) expressing mutant form of the human APP gene and mutant form of 
the human Presenilin (PS) gene 

Mouse 
model Construct Promoter Pathological and Behavioural Abnormalities References 

PSAPP 

Human APP gene with 
”Swedish” double 

mutation, and PS gene 
with M146L mutation 

Platelet-derived 
growth factor-β 

• At 8-10 weeks: Deposition of Aβ plaques in cerebral cortex and hippocampus, with 
selective 41% increase in Aβ1-42/43, in addition to reduced spontaneous alternation 
performance as evident by Y maze before substantial Aβ deposition was apparent 

Holcomb et al. 1998 

TASTPM 

Human APP gene with 
”Swedish” double 

mutation, and PS gene 
with M146V mutation 

Thy-1 
• At 3 months: Deposition of Aβ plaques, which increase with age, and were greater in 

females than in males at all ages investigated 
• At 6, 8 and 10 months:  Signs of cognitive deficits as evident by object recognition test 

Howlett et al. 2004 

APPswe/ 
PS1dE9 

Chimeric 
human/mouse APP 

gene with ”Swedish” 
double mutation, and 

PS1 gene with deletion 
at exon 9 

Mouse prion 
protein 

• At 4-6 months: Deposition of Aβ plaques, with a progressive increase in plaques 
number up to 12 months, and a similar increase in Aβ levels 

• At 6 months:  Astrocytosis with severe gliosis especially in the vicinity of Aβ plaques 
• At 15 months: Extensive staining throughout the cortex for glial fibrillary acidic 

protein, the main astrocytic intermediate filament 
• At 18 months:  Higher Aβ with significant decrease in cholinergic markers (cortex and 

hippocampus) and somatostatin levels (cortex), in addition to impairment of the 
cognitive tasks measured in Morris water maze  

Borchelt et al. 1997; 
Jankowsky et al. 

2001; Garcia-Alloza 
et al. 2006; 

Jankowsky et al. 
2004; Savonenko et 
al. 2005; Kamphuis 

et al. 2012 
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V7171 “London” mutation (Goate et al. 1991), V717F “Indiana” mutation (Murrell et al. 

1991), and other mutations at the γ-secretase cleavage site shift the balance in Aβ1-40:Aβ1-42 

ratio, and so more amyloidogenic Aβ42 produced, leading to early-onset AD. Mutations 

within the Aβ sequence, such as E693G “Artic” mutation (Nilsberth et al. 2001), increase 

fibrillogenesis or resistance to proteolysis. In addition to the aforementioned APP point 

mutations, increases for example duplications in the APP gene copy number can result in 

early-onset AD (Cabrejo et al. 2006), and this explain why patients with Down Syndrome 

who have extra copy of chromosome 21, the site of the APP gene, and therefore have three 

copies of this gene, develop AD very early, usually in their 40s (Heston, 1984). Thus, mice 

overexpressing the wild-type human APP gene, even without mutation, may serve as useful 

models for AD (Hall and Robrson, 2012). 

PS mutations, in particular PS1 mutation, another common autosomal dominant mutation 

linked to AD, have been used also to generate transgenic mouse models of AD (Borchelt et 

al. 1996; Duff et al. 1996; Citron et al. 1997; Chui et a. 1999; Dewachter et al. 2000). Despite 

the increased production of Aβ in these mice, they fail to develop significant AD-like 

pathology, and this could be due to the sequence differences between mouse and human 

APP/Aβ (Selkoe, 1989). Mouse APP differs from human APP by 17 amino acids, 3 of which 

are within the Aβ region (Hall and Robrson, 2012). The β-secretase enzyme BACE generates 

Aβ by cleavage at either Asp1 (β-site) or Glu11 (β`-site), ultimately leading to the production 

of full-length Aβ1-40/42 or truncated Aβ11-40/42 (Huse et al. 2002). While mouse BACE cleaves 

human APP to produce Aβ1-40/42, this enzyme is more likely to cleave mouse APP to form the 

truncated Aβ11-40/42, which is less amyloidogenic and also cause not that efficient aggregation 

(Cai et al. 2001; Huse et al. 2002). The hypothesis that mice transgenic for PS mutations only 

are unable to develop AD-like pathology was confirmed by crossing them with mice 

transgenic for either human or mouse APP (Hall and Robrson, 2012). While PS mutant mice 

crossed with a mouse line overexpressing mouse APP have no AD pathology (Jankowsky et 

al. 2007), the same mutant mice crossed with a mouse line overexpressing human APP 

develop extensive amyloid deposit and cognitive deficits (Savonenko et al. 2005). Thus 

expression of human APP appears to be essential for the development of AD phenotype in 

mice.   
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Transgenic Mouse Models of AD Expressing Mutant Form of The Human APP Gene 

The PDAPP model was the first transgenic mouse model of AD developed that successfully 

recapitulated several neuropathological features characteristic of AD (Games et al. 1995). 

These mice overexpress the human APP gene with V717F “Indiana” mutation under the 

control of platelet-derived growth factor beta (PDGF-β) promoter. At 3 months of age, these 

mice display significant hippocampal atrophy, and at 6-9 months of age, Aβ plaques start to 

deposit in the hippocampus, corpus callosum, and cerebral cortex, and the density of these 

plaques increases with age (Dodart et al. 1999). Although other AD-like pathology features 

had been characterized in 18-months old PDAPP mice, like microgliosis, synaptic 

alternations and behavioural deficits, neuronal loss was absent, and so this mouse model fail 

to meet all criteria of the neuropathology of human AD (Irizarrry et al. 1997a).  The Tg2576 

model was another transgenic mouse model of AD that showed age-dependent Aβ deposits 

formation and also age-related cognitive impairment (Hsiao et al. 1996). These mice 

overexpress the human APP gene with K670D/M671L”Swedish” double mutation under the 

control of hamster prion protein (PrP) promoter. At 2-8 months of age, these mice start to 

show elevated levels of Aβ, in particular the amyloidogenic Aβ1-42/43, and this increased to 

14-fold by 11-13 months of age, where Aβ started to deposit in frontal, temporal, and 

entorhinal cortex, hippocampus, presubiculum, subiculum, and cerebellum (Hsiao et al. 

1996). At 9-10 months of age, Tg2576 mice demonstrate signs of memory deficits as evident 

by Y-maze and Morris water maze behavioural tests. As for PDAPP mice, Tg2576 mice also 

do not develop neuronal loss (Irizarrry et al. 1997a). Overexpressing the human APP gene 

with both the “Indiana” and ”Swedish” mutation resulted in a more aggressive transgenic 

mouse model of AD, named the CRND8Tg model (Chishti et al. 2001). Transgene expression 

in these mice was driven under the control of Syrian hamster PrP promoter and as a result of 

this double mutation, these mice start to deposit thioflavine S-positive Aβ plaques as early as 

3 months, with dense-cored plaques and neuritic pathology evident from 5 months of age. In 

addition, early deposition of Aβ in these mice was associated with an early impairment in 

acquisition and learning reversal in the reference memory version of the Morris water maze, 

present by 3 months of age (Chishti et al. 2001).  
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Double Transgenic Mouse Models of AD Expressing Mutant Form of The Human APP 

Gene and Mutant Form of The Human Presenilin (PS) Gene 

To accelerate deposition of Aβ plaques in transgenic mouse models of AD, multiple APP and 

PS mutations were inserted in mice. While Tg2576 transgenic mice develop extracellular Aβ 

deposits by 9-12 months of age, crossing this line with M146L transgenic line, a PS mutant 

mice, under the control of PDGF promoter, resulted in a double transgenic progeny, the 

PSAPP model, that develop large numbers of fibrillar Aβ deposits in cerebral cortex and 

hippocampus around 8-10 weeks of age that is far earlier than their singly transgenic Tg2576 

littermates (Holcomb et al. 1998). Furthermore, PSAPP mice show a selective 41% increase 

in Aβ1-42/43 in their brains. Interestingly, both doubly and singly transgenic mice showed 

reduced spontaneous alternation performance in a Y maze before substantial Aβ deposition 

was apparent, and this suggests that some aspects of the behavioural phenotype in these mice 

may be related to an event that precedes plaques formation (Holcomb et al. 1998).  The 

TASTPM is another double transgenic mouse model of AD that is created by crossing 

Tg2576 line with M146V transgenic line, a PS mutant mice, under the control of Thy-1 

promoter (Howlett et al. 2008). At 3 months of age, TASTPM mice start to deposit Aβ, and 

these depositions increase with age, and were greater in females than in males at all ages 

investigated. While there was no evident cognitive impairment in these mice at 3-4 months of 

age, both male and female TASTPM mice exhibited similar significant cognitive impairment 

at 6, 8 and 10 months of age in the object recognition test, compared to wild-type littermates.  

 

APPswe/PS1dE9 Mouse Model 

Transgenic lines made by crossing animals expressing mutant human APP to mutant PS 

allow for incremental increases in the amyloidogenic Aβ1-42 and provide a potentially 

attractive model system in which to study AD progression and therapeutic modulation. Single 

mutation insertion is not the only strategy used to manipulate PS1 gene, and PS1 with 

deletion at exon 9 was co-expressed with chimeric human/mouse APP gene with the 

”Swedish” double mutation to generate APPswe/PS1dE9 line (Borchelt et al. 1997; Lee et al. 

1997). The cDNA for PS1 with deletion at exon 9 was cloned into the MoPrP.Xho vector at 

the Xho I site between PrP exon 2 and 3, and this vector contains the mouse PrP promoter 

which directs the transgene expression predominantly to CNS neurons (Jankowsky et al. 

2001). The cDNA for mouse APP humanized within the Aβ region and containing the 
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”Swedish” double mutation was similarly cloned into the MoPrP.Xho vector, and again under 

the control of mouse PrP promoter (Jankowsky et al. 2001). APPswe/PS1dE9 transgenic 

mouse model was created by co-injection into pronuclei of the two transgene constructs with 

a single genomic insertion site, resulting in the two transgenes being transmitted as a single 

locus (Garcia-Alloza et al. 2006). At 4-6 months of age, APPswe/PS1dE9 mice showed visible 

Aβ plaques deposition that is far earlier than their singly transgenic APPswe littermates, with a 

progressive increase in plaques number up to 12 months, and a similar increase in Aβ levels 

(Jankowsky et al. 2004; Savonenko et al. 2005; Garcia-Alloza et al. 2006). However, at 6 

months of age, transgenic mice expressing APPswe
 and PS1dE9, alone and in combination 

were indistinguishable from their nontransgenic littermates in all cognitive parameters 

measured in a standard Morris water maze task, followed by assessment of episodic-like 

memory in repeated reversal and radial water maze tasks (Savonenko et al. 2005). 

Astrocytosis develops in parallel with Aβ plaques deposition in these mice, with severe 

gliosis starting around 6 months of age, especially in the vicinity of plaques (Kamphuis et al. 

2012). The number of cells positive for glial fibrillary acidic protein (GFAP), the main 

astrocytic intermediate filament, progressively increases with age in this double transgenic 

model, with extensive staining throughout the cortex by 15 months (Kamphuis et al. 2012). 

APPswe/PS1dE9 mice have a high incidence of spontaneous epileptic seizures, including 

generalized seizures, as detected by video-EEG (Minkeviciene et al. 2009). In two recording 

episodes at the onset of Aβ plaques deposition, at least one unprovoked seizure was detected 

in 65% of these mice, of which 46% had multiple seizures and 38% had a generalized 

seizure, and none of the wild-type mice had seizures (Minkeviciene et al. 2009). At 18 

months of age, APPswe/PS1dE9 mice showed higher amyloid burdens than their singly 

transgenic littermates with statistically significant but mild decrease in cholinergic markers 

(cortex and hippocampus) and somatostatin levels (cortex) (Savonenko et al. 2005). In 

addition, the performance of all the cognitive tasks in the 18 months old double transgenic 

mice was worse than that of mice from all other genotypes (Savonenko et al. 2005). The 

consistent and early onset of Aβ plaques deposition in APPswe/PS1dE9 transgenic mice and 

the availability of these animals through a commercial source, confirms its utility for studying 

the biochemical and pathological mechanisms underlying AD pathogenesis, and also for 

assessing the efficacy of new AD therapeutic interventions. 
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1.3 Axon Degeneration and The Role of FK866 

Axon degeneration is an early event in many neurodegenerative diseases including HD, AD, 

Parkinson’s disease (Galvin et al. 1999), multiple sclerosis (Ferguson et al. 1997) and 

amyotrophic lateral sclerosis (Fischer and Glass, 2007), where it precedes cell body loss and 

correlates with symptom onset and progression (Conforti et al. 2014). There is currently no 

cure for these progressive, highly debilitating and unavoidably fatal age-associated 

conditions, which are increasingly prevalent in our society. As treatments based on the 

protection of neuronal cell bodies have shown to be largely ineffective, targeting axon 

degeneration could be a valid therapeutic alternative. Therefore, understanding the 

mechanisms by which axons are lost in each of these pathologies is the basis for effective 

treatments. 

Neuritic dystrophies have been reported in post-mortem brain samples of patients affected by 

HD (Graveland et al. 1985; Ferrante et al. 1991), and they generally precede 

neurodegeneration (Li and Conforti, 2013). Fibre loss has been observed in post-mortem 

brain samples of pre-clinical HD patients (Reading et al. 2005) and in presymptomatic HD 

patients by longitudinal diffusion tensor imaging (Reading et al. 2005; Weaver et al. 2009). 

Neuritic abnormalities and fibre loss have also been observed in mouse models of HD, where 

neuronal loss is not present or it occurs at very late stages (Klapstein et al. 2001). Early axon 

degeneration in these models is associated with the presence of neuropil mHTT aggregates 

while its correlation with the deposition of the large neuronal intranuclear inclusions (NII) is 

less clear (Li et al. 2001). HTT has a role in axonal transport (DiFiglia et al. 1995; Block-

Galarza et al. 1997; Gunawardena et al. 2003), and a perturbation of vesicular axonal 

transport is one way in which mHTT has been proposed to perturb axonal integrity (Gauthier 

et al. 2004; Colin et al. 2008; Zala et al. 2013). Moreover, mHTT causes tubulin 

deacetylation (Dompierre et al. 2007), and inhibits fast axonal transport (FAT) in models of 

HD by increasing the expression of axonal cJun N-terminal kinase 3 (JNK3) that in turn 

phosphorylates a residue in the kinesin-1 motor domain and reduces kinesin-1 binding to 

microtubules (Morfini et al. 2009). Large axonal swellings developing age-dependently first 

in stria terminalis and then in corticostriatal axons, in the absence of any abnormalities in 

other neuronal compartments, have been reported recently in the HdhQ140 knock-in mouse 

model of HD, supporting the concept that axonal dysfunction occurs at early stages 

(Marangoni et al. 2014). 
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Similarly, axon and synapse degeneration preceding cell body loss have been reported in 

post-mortem patients and models of AD. Synaptic dysfunctions are early events in AD and 

precede any other neuronal abnormalities (Selkoe, 2002). Defects in axonal transport are 

widely documented in AD (Pigino et al. 2003; Zhang et al. 2004; Stokin et al. 2005; Salehi et 

al. 2006; Lazarov et al. 2007), and can be directly caused by Aβ plaques deposition in 

proximity of axons (Adalbert et al. 2009), or by other toxic effects of Aβ, for example on 

mitochondrial function (Rui et al. 2006; Decker et al. 2010). Significant reduction in axonal 

transport rates as Aβ increases, even before plaques formation, was shown in Tg2576 

transgenic mice, by manganese-enhanced magnetic resonance imaging (MEMRI) (Smith et 

al. 2007). Early axonal swellings and dystrophies have been observed in mouse models of 

AD (Adalbert et al. 2009; Crowe et al. 2013) in proximity of Aβ plaques, while axons appear 

still intact elsewhere and are connected to cell bodies which appear normal. This is important 

as it underlines a window of opportunity where restoring axonal function locally could in 

principle completely rescue neuronal function. Exposure of axonal terminals to Aβ1-42 leads 

to an excessive release of the excitatory neurotransmitter glutamate and impairment of axonal 

transport (Hiruma et al. 2003; Molnar et al. 2004; Rosales-Corral et al. 2012), accompanied 

by axonal degeneration and damage to the neurons.  

While these observations highlight axons and synapses as potential effective therapeutic 

targets in these disorders, how to delay the degeneration of these neuronal compartments has 

long remained elusive. Studying axon degeneration after injury – known as Wallerian 

degeneration (Waller A, 1850) – greatly enhanced our understanding on mechanisms leading 

to axon degeneration. The discovery of the Wallerian degeneration slow (WldS) spontaneous 

mutant mouse where Wallerian degeneration is delayed by 10-fold (Lunn et al. 1989; 

Conforti et al. 2000; Mack et al. 2001), have led to the identification of an active pro-axon 

death pathway initiated after an acute injury. The presence of an 85-kb tandem triplication in 

the mutant mouse (Coleman et al., 1998) leads to the formation of the chimeric gene 

encoding for the axon protective chimeric protein known as Wallerian degeneration slow 

(WLDS) (Figure 8).  WLDS is a modified form of nuclear NAD-biosynthetic enzyme 

nicotinamide mononucleotide adenylyl transferase 1 (NMNAT1) with an N-terminal 

sequence that relocates this enzyme to cytoplasm and axons (Conforti et al. 2000; Mack et al. 

2001). 
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Figure 8: Structure-activity relationship of WLDS (Conforti et al. 2014). WLDS is a chimeric protein that 

results from a tandem triplication and encodes full-length NMNAT1 fused to 70 amino-terminal amino acids 

(N70) from the ubiquitin conjugation factor E4 B ligase (UBE4B). N70 does not contain UBE4B catalytic 

activity but retains a small motif within the N-terminal 16 amino acids that binds to the ubiquitous cytoplasmic 

protein valosin-containing protein (VCP), and its important for translocation of WLDS to the cytoplasm and 

axoplasm.  

 

In wild types, where WLDS is not present, the endogenous labile axonal isoform NMNAT2 

provides the essential enzymatic activity required for axon survival and growth (Gilley and 

Coleman, 2010; Gilley et al. 2013; Milde et al. 2013). Its rapid degradation after injury has 

been suggested to initiate axon degeneration. NMNAT2 maintains axons by scavenging its 

substrate nicotinamide mononucleotide (NMN), a nucleotide precursor of NAD, which 

triggers a rapid pathway of axon degeneration when its levels accumulate after acute injury, 

as a consequence of NMNAT2 depletion (Di Stefano et al. 2014). When WLDS is present, 

due to its higher stability, it can substitute for NMNAT2, providing the enzymatic activity 

required for preserving axon integrity. Consistent with this model, blocking NMN synthesis 

with the drug FK866 (also known as APO866, WK175, or (E)-N-[4-(1-benzoylpiperidin-4-

yl) butyl] acrylamide-3-(pyridine-3-yl), a highly potent and specific non-competitive low-

molecular weight inhibitor of the NMN-synthesising enzyme nicotinamide phosphoribosyl 

transferase (NAMPT) (Hasmann and Schemainda, 2003) (Figure 9), strongly protects axons 

in vitro, ex-vivo and in vivo after acute injury (Di Stefano et al. 2014). WLDS also shows a 

protective effect in some disease models, indicating shared mechanisms and translational 

potential (Conforti et al. 2014). In addition, FK866 also shows a remarkable neuroprotective 

effect in the vincristine model of chemotherapy-induced axon degeneration (Di Stefano et al. 

2014), where axons are not physically separated from their cell bodies. However, the 

potential efficacy of FK866 in models of disease remains unexplored. The early axon 

pathology observed in models of HD and AD, where disruption of axonal transport might still 

isolate axons from their cell bodies, shares some features with axon degeneration after an 

acute injury (Conforti et al. 2014). Thus, the NAMPT inhibitor FK866 could also attenuate 
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axon pathology induced by mHTT and Aβ in in vitro and even in in vivo models of these 

neurodegenerative diseases.  

                                                       

Figure 9: NAD biosynthetic pathway from nicotinamide (NAM) and nicotinic acid (NA) (Di Stefano et al. 

2014). The enzymes involved are NAMPT, nicotinic acid phosphoribosyl transferase (NAPRT), NMNAT and 

nicotinamide adenine dinucleotide synthetase (NADS). The site of action of FK866, a highly specific inhibitor 

of NAMPT, is shown. 

 

 

1.4 Memantine 

 

1.4.1 History 

Memantine (1-amino-3,5-dimethyl-adamantane) was first synthesized in 1963 by researchers 

at Eli Lilly in an attempt to prepare a blood glucose lowering agent (Gerzon et al. 1963), but 

it was completely devoid of such property. In the 1970s, memantine (code D140) was found 

FK866 
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to have activity on the central nervous system, and this interesting finding opened the way for 

three researcher groups to start evaluating the biochemical, pharmacological, and 

pharmacokinetic properties of this compound, which later had been given the international 

non-proprietary name memantine (Parsons et al. 1999). In 1989, extensive preclinical 

research found that the most probable mechanism of action of memantine is via inhibiting the 

activity of NMDARs (Bormann, 1989; Kornhuber et al. 1989) with an IC50 of approximately 

1 µM, which corresponds well with its therapeutic concentration range (Bresink et al. 1996). 

Since then, and based on these results, clinical research had focused mainly on the efficacy of 

memantine on cerebral ischemia and AD (Parsons et al. 1999). Nowadays, memantine is 

regarded as a novel therapeutic agent, and it is the first drug to be approved by the United 

States Food and Drug Administration for the treatment of moderate to severe AD, after its 

approval for the same indication in the European Union (Witt et al. 2004). 

 

1.4.2 Pharmacology of NMDARs 

Molecular Composition of NMDARs 

NMDARs are heteromeric ligand-gated ion channels made up of different subunit families, 

NR1 (whose presence is mandatory), NR2A-D, (Dingledine et al. 1999), and in some neurons 

NR3A or 3B (Sasaki et al. 2002). NMDARs are unique among all neurotransmitter receptors 

in that their activation requires the simultaneous binding of two different agonists, glutamate 

at NR2 subunit, and glycine at NR1 subunit (Johnson and Kotermanski, 2006). Glutamate is 

the major excitatory neurotransmitter in the brain that is involved in almost every CNS 

function especially in cortical and hippocampal regions. The subtype of NR2 subunit that 

combines with NR1 subunit can influence the biophysical and pharmacologic characteristics 

of endogenous NMDARs, providing significant potential for functional diversity. During 

early postnatal development, many synaptic NMDARs are composed of NR1 and NR2B 

subunits, producing receptors with very long lasting synaptic currents. After the first few 

weeks of brain development, NR2B subunits start to be replaced gradually by NR2A ones, 

yielding receptors with shorter synaptic currents. Moreover, there is strong evidence that the 

majority of synapses in the adult brain preferentially express NR1-NR2A vs. NR1-NR2B 

NMDARs. 
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Alteration of NMDARs Functions in HD 

Based on the probable involvement of NMDARs in the pathogenesis of HD (described 

previously), a great deal of interest had focused on whether functions of these receptors are 

altered in HD models. This hypothesis had been directly confirmed by assessing NMDARs-

mediated currents with electrophysiological recordings (Fernandes and Raymond, 2009). 

Results of these assessments revealed significant enhancement of NMDARs-mediated 

currents in MSNs acutely dissociated from striata of presymptomatic and symptomatic R6/2 

(Starling et al. 2005), YAC72 (Cepeda et al. 2010), HdhQ94 (Levine et al. 1999), and 

HdhQ100 (Laforet et al. 2001) mouse models of HD compared to slices from their wild-type 

counterparts. All these observations indicate that alterations in NMDARs activity is present 

prior to, and possibly plays a causative role in the behavioural changes associated with HD 

(Fernandes and Raymond, 2009). Further investigations have been performed to determine 

whether the mutant HTT gene selectively alter the functions of various NMDARs subunits. 

One of these studies used HEK293 cells overexpressing NR1/NR2A or NR1/NR2B 

NMDARs in conjunction with full-length form of the mutant HTT gene with 15 or 138 CAG 

repeat (Chen et al. 1999). Results of this study suggested that the mutant HTT gene might 

increase numbers of functional NR1/NR2B NMDARs compared to NR1/NR2A ones. 

Another study used the same cellular model confirmed these findings, and found that the 

mutant HTT gene selectively enhanced apoptotic cell death in HEK293 cells cotransfected 

with NR1/NR2B NMDARs compared to that in HEK293 cells cotransfected with 

NR1/NR2A NMDARs (Zeron et al. 2001). All these results indicate that the mutant HTT 

gene modulates the response of NR2B-containing NMDARs, and this is possibly implicated 

in the pathogenesis of HD (The NR2B-selective hypothesis) (Fernandes and Raymond, 

2009). Actually this possibility is not surprising since the striatum (which is the most 

important part affected in HD), had been shown to express higher levels of NR2B subunits 

relative to other NR2 subunits, compared to other regions of the brain (Landwehrmeyer et al. 

1995; Rigby et al. 1996). 

 

Alteration of NMDARs Functions in AD 

Disturbances in glutamate neurotransmission have been linked with the pathological 

mechanisms underlying AD (Hardy and Cowburn, 1987; Greenamyre and Young, 1989; 

Palmer and Gershon, 1990; Cacabelos et al. 1999; Francis, 2003; Wenk et al. 2006). Many 
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studies had linked neuronal dysfunction in AD and its consequent neurodegeneration to the 

increased sensitivity and/or activity of the glutamatergic NMDARs by various toxic factors 

such as Aβ plaques deposition, soluble Aβ oligomers, hyperphosphorylated tau protein in 

neurofibrillary tangles, and mitochondrial dysfunction (Gray and Patel, 1995; Wenk, 2006; 

Wenk et al. 2006; De Felice et al. 2007a; Parihar and Brewer, 2007). Aβ, both Aβ1-40 and its 

amyloidogenic variant Aβ1-42 has been shown to directly activate NMDARs, induce increases 

in intracellular Ca2+ level and a state of excitotoxctity, and consequently neurotoxicity in 

cultured neuroblastoma cells (Lee et al. 1995), and in HEK293 cells transiently expressing 

NR1/NR2A or NR1/NR2B NMDARs subunits (Domingues et al. 2007), an effect which is 

partially prevented with the NMDARs antagonist MK-801. Aβ effect on NMDARs may be 

secondary to the binding of this peptide to the postsynaptic proteins PSD95 and 

synaptophysin, with consequent down-regulation of these anchoring proteins, and indirect 

suppression of NR2A NMDARs subunits function but activation of NR2B NMDARs 

subunits function (Roselli et al. 2005; De Felice et al. 2007a; Lacor et al. 2007; Liu et al. 

2010). All these ultimately induces a number of pro-death pathways, like the proteases 

caspase 3 and caspase 8 (Liu et al. 2010). This Aβ effect is blocked with the NMDARs 

antagonist MK-801 and also with the selective NR2B NMDARs subunit antagonist ifenprodil 

(Roselli et al. 2005). In addition to the aforementioned effects of Aβ seen in vitro, in vivo 

studies had also found that Aβ and in particular the amyloidogenic Aβ1-42 potentiates 

NMDARs responses to 260%, an effect that is blocked by NMDARs antagonists (Molnar et 

al. 2004; Szegedi et al. 2005).  

 

1.4.3 Pharmacology of Memantine 

 A variety of pharmacodynamic factors have been suggested as contributing to the improved 

tolerability of memantine among the many NMDARs antagonists that have been tested in 

human. Memantine is unique in that it binds only to open NMDARs; hence it is classified as 

an open channel blocker (Chen et al. 1992; Chen and Lipton, 1997). This pattern of 

antagonism increases the therapeutic efficacy of the drug, since more channels are open and 

available to be blocked during pathological conditions. Hence, memantine would be expected 

to treat patients with moderate-severe dementia involving excessive glutamate and NMDARs 

activity much more effectively than those with mild dementia involving only increased 

physiologic activity (Chen and Lipton, 2006). After blocking NMDARs, the channel can 
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close, glutamate can unbind, and memantine is trapped inside the receptor. However, unlike 

other trapping channel blockers like MK-801, ketamine, and phencyclidine, memantine has 

proposed to be trapped in some but not all NMDARs (Blanpied et al. 1997). This partial 

trapping phenomenon has been suggested to improve the clinical tolerability of the drug, 

based on the hypothesis that relief of channel block allows physiologic synaptic transmission 

to continue to a sufficient degree so as to avoid disrupting critical brain circuits function 

which require the integrity of NMDARs (Mealing et al. 2001; Rogawski and Wenk, 2003). 

Memantine has been considered a low-moderate affinity NMDARs antagonist, and this 

property increases the effective blocking rate of the drug since higher concentrations are 

required to exert the same degree of block. Another feature of memantine is the strong 

voltage dependency of NMDARs blockade, which allows the drug to exit the channel quickly 

under depolarized conditions, and this further maintain the normal synaptic activity (Muller 

et al. 1995). All these features in addition to multiple sites of block on NMDARs and 

multiple sites of action on targets other than NMDARs have been proposed as contributing to 

the unique clinical safety and efficacy of memantine. 

 

1.4.4 Memantine and Huntington’s Disease (HD) 

There is a growing interest in the scientific community in evaluating the effect of memantine 

in cellular and mouse models of HD (Table 3). 

 

Table 3: Memantine and HD 

 

Lee et al. 2006 investigated the neuroprotective effect of memantine in 3-nitropropionic acid-

induced striatal degeneration model of HD. Either memantine (20 mg/kg/day) or phosphate 

buffered saline (PBS) was intraperitoneally administered for five days. In the memantine-

Model Memantine Dose Memantine Effects References 

3-nitropropionic acid model  20 mg/kg/day i.p. 
for 5 days 

1. Decreased striatal lesion volume, number of TUNEL+ cells, and Fluoro-Jade 
C+ degenerating neurons, 

2. Decreased Bax level and huntingtin proteolytic fragments,  
3. Increased Bcl-xl level. 

Lee et al. 2006 

3-nitropropionic acid model 20 mg/kg/day i.p. 
for 5 days 

1. Restored motor function, & up-regulation of BDNF and GDNF expression, 
2. Enhanced brain succinate dehydrogenase activity, 
3. Decreased glutamate content, striatal loss, and GFAP immunoreactivity. 

Ranju et al. 2015 

YAC128 transgenic mouse model 1 mg/kg/day i.p. for 
10 months 

1. Blocked extrasynaptic (but not synaptic) NMDARs, 
2. Ameliorated neuropathological and behavioural manifestations. Okamoto et al. 2009 

YAC128 transgenic mouse model 30 mg/kg/day i.p. 
for 10 months 

1. Blocked both synaptic and extrasynaptic NMDARs, and worsened the outcome, 
2. Decreased neuronal inclusions. Okamoto et al. 2009 

YAC128 transgenic mouse model 1 mg/kg/day i.p. for 
2 months 

1. Reversed the deficits in striatal nuclear CREB activity, 
2. Improved rotarod performance. Milnerwood et al. 2010 
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treated group, the striatal lesion volume, the number of TUNEL+ cells, and Fluoro-Jade C+ 

degenerating neurons were all decreased (Lee et al. 2006). In addition, memantine increased 

Bcl-xl level, decreased Bax level and huntingtin proteolytic fragments, and exerted an 

inhibitory effect on the micro-calpain level (Lee et al. 2006). Based on the probable 

involvement of extrasynaptic NMDARs in the pathogenetic mechanisms of HD, a great deal 

of interest has focused on whether low micromolar concentrations of memantine could 

preferentially inhibit the function of these receptors, while relatively preserve synaptic 

NMDARs whose function is essential for activating cell survival pathway. Okamoto et al. 

2009 found that 10 months treatment of low-dose memantine (1 mg/kg body weight) blocked 

extrasynaptic (but not synaptic) NMDARs and ameliorated neuropathological and 

behavioural manifestations in 12-month old YAC128 mice. In contrast, high-dose memantine 

(30 mg/kg body weight) blocked both synaptic and extrasynaptic NMDARs, decreased 

neuronal inclusions, and worsened the outcomes of these mice. Milnerwood et al. 2010 

confirmed these findings using the same genetic mouse model of HD, and found that 2 

months treatment of low-dose memantine (1 mg/kg body weight) reversed the deficits in 

nuclear CREB activity in the striatum of 4-month old YAC128 mice, with a concomitant 

improvement in the rotarod learning task of these mice. Along with the shift in the balance of 

synaptic vs. extrasynaptic NMDARs signalling and localization with the resultant increase in 

extrasynaptic NMDARs activity, in particular NR1/NR2B-containing extrasynaptic 

NMDARs activity (Okamoto et al. 2009; Milnerwood et al. 2010), intracellular Ca+2 

signalling pathways including calpain and p38 MAPK activation that couple to survival or 

death are also dysregulated early in striatal tissue of post-mortem HD human brains and 

presymptomatic 1-2 month old YAC128 mice (Gafni and Ellerby, 2002; Cowan et al. 2008; 

Fan et al. 2012). Dau et al. 2014 investigated the calcium-dependent pathways downstream of 

NR1/NR2B-containing extrasynaptic NMDARs in YAC128 mouse model of HD. They 

found that 2 months treatment of 4 month old YAC128 and WT mice with memantine (1 and 

10 mg/kg/day) reduced striatal NR1/NR2B-containing extrasynaptic NMDARs expression 

and current without altering synaptic NMDARs levels (Dau et al. 2014). In addition, low 

dose 1 mg/kg/day memantine rescued CREB shut-off, while both doses suppressed p38 

MAPK activation to WT levels (Dau et al. 2014). In a recent study, Ranju et al. 2015 

investigated the role of memantine in improving motor function, regulation of neurotrophic 

factors, in addition to mitochondrial and neuronal functions in 3-nitropropionic acid model of 

HD. They found that memantine (20 mg/kg/day i.p.) treatment for 5 days restored motor 

function, with an associated up-regulation in BDNF and GDNF expression, enhanced brain 
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succinate dehydrogenase activity and decreased glutamate content (Ranju et al. 2015). In 

addition, memantine treatment ameliorated striatal neuronal loss, reduced GFAP 

immunoreactivity, and exhibited protective effect against neuronal apoptosis (Ranju et al. 

2015). 

 

1.4.5 Memantine and Alzheimer’s Disease (AD) 

 Memantine is the first drug to be approved by the United States Food and Drug 

Administration and also by the European Union for the treatment of moderate to severe AD, 

and its effectiveness had been confirmed in many in vitro and in vivo studies (Table 4). 

 

Table 4: Memantine and AD 

 

Early data found that memantine attenuated the toxic action of Aβ1-40 and its amyloidogenic 

variant Aβ1-42 in cultured cortical neurons (Tremblay et al. 2000; Hu et al. 2007). Memantine 

ameliorates the deleterious action of Aβ not only in vitro but also in vivo. Semi-chronic 

infusion of memantine (15 mg/kg/day s.c.) for 9 days exerted protective effects on 

progressive neuronal damage and apoptosis induced by the direct injection of Aβ1-40 into the 

hippocampus of Sprague-Dawley rats (Miguel-Hidalgo et al. 2002). In addition, memantine 

had been found to modulate the cognitive impairment in transgenic mouse models of AD. 

Memantine (30 mg/kg/day p.o.) for 2-3 weeks significantly improved the acquisition of 

Morris water maze in APPswe/PS1dE9 double transgenic mice without affecting swimming 

speed, locomotor activity or aggressive behaviour (Minkeviciene et al. 2004). These data 

indicate that memantine improves hippocampus-based spatial learning in a transgenic mouse 

model of AD without producing nonspecific effects on locomotion or exploratory activity 

(Minkeviciene et al. 2004). The similarity of memantine mechanism of action to other 

Model Memantine Dose Memantine Effects References 

Cortical neurons treated with Aβ1-40 and 
its amyloidogenic variant Aβ1-42 

Various  Attenuates the toxic action induced by Aβ treatment Tremblay et al. 
2000; Hu et al. 2007 

Aβ1-40 directly injected into the 
hippocampus of Sprague-Dawley rats 

15 mg/kg/day s.c. 
for 9 days  Exerted protective effects on progressive neuronal damage and apoptosis Miguel-Hidalgo et 

al. 2002 

APPswe/PS1dE9 transgenic mouse model 30 mg/kg/day p.o. 
for 2-3 weeks 

Improved the acquisition of Morris water maze, without affecting swimming speed, 
locomotor activity or aggressive behaviour 

Minkeviciene et al. 
2004 

Tg2576 transgenic mouse model 10 & 20 mg/kg/day 
p.o. for 6 months 

Decreased Aβ plaques deposition, increased synaptic density and the appearance of 
degenerating axons Dong et al. 2008 

Tg2576 transgenic mouse model 5 mg/kg/day p.o. 
for 6 months 

Decreased Aβ plaques deposition, increased synaptic density, but with no effect on the 
appearance of degenerating axons Dong et al. 2008 

Triple-transgenic mouse model 30 mg/kg/day p.o. 
for 3 months 

Restored cognition and reduced the levels of insoluble Aβ, Aβ dodecamers, prefibrillar 
soluble oligomers, and fibrillar oligomers specially in older animals 

Martinez-Coria et 
al. 2010 

APPswe/PS1dE9 transgenic mouse model 10 mg/kg/day i.p. 
for 3 weeks  

Improved the reversal phase of left-right discrimination, though equivalent to saline 
for Morris water maze, passive avoidance learning, and elevated plus maze Filali et al. 2011 
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NMDARs antagonists has led to concerns that it may have neuroprotective as well as 

neurotoxic effects (Dong et al. 2008). To assess that, Tg2576 transgenic mice were given 

memantine (5, 10 and 20 mg/kg/day) for 6 months, and quantitative light in addition to 

electron microscopy were used to investigate Aβ plaques deposition and neuronal 

morphology in the hippocampus and overlying cortex (Dong et al. 2008). Administration of 

the two higher doses of memantine (10 and 20 mg/kg/day) was associated with a significant 

decrease in Aβ plaques deposition, increase in synaptic density and the appearance of 

degenerating axons. Administration of the lowest dose of memantine (5 mg/kg/day) was 

associated with a significant decrease in Aβ plaques deposition and a significant increase in 

synaptic density, but not a significant increase in degenerating axons. These results suggest 

that chronic memantine administration may have both neuroprotective and neurotoxic effects 

in a mouse model of AD (Dong et al. 2008). In another study, memantine (30 mg/kg/day p.o.) 

was administered to three groups of triple-transgenic AD mice (APP, PS1, and tau mutations) 

with differing levels of AD-like pathology (6, 9, and 15 months of age) for 3 month 

(Martinez-Coria et al. 2010). After the treatment, memantine-treated mice had restored 

cognition and significantly reduced the levels of insoluble Aβ, Aβ dodecamers, prefibrillar 

soluble oligomers, and fibrillar oligomers, and these effects on pathology were stronger in 

older, more impaired animals, than in younger, early stage animals (Martinez-Coria et al. 

2010). Subchronic memantine administration (10 mg/kg/day i.p.) for 3 weeks was better than 

placebo during the reversal phase of left-right discrimination, though equivalent to saline for 

Morris water maze and passive avoidance learning in APPswe/PS1dE9 double transgenic mice 

(Filali et al. 2011). The drug had no effect on non-learned behaviours in elevated plus-maze 

exploration and nest building, and these results support a specific action of NMDARs 

antagonism on behavioural flexibility in transgenic mice with Aβ pathology (Filali et al. 

2011). 

 

 

1.5 Aims and Objectives 

Based on the involvement of axon degeneration in the pathogenesis of HD and AD, the 

present thesis aims to answer whether FK866 axon protective properties in vitro, ex-vivo and 

in vivo after acute injury could extend beyond that and also modulate axonal damage and 
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behavioural symptoms in in vitro and in vivo models of these neurodegenerative diseases, and 

to compare this to the reported neuroprotective and axon protective effects of memantine. 

To accomplish these aims: 

1. I used in vitro models of HD and AD where early axonal damage had been already 

reported, and treated them with FK866/NA combination to test how inhibiting NMN 

synthesis with FK866 while maintaining NAD level with NA could modulate axonal 

damage in these models. Then I co-administered NMN with FK866/NA to test 

whether this NAD precursor could revert FK866-mediated neuroprotection. 

2. I used HdhQ140 and APPswe/PS1dE9 in vivo models of HD and AD crossed with 

YFP-H mice to test how inhibiting NMN synthesis with FK866 while maintaining 

NAD level with NA could modulate behavioural symptoms and axonal damage in 

these models. I chose these particular animal models since signs of axon pathology 

had been reported in these mice at 6 months old, the time I planned to do the drug 

treatment and behavioural studies. I subjected HdhQ140 and APPswe/PS1dE9 mice to 

a battery of motor and cognitive assays to test the effect of FK866/NA in vivo. In 

addition, expression of YFP protein marker allow visualizing signs of axonal damage 

in these mice and also gives a powerful tool to test whether FK866/NA treatment 

could modulate this damage.  
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Chapter 2: 

Inhibiting NMN synthesis with FK866 rescued axonal 

degeneration in in vitro models of Huntington’s disease 

(HD) and Alzheimer’s disease (AD)  
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2.1 Introduction 

As treatments based on the protection of neuronal cell bodies have shown to be largely 

ineffective, targeting axon degeneration, which had been confirmed to be an early event in 

many neurodegenerative diseases including HD, and AD, where it precedes cell body loss 

and correlates with symptom onset and progression (Conforti et al. 2014), could be a valid 

therapeutic alternative. Therefore, understanding the mechanisms by which axons are lost in 

each of these pathologies is the basis for effective treatments, and to accomplish this we used 

in vitro models of HD and Aβ toxicity where early axonal damage has been reported 

(Wyttenbach et al. 2000; Rosales-Corral et al. 2012). 

Tet-On PC12 cells have proven to be a useful in vitro model of HD that recapitulates some of 

the typical features of this disease such as axonal pathology and mHTT aggregate formation, 

and therefore, can be valuable to gain insight into some of the molecular mechanisms of axon 

degeneration in this disease and also to test the activity of some neuroprotective agents 

(Wyttenbach et al. 2000; Li et al. 2001). 

Primary neuronal culture is a powerful tool that has been used extensively for studying 

mechanisms of neuronal degeneration and regeneration. Treating these primary neurons and 

in particular cortical neurons with Aβ peptide was used to mimic AD-associated Aβ toxicity 

in vitro, and also to characterize the activity of novel drugs for this neurodegenerative 

disease. 

Evidences for the involvement of axons and synapses in the pathogenesis of HD and AD are 

opening the way into potential effective therapeutic targets for these disorders, however how 

to delay the degeneration of these neuronal compartments is not always known. The 

serendipitous discovery of the spontaneous mutant mouse WldS where axon degeneration after 

an injury – known as Wallerian degeneration (Waller A, 1850) – is delayed by 10-fold (Lunn 

et al. 1989; Conforti et al. 2000; Mack et al. 2001), have led to the characterization of an 

active pro-axon death pathway stimulated after acute injury with shared mechanistic 

similarity to the axon pathology in some neurodegenerative diseases (Conforti et al. 2014). 

While maintenance of axon survival and growth depends on the activity of the cytoplasmic 

NAD-biosynthetic enzyme NMNAT2, acute injury quickly terminate the activity of this 

labile enzyme and result in accumulation of the NAD precursor NMN, which in turn triggers 

a rapid pathway of axon degeneration (Gilley and Coleman, 2010; Gilley et al. 2013; Milde et 

al. 2013; Di Stefano et al. 2014). Blocking NMN synthesis with the NMN-synthesising 
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enzyme NAMPT inhibitor FK866 (Hasmann and Schemainda, 2003) (Figure 9), strongly 

protects axons in vitro, ex-vivo and in vivo after acute injury (Di Stefano et al. 2014). In 

addition to its role in neurodegenerative diseases, emerging data implicate NAMPT in the 

pathogenesis of a number of different human diseases, in particular in the field of 

inflammation (Garten et al. 2009). NAMPT inhibition with FK866 has been shown to reduce 

disease burden in inflammatory animal models of arthritis and endotoxic shock (Busso et al. 

2008; Van-Gool et al. 2009), as well as in experimental autoimmune encephalitis (Bruzzone 

et al. 2009). Moreover, FK866 has been shown to reduce the secondary inflammatory injury 

and partly reduce permanent damage in an experimental compression model of spinal cord 

injury (Esposito et al. 2012). 

Both mHTT and Aβ increase the expression of extrasynaptic NR2B subunit of NMDARs, 

whose excessive activation causes excitotoxctity (Li et al. 2003). Extrasynaptic NMDARs 

activation leads to axonal and dendritic damage and axonal transport defects (Takeuchi et al. 

2005; Hardingham et al. 2010), and compounds that selectively block these receptors, such as 

memantine, are protective in models of HD (Okamoto et al. 2009; Milnerwood et al. 2010), 

and already approved for clinical treatment of AD (Mount and Downton, 2006). 

 

2.2 Aims of The Study 

This study aims to test the hypothesis that FK866 neuroprotective properties after an acute 

injury could extend to in vitro models of HD and Aβ toxicity, and to compare this to the 

reported neuroprotective effects of memantine. 

 

2.3 Materials and Methods 

Tet-On PC12 cells culture. A stable inducible Tet-On PC12 cell line expressing GFP-tagged 

exon 1 fragment of the mutant HTT gene, with 21 (wild-type, Q21 PC12 cells) or 72 (mutant, 

Q72 PC12 cells) CAG repeats, was used as an in vitro model of HD (Wyttenbach et al. 2000). 

Expression of the mutant HTT gene was induced in this model by adding dox to the culture 

medium (Gossen et al. 1995). Tet-On PC12 cells were cultured in high glucose Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Sigma-Aldrich™), supplemented with 5% Tet-

approved heat-inactivated fetal bovine serum (FBS) (PAA™), 10% heat-inactivated horse 
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serum (HS) (Gibco™), 1% penicillin-streptomycin-glutamine (Gibco™), 50 µg/ml geneticin 

418 (G418) (PAA™), and 70 µg/ml hygromycin B (Invitrogen™) (standard medium) at 37°C 

and 5% CO2 in a humidified incubator. Tet-On PC12 cells were differentiated by replacing 

the standard medium with the differentiation medium consisting of high glucose DMEM, 

supplemented with 2% B27 (Invitrogen™), 1:1000 gentamycin (Gibco™), 50 µg/ml G418 

(PAA™), 70 µg/ml hygromycin B (Invitrogen™) and 100 ng/ml NGF 7S (Invitrogen™). 

 

Tet-On PC12 cells characterization and drug treatment. Tet-On PC12 cells were plated 

on type IV collagen-coated Ibidi 35 mm µ-dishes (Ibidi™), in standard medium. After 24 

hours, this medium was replaced with the differentiation medium (day 1). Cells were fed 

every 48 hours with fresh medium containing 1 µg/ml dox (Sigma-Aldrich™) to induce 

expression of the mutant HTT gene. At day 6, Tet-On PC12 cells were fixed with 4% 

phosphate buffered paraformaldehyde (PFA) (Sigma-Aldrich™), and then stained using 

1:500 Hoechst staining (Invitrogen™) according to the manufacturer’s instructions. Five 

fields / dish were imaged using a DM IRB Leica fluorescent microscope. Percentage of cells 

which have axons, percentage of cells with morphologically healthy nuclei, and number of 

mHTT aggregates were quantified manually in each image, using ImageJ software, version 

1.45. Hoechst-stained nuclear morphology was considered abnormal if the nucleus was 

fragmented or condensed to a small size (Wyttenbach et al. 2000). In drug treatment studies, 

1-100 nM FK866, 1 mM NA (Sigma-Aldrich™), 1 mM NMN (Sigma-Aldrich™), and 5-30 

µM memantine (Sigma-Aldrich™), was added to the differentiation medium at day 1, and 

this was repeated in four independent experiments (n=4). 

 

RT-PCR. Total RNA was isolated from brain tissue or Tet-On PC12 cells cultured for 7 days 

as described above using TRIzol® reagent (Life Technologies™) according to the 

manufacturer’s instructions. cDNA was reverse transcribed using SuperScript™ II reverse 

transcriptase (Invitrogen™) with random primers (Sigma-Aldrich™) following the 

manufacturer’s instructions. Positive controls from rat brain and negative controls in which 

reverse transcriptase enzyme was omitted were included. Reverse transcription polymerase 

chain reaction (RT-PCR) for NMDARs subunits was performed in a BIOER™ thermal cycler 

using REDTaq DNA Polymerase (Sigma-Aldrich™) as per the manufacturer’s instructions 

with 10 µM of the forward and reverse primers. Table 5 shows primer sequences for 
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NMDARs NR1, NR2A and NR2B subunits. Amplified fragments were analysed using gel 

electrophoresis in a 1.6% agarose gel stained with ethidium bromide. 

 

Table 5: Forward and reverse primer sequences for NMDARs NR1, NR2A and NR2B subunits 

 

Primary neuronal culture characterization and drug treatment. Cortices and stria were 

collected from E16 C57BL/6 mouse embryos, placed in a 5-cm petri dish containing 10 ml 

cold Hank’s Balanced Salt Solution (HBSS) (Sigma-Aldrich™), transferred to 15 ml falcon 

tube, triturated up and down gently with 10 ml pipette, and plated in Ibidi 35 mm µ-dishes in 

neurobasal medium (Gibco™) supplemented with 1% B27 and 1% glutamine (Gibco™). At 

day 6, different treatment groups were established by changing the medium of the neuronal 

culture with fresh medium containing the added drug, 10 µM oligomeric Aβ (Sigma-

Aldrich™), 10 nM FK866, 1 mM NA, and 10 µM memantine. After 48 hours, all groups 

were processed for toxicity, apoptosis and axonal damage studies, and this was repeated in 

four independent experiments (n=4). 

 

Immunocytochemistry. After drug treatment, neuronal culture medium was removed and 

cells were washed once with PBS, fixed with 4% phosphate buffered PFA, permeabilized 

with 1% Triton in PBS, and blocked with 5% normal gout serum (Sigma-Aldrich™) in PBS. 

For toxicity and apoptosis studies, neuronal cultures were incubated with 4 µM Ethidium 

Homodimer-1 (Invitrogen™) and 1:500 Hoechst staining respectively. For axonal damage 

studies, neuronal culture was incubated with 1:500 SMI 31 (Covance™) primary antibody 

overnight, washed 3 times with 1x PBS, incubated with 1:200 Alexa Fluor 488 

(Invitrogen™) secondary antibody for 1 hour, and then washed 3 times with PBS. Finally, 

images from five fields / dish were acquired using a DM IRB Leica fluorescent microscope. 

Percentage of area of axons, and percentage of cells with morphologically healthy nuclei 

were quantified manually in each image, using ImageJ software, version 1.45. To measure 

the area of axons with ImageJ software, images have to be converted to grayscale, SMI 31-

Gene Symbol Forward Primer Reverse Primer 
NMDARs NR1 Subunit 5’-ATAAGACATGGGTTCGGTATCAGG-3’ 5’-CTCAGCTCTCCCTATGACGGGAAC-3’ 

NMDARs NR2A Subunit 5’-ATCACGCATGTGTGCGACCTCATG-3’ 5’- ATGAGCTCTGTGTTCCCAGACACCA-3’ 

NMDARs NR2B Subunit 5’-ATGAAGCCCAGCGCAGAGTGCTGTT-3’ 5’- CACGAAGCTGTTCTCGATGGTACTG-3’ 
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stained axons areas need to be highlighted using thresholding, and the thresholded areas need 

to be measured. Hoechst-stained nuclei morphology was considered abnormal if the nucleus 

was fragmented or condensed to a small size. 

 

Statistical analysis. Data were expressed as mean ± SD. Two- or Three-way ANOVA was 

used for statistical analysis followed by Bonferroni post-hoc test. Comparison among 

multiple groups was performed using two-way ANOVA. P < 0.05 was considered to be 

statistically significant. 

 

2.4 Results 

FK866 reduced mHTT-induced toxicity in Tet-On PC12 cells. 

The early axon pathology observed in models of neurodegenerative diseases shares some 

features with axon degeneration after an acute injury (Conforti et al. 2014), which is greatly 

delayed by the NAMPT inhibitor FK866 (Di Stefano et al. 2014). To investigate whether 

FK866 has any protective effect in these pathologies, I used in vitro models of HD and Aβ 

toxicity, where early axonal damage has been reported (Wyttenbach et al. 2000; Rosales-

Corral et al. 2012). 

First, I tested FK866 in a PC12 inducible model of HD, i.e. the Tet-On PC12 cells with 21 

(wild-type, Q21 PC12 cells) or 72 (mutant, Q72 PC12 cells) CAG repeats (Wyttenbach et al. 

2000). Upon dox treatment, Q72 PC12 cells express mutant HTT gene, develop abnormal 

cellular morphology and intranuclear aggregate formation resembling those described in HD 

patients, in addition to losing their neurite extension in response to NGF (Wyttenbach et al. 

2000) (Figure 10A - C). In contrast, only homogeneous HTT expression is detected in Q21 

cells, which show no morphological abnormality (Figure 10A).  
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Figure 10: Tet-On PC12 cells characterization. (A) (a-d) bright-field images, (e-h) DAPI-field images, and (i-

l) GFP-field images of Tet-On PC12 Cells. Dox-induced expression of mutant HTT exon 1 significantly (p < 

0.001) impaired axonal morphology (white arrows in image c) and nuclear morphology (yellow arrows in image 

g) in Q72 Dox+ PC12 cells. Moreover, Q72 Dox+ PC12 cells accumulated mHTT aggregates upon dox 

treatment (red arrows in image k), while Q21 Dox+ PC12 cells displayed a diffuse homogenous localisation of 

mHTT GFP fluorescence (red arrows in image i). (B) Quantification (%) of Tet-On PC12 cells that have axons 

(cells with 3 or more processes). Q72 Dox+ PC12 cells developed the shortest and the least frequent axons in 

comparison to the three other Tet-On PC12 cells groups. (C) Quantification (%) of Tet-On PC12 cells with 

morphologically healthy nuclei (a nucleus was considered unhealthy if it was fragmented or condensed to a 

small size). (n=4, mean ± SD, two-way ANOVA followed by Bonferroni post-hoc test, ***, p < 0.001). Scale 

bar, 20 µm. 
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10-100 nM FK866 added to the culture medium significantly (p < 0.001) reduced cellular 

viability in both Q21 and Q72 PC12 cells (Figure 11A - C; Figure 12A, and B). However 

when supplied together with 1 mM NA, which maintains NAD biosynthesis in the presence 

of FK866 and limits any potential toxicity due to NAD depletion (Figure 9), 10-100 nM 

FK866 significantly (p < 0.001) rescued the axonal abnormalities and also ameliorated the 

nuclear morphology of Q72 dox+ PC12 cells (Figure 11A - C; Figure 12A, and B).  
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Figure 11: FK866 co-administered with NA reduced mHTT-induced toxicity in Tet-On PC12 cells. (A) (a-

h) DAPI-field images and (i-p) bright-field images of Q72 PC12 cells cultured in the presence (a-d and i-l) or 

absence (e-h and m-p) of dox to induce mHTT expression and aggregate formation. The cells were then left 

untreated or treated as indicated. Consistent with a toxic effect of the block of NAD synthesis, 10 nM FK866 

added to the culture medium significantly reduced cellular viability in both dox+ and dox- Q72 PC12 cells 

(white arrows in image c, and g; and yellow arrows in image k, and o); however, co-administration of 10 nM 

FK866 with 1 mM NA restored cell viability, significantly reduced axonal abnormalities (yellow arrows in 

image l), and ameliorated nuclear morphology (white arrows in image d) of Q72 Dox+ PC12 cells. (B) 

Quantification (%) of Q72 PC12 cells that have axons. (C) Quantification (%) of Q72 PC12 cells with 

morphologically healthy nuclei. (n=4, mean ± SD, two-way ANOVA followed by Bonferroni post-hoc test, ***, 

p < 0.001). Scale bar, 20 µm. 

 

NA alone had no effect on axon or nuclear morphology (Figure 11A - C; Figure 12A, and B), 

and it does not affect axon degeneration after acute injury (Di Stefano et al. 2014). FK866 

administered in combination with NA did not affect the number of mHTT aggregates in Q72 

dox+ PC12 cells (data not shown). Neuroprotective effects of 10 nM and 100 nM FK866 

were undistinguishable (Figure 12C, and D). 
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Figure 12: FK866 co-administered with NA reduced mHTT-induced toxicity in Q72 Tet-On PC12 cells, 

and neuroprotective effects of 10 nM and 100 nM FK866 were undistinguishable. (A, C, and E) 

Quantification (%) of Q72 PC12 cells that have axons, (B, D, and F) Quantification (%) of Q72 PC12 cells with 

morphologically healthy nuclei. 10-100 nM FK866 co-administered with 1 mM NA significantly (p < 0.001) 

reduced axonal abnormalities and ameliorated nuclear morphology in Q72 Dox+ PC12 cells. There was no 

significant difference between the neuroprotective effects of 10 and 100 nM FK866. Combining 10 µM 

memantine and 10 nM FK866/1 mM NA had no synergistic neuroprotective effects. (n=4, mean ± SD, two-way 

ANOVA followed by Bonferroni post-hoc test, ***, p < 0.001, NS, p > 0.05). Mem = Memantine.  

 

1 mM NMN added together with 10 nM FK866/1 mM NA significantly (p < 0.01) reverted 

the axonal protection of FK866/NA combination (Figure 13A, and B). This result is similar to 

what observed in a model of Wallerian degeneration (Di Stefano et al. 2014), and suggests 

that FK866-induced neuroprotection is linked to the reduction in NMN production and it is 

not due to off-target effects of FK866. Interestingly, 1 mM NMN did not affect the 

neuroprotective effect of FK866/NA at the cellular body compartment (p > 0.05) (Figure 

13A, and C), probably indicating that NMN can still be converted to NAD at this level, where 

multiple NMNAT enzymes likely operate. 
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Figure 13: NMN reverted the axonal protection of FK866/NA. (A) (a-l) DAPI-field images and (m-x) bright-

field images of Q72 PC12 cells, cultured in the presence (a-f and m-r) or absence (g-l and s-x) of dox to induce 

mHTT expression and aggregate formation. Cells were then left untreated (a, g, m, and s) or treated as indicated. 

10 nM FK866/1 mM NA attenuated the axonal abnormalities and ameliorated the nuclear morphology of Q72 

Dox+ PC12 cells (white arrows in image d; and yellow arrows in image p); 1 mM NMN significantly reverted 

the axonal protection of FK866/NA (yellow arrows in image r), suggesting that this neuroprotection is linked to 

the reduction in NMN production. 1 mM NMN however, did not affect FK866/NA neuroprotective effect at the 

cellular body compartment (white arrows in image f). (B) Quantification (%) of Q72 PC12 cells that have axons. 

(C) Quantification (%) of Q72 PC12 cells with morphologically healthy nuclei. (n=4, mean ± SD, two-way 

ANOVA followed by Bonferroni post-hoc test, **, p < 0.01, NS, p > 0.05). Scale bar, 20 µm. 

0

20

40

60

80

100
%

 o
f C

el
ls

 W
ith

 A
xo

ns

Q72 Dox+ Q72 Dox-

No
Treatment

10 nM FK866 1 mM NMN 10 nM FK866
/1 mM NA

10 nM FK866
/1 mM NMN

10 nM FK866
/1 mM NA

/1 mM NMN

** **
(B)

(C)

0

20

40

60

80

100

%
 o

f C
el

ls
 W

ith
 H

ea
lth

y 
N

uc
le

i

Q72 Dox+ Q72 Dox-

No
Treatment

10 nM FK866 1 mM NMN 10 nM FK866
/1 mM NA

10 nM FK866
/1 mM NMN

10 nM FK866
/1 mM NA

/1 mM NMN

** NS



	 69 

I compared FK866 effect to that of memantine, an inhibitor of the extrasynaptic NMDARs 

with described neuro- and axon- protective effects (Takeuchi et al. 2005). 10 µM memantine 

resulted in a small, but significant  (p < 0.05) improvement in nuclear morphology in Q72 

dox+ PC12 cells but had no effect on axonal morphology in both Q21 and Q72 PC12 cells 

(Figure 14A - C).  At 30 µM however, memantine significantly (p < 0.001) impaired axonal 

and nuclear morphologies in all Tet-On PC12 cell groups (Figure 14A - C).  
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Figure 14: Memantine attenuated mHTT-induced nuclear but not axonal toxicity in Tet-On PC12 cells. 

(A) (a-h) DAPI-field and (i-p) bright-field images of Q72 PC12 cells cultured in the presence (a-d and i-l) or 

absence (e-h and m-p) of dox to induce mHTT expression and aggregate formation. 10 µM memantine 

significantly increased percentage of Q72 Dox+ PC12 cells with morphologically healthy nuclei (white arrows 

in image c). At 30 µM however, memantine significantly impaired axonal and nuclear morphologies in Q72 

PC12 cells (white arrows in image d, and h; and yellow arrows in image i, and p). (B) Quantification (%) of Q72 

PC12 cells that have axons. (C) Quantification (%) of Q72 PC12 cells with morphologically healthy nuclei. 

(n=4, mean ± SD, two-way ANOVA followed by Bonferroni post-hoc test, *, p < 0.05, ***, p < 0.001). Scale 

bar, 20 µm. Mem = Memantine. 

 

The partial protection conferred by memantine could be due to lack of functional expression 

of NMDARs in Tet-On PC12 cells. To test this, I examined NMDARs subunits expression in 

these cells by RT-PCR. I found that while NMDARs NR1 subunit was expressed in Q21 and 

Q72 Tet-On PC12 cells; neither NMDARs NR2A nor NR2B subunits were expressed in any 

of these cells groups (Figure 15). In contrast to previous reports in other models (Okamoto et 

al. 2009), there was no effect of memantine on the number of mHTT aggregates in Q72 dox+ 

PC12 cells (data not shown). Combining 10 µM memantine and 10 nM FK866/1 mM NA 

had no synergistic neuroprotective effects (p > 0.05) (Figure 12E, and F). 
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Figure 15: Expression of NMDARs subunits in Tet-On PC12 cells. Total RNA was isolated from brain tissue 

or Tet-On PC12 cells cultured for 7 days as described in the methods, cDNA was reverse transcribed using 

SuperScript™ II reverse transcriptase, and RT-PCR for NMDARs subunits was performed using REDTaq DNA 

Polymerase with 10 µM of the forward and reverse primers. While NMDARs NR1 subunit was expressed in 

Q21 and Q72 Tet-On PC12 cells; neither NMDARs NR2A nor NR2B subunits was expressed in any of these 

cells.  

 

FK866/NA combination rescued Aβ -induced toxicity in cortical neuronal culture 

Next, in view of the primary role of axon pathology in AD models (Hiruma et al. 2003; 

Molnar et al. 2004; Rosales-Corral et al. 2012), I investigated if FK866 neuroprotective 

properties also extend to an in vitro model of Aβ toxicity. 

I studied whether 10 nM FK866/1 mM NA could also modulate Aβ-induced toxicity in 

cortical neuronal culture. Similar to our study in the HD model, I again compared this effect 

to that of memantine, with a focus on axonal damage. 100 nm - 5 µM Aβ had no effect on 

axonal viability of cortical neurons (Figure 16). In the other hand and consistent with 

previous studies (Rapoport et al. 2002; Song et al. 2008), 10 µM Aβ treatment for 48 hours 

significantly (p < 0.01) reduced cellular viability of cortical neurons (Figure 17A - C), by 

reducing axonal area and impairing nuclear morphology. 10 nM FK866/1 mM NA 
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significantly (p < 0.01) rescued axonal pathology and ameliorated nuclear morphology of 

cortical neurons treated with 10 µM Aβ, and made them not different from that of cortical 

neurons treated with vehicle (Figure 17A - C). Again 1 mM NMN added together with 10 

µM Aβ and 10 nM FK866/1 mM NA significantly (p < 0.01) reverted the neuroprotective 

effects of FK866/NA combination at the axonal compartment but not at the cellular body 

compartment (data not shown). 

On the other hand, 10 µM memantine significantly (p < 0.01) improved the nuclear 

morphology of these neurons only, with limited effect on their axons (Figure 17A - C). Also 

in this model, combining 10 µM memantine and 10 nM FK866/1 mM NA had no synergistic 

neuroprotective effects (p > 0.05) (Figure 17A - C). 

                                      

Figure 16: Effect of Aβ on axonal viability of primary cortical neurons. Primary cortical neurons were 

cultured for 6 days and then treated with different concentrations of Aβ as indicated for 48 hours. Quantification 

(%) of axonal area show that while 100 nm - 5 µM Aβ treatment for 48 hours had no effect on axonal viability 

of primary cortical neurons; 10 µM Aβ treatment for 48 hours significantly impaired axonal viability of these 

neurons. (n=4, mean ± SD, one-way ANOVA, ***, p < 0.001).  
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Figure 17: FK866 co-administered with NA rescued Aβ -induced toxicity in cortical neuronal culture. (A) 

(1-6) and (19-24) DAPI-field images, (7-12) and (25-30) RED-field image, and (13-18) and (31-36) GFP-field 

images of primary cortical neurons cultured for 6 days and then treated with 10 µM Aβ, 10 nM FK866, 1 mM 

NA, and 10 µM memantine, as indicated, for 48 hours. 10 µM Aβ treatment for 48 hours significantly impaired 

axonal viability and nuclear morphology (yellow arrows in image 31; and white arrows in image 25). 10 nM 

FK866 co-administered with 1 mM NA significantly reduced axonal pathology and ameliorated nuclear 

morphology of cortical neurons treated with 10 µM Aβ (yellow arrows in image 35; and white arrows in image 

29). 10 µM memantine significantly improved the nuclear morphology of these neurons only, with limited effect 

on their axons (white arrows in image 26). Combining 10 µM memantine and 10 nM FK866/1 mM NA had no 

synergistic neuroprotective effects (yellow arrows in image 36; and white arrows in image 30). (B) 

Quantification (%) of primary cortical neurons axonal area. (C) Quantification (%) of primary cortical neuronal 

cells with morphologically healthy nuclei. (n=4, mean ± SD, two-way ANOVA followed by Bonferroni post-

hoc test, **, p < 0.01, NS, p > 0.05). Scale bar, 20 µm. Mem = Memantine. 

 

2.5 Discussion 

Among its biological functions, NAD metabolism regulates axon degeneration, which is an 

early and often causative event in a variety of neurodegenerative diseases including HD and 

AD. Our results show that the NAMPT inhibitor FK866 (in combination with NA) 

significantly improves axonal and nuclear morphologies in in vitro models of HD and Aβ 

toxicity. NAMPT product NMN overcomes this protection and restores toxicity, suggesting 

that FK866 acts by reducing its concentration. Since this compound has been recently shown 

to potently delay injury-induced axon degeneration, our data suggest similarities between 

axon pathology in injury and that in HD and Aβ toxicity models and identify a potential 

target for therapeutic intervention. 

Different molecular pathways have been described to explain the mechanisms by which 

mHTT fragments and Aβ peptide promote neuronal dysfunction in HD and AD respectively. 

However, it is difficult to attribute the broad clinical picture of these neurodegenerative 

diseases to a single mechanism and unlikely that a single therapeutic regimen will be able to 

manage HD and AD patients, especially if started after symptom onset. Several studies 

indicate that axonal damage contributes to the pathogenesis of HD and AD (Li et al. 2001; 

Morfini et al. 2009; Rosales-Corral et al. 2012), and may be the earliest event in some models 

(Adalbert et al. 2009; Marangoni et al. 2014). Targeting this axon pathology by limiting the 

toxic action of mHTT fragments and Aβ peptide is therefore a promising therapeutic strategy 

that has not yet been addressed in the clinic. This could be due to the lack of information 
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about the molecular mechanisms that lead to this dysfunction, and therefore the lack of 

specific molecular targets. 

Using Tet-On PC12 cells, I found that 10-100 nM FK866 significantly improved axonal and 

nuclear morphologies in Q72 dox+ PC12 cells. FK866 mechanism implies a gradual 

depletion of NAD levels and therefore significantly reduced cellular viability in both Q21 and 

Q72 PC12 cells. However, its combination with 1 mM NA completely restored cell viability 

in this model. This is important as combination with this nucleotide, (Figure 9), has already 

been proposed as strategy for clinical trials to limit the toxicity of FK866 due to NAD 

depletion while maintaining its therapeutic properties. I found that 1 mM NMN reverts the 

neuroprotective effect of 10 nM FK866/1 mM NA. These results are consistent with a model 

in which an increase of NMN, which could result by a reduced availability of NMNAT2 

following impairment in axonal transport, activates a pro-axon death pathway that is delayed 

by modulation of NAD synthesis pathway with FK866 in vitro and ex-vivo. While NMN 

consistently reverted FK866-induced neuroprotection at the axonal compartment, it did not 

revert FK866-induced neuroprotection at the cellular body compartment, and this is important 

and probably indicates that the NAD synthesizing enzymes NMNATs are still converting 

NMN to NAD. 

I found that memantine, which has been shown to reduce neurite beading (Takeuchi et al. 

2005), has a protective effect on mHTT-induced toxicity in Q72 dox+ PC12 cells only at the 

cellular body compartment, while showing no effect at the axonal compartment. This limited 

neuroprotective effect could be due to the fact that Tet-On PC12 cells do not express a 

normal complement of NMDARs subunits, limiting the functional responses of these cells to 

glutamate-induced NMDARs activation. I found that while NMDARs NR1 subunit was 

expressed in Q21 and Q72 Tet-On PC12 cells, neither NMDARs NR2A nor NR2B subunits 

were expressed in any of these cell groups. Although NMDARs are the most memantine-

sensitive ion channels, it can affect other ion channels as well, in particular blocking 5-

hydroxytryptamine receptors and nicotinic acetylcholine receptors. Hence, I cannot exclude 

the possibility that memantine-induced protection at the cellular body compartment in these 

cells is attributed to another mechanism unrelated to NMDARs antagonism. 

Similarly, I found that the neuroprotective effect of 10 nM FK866/1 mM NA extended to an 

in vitro model of Aβ toxicity. While low concentrations of Aβ had no effect neither on axonal 

viability nor on cellular viability of cortical neurons, 10 µM Aβ treatment for 48 hours and 
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consistent with previous studies (Rapoport et al. 2002; Song et al. 2008) significantly 

impaired cellular viability of these neurons. Moreover, 10 nM FK866/1 mM NA significantly 

rescued axonal pathology and ameliorated nuclear morphology of cortical neurons treated 

with Aβ. This FK866-induced axonal protection is also reverted by NMN, suggesting a 

similar role of NMN as a trigger of axonal degeneration in models of Aβ toxicity and a 

shared pathogenic mechanism between HD and Aβ toxicity. Again I found that memantine 

has a protective effect on Aβ-induced toxicity in cortical neuronal culture only at the cellular 

body compartment where it significantly improved nuclear morphology, while showing very 

limited effect at the axonal compartment.  

Combining FK866/NA and memantine had no synergistic neuroprotective effects in both HD 

and Aβ toxicity in vitro models. This could be due to the limited effect of memantine only at 

the cellular body compartment while showing no effect at the axonal compartment. 

In conclusion, our study indicates that an increase in NMN could initiate axon degeneration 

in in vitro models of HD and Aβ toxicity similar to acute injury models, reveal that FK866 

could be a promising compound for the treatment of these neurodegenerative diseases and 

highlight the need of testing the efficacy of this compound in vivo. 
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Chapter 3: 

FK866 restored some of the behavioural abnormalities 

in in vivo models of Huntington’s disease (HD) and 
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3.1 Introduction 

Europe has the world’s highest proportion of older persons, with 16% being over 65, and this 

is going to increase to 25% by 2030. There is a strong link between age and the incidence of 

neurodegenerative diseases, thus number of people suffering from these debilitating 

conditions is constantly on the increase, which makes treating them one of the leading 

medical and societal challenges. The costs of managing neurodegenerative diseases are 

estimated at £23bn a year at the UK while across Europe costs are in the order of €130bn a 

year, however there is currently no cure for these progressive unavoidably fatal age-

associated diseases. 

Targeting axon degeneration, which had been confirmed to be a critical event in the 

pathogenesis of HD, and AD (Conforti et al. 2014) could be a novel therapeutic strategy. 

Expression of WLDS, which is a modified form of nuclear NAD-biosynthetic enzyme 

NMNAT1 with an N-terminal sequence that diverts some NMNAT1 to the axon (Conforti et 

al. 2000), delay axon degeneration after an injury by 10-fold (Lunn et al. 1989; Conforti et al. 

2000; Mack et al. 2001). Blocking the synthesis of the NAD precursor NMN with the NMN-

synthesizing enzyme NAMPT inhibitor FK866 (Hasmann and Schemainda, 2003) (Figure 9), 

strongly protects axons in vitro, ex-vivo and in vivo after acute injury (Di Stefano et al. 2014). 

Recently, I found that FK866 in combination with NA significantly improved axonal and 

nuclear morphologies in in vitro models of HD and Aβ toxicity, and NMN consistently 

reverted this protection (Chapter 2), suggesting similarities between axon pathology in injury 

and that in HD and Aβ toxicity. Here I asked whether FK866 neuroprotective effects could 

extend beyond the in vitro models and also modulate behavioural symptoms in HdhQ140 and 

APPswe/PS1dE9 in vivo models of HD and AD respectively, and I compared that to the 

reported neuroprotective effects of the NMDARs antagonist memantine. 

HdhQ140 is a knock-in mouse model of HD created by Scott Zeitlin’s group by inserting a 

chimeric mouse/human exon 1 containing 140 CAG repeats into the murine HTT gene under 

the control of their endogenous PrP promoter (Menalled et al. 2003). HdhQ140 mice display 

striatal atrophy by 12 months of age, extensive loss of spines and reduction in dendrites 

complexity by 20-26 months of age (Lerner et al. 2012), and loss of striatal neurons at 2 years 

(Hickey et al. 2008). In addition, these mice show behavioural anomalies in a wide range of 

motor (climbing, vertical pole, rotarod, and running wheel performance) and non-motor 

functions (fear conditioning and anxiety), starting early at 1-4 months of age, followed by 
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progressive gliosis and decrease in dopamine and cyclic AMP-regulated phosphoprotein at 12 

months of age (Hickey et al. 2008). 

APPswe/PS1dE9 is a double transgenic mouse model of AD created by David Borchelt’s 

group by overexpressing chimeric mouse/human APP gene with the ”Swedish” double 

mutation together with PS1 gene deleted at exon 9, both under the control of their 

endogenous PrP promoter (Jankowsky et al. 2001). These double mutations cause age-related 

increase in soluble and insoluble Aβ40 and its amyloidogenic variant Aβ42 (Marutle et al. 

2002; Wang et al. 2003), with cognitive impiarment during the reversal phase of left-right 

discrimination learning, passive avoidance learning, and nest building (Filali et al. 2011), as 

well as the Morris water maze (Liu et al. 2002). Aβ plaques deposition had been observed in 

these mice as early as 4-6 months of age, with a progressive increase in plaques number up to 

12 months, and a similar increase in Aβ levels (Jankowsky et al. 2001). 

 

3.2 Aims of The Study 

This study aims to test the hypothesis that FK866 neuroprotective properties in in vitro 

models of HD and AD could extend beyond that and also modulate behavioural symptoms in 

HdhQ140 and APPswe/PS1dE9 in vivo models of these neurodegenerative disease, and to 

compare this to the reported neuroprotective effects of memantine. 

 

3.3 Materials and Methods 

Mouse origins and breeding. HdhQ140 and APPswe/PS1dE9 (Menalled LB et al. 2003; 

Jankowsky JL et al. 2001) and their controls were crossed with Thy1.2 yellow fluorescent 

protein (YFP)-H (Feng et al. 2000) to produce HdhQ140/YFP-H, APPswe/PS1dE9/YFP-H and 

their YFP+ controls. This crossing made it possible labelling multiple neuronal subsets in 

vivo and also allows imaging of neuronal structures including axons (Beirowski et al. 2004; 

Coleman et al. 2005; Enright et al. 2007), and detection of axonal dystrophy (Bridge et al. 

2009; Adalbert et al. 2009). All mice were obtained from The Jackson’s laboratories (USA) 

and kept at The Bio Support Unit at The University of Nottingham. All breeding and 

procedures were performed as authorized under The Animals Scientific Procedures Act 1986 

under project licence 40/3601. 
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Genotyping. Ear biopsies of 10-day old mice were collected under isoflurane anaesthesia. 

DNA was extracted from biopsies and genotyping was performed by RT-PCR using the 

following forward (for) and reverse (rev) primers according to The Jackson’s laboratories 

protocols: 

 

HdhQ140 

For1:   5’-CATTCATTGCCTTGCTGCTAAG-3’ 

Rev1:   5’-CTGAAACGACTTGAGCGACTC-3’ 

For2:   5’-GATCGGCCATTGAACAAGATG-3’ 

Rev2:   5’-AGAGCAGCCGATTGTCTGTTG-3’ 

 

APPswe/PS1dE9  

For1 (APPswe):   5’-GACTGACCACTCGACC AGGTTCTG-3’ 

Rev1 (APPswe):   5’-CTTGTAAGTTGGATTCTCATATCC-3’ 

For2 (PS1dE9):   5’-AATAGAG AACGGCAGGAGCA-3’ 

Rev2 (PS1dE9):   5’-GCCATGAGGGCACTAATCAT-3’ 

 

For YFP-H genotyping, primers used were as follows: 

For:   5’-CGAACTCCAGCAGGACCATGTGA-3’ 

Rev:   5’-CTTCTTCAAGGACGACGGCAACT-3’ 

 

Treatments groups. Experiments were started at 5 months and 2 weeks age. Mice from each 

genotype (HdhQ140/YFP-H, APPswe/PS1dE9/YFP-H and their YFP+ controls) were divided 

into 3 treatment groups (vehicle, FK866/NA, and memantine all injected), including both 

males and females (n=5-6 mice/genotype, treatment and gender conditions). From day 1 – 
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day 7, I performed a baseline set of behavioural assays including rotarod and spontaneous 

alternation tests. From day 8 – day 21, I injected the mice once/day at 9.00 am with vehicle, 

or FK866 (15 mg/kg/day i.p.) or memantine (20 mg/kg/day i.p.). NA was co-administered 

with FK866 in drinking water (50 mg/kg/day p.o.). From day 22 – day 28, I performed a 

more detailed set of behavioural assays (I continued drug treatments during this week), 

including sensorimotor (rotarod, open field, prepulse inhibition (PPI)), and learning and 

memory (elevated plus maze, spontaneous alternation). 

While dose of (15 mg/kg/day i.p.) FK866 for 14 days caused no significant difference in 

brain NAD level, dose of (15 mg/kg twice a day i.p.) FK866 for 14 days significantly 

lowered brain NAD level. So we agreed to use 15 mg/kg twice a day dose in my in vivo 

study. However, this dose caused significant weight reduction (> 20%) that necessitates 

humane killing and even sudden death in some of FK866-treated APPswe/PS1dE9/YFP-H 

mice. So we decided to lower FK866 dose to 15 mg/kg/day and that was the dose we used in 

our in vivo study. 

 

Behavioural assays. In order to evaluate the effect of drug treatments on motor and cognitive 

behavioural functions in HdhQ140/YFP-H knock-in mouse model of HD and 

APPswe/PS1dE9/YFP-H transgenic mouse model of AD, mice were subjected to a battery of 

validated behavioural assays that were adapted from previous studies. 

             

 

Rotarod. Mice were placed on a rotating rod of a Rotarod apparatus (Letica Scientific 

Instruments), facing the direction of movement. The latency to fall was recorded over a 

period of 10 min during which speed was set to increase from 5 to 35 RPM, as a measure of 

motor coordination with natural fear of falling response. Before drug treatment, the test was 

carried out over 3 consecutive days (day 1 – day 3). For each day, three trials were performed 
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with a 1 - 2 hours inter-trial interval, and each trial was repeated twice with a 5 min interval. 

After drug treatment, the test was carried out over 1 day. Again, for that day, three trials were 

performed with a 1 - 2 hours inter-trial time and each trial was repeated twice with a 5 min 

interval. 

 

Spontaneous alternation. A Y-shaped maze comprised of three transparent Plexiglas® arms 

at a 120° angle from each other was used for this test. The start point was located in the 

center of the maze and the animal was allowed to freely explore the three arms over 5 min. 

Alternations rate of arm choice and total number of arm entries were measured as parameters 

of spatial working memory and locomotor activity, respectively. This test was conducted 

after the Rotarod once before drug treatment and again after drug treatment. 

 

Open-field. Following the spontaneous alternation, mice were placed in the open-field arena 

(30 cm x 35 cm x 30 cm) and allowed to move freely for 30 min. Their behaviour was 

recorded using Ethovision Software (Noldus, Wageningen, Netherlands). The total distance 

moved and the percentage of time spent in the center of the arena was considered as index of 

locomotor activity and anxiety-related behaviour, respectively. 

 

Prepulse inhibition (PPI). Following the open field, mice were placed into a Plexiglas 

cylinder inside a chamber (SR-LAB San Diego Instruments, USA), equipped with fan and 

light that prevents external noise or vibrations from interfering with the experiment. A 

speaker was producing acoustic stimuli and mouse movements were detected and recorded as 

measure of sensory gating. The test session was adapted from Brody et al. 2003 and consisted 

of 72 trials of different trial types: 40 ms-long of 120 dB stimuli (pulse alone trial); 20 ms-

long of either 68, 72, 80 or 90 dB stimuli preceding the 120 dB (prepulse + pulse trial) and 65 

dB background white noise (no stimulus trial).  Trial types were presented in an irregular, 

counter-balanced order with around 15 sec inter-trial time and proceeded by 5 min 

acclimation period during which the background noise was presented alone. Startle 

magnitude was calculated as: the average response to the pulse alone trials and % of PPI was 

calculated as: [1 − (startle response to prepulse + pulse) ÷ (startle response to pulse alone)] × 

100. 
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Elevated plus maze. On the last day of the behavioural assays, animals were placed in a 

plus-shaped apparatus with two open and two enclosed arms constructed from white opaque 

acrylic, each with an open roof and elevated around 80 cm from the floor. Mice were placed 

at the junction of the four arms of the maze and allowed to explore freely over 5 min. Their 

behaviour was recorded with Ethovision. The preference for being in open arms over closed 

arms (expressed as either as a percentage of entries and/or a percentage of time spent in the 

open arms) was calculated as measure of anxiety-like behaviour. This test relies upon 

rodents’ tendency toward dark, enclosed spaces and an unconditioned fear of heights/open 

spaces. 

 

Statistical analysis. Data were presented as mean ± SEM. Two- or Three-way ANOVA was 

used for statistical analysis followed by Bonferroni post-hoc test. Group comparison was 

considered statistically significant when p-value was < 0.05. Weight was considered as a 

covariate in rotarod and PPI, where it was shown to affect performance. 

 

3.4 Results 

Motor functions were impaired both in HdhQ140/YFP-H mice and in 

APPswe/PS1dE9/YFP-H mice, while learning, memory and locomotor activity remained 

intact 

Before investigating whether FK866/NA combination could modulate behavioural symptoms 

in in vivo models of HD and AD, I subjected HdhQ140/YFP-H and APPswe/PS1dE9/YFP-H 

mice to a set of behavioural assays to check whether baseline performance was affected in 

these mice and compared it to their YFP+ controls. I used rotarod test to assess motor 

balance, learning and coordination, and spontaneous alternation test to assess cognitive 

functions and locomotor activity. I found that rotarod learning curve was significantly (p < 

0.01) impaired in HdhQ140/YFP-H model of HD and also in APPswe/PS1dE9/YFP-H model 

of AD in comparison to their YFP+ controls (Figure 18A - C). A significant effect of 

genotype on motor functions was particularly clear at day 3 of the rotarod learning curve 

when latency to fall was significantly (p < 0.001) reduced in both HdhQ140/YFP-H and 

APPswe/PS1dE9/YFP-H mice in comparison to their YFP+ controls (Figure 18A - C). 
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Pre-Treatment Rotarod Performance Analysis Summary	
 F-value p-value 

Weight (gm) 107.02 < 0.001 
Genotype 44.34 < 0.001 

Sex 2.58 0.109 
Genotype:Sex 6.59 0.001 

 

 

Figure 18: Rotarod performance was impaired in HdhQ140/YFP-H model of HD and in 

APPswe/PS1dE9/YFP-H model of AD in comparison to their YFP+ controls. Latency to fall (min) was 

measured in three trials per day over three days of testing. A significant effect of genotype on motor functions 

was particularly clear at day 3 of the rotarod learning curve when latency to fall was significantly (p < 0.001) 

reduced in both HdhQ140/YFP-H and APPswe/PS1dE9/YFP-H mice (A), males (B), and females (C) in 

comparison to their YFP+ controls (n=5-6 mice/genotype, treatment and gender conditions, mean ± SEM, two-

way ANOVA followed by Bonferroni post-hoc test, ***, p < 0.001, **, p < 0.01). 

 

There was no significant difference (p > 0.05) in the total number of arm entries (Figure 19A 

- C), and in the percentage of alternations (Figure 19D - F) as measure by spontaneous 
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alternation test in both HdhQ140/YFP-H and APPswe/PS1dE9/YFP-H mice in comparison to 

their YFP+ controls, and neither genotype nor gender effects were found, suggesting no 

deficits in both spatial working memory and locomotor activity. 

 

Pre-Treatment Spontaneous Alternation Analysis Summary “Number of Arm Entries”	
 F-value p-value 

Genotype 4.65 0.012 
Sex 1.80 0.184 

Genotype:Sex 0.55 0.578 
 

Pre-Treatment Spontaneous Alternation Analysis Summary “% of Alternations”	
 F-value p-value 

Genotype 2.10 0.129 
Sex 0.07 0.790 

Genotype:Sex 2.44 0.094 
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Figure 19: Spatial working memory and locomotor activity was not impaired both in HdhQ140/YFP-H 

model of HD and in APPswe/PS1dE9/YFP-H model of AD. Mice were allowed to freely explore the 

spontaneous alternation maze over a period of 5 min and the number of arm entries and the percentage of 

alternations were measured. The spontaneous alternation rate was calculated as the ratio of alternations 

performed, out of the maximum number of possible alternations, by the total number of arm entries minus one. 

There was no significant difference (p > 0.05) in the total number of arm entries and also in the percentage of 

alternations in both HdhQ140/YFP-H and APPswe/PS1dE9/YFP-H mice (A, and D), males (B, and E) and 

females (C, and F), suggesting no deficits in both spatial working memory and locomotor activity (n=5-6 

mice/genotype, treatment and gender conditions, mean ± SEM, two-way ANOVA followed by Bonferroni post-

hoc test). 

 

FK866/NA and memantine restored the locomotor abnormalities of 

APPswe/PS1dE9/YFP-H mice and HdhQ140/YFP-H mice respectively 

HdhQ140/YFP-H and APPswe/PS1dE9/YFP-H mice received drug treatment for 2 weeks, and 

then subjected to a detailed set of behavioural assays, including tests for sensorimotor, 

learning, and memory functions. I continued drug treatment while doing the behavioural 

assays. 
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There was no significant difference (p > 0.05) in motor balance, learning and coordination as 

measured by rotarod test (Figure 20A - I), and also in spatial working memory as measured 

by spontaneous alternation test (Figure 21A - C) in HD and AD mice and their YFP+ controls 

treated/untreated with FK866/NA and memantine. In addition, there was no significant effect 

of treatments (p > 0.05) neither on the relative distance moved in the center of the open field 

arena (Figure 22A - C), nor on the percentage of time spent in the elevated plus maze open 

arms (Figure 22D - F), both used as an index of anxiety-like behaviour, in all mice groups. 

 

Post-Treatment Rotarod Performance Analysis Summary	
 F-value p-value 

Weight (gm) 35.49 < 0.001 
Genotype 3.97 0.020 

Sex 4.00 0.046 
Treatment 1.41 0.247 

Genotype:Sex 5.68 0.004 
Genotype:Treatment 0.97 0.422 

Sex:Treatment 0.43 0.651 
Genotype:Sex:Treatment 1.28 0.277 
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Figure 20: Post-treatment rotarod performance did not change both in HdhQ140/YFP-H model of HD 

and in APPswe/PS1dE9/YFP-H model of AD. Latency to fall (min) was measured in three trials per day over 

one day of testing. There was no significant difference (p > 0.05) in motor balance, learning and coordination as 

measured by rotarod test (A – I) in HdhQ140/YFP-H mice, APPswe/PS1dE9/YFP-H mice, and their YFP+ 

controls treated/untreated with FK866/NA and memantine (n=5-6 mice/genotype, treatment and gender 

conditions, mean ± SEM, two-way ANOVA followed by Bonferroni post-hoc test). 
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Post-Treatment Spontaneous Alternation Analysis Summary “% of Alternations”	
 F-value p-value 

Genotype 4.45 0.015 
Sex 12.90 < 0.001 

Treatment 6.66 0.002 
Genotype:Sex 0.02 0.983 

Genotype:Treatment 0.27 0.897 
Sex:Treatment 0.76 0.472 

Genotype:Sex:Treatment 1.13 0.352 
       

                                       

 

Figure 21: Post-treatment spatial working memory was preserved both in HdhQ140/YFP-H model of HD 

and in APPswe/PS1dE9/YFP-H model of AD. Mice were allowed to freely explore the Y-shaped maze over a 

period of 5 min and the percentage of alternations was measured as the ratio of alternations performed, out of 

the maximum number of alternations possible, by the total number of arm entries minus one. There was no 

significant difference (p > 0.05) in spatial working memory as measured by spontaneous alternation test in both 

HdhQ140/YFP-H and APPswe/PS1dE9/YFP-H mice (A), males (B) and females (C), and their YFP+ controls 

treated/untreated with FK866/NA and memantine (n=5-6 mice/genotype, treatment and gender conditions, mean 

± SEM, two-way ANOVA followed by Bonferroni post-hoc test). 
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Post-Treatment Open Field Analysis Summary “% Time in Arena Centre”	
 F-value p-value 

Genotype 0.55 0.581 
Sex 5.28 0.025 

Treatment 2.63 0.079 
Genotype:Sex 3.87 0.025 

Genotype:Treatment 0.79 0.533 
Sex:Treatment 1.80 0.172 

Genotype:Sex:Treatment 0.67 0.615 
 

Post-Treatment Elevated Plus Maze Analysis Summary “% Time in Open Arms” 

 F-value p-value 
Genotype 1.48 0.234 

Sex 0.02 0.884 
Treatment 2.22 0.115 

Genotype:Sex 0.79 0.459 
Genotype:Treatment 0.71 0.588 

Sex:Treatment 0.71 0.495 
Genotype:Sex:Treatment 1.18 0.327 
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Figure 22: Post-treatment anxiety-like behaviour did not change both in HdhQ140/YFP-H model of HD 

and in APPswe/PS1dE9/YFP-H model of AD. Mice were placed in the open-field arena and allowed to move 

freely for 30 min., and the percentage of time spent in the center of the arena was considered as index of 

anxiety-related behaviour. In the next day, mice were placed in a plus-shaped apparatus with two open and two 

enclosed arms and allowed to explore freely over 5 min., and the preference of time spent in the open arms was 

measured as index of anxiety-like behaviour. There was no significant difference (p > 0.05) neither on the 

percentage of time spent in the center of the open field arena (A - C), nor on the percentage of time spent in the 

elevated plus maze open arms (D - F), both used as an index of anxiety-like behaviour, in all mice groups 

treated/untreated with FK866/NA and memantine (n=5-6 mice/genotype, treatment and gender conditions, mean 

± SEM, two-way ANOVA followed by Bonferroni post-hoc test). 

 

Effect of drug treatment on the locomotor activity of HdhQ140/YFP-H mice, 

APPswe/PS1dE9/YFP-H mice, and their YFP+ controls was measured using different 

behavioural assays. I used total number of arm entries as measured by spontaneous 

alternation test and elevated plus maze test in addition to total distance moved in the open 

field arena as measured by open field test as an index of locomotor activity in these mice. 

I found that FK866/NA significantly (p < 0.001) reduced APPswe/PS1dE9/YFP-H mice 

hyperactivity to levels similar to those of their YFP+ vehicle-treated controls (Figure 23A - 

I). In addition, I found that memantine significantly (p < 0.05) restored the reduction in the 
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locomotor activity of HdhQ140/YFP-H mice to levels similar to those of their YFP+ vehicle-

treated controls (Figure 23A - F). 

 

Post-Treatment Spontaneous Alternation Analysis Summary “Number of Arm Entries”	
 F-value p-value 

Genotype 24.79 < 0.001 
Sex 16.39 < 0.001 

Treatment 18.03 < 0.001 
Genotype:Sex 0.49 0.613 

Genotype:Treatment 3.73 0.008 
Sex:Treatment 0.90 0.411 

Genotype:Sex:Treatment 2.80 0.032 
 

Post-Treatment Open Field Analysis Summary “Distance in Arena”	
 F-value p-value 

Genotype 24.83 < 0.001 
Sex 0.47 0.497 

Treatment 16.92 < 0.001 
Genotype:Sex 0.34 0.710 

Genotype:Treatment 5.43 < 0.001 
Sex:Treatment 1.21 0.304 

Genotype:Sex:Treatment 24.83 0.020 
 

Post-Treatment Elevated Plus Maze Analysis Summary “Entry Frequency in All Arms”	
 F-value p-value 

Genotype 15.31 < 0.001 
Sex 1.58 0.213 

Treatment 2.94 0.059 
Genotype:Sex 0.47 0.629 

Genotype:Treatment 5.60 < 0.001 
Sex:Treatment 2.74 0.072 

Genotype:Sex:Treatment 0.74 0.566 
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Figure 23: FK866/NA and memantine improved the locomotor activity of APPswe/PS1dE9/YFP-H mice 

and HdhQ140/YFP-H mice respectively. Effect of drug treatment on locomotor activity of HdhQ140/YFP-H 

mice, APPswe/PS1dE9/YFP-H mice, and their YFP+ controls was measured using different behavioural assays. I 

used total number of arm entries as measured by spontaneous alternation test and elevated plus maze test in 

addition to total distance moved in the open field arena as an index of locomotor activity in these mice. I found 

that FK866/NA significantly (p < 0.001) reduced APPswe/PS1dE9/YFP-H vehicle-treated mice hyperactivity to 

levels similar to those of their YFP+ vehicle-treated controls (A - I). In addition, I found that memantine 

significantly (p < 0.05) restored the reduction in the locomotor activity of HdhQ140/YFP-H vehicle-treated 

mice to levels similar to those of their YFP+ vehicle-treated controls (A - F) (n=5-6 mice/genotype, treatment 

and gender conditions, mean ± SEM, two-way ANOVA followed by Bonferroni post-hoc test, ***, p < 0.001, 

**, p < 0.01, *, p < 0.05). 

 

Memantine and FK866/NA improved the sensorimotor gating abnormalities of 

APPswe/PS1dE9/YFP-H mice 

Several studies reported impairment in sensorimotor gating (Davis, 1980) in many psychiatric 

disorders and also in HD and AD, both in patients and in mouse models of these 

neurodegenerative diseases, where disruption of corticostriatal circuits and limbic system 

occur (Swerdlow et al. 1995; Carter et al. 1999; Pillay et al. 2008; Wang et al. 2012). I used 

PPI test to assess sensorimotor processes in HdhQ140/YFP-H, APPswe/PS1dE9/YFP-H mice 

and their YFP+ controls, and also to investigate if FK866/NA and memantine could modulate 
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any impairment in PPI% or peak startle amplitude/latency of these mice as an index of 

sensorimotor gating abnormality. While there was no impairment (p > 0.05) of PPI 

parameters in HdhQ140/YFP-H mice treated/untreated with FK866/NA and memantine 

(Figure 24A, H - J, and K - P), PPI% at 80 and 90 dB were significantly (p < 0.05) reduced in 

APPswe/PS1dE9/YFP-H vehicle-treated mice in comparison to their YFP+ vehicle-treated 

controls (Figure 24A), with a significant gender effect. In addition, I found that peak startle 

amplitude was significantly (p < 0.05) lower in the AD vehicle-treated mice compared to the 

control vehicle-treated mice (Figure 24K - M), suggesting impairment in sensorimotor gating 

of these transgenic mice. Peak startle latency however was comparable (p > 0.05) between 

APPswe/PS1dE9/YFP-H vehicle-treated mice and their YFP+ vehicle-treated controls 

(Figure 24N - P). Our drug treatment results showed that memantine significantly (p < 0.05) 

improved the sensorimotor gating abnormalities of APPswe/PS1dE9/YFP-H vehicle-treated 

mice to levels similar to those of their YFP+ vehicle-treated controls (Figure 24E, F, and K - 

M). FK866/NA had a similar effect, although it was not that significant (p > 0.05) (Figure 

24E, F, and K - M). 

 

Post-Treatment PPI Analysis Summary “PPI%”	
 F-value p-value 

Weight (gm) 0.27 0.606 
Genotype 15.86 < 0.001 
Prepulse 7.73 < 0.001 

Sex 6.34 0.012 
Treatment 0.95 0.388 

Genotype:Prepulse 0.49 0.819 
Genotype:Sex 2.39 0.094 

Genotype:Treatment 5.51 < 0.001 
Prepulse:Sex 0.17 0.914 

Prepulse:Treatment 0.42 0.865 
Sex:Treatment 0.52 0.593 

Genotype:Prepulse:Sex 0.07 0.999 
Genotype:Prepulse:Treatment 0.50 0.911 

Genotype:Sex:Treatment 0.59 0.667 
 

Post-Treatment PPI Analysis Summary “Startle Amplitude”	
 F-value p-value 

Weight (gm) 0.87 0.354 
Genotype 0.84 0.435 

Sex 1.26 0.265 
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Treatment 1.48 0.234 
Genotype:Sex 0.58 0.561 

Genotype:Treatment 3.07 0.022 
Sex:Treatment 1.16 0.321 

Genotype:Sex:Treatment 1.31 0.276 
 

Post-Treatment PPI Analysis Summary “Startle Latency”	
 F-value p-value 

Weight (gm) 0.14 0.713 
Genotype 1.03 0.363 

Sex 0.19 0.664 
Treatment 0.04 0.964 

Genotype:Sex 0.23 0.794 
Genotype:Treatment 1.70 0.160 

Sex:Treatment 0.11 0.896 
Genotype:Sex:Treatment 1.10 0.365 
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Figure 24: Memantine and FK866/NA improved the sensorimotor gating abnormalities of 

APPswe/PS1dE9/YFP-H mice. Drug treatment did not alter PPI parameters in HdhQ140/YFP-H mice. 

Mice were placed into a Plexiglas cylinder inside a chamber, a speaker was producing acoustic stimuli, and PPI 

parameters were detected and recorded as measure of sensory gating. While there was no change (p > 0.05) in 

PPI parameters of HdhQ140/YFP-H treated/untreated mice (A, H - J, and K - P), PPI% at 80 and 90 dB were 

significantly (p < 0.05) reduced in APPswe/PS1dE9/YFP-H vehicle-treated mice in comparison to their YFP+ 

vehicle-treated controls (A). In addition, peak startle amplitude was significantly (p < 0.05) lower in 

APPswe/PS1dE9/YFP-H vehicle-treated mice in comparison to their YFP+ vehicle-treated controls (K - M), 

suggesting impairment in sensorimotor gating of these transgenic mice. Peak startle latency however was 

comparable between APPswe/PS1dE9/YFP-H vehicle-treated mice and their YFP+ vehicle-treated controls (N - 

P). Our drug treatment results showed that memantine significantly (p < 0.05) improved sensorimotor gating 

abnormalities of APPswe/PS1dE9/YFP-H mice to levels similar to those of their YFP+ vehicle-treated controls, 

with a significant gender effect. (E, F, and K - M). (n=5-6 mice/genotype, treatment and gender conditions, 

mean ± SEM, two-way ANOVA followed by Bonferroni post-hoc test, *, p < 0.05).  

 

3.5 Discussion 

The majority of the treatments for neurodegenerative diseases, including HD and AD focused 

only on cellular compartment and with limited or no success, while axonal compartment had 

been neglected and left untreated despite its importance. This could be due to the lack of 

information about the pathogenesis of axon degeneration, and therefore the lack of specific 

molecular targets. Our results show that the NAMPT inhibitor FK866 (in combination with 

NA) and the NMDARs antagonist memantine significantly restored the locomotor 

abnormalities of APPswe/PS1dE9/YFP-H mice and HdhQ140/YFP-H mice respectively to 

levels similar to those of their YFP+ vehicle-treated controls, with no effect on motor 

balance, learning and coordination, spatial working memory, and anxiety-like behaviour. In 

addition, I found that memantine improved the sensorimotor gating abnormalities of 

APPswe/PS1dE9/YFP-H mice to levels similar to those of their YFP+ vehicle-treated 

controls. 

Before characterizing the effect of drug treatment on HD and AD in vivo models, I subjected 

our mice to a baseline set of behavioural assays to check their general activity and compare it 

to their YFP+ controls. I found that motor balance, learning and coordination was 

significantly impaired in HdhQ140/YFP-H model of HD in comparison to their YFP+ 

controls, and the effect was particularly clear at day 3 of the rotarod learning curve. This 

could be explained by increased apathy and lack of motivation in these mice that are in line 
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with findings in human HD patients (Paulsen et al. 2011; Rosas et al. 2008). Motor functions 

were significantly impaired also in APPswe/PS1dE9/YFP-H model of AD in comparison to 

their YFP+ controls, and again the effect was particularly clear at day 3 of the rotarod 

learning curve. This could be explained by the well-documented hyperactivity of 

APPswe/PS1dE9/YFP-H mice (Hooijmans et al. 2004; Cheng et al. 2013), and was also 

noticed by the tendency of these mice to quickly jump off the rod. Regarding the spatial 

working memory and locomotor activity, I found no significant difference in the total number 

of arm entries, and also in the percentage of alternations in all mice, and neither genotype nor 

gender effects were found. 

Immediately after baseline behavioural assays, I injected HdhQ140/YFP-H and 

APPswe/PS1dE9/YFP-H mice with vehicle, or FK866 in combination with NA, or 

memantine for 2 weeks, and then I performed a more detailed set of behavioural assays 

including sensorimotor, learning and memory assays. I continued drug treatment while doing 

these detailed behavioural assays to exclude the possibility that these drugs may be washed 

out and affect on the reliability of the results. However, I have to bear in my mind the 

limitations of doing the behavioural assays while the mice are still receiving drug treatment. 

These drugs may act on a target other than the axon, and so may consequently modulate the 

behavioural phenotype of these mice. 

Locomotor abnormalities were the main behavioural disturbances detected in HD and AD 

mice whose age post-treatment were 6 months. In line with previous findings (Hooijmans et 

al. 2004; Cheng et al. 2013), APPswe/PS1dE9/YFP-H vehicle-treated mice showed 

significant increase in locomotor activity or hyperactivity in comparison to their YFP+ 

vehicle-treated controls. Other studies however reported no alteration in locomotion of 

APPswe/PS1dE9/YFP-H mice (Melnikova et al. 2006; Reiserer et al. 2007). In the other 

hand, HdhQ140/YFP-H vehicle-treated mice showed significant decrease in locomotor 

activity in comparison to their YFP+ vehicle-treated controls that is consistent with the well-

documented reports of increased apathy and lack of motivation in human HD patients 

(Paulsen et al. 2011; Rosas et al. 2008). Drug treatment results showed that FK866/NA and 

memantine significantly restored the impairment in locomotor activity of AD and HD mice 

respectively to levels similar to those of their YFP+ vehicle-treated controls. This interesting 

finding was consistent in the three behavioural assays used for the assessment of locomotor 

activity in these mice. 
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Sensorimotor gating abnormalities were also detected in APPswe/PS1dE9/YFP-H vehicle-

treated mice in comparison to their YFP+ vehicle-treated controls, especially in 

APPswe/PS1dE9/YFP-H male mice. This is consistent with several studies, which reported 

impairment in sensorimotor gating both in patients and in mouse models of AD, and can be 

directly correlated with Aβ burden (Jessen et al. 2001; Cancelli et al. 2006; Pillay et al. 2008; 

Wang et al. 2012). Reduced PPI% was found at 80 and 90 dB, together with alternation in 

peak startle amplitude, which was significantly lower in the AD mice compared to the control 

mice. Peak startle latency however was comparable between APPswe/PS1dE9/YFP-H mice 

and their YFP+ controls. Drug treatment results showed that memantine significantly 

improved the sensorimotor gating abnormalities of APPswe/PS1dE9/YFP-H vehicle-treated 

mice to levels similar to those of their YFP+ vehicle-treated controls. In the other hand, I 

found no impairment in PPI parameters of HdhQ140/YFP-H vehicle-treated mice in 

comparison to their YFP+ vehicle-treated controls at the time-points considered. 

Finally, cognitive function tests used in this in vivo study recorded no difference in motor 

balance, learning and coordination as measured by rotarod test, in spatial working memory as 

measured by spontaneous alternation test, and also in anxiety-like behaviour as measured by 

open field test and elevated plus maze test in all mice groups treated/untreated with 

FK866/NA and memantine.  

It is very important to emphasize that some of the reported behavioural manifestations in 

APPswe/PS1dE9/YFP-H mice were inconsistent across different laboratories. This could be 

due to the characteristics of the particular APPswe/PS1dE9/YFP-H mouse model tested, i.e. 

number of backcrosses onto C57BL/6J background, sex of the test animals, and methodology 

used to analyze the behavioural assay, for example test duration and the level of stress caused 

by test apparatus. 

While memantine had not been tested before in HdhQ140/YFP-H knock-in mouse model of 

HD, many studies had characterized the effect of this NMDARs antagonist in 

APPswe/PS1dE9/YFP-H transgenic mouse model of AD. Minkeviciene et al. 2004 found that 

30 mg/kg/day p.o. memantine for 2-3 weeks significantly improved the acquisition of Morris 

water maze in APPswe/PS1dE9/YFP-H mice without affecting swimming speed, locomotor 

activity or aggressive behaviour. Another study by Filali et al. 2011 found that 10 mg/kg/day 

i.p. memantine for 3 weeks was better than placebo during the reversal phase of left-right 

discrimination, though equivalent to saline for Morris water maze and passive avoidance 
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learning in APPswe/PS1dE9/YFP-H mice with no effect on non-learned behaviours in 

elevated plus-maze exploration and nest building. 

In conclusion, our in vivo study found that locomotor impairment is the major behavioural 

abnormality detected in 6 months old APPswe/PS1dE9/YFP-H mice and HdhQ140/YFP-H 

mice, and FK866/NA and memantine respectively restored this impairment to levels similar 

to those of their YFP+ vehicle-treated controls. Sensorimotor impairment is another 

behavioural abnormality detected in 6 months old APPswe/PS1dE9/YFP-H mice, and it is 

corrected with memantine. Cognitive function assays used in this study revealed no 

abnormality in all mice groups treated/untreated with FK866/NA and  memantine at the time-

point considered. 
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Chapter 4: 

FK866 ameliorated axonal swelling and dystrophy 

abnormalities in in vivo models of Huntington’s disease 
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4.1 Introduction 

Inhibiting the synthesis of the NAD precursor NMN with the NMN-synthesizing enzyme 

NAMPT inhibitor FK866 (Hasmann and Schemainda, 2003) (Figure 9), strongly protects 

axons in vitro, ex-vivo and in vivo after acute injury (Di Stefano et al. 2014). FK866 in 

combination with NA also significantly improved axonal morphology in in vitro models of 

HD and Aβ toxicity, an effect that is consistently reverted with NMN (chapter 2). In addition, 

FK866/NA restored some of the behavioural abnormalities in in vivo models of HD and AD 

(chapter 3). Here I wanted to analyse whether FK866-mediated behavioural improvement is 

accompanied by a beneficial effects on a number of neuropathological hallmarks of 

HdhQ140/YFP-H in vivo model of HD and APPswe/PS1dE9/YFP-H in vivo model of AD, and 

I compared it to the reported neuroprotective effects of the NMDARs antagonist memantine. 

Expression of YFP protein in these in vivo models makes it possible labelling multiple 

neuronal subsets in vivo and also allows imaging of neuronal structures including axons 

(Beirowski et al. 2004; Coleman et al. 2005; Enright et al. 2007), and detection of axonal 

dystrophy (Bridge et al. 2009; Adalbert et al. 2009). 

The YFP-H transgenic mice were first generated in 2000 by Feng and collaborators, together 

with other mice lines (25 lines) in which red (RFP), green (GFP), yellow (YFP), or cyan 

(CFP) fluorescent proteins (together termed XFPs) were selectively labelled neurons in their 

entirety, including axons, nerve terminals, dendrites, and dendritic spines under the control of 

the modified neuron-specific promoter Thy-1.2 (Feng et al. 2000). The generation of the XFP 

mice have several advantages over the classical techniques used for visualizing neurons and 

their compartments, like immunohistochemistry, electron microscopy, and Golgi staining. 

XFPs could label axons over centimetre-long distances and dendrites over millimetre-long 

distances, even when they are not fused to peptides that facilitate their transport (Feng et al. 

2000). In addition, expression of XFPs for up to 9 months had no detectable in vivo toxicity 

and also had no effect on synaptic structure (Feng et al. 2000). Another study however 

reported significant increase in axonal swelling in gracile tract, gracile nucleus and dorsal 

roots but not in lateral columns, olfactory bulb, motor cortex, ventral roots or peripheral 

nerve in YFP-H transgenic mice aged 8 months or over compared with their YFP- controls 

(Bridge et al. 2009). Thus, long-term expression of YFP protein may accelerates age-related 

axonal swelling in some axons and data reliant on the presence of YFP protein in these CNS 

regions in older animals needs to be interpreted carefully (Bridge et al. 2009). Another 

feature of the XFP transgenic mice is that XFP expression varies significantly among the 25 
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lines generated from the same construct, and it is most prominent in those neurons that are 

Thy1 positive (Feng et al. 2000). For example, Thy1 is present at high levels on all 

motoneurons and sensory neurons, and XFP fluorescent proteins are expressed by many or all 

such neurons in 21/25 lines. In the other hand, Thy1 is hardly detectable on cortical and 

cerebellar neurons, and XFP fluorescent proteins are expressed on a minority of these 

neurons in most lines (Feng et al 2000). A comprehensive mapping of labeled cell types 

throughout CNS in adult and postnatal (P0–P30) YFP-H transgenic mice has been provided 

(Porrero et al. 2010). The YFP transgene is selectively expressed in layers 5 and 6 neocortical 

pyramidal neurons in addition to large populations of hippocampal, subicular and amygdaloid 

projection neurons (Porrero et al. 2010). 

The YFP-H transgenic mice were extensively used to assess neurodegeneration both in CNS 

and PNS. Crossing this line with WldS transgenic mice have been used for quantitative and 

qualitative analysis of Wallerian degeneration in vivo (Beirowski et al. 2004), and also to 

study axonal and dendritic damage induced by ischemic damage (Zhang et al. 2005; Enright 

et al. 2007). In another study, YFP-H line was crossed with TgCRND8 transgenic mouse 

model of AD to trace dystrophic axons and dendrites back to their cell bodies and see if they 

are precursors of irreversible neuron damage (Adalbert et al. 2009). Adalbert and his 

colleagues found that almost all TgCRND8 axons retain continuity throughout the disease 

course even across highly dystrophic regions up to 6 months and most for up to 1 year, and 

the corresponding cell bodies were morphologically normal and metabolically active and 

remain capable of supporting their processes, raising the prospect of a therapeutic window for 

functional rescue of individual neurons after their axons become highly dystrophic (Adalbert 

et al. 2009). YFP-H line was also crossed with 5xFAD transgenic mouse model of AD in 

order to analyse the structural changes that occur in these AD mice longitudinally and link it 

to Aβ plaques (Crowe et al. 2013). Results revealed that simple dystrophies were transient in 

nature and not directly associated with Aβ plaques, while Rosette dystrophies were more 

complex structures and always surrounded an Aβ plaque (Crowe et al. 2013). In another 

study, YFP-H line was crossed with HdhQ140 knock-in mouse model of HD to investigate 

axon degeneration in this model, and to assess whether this occurs early in and contributes to 

the course of pathology (Marangoni et al. 2014). Axonal morphology in HdhQ140/YFP-H 

mice was strikingly abnormal is some brain areas where axonal swellings were detected at 6 

months and at 12 months of age in stria terminalis and striatum (Marangoni et al. 2014). In 
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the other hand, cell bodies, dendrites and synapses appeared normal suggesting that axonal 

pathology is the main feature of the disease in this model (Marangoni et al. 2014). 

In our study, I characterized axonal swellings and dystrophies in addition to nuclear and 

dendritic morphology in HdhQ140/YFP-H and APPswe/PS1dE9/YFP-H in vivo models of HD 

and AD respectively in comparison to their YFP+ controls, and examined whether 

FK866/NA treatment for 3 weeks could modulate any structural abnormality in these mice 

and compared it to the reported neuroprotective effects of memantine. 

 

4.2 Aims of The Study 

This study aims to test the hypothesis that FK866 neuroprotective properties in in vitro and in 

vivo models of HD and AD could extend beyond that and also modulate axonal damage in 

HdhQ140/YFP-H and APPswe/PS1dE9/YFP-H in vivo models of these neurodegenerative 

disease, and to compare this to the reported neuroprotective effects of memantine. 

 

4.3 Materials and Methods 

Tissue preparation and sectioning. After finishing the detailed behavioural assays, 

HdhQ140/YFP-H and APPswe/PS1dE9/YFP-H mice, together with their corresponding YFP+ 

controls, were perfused transcardially with 4% phosphate buffered PFA and their brains were 

dissected and processed. Brain samples were post-fixed by overnight immersion in the same 

fixative and then cryoprotected in 30% sucrose at 4°C for at least 48 h before processing. 

Each brain sample was cut into 2 halves, one stored in -80°C for future works and the other 

sectioned into 50 µm slices using a Leica CM1850 cryostat. 

 

Immunohistochemistry. After cryostat sectioning, slices were rehydrated for at least 40 min. 

in PBS, then mounted on slides (super frost slides™). For characterizing the co-localization 

of axonal and dendritic dystrophies and Aβ plaques in APPswe/PS1dE9/YFP-H mice, slices 

were blocked with 5% normal gout serum (Sigma-Aldrich™) in PBS (blocking buffer) at 

room temperature for 1 hour, incubated with 1:1000 monoclonal anti-β-amyloid primary 

antibody (produced in mouse) (Sigma-Aldrich™) at 4°C overnight, washed 3 times for 5 
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min. with PBS, incubated with 1:200 goat anti-mouse Alexa Fluor 568 secondary antibody 

(Invitrogen™) at room temperature for 1 hour, and then washed 3 times for 5 min. with PBS. 

For characterizing nuclear morphology, slices were incubated with 1:500 Hoechst stain 

(Invitrogen™) at room temperature for 10 min., and then washed 3 times for 5 min. with 

PBS. Lastly, few drops of Vectashield mounting media (Vector Laboratories) were added and 

slides were covered with coverslips. Negative controls in which slices were incubated with 

PBS and not with anti-β-amyloid antibody were used to test the specificity of this primary 

antibody. Images were acquired using the DMIRB fluorescent microscope or the Zeiss LSM 

710 confocal microscope at 1 Airy Unit (AU) with the following excitation/emission filters: 

DAPI/Hoechst: 405 nm/420 – 480 nm, YFP: 488 nm/505 – 550 nm, Alexa Fluor 568: 561 

nm/575 – 615 nm. 

 

Imaging and quantitative analysis. All quantitative analyses were performed using ImageJ. 

• For morphological characterization of YFP+ neurons, images were acquired with a 

10X air-objective and number of axonal swellings/dystrophies in cortex, striatum 

dorsal, striatum ventral, and stria terminalis (Figure 25) were quantified within 5 

sagittal sections/mouse (n = 5-6 mice/genotype, treatment and gender conditions). A 

cut-off of approximately 5 µm was used for swellings quantification. 

• For morphological characterization of nuclei, images were acquired with a 40X oil-

objective and nuclear area in cortex and amygdala were quantified within 4 sagittal 

sections/mouse (n = 5-6 mice/genotype, treatment and gender conditions).  

• For morphological characterization of dendrites, images were acquired with a 40X 

oil-objective and proximal and distal dendrites diameter and spines number in cortex 

were quantified within 4 sagittal sections/mouse (n = 5-6 mice/genotype, treatment 

and gender conditions).  
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Figure 25: Fluorescent microscopy image (2.5X) of sagittal brain section (50 µm) of 6-months old 

WT/YFP-H mouse. The red box indicates the brain area of cortex, the upper yellow box indicates the brain area 

of striatum dorsal, the lower yellow box indicates the brain area of striatum ventral, and the blue box indicates 

the brain area of stria terminalis. Scale bar, 100 µm. 

 

Statistical analysis. Data were presented as mean ± SEM. Two- or Three-way ANOVA was 

used for statistical analysis followed by Bonferroni post-hoc test. Group comparison was 

considered statistically significant when p-value was < 0.05. 

 

4.4 Results 

Axonal swellings in stria terminalis were an early feature of HdhQ140/YFP-H mice, 

while cortical dystrophies were a characteristic phenomenon of APPswe/PS1dE9/YFP-H 

mice 

Crossing HdhQ140 knock-in mouse model of HD and APPswe/PS1dE9 transgenic moue 

model of AD with YFP-H line allows tracing individual neurons running from cortical layer 

V toward striatum dorsal and striatum ventral passing through corpus callosum, and therefore 

enables visualization of neuronal structures in detail with no detectable in vivo toxicity 

(Adalbert et al. 2009; Marangoni et al. 2014). 
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At 6 months old and as recently reported (Marangoni et al. 2014), there was no significant 

difference (p > 0.05) in the number of axonal swellings in striatum dorsal (Figure 26A(a), 

26B(a - c)), striatum ventral (Figure 26A(b), 26B(d – f)), and cortex (Figure 26A(c), 26B(g – 

i)) in all mice, and neither genotype nor gender effects were found. However, a striking 

increase in swellings was detected in HdhQ140/YFP-H mice axons running through stria 

terminalis (Figure 27A(c), 27B(a – c)), a limbic forebrain structure located in the proximity 

of striatum and lateral ventricle. Quantification revealed a significant (p < 0.001) increase in 

axonal swellings number in stria terminalis of HD mice in comparison to their YFP+ controls 

(Figure 27B(a - c)). These findings are consistent with Marangoni et al. 2014 study, which 

reported a significant increase in the number of axonal swellings in stria terminalis of 6-

months old HdhQ140/YFP-H, and the effect was even greater at 12-months old (Marangoni 

et al. 2014). In the other hand, there was no significant difference (p > 0.05) in the number of 

axonal swellings in stria terminalis of APPswe/PS1dE9/YFP-H mice in comparison to their 

YFP+ controls (Figure 27B(a - c)). 

Consistent with previous reports (Jankowsky et al. 2004), quantification of the number of 

cortical dystrophies in APPswe/PS1dE9/YFP-H mice revealed a big increase in cortical 

dystrophies in these transgenic mice at 6-months old (Figure 28A(a)) in comparison to their 

YFP+ controls, which show morphologically intact cortical neurons and projections. In 

addition, I found that these dystrophies co-localized with the deposition of Aβ plaques 

(Figure 29(d)), and axons retain their continuity and remain morphologically normal even at 

the most severely dystrophic plagues (Figure 29(a-d)). Interestingly and consist with previous 

studies (Wang et al. 2003), APPswe/PS1dE9/YFP-H female mice developed higher cortical 

dystrophies number and bigger Aβ plaques deposits compared to APPswe/PS1dE9/YFP-H 

male mice of the same age. Quantification revealed a significant (p < 0.001) gender 

difference in the number of cortical dystrophies in 6-months old APPswe/PS1dE9/YFP-H 

mice (Figure 28B). Number of cortical dystrophies was significantly (p < 0.001) higher in 

APPswe/PS1dE9/YFP-H female mice than in APPswe/PS1dE9/YFP-H male mice (Figure 28B).  
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Figure 26: Corticostriatal neurons show no change in axonal swellings both in HdhQ140/YFP-H model of 

HD and in APPswe/PS1dE9/YFP-H model of AD at 6-months old. (A) Fluorescent microscopy images (10X) 

of sagittal brain sections (50 µm) of 6-months old WT/YFP-H mouse show axonal swellings in striatum dorsal 

(white arrows, a), striatum ventral (white arrows, b), and cortex (white arrows, c, yellow arrows represent the 

dendrites, while red arrows represent the axons). (B) Quantification of axonal swellings shows no significant 

difference (p > 0.05) in their number in striatum dorsal (a - c), striatum ventral (d - f), and cortex (g - i) in all 

mice treated/untreated with FK866/NA and memantine, and neither genotype nor gender effects were found. 

Interestingly, number of axonal swellings was significantly higher in striatum than that in cortex in all mice 

groups (n=5-6 mice/genotype, treatment and gender conditions, mean ± SEM, two-way ANOVA followed by 

Bonferroni post-hoc test). Green = YFP, St. Do. = Striatum Dorsal, St. Ve. = Striatum Ventral, Cx. = Cortex. 

Scale bar, 50 µm. 
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Figure 27: Axonal swellings in stria terminalis of HdhQ140/YFP-H mice are ameliorated with FK866/NA 

and memantine. (A) Fluorescent microscopy images (10X) of sagittal brain sections (50 µm) of 6-months old 

WT/YFP-H (a), APPswe/PS1dE9 /YFP-H (b), and HdhQ140/YFP-H (c) mice, show swellings in axons running 

through stria terminalis (white arrows, a, b, and c). (B) Morphological characterization of axons running through 

stria terminalis show a significant increase (p < 0.001) in the number of axonal swellings in stria terminalis of 

HdhQ140/YFP-H mice (a - c) in comparison to their YFP+ controls. Interestingly, both FK866/NA and 

memantine significantly (p < 0.001) reduced the number of these swellings in this area, and the reduction was 
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consistent in both males and females (a - c). In the other hand, there was no significant difference (p > 0.05) in 

the number of axonal swellings in stria terminalis of APPswe/PS1dE9/YFP-H mice (a - c) in comparison to their 

YFP+ controls. (n=5-6 mice/genotype, treatment and gender conditions, mean ± SEM, two-way ANOVA 

followed by Bonferroni post-hoc test, ***, p < 0.001). Green = YFP, St. Ter. = Stria Terminalis. Scale bar, 50 

µm. 

 

 

Figure 28: Cortical dystrophies in APPswe/PS1dE9/YFP-H mice are decreased with FK866/NA and 

memantine. (A) Confocal microscopy images (10X) of sagittal brain sections (50 µm) of 6-months old 

APPswe/PS1dE9/YFP-H mouse (a) show cortical neurons with severe, proximal axonal dystrophies (white 

arrows, a). Enlarged images (40X, left) show axons retain their continuity and remain morphologically normal 

around the dystrophies (white arrows, b and d). Nuclei (stained with blue Hoechst dye) also retain normal size, 

location, and morphology (white arrows, c and e). (B) Number of cortical dystrophies was significantly (p < 

0.001) higher in APPswe/PS1dE9/YFP-H vehicle-treated female mice than in APPswe/PS1dE9/YFP-H vehicle-

treated male mice. Interestingly, both FK866/NA and memantine significantly (p < 0.001) reduced the number 

of cortical dystrophies in APPswe/PS1dE9/YFP-H female mice. (n=5-6 mice/genotype, treatment and gender 

conditions, mean ± SEM, two-way ANOVA followed by Bonferroni post-hoc test, ***, p < 0.001). Green = 

YFP, Blue = Hoechst, Cx. = Cortex. Scale bar (a), 50 µm; Scale bar (b - e), 20 µm. 
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Figure 29: Cortical dystrophies in APPswe/PS1dE9/YFP-H mice co-localized with the deposition of Aβ 

plaques. Confocal microscopy images (40X) of sagittal brain sections (20 µm) of 6-months old 

APPswe/PS1dE9/YFP-H mouse show cortical neurons with severe, proximal axonal dystrophies (white arrows, 

b), co-localized with Aβ plaques deposits (white arrows, a). Axons retain their continuity and remain 

morphologically normal around the dystrophies (yellow arrows, b). Nuclei (stained with blue Hoechst dye) also 

retain normal size, location, and morphology (white arrows, c). Green = YFP, Blue = Hoechst, Red = Aβ 

plaques deposits. Scale bar, 20 µm. 

 

Next, I asked whether swelling and dystrophy abnormalities detected in HD and AD mice 

correlate with any impairment in their corresponding cell bodies. For this, I analysed nuclear 

morphology in amygdala, an area that contains the cell bodies of the axons running in stria 

terminalis (Marangoni et al. 2014), and also nuclear morphology in cortex. Results revealed 

normal cell bodies morphology and no alteration in nuclear size both in cortex (Figure 

30A(a), 30B(a - c)) and in amygdala (Figure 30B(d - f)) in all mice, and neither genotype nor 

gender effects were found. Moreover, there was no difference in gross dendritic morphology, 
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and neither dendrite diameter (Figure 31A(a), 31B(a - f)) nor spines number (Figure 31A(b), 

31B(g – i)) was altered in all mice groups. 
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Figure 30: Nuclear morphology did not change both in HdhQ140/YFP-H model of HD and in 

APPswe/PS1dE9/YFP-H model of AD at 6-months old. (A) Confocal microscopy images (40X) of sagittal 

brain sections (50 µm) of 6-months old WT/YFP-H (a - c) show nuclei (stained with blue Hoechst dye) retain 

their normal size, location, and morphology (white arrows, a). (B) Characterization of nuclear morphology show 

no significant difference (p > 0.05) in nuclear area neither in the cortex (a - c), nor in the amygdala (d - f) in all 

mice treated/untreated with FK866/NA and memantine, and neither genotype nor gender effects were found. 

(n=5-6 mice/genotype, treatment and gender conditions, mean ± SEM, two-way ANOVA followed by 

Bonferroni post-hoc test). Green = YFP, Blue = Hoechst, Cx. = Cortex, Amyg. = Amygdala. Scale bar, 20 µm. 
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Figure 31: Gross dendritic morphology was preserved both in HdhQ140/YFP-H model of HD and in 

APPswe/PS1dE9/YFP-H model of AD at 6-months old. (A) Confocal microscopy images (40X) of sagittal 

brain sections (50 µm) of 6-months old WT/YFP-H (a, and b) show dendrites retain their structural integrity, 

and no alteration in proximal diameter (blue arrows, a), distal diameter (yellow arrows, a), or spines number 

(white arrows, b). (B) Characterization of dendritic morphology show no significant difference (p > 0.05) 

neither in dendrite diameter (proximal: a - c, distal: d - f), nor in spines number (g –i) in all mice 

treated/untreated with FK866/NA and memantine, and neither genotype nor gender effects were found. (n=5-6 

mice/genotype, treatment and gender conditions, mean ± SEM, two-way ANOVA followed by Bonferroni post-

hoc test). Green = YFP, Pr. = Proximal, Dis. = Distal. Scale bar, 20 µm. 

 

FK866/NA and memantine improved swelling and dystrophy abnormalities detected in 

HdhQ140/YFP-H mice and APPswe/PS1dE9 mice respectively 

HdhQ140 and APPswe/PS1dE9 mice crossed with YFP-H mice and their corresponding YFP+ 

controls received treatment of vehicle, or FK866/NA, or memantine for 3 weeks, and then 

their brains were dissected, sectioned, stained, and imaged as previously described in 

materials and methods section. Aims were to test whether these drugs could modulate any 

structural impairment in HD and AD mice in comparison to their corresponding YFP+ 

vehicle-treated controls. 

I found that both FK866/NA and memantine significantly (p < 0.001) reduced the number of 

axonal swellings in stria terminalis of HdhQ140/YFP-H mice (Figure 27B(a - c)). 
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Interestingly, there was no gender difference in the effect of these drugs, and the reduction in 

HD mice was consistent in both males and females (Figure 27B(a - c)). 

In addition, our results revealed that both FK866/NA and memantine significantly (p < 0.001) 

reduced the number of cortical dystrophies in APPswe/PS1dE9/YFP-H female mice (Figure 

28B), while the effect was not that noticeable in APPswe/PS1dE9/YFP-H male mice (Figure 

28B). 

In the other hand, there was no significant difference (p > 0.05) in the number of axonal 

swellings in striatum dorsal (Figure 26B(a - c)), striatum ventral (Figure 26B(d - f)), and 

cortex (Figure 26B(g - i)) in both HD and AD mice and their corresponding YFP+ controls 

treated/untreated with FK866/NA and memantine. 

Similarly, there was no change (p > 0.05) in nuclear size both in cortex (Figure 30B(a - c)) 

and in amygdala (Figure 30B(d - f), and also no alteration in dendrites diameter (Figure 

31B(a - f)) and spines number (Figure 31B(g -i)) in both HD and AD mice and their 

corresponding YFP+ controls treated/untreated with FK866/NA and memantine. 

 

4.5 Discussion 

Inhibition of NMN synthesis with the NAMPT inhibitor FK866 strongly protects axons in 

vitro, ex-vivo and in vivo after acute injury (Di Stefano et al. 2014). Our results show that 

FK866/NA combination significantly improve swelling abnormalities in HdhQ140/YFP-H in 

vivo model of HD and dystrophy abnormalities in APPswe/PS1dE9/YFP-H in vivo model of 

AD, without altering gross nuclear and dendritic morphology of these mice. 

As previously reported (Adalbert et al. 2009; Marangoni et al. 2014), our study revealed how 

crossing neurodegenerative disease models with YFP-H line (Feng et al. 2000) could be used 

as a powerful tool to assess axon pathology in these models, and also to test the activity of 

novel neuroprotective drugs. However, due to the limited pattern of YFP expression in YFP-

H line, one limitation of using these transgenic mice for visualizing neurons is we cannot 

exclude the possibility that axon degeneration could occur in neurons that are not labelled 

with YFP fluorescent protein. To circumvent this limitation, Gatto et al. 2015 crossed R6/2 

transgenic mouse model of HD with YFP-J16 line, to directly evaluate early axonal 

abnormalities in the context of HD in vivo. YFP-J16 transgenic mice display a much wider 
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patter of YFP expression compared to YFP-H line, from layer III – VI of the cerebral cortex 

including the corpus callosum, which is largely composed of axons emanating from cortical 

projection neurons (Gatto et al. 2015). Using diffusion tensor imaging and fluorescence 

microscopy, Gatto et al. 2015 reported a marked degeneration of callosal axons long before 

the onset of motor symptoms that progressively worsened with age and was influenced by 

PolyQ tract length in mHTT protein (Gatto et al. 2015). 

Consistent with recent study by Marangoni et al. 2014, a striking increase in swellings was 

detected in HdhQ140/YFP-H mice axons running through stria terminalis, a brain area 

located in the proximity of striatum and lateral ventricle which is part of the limbic system 

and plays a role in fear and anxiety-related behaviour. In the other hand, while YFP+ controls 

showed morphologically intact cortical neurons and projections, APPswe/PS1dE9/YFP-H 

mice and consistent with previous reports (Jankowsky et al. 2004) developed characteristic 

cortical dystrophies co-localized with the deposition of Aβ plaques, with a significant gender 

effect. APPswe/PS1dE9/YFP-H female mice developed higher cortical dystrophies number 

and bigger Aβ plaques deposits compared to APPswe/PS1dE9/YFP-H male mice of the same 

age. This is consistent with data from human studies (Letenneur et al. 1994; Brayne et al. 

1995; Fratiglioni et al. 1997), and reports from animal models (Callahan et al. 2001; Wang et 

al. 2003), which reported an increase in the prevalence of AD in females. The mechanisms 

that underlie this gender distinction in AD are not clear, but the disparity in estrogen level 

between males and females, together with the dramatic decline in estrogen level with 

menopause, has been shown to enhance the generation of Aβ and consequently increase the 

prevalence rate of this neurodegenerative disease in females, although the physiological basis 

for this effect is still unclear (Wang et al. 2003). 3D confocal imaging showed that 

APPswe/PS1dE9/YFP-H axons at these dystrophies retained their continuity and remained 

morphologically normal, not only across the most severe dystrophic regions and plaques 

deposits, but also distally and proximally where they connected to morphologically normal 

nuclei. This is consistent with a study in TgCRND8 transgenic mouse model of AD, and 

suggests the presence of both a metabolically active cell body and bidirectional axonal 

transport through a continuous axon in the cortical dystrophy region, since impairment of 

either mechanism is likely to cause Wallerian degeneration (Ferri et al. 2003; Coleman, 2005; 

Adalbert et al. 2009). In the other hand, no alternation in the morphology of striatal neurons 

and also no sign of degeneration in nuclear, dendritic and synaptic compartments were 

detected both in HdhQ140/YFP-H mice and in APPswe/PS1dE9/YFP-H mice. In addition, 
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cognitive function tests used in this in vivo study recorded no difference in motor functions, 

spatial working memory, and anxiety-like behaviour in both models and their YFP+ controls 

(chapter 3). These findings are in agreement with studies on HD and AD mouse models 

where axon pathology preceded death of other neuronal compartments and correlates with 

symptom onset and progression (Conforti et al. 2014). 

The present study revealed, for the first time, that inhibiting NMN synthesis with FK866 (15 

mg/kg/day i.p.) while salvaging NAD levels with NA (50 mg/kg/day p.o.) for 3 weeks 

significantly reduced axonal swellings in stria terminalis of HdhQ140/YFP-H mice, and 

cortical dystrophies of APPswe/PS1dE9/YFP-H mice, without causing any alteration in gross 

nuclear and dendritic morphology of these mice. FK866 was well tolerated in phase I cancer 

trials and has shown some effect in cases of cutaneous T-cell lymphoma. Hence our findings 

are opening the prospect of using FK866 as a promising therapeutic strategy for 

neurodegenerative disease models that has not been addressed in the clinic. However how 

inhibiting the NMN-synthesizing enzyme NAMPT with FK866 alleviated axonal pathology 

in in vivo models of HD and AD is not clear, and additional studies are required to better 

understand FK866 neuroprotective mechanism. 

Memantine is an open-channel blocker, acting predominantly via a mechanism characterized 

by uncompetitive inhibition with a fast ‘off-rate’ (designated UFO drug action) (Okamoto et 

al. 2009). Low micromolar concentrations of memantine preferentially inhibit extrasynaptic 

stimulation of NMDARs but relatively preserve synaptic NMDARs whose activation is 

essential for physiological synaptic transmission (Lipton 2006; Lipton 2007). In contrast, 

higher concentrations of this drug loose this selectivity and inhibit both NMDARs-mediated 

extrasynaptic and synaptic activities like other NMDARs antagonists. Memantine is now 

widely prescribed for the treatment of moderate-to-severe AD, and shown to be effective in 

in cellular and mouse models of HD. I found that inhibiting NMDARs with memantine (20 

mg/kg/day i.p.) for 3 weeks significantly reduced axonal swellings in stria terminalis of 

HdhQ140/YFP-H mice, and cortical dystrophies of APPswe/PS1dE9/YFP-H mice, without 

causing any alteration in gross nuclear and dendritic morphology of these mice. In addition, 

memantine treatment significantly restored the locomotor impairment in 6 months old 

HdhQ140/YFP-H mice, and also corrected the sensorimotor abnormalities in 6 months old 

APPswe/PS1dE9/YFP-H mice (chapter 3). Many in vitro and in vivo studies had confirmed 

the effectiveness of memantine in models of HD and AD (chapter 1). Okamoto et al. 2009 

found that 10 months treatment of low dose memantine  (1 mg/kg/day i.p.) blocked 
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extrasynaptic (but not synaptic) NMDARs and significantly improved striatal volume and 

motor functions as measured by rotarod test in 12 months old YAC128 transgenic mouse 

model of HD (Okamoto et al. 2009). In contrast, high dose memantine  (30 mg/kg/day i.p.) 

blocked both synaptic and extrasynaptic NMDARs and worsened the outcomes of these mice, 

suggesting that the balance between synaptic and extrasynaptic NMDARs activity may be 

crucial in determining neuronal survival in HD (Okamoto et al. 2009). Dong et al. 2008 found 

that 6 months treatment of 5 mg/kg/day p.o. memantine was associated with a significant 

decrease in Aβ plaques number and plaques burden, and a significant increase in synaptic 

density in the molecular layer of the dentate gyrus in 9 months old Tg2576 transgenic mouse 

model of AD (Dong et al. 2008). 10 and 20 mg/kg/day p.o. memantine had similar beneficial 

effects on Aβ plaques and synaptic density but was associated with marked increase in 

degenerating axons identified by a variety of pathologic features including myelin 

degradation products, disorganization of the axoplasm, and disintegration of the internal part 

of the myelin, suggesting that chronic memantine administration may have both 

neuroprotective and neurotoxic effects in a mouse model of AD (Dong et al. 2008). 

In conclusion, our study show that selective inhibition of the rate limiting enzyme in NAD 

biosynthesis NAMPP with FK866 alleviated swelling and dystrophy abnormalities in in vivo 

models of HD and AD respectively without causing any unwanted change in nuclear or 

dendritic morphology of these mice. 
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Chapter 5: 

General Discussion  
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In this thesis I aimed to answer whether the axon protective properties of the NMN-

synthesizing enzyme NAMPT inhibitor FK866 in vitro, ex-vivo and in vivo after acute injury 

could extend beyond that and also modulate axonal damage and behavioural symptoms in in 

vitro and in in vivo models of HD and AD. I compared FK866 effect to that of the reported 

neuroprotective and axon protective NMDAR antagonist memantine. 

I found that inhibiting NMN synthesis with FK866 while salvaging NAD levels with NA 

significantly rescued axonal pathology and ameliorated nuclear morphology in in vitro 

cellular models of HD and Aβ toxicity, while co-administering NMN consistently reverted 

FK866-mediated axonal protection. In addition, I found that FK866/NA neuroprotective 

properties extended to in vivo models and attenuated some of the behavioural abnormalities 

and improved axonal pathology in HdhQ140/YFP-H mice, a model of HD, and in 

APPswe/PS1dE9/YFP-H mice, a model of AD. 

How WLDS preserve severed axons for days in vitro and weeks in vivo is debatable. 

Exogenous addition of NAD itself and its precursors as well as overexpression of its 

biosynthetic enzymes delays Wallerian degeneration (Araki et al. 2004; Wang et al. 2005; 

Sasaki et al. 2006). This has led to the widely held assumption that increased NMNAT 

activity and NAD supply is central to WLDS-mediated neuroprotective mechanism. Despite 

reinforcing the importance of NMNAT enzymatic activity for protection, recent studies fail to 

confirm its dependence on NAD (Conforti et al. 2007; Conforti et al. 2009; Sasaki et al. 

2009). In contrast, our research group recently showed that the NMNAT substrate and the 

NAD precursor NMN accumulates before injured nerves degenerate, that exogenous NMN 

promotes axon degeneration when NMNAT is absent, and that reducing NMN levels 

pharmacologically with the NAMPT inhibitor FK866 or genetically by expressing the 

bacterial enzyme NMN deamidase remarkably delays axon degeneration after acute injury 

(Di Stefano et al. 2014). The rise in NMN after acute injury is likely a consequence of the 

depletion of the endogenous labile axonal NMNAT2 (its half life is under 1 hour), whose 

enzymatic activity is essential for axon survival and growth. WLDS, due to its higher 

stability, rescues depletion of NMNAT2 both in primary culture and in vivo by directly 

substituting its NMNAT function in axons and prevents NMN accumulation (Gilley and 

Coleman, 2010; Gilley et al. 2013; Di Stefano et al. 2014). In addition, depletion of NAD 

causes no overt hard to axons within the timescale of Wallerian degeneration. These findings 

indicate that the mechanism by which WLDS and other related NMNATs preserve axon 
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survival is by limiting NMN accumulation and not by increasing NAD production (Di 

Stefano et al. 2014), and that NMN could be one of the first events in axon degeneration. 

Although many reports showed that modulation of NAD metabolism by WLDS or other 

related NMNATs have strong protective effect in some disease models (defined as significant 

axon preservation and alleviation of symptoms) (Conforti et al. 2014), our study is novel in 

that it revealed, for the first time, a protective effect of a pharmacological treatment. In 

addition, while WLDS preserves human axons (Kitay et al. 2013), its application in human 

disease is challenging. On the other hand, inhibiting NAMPT with FK866 could be translated 

for targeting human disease, since it involves a well-known drug that can be administered 

easily and has already shown promising effect in cancer trials (Conforti et al. 2014). 

However, owing to FK866 short half-life in circulation, prolonged treatment regimens are 

required and toxicity from long-term NAD depletion could arise. In fact, significant weight 

reduction (> 20%) that necessitates humane killing and even sudden death was reported in 

some of our FK866-treated APPswe/PS1dE9/YFP-H mice, and it is probably attributed to 

long-term NAD depletion. Hence, systemic blocking of NMN synthesis may not be a very 

good long-term strategy and the need to identify more targets within the same pathway that 

could be modulated more safely remains. 

As I said, injury-induced NMNAT2 depletion and NMN accumulation could be one of the 

first events in axon degeneration, but what is downstream of NMN??? 

Sterile alpha and TIR motif–containing 1 (SARM1, dSarm in D. melanogaster) protein 

(Figure 32) is one of five intracellular adaptors for Toll-like receptor (TLR) signalling 

(Conforti et al. 2014), and it is an essential mediator of axon degeneration, and shown to be 

required for rapid Wallerian degeneration in mice (Osterloh et al. 2012; Gerdts et al. 2013). 

SARM1 involvement emerged from genetic screening for loss of function mutations that 

delay axon degeneration following antennal ablation in D. melanogaster (Osterloh et al. 

2012). Deletions of dSarm1 in D. melanogaster or its mouse orthologue SARM1 remarkably 

delay injury-induced axon degeneration tenfold for over 2 weeks both in vivo and in vitro, 

comparable to the effect of WLDS, identifying dSarm/Sarm1 as a member of an ancient axon 

death signaling pathway (Osterloh et al. 2012). 
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Figure 32: Structure-activity relationship of SARM1 (Conforti et al. 2014). SARM1 is a modular protein 

comprising an N-terminal Heat/Armadillo (ARM) domain, two central sterile α-motif (SAM) domains and a 

carboxy-terminal Toll interleukin-1 receptor (TIR) domain in common with other TLR signalling molecules. 

Several studies indicate a mitochondrial-interacting sequence at the extreme N-terminal, but this seems to be 

unnecessary for axon degeneration (Gerdts et al. 2013). The SAM and TIR sequences are both essential for 

rapid axon degeneration, probably acting as sites for homodimerization and signalling respectively (Gerdts et al. 

2013). The N-terminal ARM domain appears to inhibit the pro-degenerative function, as its removal seems to 

generate a constitutively active protein (Gerdts et al. 2013). 

 

Since SARM1 loss of function does not lead to any evident toxic effect, pharmacologically 

interfering with SARM1 activity may represent a promising therapeutic target, especially if 

shown that SARM1 deletion confers protection in models of neurodegenerative disorders. 

However, its exact role and position in Wallerian degeneration pathway remains unclear 

(Conforti et al. 2014). Nerve insult seems to be critical for SARM1-dependent axon 

degeneration, since overexpression of wild-type SARM1 in the absence of injury did not 

induce axon degeneration (Gerdts et al. 2015). These findings suggest that additional signal is 

required after nerve insult to promote SARM1-dependent axon degeneration, which could be 

degradation of the endogenous labile NMNAT2 and the consequent accumulation of NMN. 

A recent study shows that SARM1 deletion corrects axon outgrowth and prevent perinatal 

lethality in mice lacking NMNAT2 (Gilley et al. 2015). Another very recent study from our 

laboratory shows that NMN requires SARM1 presence to induce axon degeneration after 

injury (Loreto et al. in press). These findings suggest that SARM1 may be acting downstream 

of NMNAT2 depletion and NMN accumulation. Using engineered protease-sensitized 

SARM1, Gerdts et al. 2015 recently reported that a constitutive active SARM1 initiates a 

local destruction program involving rapid breakdown of NAD, even in the absence of an 

injury (Gerdts et al. 2015). It would be interesting to understand whether endogenous 

SARM1 follow a similar activation, and whether NMN can regulate this activation and the 

following NAD depletion. This would help to clarify some of the previous contradiction in 

the field. Further studies are required to determine the exact relationship of SARM1 to the 
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NAD precursor NMN and the NAD-biosynthetic enzymes NMNATs, and modulation of 

SARM1 activity may be used as an alternative or synergistic therapeutic strategy.  

Additionally, Loreto et al. shows that NMN induces axon degeneration after injury by 

stimulating a SARM1-dependent influx of Ca2+, mainly arising from the extracellular 

environment. However, while supporting a crucial role for extracellular Ca2+ in the late 

execution stages of Wallerian degeneration, this study shows that Ca2+ increase shortly 

precedes axonal fragmentation. Therefore, Ca2+ regulated steps might be at a point where 

morphologically protecting axons may not restore their function and upstream mediators of 

axon death pathway may prove therapeutically more useful targets (Loreto et al. in press). 

Our in vitro data are consistent with FK866 acting as specific inhibitor of NAMPT. In 

support of this, co-administering NMN with FK866/NA consistently reverted FK866-

mediated axonal protection. However, off-target effect of this drug cannot be completely 

ruled out is the absence of a genetic evidence to confirm our pharmacological findings. On 

the other hand, how FK866/NA reduced axon pathology and also attenuated some of the 

behavioural abnormalities in in vivo model of HD and AD needs further investigation. First, 

NAD and NMN levels in the brain areas most sensitive to the treatment remain to be 

determined. Second, the availability of NMN deamidase transgenic mouse model that express 

the bacterial enzyme NMN deamidase and shown to prevent NMN accumulation and delay 

Wallerian degeneration could be used as a genetic evidence to confirm our in vivo data. In 

addition, specific inhibition of NAMPT with FK866 was shown to reduce the secondary 

inflammatory injury and permanent damage in an experimental compression model of spinal 

cord injury (Esposito et al. 2012). Hence, assessment of activated neutrophils, microglia and 

astrocytes in addition to pro-inflammatory mediators like tumor necrosis factor (TNF)-α and 

interleukin (IL)-1β and IL-6 in HdhQ140/YFP-H mice and APPswe/PS1dE9/YFP-H mice 

treated with FK866/NA is important to better understand our in vivo results.  
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Chapter 6: 

Conclusive Remarks and Future Directions 
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In conclusion and in agreement with our hypothesis, this thesis suggests that axonal 

abnormalities induced by mHTT and Aβ in in vitro and in in vivo models of 

neurodegeneration could follow the activation of an axon death pathway similar to that 

activated after acute injury. In addition, we identify a key role of the NMN-synthesizing 

enzyme NAMPT as a novel therapeutic target in models of neurodegenerative diseases that 

had not been addressed in the clinic. However, additional studies are required to better 

understand FK866 neuroprotective mechanisms and the feasibility and safety of long-term 

systemic NAMPT pharmacological inhibition. 

• In order to refine our data obtained in HD and Aβ toxicity in vitro models where we 

have identified changes associated with mHTT and Aβ modulated with FK866 

treatment, future studies may include: 

1. Measuring the level of NAD and its precursor NMN in HD and Aβ toxicity in 

vitro models before and after FK866 treatment,  

2. Characterizing the expression of NAMPT and NMNATs to assess any change 

associated with mHTT and Aβ and whether it is modulated with FK866 treatment, 

3. Investigating axonal transport of NMNAT2 to assess any impairment associated 

with mHTT and Aβ and whether it is improved with FK866 treatment. 

• For HdhQ140/YFP-H in vivo model of HD and APPswe/PS1dE9/YFP-H in vivo model 

of AD and to better understand our in vivo results, future studies may include: 

1. Crossing these in vivo models with NMN deamidase transgenic mouse model to 

see whether expressing the bacterial enzyme NMN deamidase in these 

neurodegenerative disease models could prevent NMN accumulation and 

alleviate pathology in these mice. 

2. Characterizing behavioural symptoms in particular those related to cognition and 

memory, and neuronal morphology in particular axonal morphology in these 

mice at a later time-point, to see if there are abnormalities other than the ones 

detected at 6-months of age, and if it is corrected with FK866 treatment. 

3. Additional tests for cognition, memory, and anxiety-related behaviour like 

avoidance tests, object discrimination, Morris water maze, and contextual fear 
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conditioning would also be useful to better understand axonal and other neuronal 

abnormalities which may be detected in these mice at older age. 

4. Investigating potential anti-inflammatory actions of FK866 including assessment 

of activated neutrophils, microglia and astrocytes, in addition to pro-

inflammatory mediators like TNF-α, IL-1β and IL-6, and neurotrophic factors 

BDNF and GDNF, and whether it is modified with FK866 treatment. 
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