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Summary 

 

Machado-Joseph disease or spinocerebellar ataxia type 3 (MJD/SCA3) is the most 

common dominantly inherited ataxia worldwide. It is caused by an over-repetition of the 

trinucleotide CAG, which translates into an expanded polyglutamine tract within the protein 

ataxin-3. This mutated protein acquires toxic properties promoting neurodegeneration 

responsible for a progressive impairment of balance and motor function. There is currently 

no therapy to prevent or slow down the progression of this neurodegenerative disorder. 

Neuropeptide Y (NPY) is an abundant peptide widely distributed through the 

mammalian brain, involved in several physiological functions. NPY demonstrated to be 

effective in controlling and alleviating neurodegeneration in different brain diseases, including 

Alzheimer’s, Parkinson’s and Huntington’s disease. Therefore, we evaluated NPY levels in 

postmortem patient samples and mouse models. Moreover, we investigated whether NPY 

gene transfer would control MJD-associated neuropathology and motor behavior defects in 

MJD mouse models. 

The hypothalamus is one of the main regulators of energy homeostasis, sleep and 

emotion. This brain region is affected by the pathogenic mechanisms of some 

neurodegenerative disorders, which has, in fact, been associated with some non-motor 

symptoms of Parkinson’s and Huntington’s disease patients. Considering that MJD patients 

present non-motor features, such as weight loss and sleep disturbances, we investigated the 

involvement of hypothalamus in MJD neuropathology, using MJD transgenic mice.  

This thesis is organized in 5 chapters. In chapter 1, a review about MJD and NPY, 

with emphases in NPY neuroprotective properties, is presented.  

In chapter 2, we evaluated striatal NPY levels in a lentiviral (LV)-based striatal MJD 

mouse model. Since NPY levels were reduced in mutant ataxin-3 transduced striata, we used 

this striatal MJD model to overexpress NPY mediated by adeno-associated viral (AAV) 

vectors. Our results show that NPY overexpression reduces the number of mutant ataxin-3 

aggregates and decreases striatal pathology. Moreover, our data suggest that NPY-induced 

neuroprotection is associated with increased levels of BDNF and decreased levels of 

neuroinflammation markers. 

In chapter 3, we investigated NPY levels in the cerebellum (the MJD most affected 

brain region) in post-mortem tissue of MJD patients and in cerebellar extracts of a MJD 

transgenic mouse model. We observed a decrease of NPY levels either in dentate nucleus 

of MJD patient samples and in transgenic mice cerebella. Considering the neuroprotective 

properties of NPY in the striatal mouse model, we tested NPY ability to alleviate MJD 

cerebellar neuropathology. For that, AAV vectors encoding NPY were injected centrally in 

the cerebellum of transgenic mice, which then undergone a series of behavioral tests to 

evaluate motor paradigms. We provide evidence that NPY overexpression prevents balance 
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and motor impairments associated with an attenuation of the underlying cerebellar 

morphological alterations.  

In chapter 4, two transgenic mouse models of MJD were used to explore the potential 

involvement of hypothalamus in MJD neuropathology. Immunohistochemical analysis 

revealed a decreased number of Orexin (Orx)-, melanin-concentrating hormone (MCH)- and 

pro-opiomelanocortin (POMC)-positive neurons in the hypothalamus of MJD transgenic mice 

that present an accumulation of mutant ataxin-3 in these hypothalamic neurons (CAMKII 

MJD mice). In fact, no such hypothalamic alterations were observed in MJD transgenic mice 

that only express the mutated protein in cerebellar Purkinje cells (L7 MJD mice).  

Finally, in chapter 5, final remarks and future perspectives are presented. In 

conclusion, this thesis provides evidence that NPY levels are decreased in the cerebellum of 

MJD patients and in the cerebellum and striatum of two well-characterized MJD mouse 

models. Moreover, we show that NPY overexpression mediates neuroprotection in those 

MJD mice, which thus maybe an effective therapeutic strategy for MJD. Furthermore, this 

study indicates that the hypothalamus is affected in a transgenic MJD mouse model in which 

mutant ataxin-3 is accumulated in hypothalamic neurons. This way, we suggest the 

establishment of hypothalamus as a new therapeutic target in MJD.   
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Resumo 

 

A doença de Machado-Joseph ou ataxia espinocerebelosa tipo 3 (MJD/SCA3) é a 

ataxia autossómica dominante mais comum a nível mundial. É causada por uma repetição 

excessiva do trinucleótido CAG, que se traduz numa expansão da cadeia de poliglutaminas 

na proteína ataxina-3. Esta proteína mutada adquire propriedades tóxicas e promove 

neurodegenerescência responsável pela progressiva disfunção da coordenação motora e 

do equilíbrio. Não existe atualmente nenhuma terapêutica que permita prevenir ou atrasar a 

progressão desta doença neurodegenerativa. 

O Neuropeptídeo Y (NPY) é um peptídeo abundante e amplamente distribuído pelo 

cérebro de mamíferos, estando envolvido em diversas funções fisiológicas. Múltiplas 

evidências mostram a capacidade do NPY para controlar e mitigar a neurodegenerescência 

em diferentes doenças neurológicas, tais como a doença de Alzheimer, a doença de 

Parkinson e a doença de Huntington. Assim, avaliámos os níveis de NPY em amostras de 

doentes MJD e de modelos de murganhos da doença e testámos a capacidade do NPY para 

atenuar a neuropatologia associada à MJD nestes modelos animais.  

O hipotálamo é um dos principais reguladores da homeostase energética, do sono e 

das emoções. Esta região cerebral é afetada pelos mecanismos patogénicos de algumas 

doenças neurodegenerativas, o que foi já relacionado com a ocorrência de alguns sintomas 

não motores nos doentes de Parkinson e de Huntington. Tendo em conta que os doentes 

MJD também apresentam sintomas não motores, como perda de peso corporal e 

perturbações do sono, investigámos o envolvimento do hipotálamo na neuropatologia da 

MJD, usando murganhos transgénicos da doença.  

A tese encontra-se organizada em 5 capítulos. No capítulo 1, é apresentado um 

resumo bibliográfico da MJD e do NPY, com ênfase nas suas propriedades 

neuroprotectoras.  

No capítulo 2, avaliámos os níveis estriatais de NPY no modelo lentiviral estriatal de 

murganho da MJD. Uma vez que os níveis de NPY estão diminuídos nos hemisférios 

estriatais transduzidos com a ataxina-3 mutada, utilizámos este modelo animal para 

promover a sobreexpressão do NPY, mediada por vectores virais adeno-associados (AAV). 

Os nossos resultados mostram que a sobreexpressão de NPY reduz o número de agregados 

de ataxin-3 mutante e diminui a patologia estriatal. Simultaneamente, os resultados sugerem 

que esta neuroprotecção induzida pelo NPY está associada ao aumento dos níveis de BDNF 

e à diminuição dos níveis de marcadores de neuroinflamação.  

No capítulo 3, avaliámos os níveis de NPY no cerebelo (a região do sistema nervoso 

central mais afetada pela MJD) em amostras postmortem de doentes MJD e em extratos 

cerebelares de murganhos transgénicos da doença. Observamos uma diminuição dos níveis 

de NPY no cerebelo dos doentes e dos animais transgénicos MJD. Tendo em conta os 
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efeitos neuroprotectores do NPY no modelo estriatal da MJD, testámos a capacidade do 

NPY para diminuir a neuropatologia cerebelar associada à doença. Para isso, vectores AAV 

que codificam para o NPY foram injetados centralmente no cerebelo dos murganhos 

transgénicos, que foram depois sujeitos a uma série de testes comportamentais para avaliar 

a sua função motora. Evidenciamos que a sobreexpressão de NPY previne défices motores 

e de equilíbrio, atenuando também as alterações morfológicas cerebelares associadas à 

ataxia. 

No capítulo 4, dois modelos transgénicos da MJD foram utilizados para explorar o 

potencial envolvimento do hipotálamo na neuropatologia da doença. Análises 

imunohistoquímicas revelam uma diminuição do número de neurónios que expressam 

orexina (Orx), hormona concentradora de melanina (MCH) e pro-opiomelanocortina (POMC) 

no hipotálamo de animais transgénicos que apresentam acumulação de ataxina-3 mutada 

nos neurónios desta zona cerebral (murganhos CAMKII MJD). Em conformidade, estas 

alterações hipotalâmicas não se observam nos animais transgénicos que apenas expressam 

a proteína mutada nas células de Purkinje do cerebelo (murganhos L7 MJD).  

Por último, no capítulo 5, são apresentadas considerações finais e perspetivas 

futuras. Concluindo, esta tese revela que os níveis de NPY no cerebelo de doentes MJD e 

no cerebelo e estriado de dois modelos roedores bem caracterizados da doença estão 

diminuídos. Evidencia também que a sobreexpressão do NPY promove neuroprotecção 

nestes mesmos modelos MJD, sugerindo que poderá assim vir a constituir uma estratégia 

terapêutica eficaz para a MJD. Por fim, este estudo indica que o hipotálamo é afetado pela 

MJD, como avaliado em animais que apresentam acumulação de ataxina-3 mutante nos 

neurónios hipotalâmicos. Desta forma, sugerimos que o hipotálamo seja instituído como um 

novo alvo terapêutico na MJD.  
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1.1. Neurodegenerative disorders 

 

The prevalence of neurodegenerative diseases is increasing with the expansion of 

life span that takes place particularly in developing countries (Global Burden of Disease 

Study, 2015). These disorders are usually characterized by a late onset and involvement of 

selective neuronal dysfunction or loss, and due to their progressive course they impose 

substantial medical and public health burdens (Checkoway et al., 2011). Despite progress 

has been made in unravelling their pathogenic mechanisms, it is still lacking appropriate 

therapeutic strategies to allow prevention or arrest of disease progression.  

Alzheimer’s disease (AD) is the most frequent type of dementia that occurs in the 

middle to late life (Qiu et al., 2009). The course of the disorder usually begins with amnesia 

and proceeds to effects on language and motor skills, revealing a progressive loss of 

cognitive function (Folstein and Whitehouse, 1983), and its neuropathology is characterized 

by the presence of neuritic plaques (aggregates of amyloid β), tau neurofibrillary tangles and 

specific neuronal loss (McKhann et al., 1984), that primarily affects hippocampus and 

neocortex (Morrison and Hof, 1997).  

Parkinson’s disease (PD) is the second most common neurodegenerative disorder 

after AD. The genetic mutations discovered until now (Hardy et al., 2003) likely only explain 

a small proportion of all PD – about 90% of cases are apparently idiopathic and thought to 

result from complex interactions between environment and genetic factors (de Lau and 

Breteler, 2006). PD is characterized by a progressive degeneration of the dopaminergic 

nigrostriatal system associated with widespread Lewy bodies (mainly constituted by α-

synuclein) (Jellinger, 1991), which is responsible for PD’s clinical motor features: resting 

tremor, bradykinesia and rigidity (Hornykiewicz, 1975). Furthermore, around 40% of PD 

patients eventually develop dementia due to spread of degeneration and Lewy bodies to the 

cerebral cortex and limbic structures (Emre, 2003).  

Other important category of these central nervous system-affecting disorders is the 

group of polyglutamine diseases, which comprise one of the most common groups of 

inherited neurodegenerative conditions. 

 

 

1.1.1. Polyglutamine diseases 

 

Polyglutamine (polyQ) diseases consist of at least nine diseases caused by the 

pathological expansion of trinucleotide CAG repeats that encode an elongated polyQ tract in 

the mutated proteins, which due to conformational changes tend to aggregate (Figure 1.1). 

The first polyQ disease identified was spinal and bulbar muscular atrophy (SBMA) (La Spada 

et al., 1991); Huntington’s disease (HD), dentatorubral-pallidoluysian atrophy (DPRLA) and 
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spinocerebellar ataxias (SCA) types 1, 2, 3, 6, 7 and 17 were later added to this class of 

neurodegenerative disorders (Table 1.1). 

 

 

 

 

Figure 1.1 – Schematic 

representation of PolyQ 

proteins formation and 

aggregation. An over-

repetition of the CAG 

trinucleotide translates into 

an expanded polyQ stretch in 

the mutated protein, which 

due to conformational 

changes tends to aggregate. 

 

Table 1.1 – Polyglutamine diseases  

PolyQ 

disease 
Protein 

Normal 

subcellular 

localization 

CAG repeats  

Most affected brain regions 
Healthy Disease 

SBMA Androgen receptor 
Nucleus and 

cytoplasm 
9-36 38-62 

Anterior horn and bulbar 

neurons, dorsal root ganglia 

HD Huntingtin  Cytoplasm 6-34 36-121 Striatum and cerebral cortex 

DRPLA Atrophin-1 Cytoplasm 7-34 49-88 
Cerebellum, cerebral cortex, 

basal ganglia, Luys body 

SCA1 Ataxin-1 Nucleus 6-39 40-82 
Purkinje cells, dentate 

nucleus, brainstem 

SCA2 Ataxin-2 Cytoplasm 15-24 32-200 
Purkinje cells, brainstem, 

fronto-temporal lobes 

SCA3 / 

MJD 
Ataxin-3 Cytoplasm 12-44 61-87 

Dentate nucleus, basal 

ganglia, brainstem, spinal cord 

SCA6 

α1A- voltage-

dependent calcium 

channel subunit  

Cell 

membrane 
4-20 20-29 

Purkinje cells, dentate 

nucleus, inferior olive 

SCA7 Ataxin-7 Nucleus 4-35 37-306 
Cerebellum, brainstem, 

macula, visual cortex 

SCA17 
TATA-binding 

protein (TBP) 
Nucleus 25-42 47-63 Purkinje cells, inferior olive 

The nine known polyQ diseases are listed along with their causative proteins, their normal 

subcellular localization, the number of CAG repeats that cause disease and brain regions most 
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affected. Table was adapted from (Cummings and Zoghbi, 2000, Paulson et al., 2000, Zoghbi 

and Orr, 2000, Shao and Diamond, 2007). 

 

The neurodegeneration may depend directly on the polyQ expansions, since the 

mutated proteins responsible for this disorders do not share any homology in structure and 

do not present similar functions (Cummings and Zoghbi, 2000). Furthermore, it was shown 

in cellular models that the expression of an expanded polyQ tract alone induces cell death 

and, in animal models that polyQ causes motor impairments and premature death (Ikeda et 

al., 1996, Ordway et al., 1997, Senut et al., 2000). Moreover, disease severity is positively 

correlated with the length of polyQ tract (Maciel et al., 1995, Ikeda et al., 1996). 

However, the context of the “host” protein is likely responsible for the clinical 

differences of the distinct diseases (Orr and Zoghbi, 2007) and for the variation of the 

absolute number of repeats necessary to cause each disease. Furthermore, although most 

of the mutated proteins are expressed throughout the CNS, in each disorder only certain 

neuronal populations are susceptible to their toxicity (Duenas et al., 2006, Bauer and Nukina, 

2009). This may be due to selective protein interactions driven by the unique properties of 

the pathogenic protein (Taroni and DiDonato, 2004).  

In general, early ages at onset of the disease are associated with higher CAG repeats 

(Maciel et al., 1995, Ranum et al., 1995, van de Warrenburg et al., 2002). The expanded 

CAG repeat is unstable and tends to further expand, leading to an early age at onset and 

higher severity of disease in the successive generations – this phenomenon is called 

anticipation (Maciel et al., 1995, Durr et al., 1996, Paulson, 2007).  

Among polyQ diseases, Huntington’s disease (HD) has the highest prevalence. HD 

is characterized by a progressive physical and mental incapacitation (The Huntington's 

Disease Collaborative Research, 1993). The mutated huntingtin, that forms intranuclear 

aggregates, leads to severe atrophy of the caudate nucleus and putamen (Mann et al., 1993), 

preferentially affecting projection neurons. This neurodegeneration is accountable for the 

clinical manifestations of the disease: progressive motor disability with chorea or rigidity, 

cognitive impairment and emotional disturbance (Vonsattel and DiFiglia, 1998). 

 

 

1.1.1.1. Machado-Joseph disease (MJD) 

 

Machado-Joseph disease (MJD), or spinocerebellar ataxia type 3 (SCA3), was first 

identified in Northern American families of Azorean ancestry. Initially, the disease was 

reported as four distinct entities: Machado Disease (Nakano et al., 1972), Nigro-spino-

dentatal degeneration (Woods and Schaumburg, 1972), Joseph disease (Rosenberg et al., 

1976) and Azorean disease of the nervous system (Romanul et al., 1977). However, 

Countinho and Andrade later proposed that those diseases were in fact simply variations of 
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a single genetic disorder which they named Machado-Joseph disease (Coutinho and 

Andrade, 1978). 

Some authors suggested that MJD was originated in Portugal and disseminated 

worldwide by the Portuguese navigators in the 16th century (Sequeiros and Coutinho, 1993, 

Rosenberg, 1995, Gaspar et al., 2001). However, the presence of the disease in various 

countries make this hypothesis virtually impossible (Ranum et al., 1995, Lima et al., 1998). 

 

 

1.1.1.1.1. Prevalence 

 

MJD is a rare neurodegenerative disorder. In fact, all SCAs together have a 

prevalence of 2.7/100000 (Ruano et al., 2014). Despite of that, MJD is the most common 

dominantly inherited ataxia worldwide (21%), being more prevalent in Portugal and Brazil 

(Schöls et al., 2004). Actually, the highest prevalence reported worldwide occurs in Flores 

Island in Azores, Portugal (1/239), where it represents an important public health problem 

(Bettencourt et al., 2008). 

 

 

1.1.1.1.2. Neuropathology and clinical symptoms 

 

In MJD, neuronal loss occurs in selective regions of the CNS: cerebellum (dentate 

nucleus and spinocerebellar pathways), brainstem (pontine and cranial nerves nuclei), spinal 

cord (anterior horns and Clarke’s columns), basal ganglia (substantia nigra, striatum and 

globus pallidus), thalamus and cerebral cortex (Rosenberg et al., 1976, Coutinho et al., 1982, 

Sudarsky and Coutinho, 1995, Klockgether et al., 1998, Rub et al., 2003, Rub et al., 2005, 

Rub et al., 2006b, Alves et al., 2008b, de Rezende et al., 2015). Positron emission 

tomography (PET) scans showed a decreased regional cerebral glucose metabolism in these 

brain regions (Taniwaki et al., 1997, Wullner et al., 2005), and that this changes occur even 

before the onset of clinical symptoms in MJD gene carriers (Soong and Liu, 1998). 

MJD is characterized by a wide range of clinical manifestations. Mainly, MJD patients 

present ataxia, which manifests in gait imbalance and limb incoordination, and also dystonia, 

Parkinson-like features of tremor-at-rest, bradykinesia and rigidity, ophthalmoparesis, 

nystagmus, facial and lingual fasciculations, bulging eyes due to eyelid retraction, dysphagia 

and dysarthria (Lima and Coutinho, 1980, Rosenberg, 1992, Sudarsky and Coutinho, 1995, 

Schöls et al., 2004, Riess et al., 2008, Raposo et al., 2014). The motor impairments are 

progressive and eventually gait and limb ataxia becomes so severe that the patients need to 

use gait-assist devices, wheelchair and ultimately be bedridden (Paulson, 2007). 
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Furthermore, there are also non-motor features with significant prevalence in MJD 

patients: depressive symptoms, sleep disturbances, olfactory dysfunction, weight loss and 

metabolic changes (Cecchin et al., 2007, Braga-Neto et al., 2011, Pedroso et al., 2011, Saute 

et al., 2011, Saute et al., 2012, Roeske et al., 2013, dos Santos et al., 2014). These 

manifestations can have a high impact in patients’ quality of life, increasing the impairment 

in everyday functioning. 

 

 

1.1.1.1.3. MJD management 

 

Until now there are no effective therapeutic strategies available to prevent, attenuate 

or stop disease progression. Therefore, management of MJD is based on symptoms 

alleviation: parkinsonism, bradykinesia and restless leg syndrome (one of the causes of sleep 

disturbances in these patients) may respond to amantadine, levodopa or dopaminergic 

agonists (Tuite et al., 1995, Schols et al., 1998, Buhmann et al., 2003, Nandagopal, 2004, 

Paulson, 2007); spasticity respond to baclofen, tizanidine or memantine (Riess et al., 2008); 

dystonia can be treated with local botulinum toxin injections (Freeman and Wszolek, 2005); 

sleep disturbances can be treated with benzodiazepines (Paulson, 2007); and depression 

may respond to antidepressants (D'Abreu et al., 2010). 

Moreover, non-pharmacological approaches such as physical and occupational 

therapy can make a significant practical difference in quality of life of MJD patients (Margolis, 

2002, Paulson, 2007, D'Abreu et al., 2010).  

 

 

1.1.1.1.4 Genetics 

 

Considering the variability of clinical manifestations of MJD, the accurate diagnosis 

is made based on the detection of the genetic mutation (Cancel et al., 1995, Maciel et al., 

1995). MJD is caused by a mutation in MJD1/ATXN3 gene, in the long arm of chromosome 

14, region 14q32.1 (Takiyama et al., 1993, Kawaguchi et al., 1994). This mutation consists 

in an expansion of CAG repeats: in healthy individuals the gene contains 12-44 CAG repeats 

whereas MJD patients show 61-87 CAG repeats (Maciel et al., 2001). Intermediate size 

alleles are rare, but there are a few reports of disease caused by 45, 51, 53, 54, 55 and 56 

CAG repeats (reviewed in (Bettencourt and Lima, 2011)).  

 

 

1.1.1.1.5. Ataxin-3 
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The MJD causing mutation results in an abnormally long polyQ tract at the C-terminus 

of ataxin-3 (Atx3) (Kawaguchi et al., 1994, Masino et al., 2003). The non-expanded Atx3 

protein has a molecular weight of approximately 42 kDa, widely expressed throughout the 

body, in neuronal and non-neuronal tissues (Paulson et al., 1997a, Paulson et al., 1997b, 

Wang et al., 1997, Schmidt et al., 1998). Atx3 expression is more abundant in some neuronal 

populations than in others, although there is no relationship to the likelihood of neurons to 

undergo degeneration in the disease (Paulson et al., 1997a, Schmidt et al., 1998).  

Atx3 contains a conserved N-terminal Josephin domain followed by two ubiquitin-

interacting motifs (UIMs) and the polyQ tract (Masino et al., 2003, Albrecht et al., 2004, Chow 

et al., 2004, Mao et al., 2005). The protein has different isoforms due to alternative splicing 

(Bettencourt et al., 2010), and the most common one expressed in the brain has a third UIM 

after the polyQ stretch (Harris et al., 2010). 

 

 

 

Figure 1.2 – Diagram of ataxin-3 protein primary st ructure. Ataxin-3 consists of an N-terminal 

Josephin domain, followed by a more flexible C-terminus that contains two or three UIMs and the 

polyQ stretch.  

 

Atx3 is normally a predominantly cytoplasmic protein (Paulson et al., 1997b, Schmidt 

et al., 1998), but it is also present in the nucleus (Tait et al., 1998, Trottier et al., 1998, 

Fujigasaki et al., 2000). However, when Atx3 has an expanded polyQ stretch it accumulates 

in the nucleus where it forms neuronal intranuclear inclusions (NIIs) in affected brain regions 

(Paulson et al., 1997a, Paulson et al., 1997b, Schmidt et al., 1998). Actually, the polyQ tract 

expansion can lead to conformational changes preventing the proper folding of the protein 

promoting its aggregation (Masino et al., 2003, Nagai et al., 2007). Furthermore, NIIs 

sequestrate heat shock proteins (Hsp), such as Hsp40 and Hsp70 (Chai et al., 1999a, 

Schmidt et al., 2002). Considering that Hsp recognize misfolded proteins, stabilize and 

suppress their aggregation (Muchowski et al., 2000), Hsp sequestration probably exacerbate 

inclusions formation. These NIIs constitute a hallmark of the disease. It has been suggested 

that the efficient and rapid development of cytotoxicity in response to polyQ expansion, both 

in in vitro and in vivo disease models, requires both their aggregation and their nuclear 

localization (Yang et al., 2002, Bichelmeier et al., 2007). However, the simple presence of 

mutant Atx3 aggregates in the nucleus is not sufficient to cause cell degeneration (Trottier et 

al., 1998, Warrick et al., 1998, Boy et al., 2010, Silva-Fernandes et al., 2010).  

Furthermore, there is evidence of proteolytic cleavage of Atx3 (Tarlac and Storey, 

2003, Goti et al., 2004). Indeed, mutant Atx3 cleavage fragments were detected in brains of 
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MJD transgenic mice and in the affected brain regions of MJD patients (Goti et al., 2004, 

Simoes et al., 2012). These mutant Atx3 fragments lead to an increased formation of 

aggregates and enhanced neuronal degeneration, as evidenced in cellular (Berke et al., 

2004), fly (Jung et al., 2009) and mouse models of MJD (Simoes et al., 2012, Simoes et al., 

2014).  

Multiple studies have tried to clarify the cellular and physiological roles of Atx3 

(reviewed in (Costa and Paulson, 2012, Evers et al., 2014). Several evidence suggest a role 

in regulation of protein degradation. In fact, the Josephin domain, that has an ubiquitin 

protease activity (Scheel et al., 2003, Albrecht et al., 2004, Chow et al., 2004), and the UIM 

domains, which bind polyubiquitin proteins (Burnett et al., 2003, Donaldson et al., 2003), 

implicate Atx3 in ubiquitin-proteasome system (UPS). Atx3 is a transiently associated 

multiubiquitin chain recognition subunit in the proteasome that receives ubiquitinated 

substrates (Doss-Pepe et al., 2003, Chai et al., 2004). Moreover, Atx3 is a deubiquitinating 

enzyme (DUB), functioning as a polyubiquitin chain-editing enzyme that restores free and 

reusable ubiquitin (Ub) cellular levels (Berke et al., 2005, Mao et al., 2005). Thus, Atx3 is 

able to rescue proteins from degradation by eliminating the polyubiquitin chain, the substrate 

recognition signal for UPS degradation, or to stimulate protein break-down by removal of 

polyubiquitin upon substrate ligation to proteasome, allowing its degradation. Accordingly, 

mutation in Atx3 predictive catalytic sites or Atx3 knockout causes a marked increase of 

ubiquitinated proteins in cells (Berke et al., 2005, Schmitt et al., 2007). Additionally, Atx3 is 

suggested to be involved in transcriptional regulation, since it interacts with transcriptional 

co-activators and binds to DNA sequences, repressing transcription (Chai et al., 2001, Evert 

et al., 2006a). Moreover, Atx3 appears to be involved in the cellular response to heat stress 

(Araujo et al., 2011, Rodrigues et al., 2011) and in the cytoskeleton organization (Rodrigues 

et al., 2010).  

Taking into account these cellular functions, it has been speculated that the loss of 

normal Atx3 may contribute to MJD pathogenesis. Homozygous MJD patients have an earlier 

onset and a more severe phenotype than heterozygous patients (Carvalho et al., 2008); the 

same is observed in transgenic mice of MJD (Boy et al., 2010). However, mouse and C. 

elegans Atx3 knockouts show no impairments in viability, no morphologic abnormalities and 

no signs of neurodegeneration (Rodrigues et al., 2007, Schmitt et al., 2007), suggesting 

some redundancy in the functions of Atx3. Even though a study in a fly model of MJD showed 

that wild-type Atx3 was able to protect against the polyQ neurotoxicity (Warrick et al., 2005), 

this neuroprotection was not observed in rodent models of the disease (Alves et al., 2010, 

Hubener and Riess, 2010).  

Therefore, it is more widely accepted that the polyQ expanded protein causes 

disease mainly by a dominant gain-of-function mechanism. In fact, mutant Atx3 intranuclear 

inclusions recruit several other proteins, like Ub (Paulson et al., 1997b), proteasome subunits 
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(Chai et al., 1999b), chaperones (Chai et al., 1999a) and transcriptional co-activators 

(McCampbell et al., 2000, Chai et al., 2001), possibly affecting several cellular pathways 

having potentially toxic outcomes. 

 

   

1.1.1.1.6. Animal models of MJD 

 

The identification of the disease-causing mutation allowed the development of animal 

models used to get further insight into the disease pathogenic mechanisms and to evaluate 

the potential of therapeutic strategies.  

Invertebrate animals like Drosophila melanogaster (fruit fly) and Caenorhabditis 

elegans (worm) have been used to model MJD, since these models present the advantages 

of being simple, with reduced time requirements, ease of maintenance and genetic 

manipulation which make them interesting to large-scale screening studies. Warrick and 

colleagues created a MJD Drosophila model expressing full length or a truncated form of 

mutant Atx3. These flies showed locomotor dysfunction, formation of intranuclear aggregates 

and neuronal loss, resulting in premature death (Warrick et al., 1998, Kim et al., 2004, 

Warrick et al., 2005). In worms, the expression of both full length and truncated forms of 

expanded Atx3 in the nervous system promoted the establishment of motor dysfunction, 

aggregation of the mutated protein and neuronal abnormalities (Khan et al., 2006, Teixeira-

Castro et al., 2011).  

Rodents are the most commonly used animals to model MJD (summarized in table 

1.2), especially mice, since these small mammals share important molecular, anatomical and 

physiological similarities with humans.  

 

Table 1.2 – Rodent models of MJD  

Animal  Trans gene/promoter  Neuropathology  Phenotype  Ref. 

Mouse 

MJD1 fragment with 79 

CAGs / L7 promoter – 

expression in Purkinje cells. 

Atrophic cerebellum – 

neuronal cell loss and 

degeneration. 

Ataxic postures and 

gait disturbance.  

(Ikeda et 

al., 1996) 

Full length MJD1 YAC with 

76 or 84 CAGs / its own 

regulatory elements – 

ubiquitous expression. 

Ubiquitinated NIIs in 

cerebellar neurons. 

Degeneration and mild 

gliosis of dentate and 

pontine nerve nuclei. 

Mild and progressive: 

abnormal gait, tremor, 

hypoactivity, limb 

clasping, reduced grip 

strength. Slow weight 

gain.  

(Cemal et 

al., 2002) 

Full length MJD1 with 71 

CAGs / mouse prion protein 

promoter – expression 

throughout the brain. 

NIIs in deep cerebellar 

and pontine nuclei and 

spinal cord. Abundant 

mutant atx3 fragments. 

Progressive postural 

instability, gait and 

limb ataxia. Weight 

(Goti et 

al., 2004, 

Colomer 

Gould et 

al., 2006) 
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No detected neuronal 

loss. 

loss. Premature 

death.  

Full length MJD1 with 70 or 

148 CAGs, with or without 

NES and NLS / murine prion 

protein promoter – 

expression in several CNS 

regions. 

Ubiquitinated NIIs in 

several brain regions. 

Shrinkage of Purkinje 

cells. 

Severe and 

progressive: tremor, 

reduced motor and 

exploratory activity. 

Premature death. 

(Bichelmei

er et al., 

2007) 

HA-tagged full-length MJD1 

with 79 CAGs / mouse prion 

protein promoter – 

expression in several CNS 

regions. 

NIIs in dentate and 

pontine nuclei and 

substantia nigra. 

Neuronal dysfunction in 

cerebellum. 

Motor incoordination, 

hypoactivity, ataxic 

wide-based gait, 

abnormal hunchback 

posture, weight loss.  

(Chou et 

al., 2008) 

HA-tagged truncated MJD1 

with 69 CAGs / L7 promoter 

– expression in Purkinje cells 

and cerebellar nuclei. 

Ubiquitinated inclusions. 

Cerebellar atrophy, 

disarrangement of 

Purkinje cells. 

Severe ataxia. 

(Torashim

a et al., 

2008, Oue 

et al., 

2009) 

Full-length MJD1 with 77 

CAGs / hamster prion protein 

promoter, using the Tet-Off 

system – expression in 

cerebellum, striatum, cortex, 

hippocampus, brainstem and 

pons.  

NIIs in cerebellar cortex. 

Neuronal dysfunction in 

the cerebellum.  

Reduced anxiety, 

hyperactivity, lower 

body weight gain, 

clasping, altered gait, 

impaired motor 

coordination. 

(Boy et al., 

2009) 

Full-length MJD1 gene with 

148 CAGs / huntingtin 

promoter – ubiquitous 

expression in the brain. 

NIIs in pons and 

cerebellum. Cell 

degeneration of Purkinje 

cells.  

Hyperactivity, 

reduced motor 

coordination, 

impaired motor 

learning.  

(Boy et al., 

2010) 

Full-length MJD1 with 94 

CAGs / cytomegalovirus 

(CMV) promoter – ubiquitous 

expression in CNS and 

periphery. 

No large aggregates 

were found. 

Neurodegeneration in the 

absence of necrosis or 

apoptosis n thalamus, 

dentate and pontine 

nuclei. Astroglyosis.  

Motor coordination 

impairment.  

(Silva-

Fernandes 

et al., 

2010) 

Truncated N-terminal Atx3 

cDNA (mutation in the 

mouse Atx3 gene) – 

expression in several brain 

regions.  

Prominent extranuclear 

protein aggregates. 

Neuronal cell death. 

Tremor, clasping, gait 

ataxia, weight loss. 

Premature death.  

(Hubener 

et al., 

2011) 

Myc-tagged full-length MJD1 

with 72 CAGs / 

phosphoglicerate kinase 1 

Ubiquitinated NIIs. Loss 

of neuronal markers. 
- 

(Simões et 

al., 2012) 
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(PGK) promoter encoded by 

lentiviral (LV) vectors 

injected in striatum. 

Condensation of cell 

nucleus. 

Myc-tagged full-length MJD1 

with 72 CAGs / PGK 

promoter encoded by LV 

vectors injected in 

cerebellum. 

Ubiquitinated NIIs. Loss 

of neuronal markers. 

Shrinkage and 

degeneration of Purkinje 

cells. 

Reduced motor 

coordination, wide-

base ataxic gait, 

hyperactivity.  

(Nobrega 

et al., 

2013) 

Full-length MJD1 with 135 

CAGs / CMV promoter – 

ubiquitous expression in 

CNS and periphery. 

Reduced brain weight. 

Neuronal loss in the 

pontine nuclei. 

Abnormal gait and 

body posture, limb 

clasping, limb tonus 

deficit, lower body 

weight gain. 

Silva-

Fernandes 

et al., 

2014 

Rat 

Myc-tagged full-length MJD1 

with 72 CAGs / PGK 

promoter encoded by LV 

vectors injected in striatum 

or substantia nigra. 

Ubiquitinated NIIs. Loss 

of neuronal markers. 

Condensation of cell 

nucleus. 

- 
(Alves et 

al., 2008b) 

Some mouse and rat MJD models are listed along with their expressed transgene and 

the neuropathology and phenotype presented by transgenic animals.  

 

This variety of transgenic rodent models due to the use of different Atx3 transcripts 

with a wide range of CAG repetitions and the use of different promoters allowing the 

expression of the transgene in several brain regions, promotes significant advances in the 

knowledge of this disorder. These models confirmed the importance of the number of CAG 

repeats in the disease severity: a longer CAG expansion caused a more aggressive 

phenotype and neurodegeneration (Bichelmeier et al., 2007, Silva-Fernandes et al., 2010, 

Silva-Fernandes et al., 2014). Moreover, there is no clear correlation between NIIs formation 

and MJD-like symptoms. In fact, Boy and colleagues showed that transgenic mice have 

motor dysfunction before the formation of NIIs (Boy et al., 2010), and Maciel’s group reported 

that neurodegeneration occurred in the absence of NIIs (Silva-Fernandes et al., 2010). 

Furthermore, it became evident that truncated forms of mutant ataxin-3 allowed a more 

severe pathology with an earlier age of onset of behavior abnormalities (3-4 weeks of age), 

whereas the expression of the full-length mutated protein promoted a later onset (some 

symptoms start at 2 months of age but others only manifest in 1-year-old mice) and a milder 

phenotype (Ikeda et al., 1996, Cemal et al., 2002, Goti et al., 2004, Bichelmeier et al., 2007, 

Chou et al., 2008, Torashima et al., 2008, Boy et al., 2009, Boy et al., 2010, Silva-Fernandes 

et al., 2010, Silva-Fernandes et al., 2014). Additionally, not only the C-terminal polyQ-

containing fragment is the responsible for the establishment of MJD, since an N-terminal 

fragment of Atx3 was able promote neurodegeneration, causing behavioral abnormalities 

and culminating in premature death (Hubener et al., 2011). Bichelmeier and colleagues 
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further explored the importance of the subcellular localization of the mutant Atx3, showing 

that its nuclear localization obtained by the expression of a NLS (nuclear localization signal) 

exacerbated the pathological phenotype compared to the mice that expressed a NES 

(nuclear export signal) (Bichelmeier et al., 2007). Finally, using a MJD transgenic mouse with 

a Tet-Off system it was shown that it was possible to revert motor symptoms after shutting-

off the expression of the mutated protein (Boy et al., 2009). 

MJD lentiviral (LV)-based animal models are able to overcome some limitations of 

transgenic mouse model, allowing genetic modeling of the disease in a faster, controlled and 

selective way (this topic will be further discussed in section 1.3). 

Up to now, no model has completely recapitulated the MJD neuropathology and 

phenotype. Nevertheless, the currently available models have gave further insights and a 

better understanding of the disease pathogenesis.  

 

 

1.1.2. Pathogenesis 

 

 

1.1.2.1. Neuronal loss, neurogenesis impairment and  reduction of trophic factors 

levels 

 

Ultimately, loss of neurons is the culprit of neurodegenerative diseases. In fact, 

neuronal replacement therapies have already been reported in an attempt to cope with 

neuronal death and alleviate the motor symptoms in HD (Bachoud-Levi et al., 2006), PD 

(Dell'Anno et al., 2014), SCA1 (Chintawar et al., 2009) and MJD (Mendonca et al., 2015). 

Moreover, it was already shown that after an ischemic injury induced by a stroke (Arvidsson 

et al., 2002), brain traumatic injury (Urrea et al., 2007) or an excitotoxic lesion caused by 

quinolinic acid injection (Gordon et al., 2007) the adult brain can recruit endogenous neural 

proliferative cells to the damaged area, where they then express markers of developing and 

mature neurons. 

Active generation of new neurons occurs throughout life, mostly in subventricular 

zone (SVZ) of the lateral ventricles and in subgranular zone (SGZ) of the dentate gyrus in 

the hippocampus (Ming and Song, 2005), and in a lower rate in other areas of the brain: 

hypothalamus (Kokoeva et al., 2007, Cheng, 2013), neocortex (Gould et al., 2001, Dayer et 

al., 2005), striatum (Bedard et al., 2006, Luzzati et al., 2006), amygdala (Bernier et al., 2002), 

substantia nigra (Zhao et al., 2003) and cerebellum (Manohar et al., 2012). Adult 

neurogenesis raises the possibility of restoring the diminished neuronal populations in 

neurodegenerative disorders. Neurogenesis can be an intrinsic compensatory mechanism to 

self-repair, though the effect of neurodegeneration on adult neurogenesis might be very 
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complex. Some studies have already pointed out alterations of adult neurogenesis in AD, PD 

and HD patients and mouse models, yet there are some conflicting reports (reviewed in 

(Winner and Winkler, 2015)). Despite methodological considerations that could be accounted 

for some contrasting results, it is reasonable to believe that these disorders stimulate 

neurogenesis as a self-repair mechanism, increasing the number of proliferating neural cells 

that then migrate to the damaged areas. However, regarding the continuous and progressive 

neuronal loss, it appears that the level of neurogenesis is insufficient to compensate for the 

progressive cell loss observed in the neurodegenerating brain. This could be simply due to 

a greater rate or extent of cell loss than the cell replacement capacity, but it is possible that 

these newborn neurons cannot survive or are not able to integrate the neuronal circuitry and 

be functional. In fact, the pathologic mechanisms of neurodegenerative diseases may create 

an aggressive environment characterized by the presence of inhibitory factors, such as 

inflammatory cues (Ekdahl et al., 2003), and/or by inadequate levels of local trophic support 

necessary for neuronal differentiation and survival. Actually, brain-derived neurotrophic 

factor (BDNF), a neurotrophin that promotes neuronal survival and differentiation (reviewed 

in (Baydyuk, 2012)), is downregulated in the most affected brain areas of AD (Hock et al., 

2000), HD (Ferrer et al., 2000) and SCA1 (Hourez et al., 2011, Takahashi et al., 2012). 

Additionally, TrkB (BDNF receptor) conditional knock-out mice develop ataxia (Johnson et 

al., 2007). Furthermore, BDNF up-regulates the activity of survival genes and inhibits the 

function of the proteins that lead to programmed cell death (reviewed in (Baydyuk, 2012)). In 

fact, increasing BDNF levels improves motor phenotype and protects against cell atrophy 

and degeneration in HD (Xie et al., 2010b) and SCA1 (Hourez et al., 2011) transgenic mice. 

 

 

1.1.2.2. Quality control system failure 

 

Protein misfolding and aggregation causes neurofibrillary tangles and amyloid β 

plaques in AD (McKhann et al., 1984), α-synuclein aggregates that constitute Lewy bodies 

in PD (Jellinger, 1991) and expanded polyglutamine protein aggregates in PolyQ diseases 

(DiFiglia et al., 1997, Skinner et al., 1997, Holmberg et al., 1998, Ishikawa et al., 1999, 

Koyano et al., 1999, McCampbell et al., 2000, Nakamura et al., 2001). This accumulation of 

abnormal proteins in neurons represents a continual burden on quality control systems in 

cells. In physiological conditions, cells count with machinery that allow misfolded or 

dysfunctional proteins clearance: ubiquitin-proteasome pathways and autophagy (reviewed 

in (Rubinsztein, 2006)).  

For a protein to be degraded by the UPS it needs to be tagged by multiple Ub 

molecules (forming a polyubiquitin chain). This degradation signal is then recognized by the 

26S proteasome complex, where the protein is proteolytically degraded to small peptides, 
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after a series of DUBs mediate the disassembly of the polyubiquitin chains, restoring the 

levels of free and reusable Ub (reviewed in (Ciechanover and Brundin, 2003)). The UPS is a 

very important pathway for cell homeostasis. It was shown that genetic depletion of the 26S 

proteasome or use of proteasome inhibitors in cells and mouse brain neurons induces 

extensive neurodegeneration, aggregates formation and motor deficits (Chai et al., 1999b, 

Jana et al., 2001, Wang et al., 2007, Bedford et al., 2008, Xie et al., 2010a). The UPS has 

been implicated in neurodegenerative diseases. Indeed, inclusion bodies of AD, PD and 

polyQ diseases are ubiquitinated and contain proteasome components (Mori et al., 1987, 

Perry et al., 1987, Fergusson et al., 1996, DiFiglia et al., 1997, Paulson et al., 1997b, 

Cummings et al., 1998, Holmberg et al., 1998, Chai et al., 1999b, Koyano et al., 1999, 

McNaught et al., 2002, Schmidt et al., 2002, McNaught et al., 2003, Mandel et al., 2005). 

These features may reflect failed attempts by the UPS to remove the abnormal protein. On 

the other hand, it can indicate that these damaged proteins could inhibit the UPS, hampering 

the degradation of other proteins. In fact, several studies show that the proteasome function 

is inhibited by the accumulation of amyloid β (Keller et al., 2000, Keck et al., 2003, Almeida 

et al., 2006), mutant androgen receptor (Mandrusiak, 2003), mutant α-synuclein (McNaught 

and Jenner, 2001, Tanaka et al., 2001), mutant huntingtin (Bence et al., 2001, Holmberg et 

al., 2004, Seo et al., 2004, Bennett et al., 2007, Wang et al., 2008), mutant ataxin-1 (Park et 

al., 2005) and mutant Atx3 (Tsai et al., 2003). Furthermore, the stimulation of UPS activity 

enhances the rate of expanded polyQ-protein degradation, decreasing the formation of 

aggregates, and reduces cell degeneration, both in vitro and in vivo studies (Jana et al., 

2005, Al-Ramahi et al., 2006, Adachi et al., 2007).  

The UPS is complemented by another quality control mechanism designated 

autophagy, which includes three different types: chaperone-mediated autophagy (CMA), 

microautophagy and macroautophagy. In macroautophagy (hereafter referred to only as 

autophagy), cytosolic components are sequestered into de novo formed double membrane 

vesicles, named autophagosome, that then fuses with lysosomes, generating 

autophagolysosomes, and their contents are then degraded by acidic lysosomal hydrolases 

(reviewed in (Wong and Cuervo, 2010)).  

Autophagy is also very important in protein homeostasis. Loss of autophagy causes 

neurodegeneration even in the absence of any disease-associated mutated protein. In fact, 

it was shown that mice lacking either Atg5 or Atg7 (two proteins with key roles in autophagy) 

in the CNS develop progressive deficits in motor coordination, abnormal intracellular proteins 

accumulation and massive neuronal loss culminating in premature death (Hara et al., 2006, 

Komatsu et al., 2006). Alterations in autophagy have been shown to occur in 

neurodegenerative diseases. Using both postmortem diseased brain and animal models, it 

was observed lysosomal abnormalities (Cataldo et al., 1994), autophagosome accumulation 

(Boland et al., 2008, Spencer et al., 2009, Nascimento-Ferreira et al., 2011) and alterations 
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in levels of proteins involved in autophagic pathway (Shibata et al., 2006, Pickford et al., 

2008, Vig et al., 2009, Duncan et al., 2010, Heng et al., 2010, Jaeger et al., 2010, 

Nascimento-Ferreira et al., 2011), which could reflect a downstream block of autophagic flux, 

in AD, PD and polyQ disorders. Nevertheless, autophagy is able to prevent, at least at some 

extent, the aggregation and their induced toxicity in these disorders – the use of autophagy 

inhibitors or the autophagic genes silencing in disease models caused an increase in 

aggregates formation (Bi et al., 1999, Lee et al., 2004, Jia et al., 2007, Montie et al., 2009, 

Jaeger et al., 2010, Watanabe et al., 2012). On the other hand, stimulation of autophagy 

reduced the cellular accumulation of amyloid β (Pickford et al., 2008, Jaeger et al., 2010, 

Spilman et al., 2010, Majumder et al., 2011), mutant α-synuclein (Pan et al., 2008, Spencer 

et al., 2009), mutant huntingtin (Ravikumar et al., 2004, Shibata et al., 2006), mutant ataxin-

1 (Berger et al., 2006), mutant Atx3 (Menzies et al., 2010, Nascimento-Ferreira et al., 2011, 

Nascimento-Ferreira et al., 2013) and mutant androgen receptor (Montie et al., 2009), 

presenting a neuroprotective effect against the disease-like symptoms and 

neurodegeneration.  

 

 

1.1.2.3. Excitotoxicity and deregulation of calcium  homeostasis 

 

The concept of excitotoxicity was first introduced in 1978, describing it as a process 

of neuronal death caused by excessive or prolonged activation of glutamate receptors: 

NMDA receptors, AMPA/Kainate receptors and metabotropic receptors (Olney, 1978, Lau 

and Tymianski, 2010). Prolonged activation of these receptors leads to continuous cationic 

fluxes into the postsynaptic neurons, causing persistent depolarization of the plasmatic 

membrane, which ultimately translates into neuronal Ca2+ overload. Physiologically, tight 

homeostatic mechanisms regulate intracellular Ca2+ concentrations, like calcium 

sequestration by mitochondria, preventing pathological rises of Ca2+ in the cytosol. Excessive 

Ca2+ influx results in mitochondrial failure, which in turn leads to energy deprivation and 

reactive oxygen species (ROS) overproduction causing oxidative stress. Their cytotoxic 

effects join the activation of calcium-sensitive enzymes such as proteases, endonucleases 

and phospholipases, triggering signaling cascades that promote neuronal death, either by 

apoptosis or necrosis (reviewed in (Dong et al., 2009)). 

Excitotoxicity and alterations in Ca2+ homeostasis have been implicated in 

neurodegenerative diseases. Several studies showed that amyloid β induces excitotoxicity 

in cortical and hippocampal neuronal cultures by, at least in part, inhibiting the uptake of 

glutamate (Mattson et al., 1992, Brorson et al., 1995, Gray and Patel, 1995, Harkany et al., 

2000). Moreover, declines in endogenous antioxidants were observed in AD patients’ brains, 

rendering neurons more vulnerable to excitotoxic insults (Ansari and Scheff, 2010). 
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Furthermore, antioxidants and NMDA receptor antagonists showed neuroprotection against 

amyloid β toxic effects (Behl et al., 1994, Miguel-Hidalgo et al., 2002). Additionally, glutamate 

receptor antagonists improved motor impairments of PD patients (Rabey et al., 1992, Uitti et 

al., 1996, Del Dotto et al., 2001). In this case, excitotoxicity could possibly be explained by 

an increased cortical glutamatergic input to the striatum due to the striatal dopamine 

depletion that, this way, was not able to depress the release of glutamate from cortical 

afferents (Calabresi et al., 1993, Bamford et al., 2004, Vaarmann et al., 2013). Indeed, 

lesions of the motor cortex decreased the striatal glutamate levels, thus reversing the 

degeneration of striatal neurons (Garcia et al., 2010). Alterations in calcium homeostasis are 

also present in polyQ disorders, such as HD (Levine et al., 1999, Sun et al., 2001, Zeron et 

al., 2004, Tang et al., 2005), SCA1 (Lin et al., 2000, Serra et al., 2004), SCA6 (Matsuyama 

et al., 2004) and MJD (Chen et al., 2008, Koch et al., 2011, Goncalves et al., 2013, Konno 

et al., 2014), revealing an increase in the intracellular Ca2+ levels. Moreover, mitochondrial 

dysfunction has been pointed as a cause of excitotoxicity (Beauchemin et al., 2001, Panov 

et al., 2002, Tsai et al., 2004, Chou et al., 2006, Oliveira et al., 2006, Shehadeh et al., 2006, 

Wang et al., 2006, Fernandes et al., 2007, Zhang et al., 2008, Ranganathan et al., 2009, Yu 

et al., 2009, Laco et al., 2012, Kazachkova et al., 2013), leading also to an increase of ROS 

production (Browne et al., 1997, Kim et al., 2003, Puranam et al., 2006, Ranganathan et al., 

2009, Yu et al., 2009, Araujo et al., 2011). Furthermore, it was shown that NMDA receptors 

antagonists reduced motor deficits of HD (Lucetti et al., 2002, Beister et al., 2004) and that 

MJD transgenic mice treated with a stabilizer of intracellular calcium levels have an improved 

motor performance and a reduced neuronal loss (Chen et al., 2008). 

 

 

1.1.2.4. Neuroinflammation 

 

Microglia are considered the resident immune cell population of the CNS (Garden 

and Moller, 2006). Upon CNS injury, microglia cells become activated and their morphology 

shifts into ameboid-shapped cells which present and up-regulated catalogue of surface 

molecules (reviewed in (Block et al., 2007)). One of the earliest response of microglia is 

migration to the site of neural injury, where they proliferate and secrete pro-inflammatory 

cytokines, such as interleukin-1 beta (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-

alpha (TNFα), which help to drive the resolution of the injury. These molecules also signal to 

recruit astrocytes, thus amplifying the immune response. The activated microglia also release 

free radicals, nitric oxide and metalloproteases necessary for tissue repair (Schultzberg et 

al., 2007, Wee Yong, 2010). Physiologically, when the activating stimulus disappears, 

microglia participates in the down-modulation of the inflammation releasing anti-inflammatory 

cytokines and trophic factors, important to the recovery process: anti-inflammatory cytokines 
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signal for microglia apoptosis, and some remaining microglial cells return to their resting 

morphology (Garden and Moller, 2006, Czlonkowska and Kurkowska-Jastrzebska, 2011). 

However, under abnormal circumstances, when the stimulus continues to be present or when 

the immune response becomes deregulated, chronic inflammation can take place, microglia 

become overactivated and the pro-inflammatory factors prove to be harmful for the CNS cells 

(Block et al., 2007).  

PET imaging studies showed increased levels of activated microglia in the 

temporoparietal cortex of AD patients (Cagnin et al., 2001, Vehmas et al., 2003) and also 

astrocytic activation, that in a late stage is associated with the dementia degree (Vehmas et 

al., 2003). PET imaging also revealed higher accumulation of activated microglia in the basal 

ganglia and substantia nigra in PD patients (Ouchi et al., 2005, Gerhard et al., 2006) and in 

a 6-hydroxydopamine (6-OHDA) lesion rat model (Cicchetti et al., 2002), although it is not 

consensual the correlation with the disease severity. Moreover, significant increases in 

activated microglia in the striatum and cerebral cortex in HD patients (Pavese et al., 2006) 

and presymptomatic gene carriers (Tai et al., 2007) were also revealed by PET scans, being 

the amount of activated microglia associated with the severity of clinical disease. An increase 

of reactive astrocytes and activated microglia was also observed in pons and globus pallidus 

of MJD patients (Evert et al., 2001, Horimoto et al., 2011) and in striatum and substantia 

nigra of MJD transgenic mouse models (Silva-Fernandes et al., 2010, Goncalves et al., 

2013). Moreover, serum levels of GFAP were observed to be higher in MJD patients (Shi et 

al., 2015). Likewise, a study in several mouse models revealed that astrocytes and microglia 

were also activated early in SCA1 pathogenesis, even in the absence of neuronal death 

(Cvetanovic et al., 2015). Besides, increased levels of pro-inflammatory cytokines were found 

in CSF of AD patients (Blum-Degen et al., 1995), in cerebral cortex and hippocampus of an 

AD mouse model (Tehranian et al., 2001), in the CSF of PD patients (Blum-Degen et al., 

1995), and striatum of a PD mouse model (Ciesielska et al., 2003), in HD patients’ plasma 

and in an HD mouse model serum (Dalrymple et al., 2007, Bjorkqvist et al., 2008) and in 

pons and cerebellum of MJD patients (Evert et al., 2001, Evert et al., 2006b). 

Therefore, there are several studies showing that the major neurodegenerative 

disorders have an inflammatory component. Experiments using cortical neuronal and glial 

cultures suggest that neuroinflammation may be a precipitator of neurodegeneration (Del Bo 

et al., 1995, Qin et al., 2002). Despite that, neuronal loss can in itself result in activation of 

microglia, initiating a self-propagating sequence of cell damage. Thus, therapeutic strategies 

that suppress inflammation should be considered to prevent the exacerbation of these 

neurodegenerative disorders. Epidemiological studies show that populations that take anti-

inflammatory drugs on a sustained basis have a reduced risk of developing AD (reviewed in 

(McGeer and McGeer, 2007)). Moreover, the use of drugs with anti-inflammatory effects 

decrease the neuronal damage and improve the phenotype of mice that model AD (McGeer 
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and McGeer, 2007) and PD (Kurkowska-Jastrzebska et al., 2002, Kurkowska-Jastrzebska et 

al., 2004); the results in an HD mouse model are contradictory (Chen et al., 2000, Smith et 

al., 2003).  

 

 

1.2. Neuropeptide Y (NPY) and NPY receptors 

 

Neuropeptide Y (NPY), a 36 amino acid peptide with several tyrosines first isolated 

from porcine brain more than three decades ago (Tatemoto, 1982, Tatemoto et al., 1982), is 

expressed throughout the body, including the brain. Due to their homology NPY was grouped 

with pancreatic polypeptide (PP) and peptide YY (PYY), 2 gut hormones, in the same family 

(Michel et al., 1998). NPY is highly conserved among mammals throughout the evolution 

(Larhammar, 1996). 

The NPY human gene is located in chromosome 7 at the locus 7p15.1 (Cerda-

Reverter and Larhammar, 2000). Pre-pro-NPY, a 97 amino acid peptide generated after 

translation, is directed to the endoplasmic reticulum (ER), where it is proteolytically 

processed and a 27 amino acid fragment is removed resulting in the production of Pro-NPY. 

This NPY precursor is formed by NPY1-39 and C-flanking peptide of NPY (CPON); these two 

Pro-NPY components are dissociated through a cleavage promoted by prohormone 

convertases. NPY1-39 is further processed by a carboxypeptidase B (CPB) generating NPY1-

37, which is a substrate for the enzyme peptidylglycine alpha-amidating monooxygenase 

(PAM), leading to the formation of the biologically active C-terminally amidated NPY1-36 

(normally designated only by NPY) (Medeiros Mdos and Turner, 1996).  

 

 

 

Figure 1.4 – Scheme of the biosynthesis of NPY.  CPON: C-flanking peptide of NPY; CPB: 

carboxypeptidase B; PAM: peptidylglycine alpha-amidating monooxygenase. 
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The mature NPY can be ultimately cleaved mainly by the dipeptidyl peptidase IV 

(DPP-IV) and, in a lesser extent, by the aminopeptidase P (AmP), resulting in NPY3-36 and 

NPY2-36 fragments, respectively (Medeiros and Turner, 1994, Medeiros Mdos and Turner, 

1996). Both fragments can also be degraded by endopeptidase neutral-24-11, originating 

biologically inactive peptides NPY1-20 and NPY31-36 (Yaron and Mlynar, 1968, Medeiros and 

Turner, 1994, Medeiros Mdos and Turner, 1996). 

NPY is abundantly and unequally distributed in several brain regions (Table 1.3). 

NPY levels were evaluated by radioimmunoassay (RIA) and NPY-ir was assessed by 

immunohistochemistry (IHC) (Adrian et al., 1983, Allen et al., 1983, de Quidt and Emson, 

1986). The results show that amygdala, hippocampus, hypothalamus and striatum contain 

the higher levels of NPY. This NPY protein distribution correspond to the distribution of NPY 

mRNA (Caberlotto et al., 2000, Allen Institute for Brain Science, 2014).  

 

Table 1.3 – NPY distribution and content in human a nd rodents brain.  

CNS region  Human  Rodents  

Amygdala +++ ++++ 

Cerebellum + + 

Cerebral cortex + +++ 

Globus pallidus + ++ 

Hippocampus ++ +++ 

Hypothalamus ++ ++++ 

Striatum ++++ +++ 

Substantia nigra + + 

Thalamus + + 

Ref. 

(Adrian et al., 1983, Caberlotto 

et al., 2000) 

(Allen et al., 1983, de Quidt and 

Emson, 1986, Allen Institute for 

Brain Science, 2014) 

These data does not compare NPY levels between human and rodents brains. ++++, 

very high levels; +++, high levels; ++, moderate levels; +, low levels. 

 

As a neurotransmitter or a neuromodulator, NPY activates different NPY receptors in 

several brain regions and has different functions in the CNS. 

NPY receptors are G-protein-coupled receptors, five of which have already been 

cloned from mammals: Y1, Y2, Y4, Y5 and y6 receptors (reviewed in (Michel et al., 1998, Silva 

et al., 2005)). These receptors are grouped into the same family due to the fact that they all 

bind to NPY, despite generally low sequence similarity; nevertheless, as NPY itself, they are 

very conserved across species (Larhammar et al., 2001). 

The Y1 receptor, a 384 amino acid peptide, was the first cloned NPY receptor. Its 

human gene is located in chromosome 4q31 (Gehlert, 2004). Only the NPY N-terminal is 

essential for the activation of Y1 receptor since the fragments NPY2-36, NPY3-36 and NPY13-36, 
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which are cleaved in this terminal, present a low affinity to this receptor (Medeiros and Turner, 

1994, Medeiros Mdos and Turner, 1996). The Y2 receptor human gene is also located in 

chromosome 4. This peptide with 381 amino acids has high affinity to NPY and PYY as well 

as to NPY analogs cleaved in N-terminal, like NPY2-36, NPY3-36 and NPY13-36 (Michel et al., 

1998). The Y4 receptor, whose human gene is in chromosome 10, has higher affinity to PP 

than to PYY, and even smaller to NPY (Lundell et al., 1995). The gene for Y5 receptor is 

located in human chromosome 4 and overlaps with Y1 receptor gene but is transcribed in the 

opposite direction (Gehlert, 2004). The Y5 receptor is activated by NPY, NPY fragments 

NPY2-36 and NPY3-36 and PYY (Gerald et al., 1996, Borowsky et al., 1998, Michel et al., 

1998). The y6 receptor is present in some mammals, like mouse, rabbit, dog, cow and 

primates, including humans, but it is absent in rats (Burkhoff et al., 1998); however, the y6 

receptor is only functional in few species, excluding human (Matsumoto et al., 1996, Dumont 

et al., 1998, Michel et al., 1998, Starback et al., 2000), and its physiological functions are not 

known yet. 

All NPY receptors have been described as post-synaptic, being the Y2 receptor the 

only that has a pre-synaptic localization, where it may act as an autoreceptor (Colmers et al., 

1991, Stanic et al., 2011). Each NPY receptor is present in different brain regions, although 

their levels may vary depending on the region (Caberlotto et al., 1997, Gustafson et al., 1997, 

Borowsky et al., 1998, Caberlotto et al., 1998, Naveilhan et al., 1998, Nichol et al., 1999, 

Neveu et al., 2002, Wolak et al., 2003, Stanic et al., 2006, Oberto et al., 2007). The Y4 

receptor is the least expressed of all four NPY receptors in the CNS (Kask et al., 2002, Silva 

et al., 2005).  

The potential physiological roles of NPY receptors were already described by studies 

in rodent models deficient in various receptor subtypes (reviewed in (Lin et al., 2004)) and 

by using the classical pharmacological tools (selective agonists and antagonists of NPY 

receptors). Moreover, some studies suggested the possible existence of NPY receptors 

homodimers and heterodimers (Dinger et al., 2003, Silva et al., 2005, Gehlert et al., 2007). 

Besides, it is possible that additional mammalian NPY binding sites remain to be discovered.  

NPY is contained mainly in GABA neurons (Aoki and Pickel, 1989, McDonald and 

Pearson, 1989). Some of these neurons contain also other neurotransmitters or 

neuromodulators, such as somatostatin, in striatum (Smith and Parent, 1986, Kowall et al., 

1987, Schwartzberg et al., 1990, Dawson et al., 1991, Figueredo-Cardenas et al., 1996), 

cerebral cortex (Hendry et al., 1984) and amygdala (McDonald, 1989, Schwartzberg et al., 

1990, McDonald et al., 1995), and nitric oxide, in striatum (Dawson et al., 1991, Figueredo-

Cardenas et al., 1996). This suggests that NPY’s physiological roles in the CNS are very 

complex since it interacts with other effector systems. 
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1.2.1. NPY system in neurodegenerative disorders  

 

Alzheimer’s disease 

NPY levels in AD patients were evaluated in several studies (summarized in Table 

1.5). In postmortem human brain it has been shown by IHC that the morphology of cortical 

NPY-positive neurons was severely altered by the disease (Chan-Palay et al., 1985), and 

their number was significantly decreased in both cerebral cortex and hippocampus (Beal et 

al., 1986b, Chan-Palay et al., 1986, Davies et al., 1990). Moreover, autoradiographic studies 

showed that NPY receptors density in those brain regions was also decreased (Martel et al., 

1990). CSF of AD patients was also analyzed, by RIA, but the results concerning NPY 

concentrations were not consistent (Atack et al., 1988, Sunderland et al., 1991, Martignoni 

et al., 1992, Edvinsson et al., 1993, Heilig et al., 1995). The discrepant findings could be 

explained by the type of NPY assay, since intra or extracellular processing of NPY can result 

in fragments that may or may not be detected by the assay (Nilsson et al., 2001). The same 

explanation can be applied to the inconsistent results that were found in the peripheral 

plasma analysis (Koide et al., 1995, Proto et al., 2006). Besides, even though the pursuit of 

NPY as a peripheral biomarker of the disease is relevant, the role and origin of plasma NPY 

and its relation with central NPY remains to be clarified. 

 

Table 1.5 – NPY levels in AD.  

Biological sample  NPY levels  Ref. 

Human brain 

Severely altered morphology of NPY-positive neurons 

in cerebral cortex and hippocampus. 
(Chan-Palay et al., 1985) 

↓ NPY-ir in cerebral cortex and hippocampus. 
(Beal et al., 1986b, Chan-
Palay et al., 1986, Davies 

et al., 1990) 
↓ density of NPY binding sites in cerebral cortex and 

hippocampus. 
(Martel et al., 1990) 

Human CSF 

No changes in NPY concentration. 

(Atack et al., 1988, 

Sunderland et al., 1991, 

Heilig et al., 1995) 

↓ NPY levels. 
(Martignoni et al., 1992, 

Edvinsson et al., 1993) 

Human plasma 
↓ NPY concentration. (Koide et al., 1995) 

Unchanged NPY concentration. (Proto et al., 2006) 

Mouse models 

PDAPP model: ↑ NPY levels in cerebral cortex and 

hippocampus 
(Diez et al., 2000) 

APP23 model: ↑ NPY levels in cerebral cortex and 

hippocampus. 
(Diez et al., 2003) 

PS1xAPP model: ↓ NPY neurons in hippocampus at 

early stage of disease 
(Ramos et al., 2006) 
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Some studies in AD mouse models do not mimic the ones in human brain (Diez et 

al., 2000, Diez et al., 2003), possibly because transgenic models reproduce some but not all 

aspects of the disease – transgenic mice display extensive amyloid plaques and cognitive 

deficiencies but not the massive neuronal loss characteristic of the human disease. No 

studies were done in an attempt to evaluate de NPY receptors levels in these models.  

It is likely that the loss of NPY in hippocampus and cerebral cortex of AD patients 

results from neurodegeneration occurring in these brain regions along with the progression 

of the disease. 

 

Parkinson’s disease 

Studies that evaluated NPY levels in PD patients are summarized in Table 1.6. Allen 

et al. (1985) found no differences in NPY levels in hippocampus nor in cerebral cortex but 

Beal et al. (1988a) showed a 10-30% decrease in some cortical regions of PD patients, 

compared to controls. Regarding the striatum, by ISH analysis, NPY mRNA levels were 

higher in postmortem human brains of PD patients (Cannizzaro et al., 2003). CSF NPY levels 

were also investigated, but the results were not consistent (Yaksh et al., 1990, Martignoni et 

al., 1992), probably because of, as discussed previously, the questionable reliability of NPY 

assay on CSF samples. 

Rodent models used to study PD are based on the chemical destruction of the 

nigrostriatal dopaminergic neurons. PD rodent models obtained by striatal injection of 6-

OHDA show an increased number of NPY-positive interneurons in the lesioned striatal 

hemisphere as compared to the intact one and to striata of control animals (Kerkerian et al., 

1986). Moreover, these changes were reversed by treatment with apomorphine, a 

dopaminergic agonist (Kerkerian et al., 1988). The PD mouse model obtained by 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) administration also presented a significant 

increase in NPY-ir, which was also reversed by L-DOPA treatment (Obuchowicz et al., 2003). 

 

Table 1.6 – NPY levels in PD.  

Biological sample  NPY levels  Ref. 

Human brain 

No changes in NPY levels in cerebral cortex and 

hippocampus. 
(Allen et al., 1985) 

↓ NPY levels in some cortical regions. (Beal et al., 1988) 

↑ NPY mRNA levels in striatum. (Cannizzaro et al., 2003) 

Human CSF 
No changes in NPY concentration. (Yaksh et al., 1990) 

↓ NPY levels. (Martignoni et al., 1992) 

Rodent models 

↑ NPY-positive interneurons in 6-OHDA lesioned 

striata. 

(Kerkerian et al., 1986, 

Kerkerian et al., 1988) 

NPY-ir in the striatum of MPTP treated mice. (Obuchowicz et al., 2003) 
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Despite some conflicting reports, the results suggest that the decreased tonic 

suppression of striatal NPY-positive interneurons by dopamine is responsible for NPY 

increased levels in PD. There is no information regarding the NPY receptors levels in PD 

patients or animal models. 

 

Huntington’s disease 

Some studies have been performed to assess NPY brain levels in HD patients and 

rodent models (summarized in Table 1.7). Postmortem human brains were analyzed by RIA 

and IHC, and the authors observed an increase of NPY levels and a significantly higher 

number of NPY-positive neurons in HD striatum relative to controls (Dawbarn et al., 1985, 

Beal et al., 1988b). This NPY levels increase was also observed in HD frontal and temporal 

cortical regions (Beal et al., 1988b, Mazurek et al., 1997). 

The HD rat model obtained by striatal lesion induced by a NMDA-receptor-specific 

excitotoxin, quinolinic acid (QA), exhibited less NPY-positive interneurons in the core of the 

lesion, but the cells in the transition state, in the periphery, were spared, as showed by IHC 

techniques (Boegman et al., 1987). However, with RIA analysis, other authors did not 

observe changes in striatal NPY levels (Beal et al., 1986a), which suggests that the spared 

NPY interneurons can be in an hyperactive state to compensate for the neuronal loss. QA 

was also used in rat striatal cultures to develop an in vitro model, and it was observed that 

NPY neurons were selectively spared (Kumar, 2004). No studies were conducted in an 

attempt to evaluate the NPY receptors levels in HD. 

 

Table 1.7 – NPY levels in HD.  

Biological sample  NPY levels  Ref. 

Human brain 

↑ NPY levels in striatum. 
(Dawbarn et al., 1985, 

Beal et al., 1988b) 

↑ number of NPY interneurons in striatum. (Dawbarn et al., 1985) 

↑ NPY levels in frontal and temporal cortex. 
(Beal et al., 1988b, 

Mazurek et al., 1997) 

Rat models 
Striatal QA lesions: spared NPY interneurons in 

transition state of the lesion and unchanged NPY levels. 

(Beal et al., 1986a, 

Boegman et al., 1987) 

In vitro models Striatal cultures: spared NPY neurons. (Kumar, 2004) 

 

The above mentioned findings are consistent with a sparing of NPY interneurons in 

HD, although the mechanism responsible for it is not yet known. 

 

 

1.2.2. NPY functions and related mechanisms relevan t in neurodegenerative disorders  
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1.2.2.1. NPY stimulates neurogenesis and increases trophic support 

 

Various physiological stimuli dynamically regulate adult neurogenesis, including the 

proliferation of neural cells or progenitors, their migration, differentiation and fate 

determination, and the survival, maturation and integration of newborn neurons. These 

modulator factors are growth factors, neurotrophins, cytokines, hormones, adhesion 

molecules, transcription factors, neurotransmitters and neuropeptides (Zhao et al., 2008), 

such as NPY. Different in vitro studies using primary cell cultures have showed that NPY has 

neuroproliferative potential in the olfactory epithelium (Hansel et al., 2001), in the 

hippocampus (Howell et al., 2003, Corvino et al., 2014), in the SVZ (Agasse et al., 2008) and 

in the retina (Alvaro et al., 2008a), since exogenous NPY was able to increase the total 

number of neurons, paralleling the increase of BrdU incorporation rates. In these studies, 

using NPY receptors’ agonists and antagonists, it was reported that this proliferative action 

is mediated preferentially by Y1 receptor activation, although Y2 receptor (in the SVZ and the 

retina) and Y5 receptor (in the retina) can also have a role (Figure 1.5). Decressac et al. 

injected intracerebroventricularly (ICV) NPY in adult mice and confirmed the NPY 

proliferative effect, first in the SVZ (2009) and then in the SGZ (2011), mediated by Y1 

receptor activation. The authors also showed that NPY promotes the migration of the 

progenitor cells from SVZ to the olfactory bulb and to the striatum, where they can 

differentiate. Furthermore, ICV administration of NPY to a rat model of hippocampal 

neurodegeneration increases the number of new neurons that later functionally integrate into 

the local hippocampal circuits (Corvino et al., 2014). 

 

 

 

Figure 1.5 – NPY stimulates neurogenesis and increa ses trophic support. Several in vitro 

studies reveal that NPY stimulates proliferation of neural stem cells in olfactory epithelium, 

hippocampus, SVZ and retina, through the activation of primarily Y1 receptor, but also Y2 (in the 

SVZ and in the retina) and Y5 (in the retina) receptors. ICV injection of NPY stimulates proliferation 
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of neural cells from SVZ and from SGZ, and its migration to olfactory bulb and to striatum where 

they differentiate. NPY overexpression leads to an up-regulation of BDNF levels, providing trophic 

support for these newborn cells. 

 

A clear interaction between BDNF and NPY has already been described. Both in vitro 

and in vivo studies documented that BDNF overexpression robustly increases NPY mRNA 

and protein levels (Nawa et al., 1993, Reibel et al., 2000, Barnea and Roberts, 2001, Wirth 

et al., 2005). The opposite correlation also occurs: NPY overexpression leads to an up-

regulation of BDNF levels (Croce et al., 2013). In fact, it was already shown that in rat primary 

cortical neurons exposed to amyloid β, an in vitro model of AD, NPY decreases neuronal cell 

death induced by amyloid β, restoring the nerve growth factor (NGF, a neurotrophin that 

supports survival and function of neuronal population) release by those neurons (Croce et 

al., 2012) and also inducing an up-regulation of BDNF (Croce et al., 2013). Moreover, the 

ICV injection of NPY in an HD mouse model enhanced the number of newborn neuroblasts 

in the SVZ, which improved the motor phenotype and increased the survival of these 

transgenic mice, leading the authors to suggest that NPY may have modulated the striatal 

BDNF expression (Decressac et al., 2010).  

Altogether, these results suggest that NPY administration can be a therapeutic 

strategy to compensate the cell loss of these neurodegenerative diseases, either by 

stimulating proliferation of progenitor cells and/or by promoting the production of adequate 

trophic support for the newly generated neurons. 

 

 

1.2.2.2. NPY stimulates autophagy 

 

NPY is able to stimulate autophagy in mouse hypothalamic neuronal cell line and in 

rat differentiated hypothalamic neural cells, through Y1 and Y5 receptors activation, as shown 

by the analysis of levels of proteins involved in autophagic flux and the increase in the number 

of autophagosomes and autolysosomes. This autophagy stimulation was further confirmed 

in vivo by ICV administration of adeno-associated viral (AAV) vectors encoding NPY in 

arcuate nucleus of mice hypothalamus (Aveleira et al., 2015). Interestingly, the authors also 

observed that in hypothalamic neurons NPY receptors antagonists inhibit autophagy 

stimulation induced by caloric restriction, suggesting that NPY receptors activation is one 

possible mechanism by which caloric restriction increases autophagy (Aveleira et al., 2015). 

Since several studies show that autophagy is one of the main underlying mechanisms of 

caloric restriction beneficial effects, delaying neurodegenerative disease progression 

(Hansen et al., 2005, Blagosklonny, 2010, Duan and Ross, 2010), NPY may mimic these 

neuroprotective effects mediated by autophagy stimulation (Minor et al., 2009). 
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Although there is a lack of studies in neurodegenerative disorders models to 

investigate the potential of NPY to delay neurodegeneration through autophagy stimulation, 

the evidence that NPY is able to induce autophagy suggests that it may be used as a strategy 

to clear abnormal, misfolded proteins that cause AD, PD and polyQ diseases. 

 

 

1.2.2.3. NPY decreases excitotoxicity and regulates  calcium homeostasis  

 

Some studies suggest that NPY is a neuroprotective agent against excitotoxicity. 

Actually, it was already clearly shown the anticonvulsant properties of NPY in epileptic 

seizures caused by neuronal hyperexcitability (reviewed in (Noe et al., 2012)). Studies 

reported an increase of endogenous NPY levels in hippocampus of patients with temporal 

lobe epilepsy (Furtinger et al., 2001) and of rodent models of epilepsy (Schwarzer et al., 

1996, Vezzani et al., 1996). Furthermore, NPY deficient-mice present prolonged seizure 

activity induced by excess excitation that was not controlled in a physiological manner, 

culminating in the death of these animals, unless NPY is ICV infused to stop the seizure 

(Baraban et al., 1997). These lines of evidence strongly suggest that NPY is an endogenous 

compensatory response to overcome epileptic activity. In fact, NPY overexpression mediates 

powerful anticonvulsant effects in rats injected with kainic acid (Noe et al., 2010). 

Accordingly, using hippocampal slices it was shown that NPY inhibits voltage-dependent 

Ca2+ channels reducing intracellular calcium concentrations and thereby inhibiting synaptic 

transmission (Qian et al., 1997). Moreover, studies in cell cultures revealed that NPY reduces 

the excitotoxic effects of glutamate and of AMPA and kainate receptors hyperactivation 

rescuing hippocampal, cortical and retinal cells from necrosis or apoptosis, through activation 

of Y2 and Y5 receptors (Qian et al., 1997, Silva et al., 2003, Wu and Li, 2005, Smialowska et 

al., 2009, Santos-Carvalho et al., 2013). These neuroprotective effects of NPY, against 

kainate-induced toxicity were further demonstrated in rodent models, reducing cell death in 

both hippocampus and retina (Smialowska et al., 2009, Santos-Carvalho et al., 2013). 

Moreover, NPY and particularly Y2 and Y5 receptors agonists can also attenuate the 

neurotoxic effects of drugs of abuse such as 3,4-methylenedioxymethamphetamine (MDMA), 

trimethyltin (TMT) and methamphetamine (METH), by blocking the glutamate release 

(Baptista et al., 2012), modulating anti-apoptotic pathways as evidenced by an up-regulation 

of anti-apoptotic genes that translates into a decrease in the number of apoptotic cells (Thiriet 

et al., 2005, Alvaro et al., 2008b, Corvino et al., 2012, Goncalves et al., 2012) and by 

decreasing ROS production attenuating oxidative stress (Yarosh and Angulo, 2012), both in 

hippocampal or retinal cells cultures and in rodents (Figure 1.6).  

In 2012, Decressac et al. demonstrated the neuroprotective effect of NPY or Y2 

receptor agonists in in vitro and in vivo models of PD – NPY increased the cell viability of 
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cultured neurons treated with 6-OHDA, and preserved the nigrostriatal dopaminergic 

pathway of a PD mouse model from degeneration, as evidenced by a preservation of 

rotational behavior of animals and of neuronal markers. The authors suggested that NPY 

exerts its protective effects at least in part by acting on glutamatergic cortical afferents to 

reduce excitotoxicity (Decressac et al., 2012). Furthermore, in an in vitro model of HD, NPY 

treatment had a protective effect against mutant huntingtin-induced cell death, through the 

activation of the Y2 receptor (Kloster et al., 2014).  

 

 

  

Figure 1.6 – NPY decreases excitotoxicity and regul ates calcium homeostasis. 

Excitotoxicity is caused by prolonged or excessive activation of glutamate receptors that leads to 

a neuronal Ca2+ overload, which can result in mitochondrial dysfunction, ROS production and 

ultimately neuronal death, either by apoptosis or necrosis. NPY may counteract excitotoxicity 

since NPY is able to block glutamate release, to decrease Ca2+ levels, to inhibit ROS production 

and, thereby, to rescue neurons from apoptosis or necrosis. This NPY neuroprotective potential, 

through Y2 and Y5 receptors activation, was observed in hippocampal and retinal cell cultures, 

and also in vivo, in rodent hippocampus and striatum, mediated by Y2 and Y5 receptors and Y1 

and Y2 receptors, respectively. 

 

Taking this into account, NPY receptor activation can be a very relevant strategy to 

attenuate excitotoxicity linked to neurodegenerative disorders, since NPY is able to decrease 

glutamate effects in the rise of intracellular Ca2+ levels, to modulate pathways of cellular 

death and to alleviate oxidative stress. 
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1.2.2.4. NPY attenuates neuroinflammation  

 

Astrocytes in primary cells cultures of cortex and retina contain NPY, which is present 

both in cytoplasm and nucleus (Barnea et al., 2001, Alvaro et al., 2007); this NPY is secreted 

and is probably able to regulate transmitter release from nearby neurons but also astrocytes 

themselves, since NPY receptors are expressed in these glial cells (Ramamoorthy and 

Whim, 2008). The involvement of NPY in neuroinflammation is also supported by the fact 

that NPY and the Y1 receptor levels are increased upon microglia activation, as shown in an 

endotoxin-mediated model of inflammation in a microglial cell line (Ferreira et al., 2010), and 

that NPY expression is induced by the pro-inflammatory cytokine IL-1β (Barnea et al., 2001). 

This NPY up-regulation may be a feedback mechanism to counteract the inflammatory 

process, since NPY is in turn able to inhibit the release of IL-1β and nitric oxide via activation 

of Y1 receptors (Ferreira et al., 2010). By attenuating these inflammatory signals, NPY inhibits 

phagocytosis promoted by microglia (Ferreira et al., 2011) and also microglial motility 

(Ferreira et al., 2012), again through the Y1 receptor activation, possibly reducing the number 

of activated microglial cells in the injury site and thus restraining the exacerbation of the 

inflammatory response (Figure 1.7). 

 

 

 

Figure 1.7 – NPY attenuates neuroinflammation. Upon CNS injury, microglia becomes 

activated and promotes an inflammatory response, which includes its migration to the site of 

injury, where it proliferates, secretes pro-inflammatory cytokines, stimulates ROS production and 

phagocytes damaged or invader cells, in an attempt to drive the resolution of the injury. In 

neurodegenerative diseases chronic inflammation can take place and microglia becomes 

overactivated and therefore harmful to CNS cells. In vitro studies indicate that NPY, through Y1 

receptor activation prevents microglial motility, inhibits phagocytosis and decreases 

proinflammatory cytokines and ROS production, restraining the exacerbation of the inflammatory 

response.  
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Another important feature of glial cells is their ability to clear the excess of glutamate 

from the extracellular space, protecting neurons against excitotoxicity. NPY can prevent 

microglial cell death induced by METH, although it also decreases the microglial response 

following this toxin exposure (Goncalves et al., 2012), showing that NPY has a 

neuroprotective role also in these experimental conditions. 

Therefore, NPY can reduce neuroinflammation and this effect might mediate 

neuroprotection. 

 

 

1.2.2.5. NPY counteracts depressive symptoms  

 

Depression is very frequent in neurodegenerative disorders (Gotham et al., 1986, 

Starkstein et al., 2005, Cecchin et al., 2007, Kingma et al., 2008, Schmitz-Hubsch et al., 

2011, Fancellu et al., 2013), increasing the impairment in everyday functioning and having a 

high impact in patients’ quality of life (Kuopio et al., 2000, Hamilton et al., 2003, Starkstein et 

al., 2005). It has been reported that in HD such psychiatric signs appear in gene carriers 

even before the onset of motor symptoms (Duff et al., 2007, Kingma et al., 2008). Since the 

etiology of PD and AD is not well known, it is difficult to evaluate if depression is an early 

symptom of the disorder or if it represents a risk factor for the development of the disease 

(Leentjens et al., 2003, Ownby et al., 2006, O'Sullivan et al., 2008). Although one cannot 

dismiss psychosocial factors, like receiving the diagnosis of a chronic disabling disease and 

disability caused by the dementia and/or motor symptoms, or even side effects of anti-choreic 

drugs, like tetrabenazine (used by HD patients) (Huntington Study, 2006), they should not be 

solely accounted for the depression. In fact, depressive symptoms in neurodegenerative 

disorders can be due to several factors: impairment in the serotonergic and noradrenergic 

systems (Caraceni et al., 1977, Chan-Palay and Asan, 1989, Reinikainen et al., 1990, Cheng 

et al., 1991, Steward et al., 1993, Remy et al., 2005, Kish et al., 2008, Richards et al., 2011), 

hypothalamic-pituitary-adrenal (HPA) axis dysfunction (Davis et al., 1986, Masugi et al., 

1989, Gurevich et al., 1990, Heuser et al., 1991, Leblhuber et al., 1995, Charlett et al., 1998, 

Kassubek et al., 2004, Politis et al., 2008a, van Duijn et al., 2010, Shirbin et al., 2013), 

alterations in neurogenesis and in neurotrophic factor expression (reviewed in(Groves, 

2007)) or neuroinflammation (Frommberger et al., 1997, Nair and Bonneau, 2006, Pike and 

Irwin, 2006). Probably, all these factors act together promoting the depressive symptoms 

observed in neurodegenerative disorders. 

NPY may be able to act in different mechanisms that are in the basis of depression, 

since it: increases the levels of serotonin (Redrobe et al., 2005) and norepinephrine (Crespi, 

2011); decreases HPA axis hyperactivity, as NPY can reduce plasma ACTH and cortisol 

plasma levels (Antonijevic et al., 2000, Painsipp et al., 2008a); stimulates neurogenesis 
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(Decressac et al., 2009, Decressac et al., 2011) and increments BDNF levels (Croce et al., 

2013), promoting survival of newborn neurons; and counteracts neuroinflammation, inhibiting 

the release of pro-inflammatory cytokines (Ferreira et al., 2010) and attenuating the toxic 

effects of activated microglia (Ferreira et al., 2011, Ferreira et al., 2012).  

Actually, several in vivo studies have shown that ICV NPY administration is able to 

produce antidepressive-like effects in rodents forced swimming test, a commonly used test 

for behavioral screening of potential antidepressant drugs, through the activation of Y1 

receptors (Stogner and Holmes, 2000, Redrobe et al., 2002, Redrobe et al., 2005), present 

in high density in stress related areas. Experiments using Y2 receptors or Y4 receptors knock-

out (KO) mice revealed that the suppression of these receptors subtypes result in a significant 

restraint of depression (Tschenett et al., 2003, Carvajal et al., 2006, Painsipp et al., 2008b, 

Tasan et al., 2009); furthermore, the effects of Y2 and Y4 deletion may be cumulative, since 

the effects of Y2/Y4 double KO mice were more pronounced (Tasan et al., 2009). Likewise, 

Y5 receptors antagonism demonstrated to be a good strategy to reduce depression-related 

behavior in rodents (Walker et al., 2009). Furthermore, in animal models of depression, 

despite some discrepancies between experimental designs and methodological procedures, 

antidepressants were able to enhance NPY levels in hippocampus, hypothalamus, cerebral 

cortex, amygdala, basal ganglia and locus coerulus (reviewed in (Obuchowicz et al., 2004)), 

suggesting that antidepressant drugs may exert some of their therapeutic effects through up-

regulation of endogenous NPY. 

Classic antidepressant drugs, particularly fluoxetine, have proved to worsen the 

motor symptoms of HD and PD (Chari et al., 2003, McDonald et al., 2003). Furthermore, 

these drugs have a long therapeutic latency (2 to 3 weeks) and only 60-70% of depressed 

patients respond to these treatments (Kornstein and Schneider, 2001). Therefore, NPY can 

be a therapeutic alternative, playing a major role in attenuating depressive symptoms in 

neurodegenerative diseases. 

 

 

1.2.2.6. NPY increases food intake and body weight  

 

Weight loss is frequently associated with neurodegenerative disorders aggravating 

its course (Aziz et al., 2008), since it can contribute to both morbidity and mortality. Either AD 

patients (McKhann et al., 1984, Gillette-Guyonnet et al., 2000), PD patients (Beyer et al., 

1995, Chen et al., 2003, van der Marck et al., 2012), HD patients (Sanberg et al., 1981, Farrer 

and Meaney, 1985, Trejo et al., 2004) or MJD patients (Riess et al., 2008, Saute et al., 2012) 

have a significant loss of body weight and body mass index than matched controls from the 

general population. The loss of weight has been reported to begin several years before the 

formal diagnosis has been made (White et al., 1997, Gillette-Guyonnet et al., 2000, Djousse 



Chapter 1 

32 

 

et al., 2002, Chen et al., 2003, Buchman et al., 2005, Johnson et al., 2006) and is related to 

the stage of the disease – increased severity of the disease is associated with accentuation 

of weight loss (Beyer et al., 1995, White et al., 1998, Wang et al., 2004, Guerin et al., 2005, 

Saute et al., 2012, Soto et al., 2012) or higher body weight at the time of the diagnosis is 

associated with slower disease progression (Myers et al., 1991).  

The specific factors contributing to weight loss are not completely known, but 

probably it is multifactorial and related to increased energy expenditure and/or decreased 

caloric intake. Dyskinesias and dystonia can lead to higher energy expenditure in PD, HD 

and MJD, although they cannot be responsible for the weight loss in asymptomatic HD gene 

carriers or HD patients in early stages of the disease. Moreover, weight gain after pallidotomy 

and deep brain stimulation in PD patients is not associated with motor parameter changes 

(Ondo et al., 2000, Macia et al., 2004). Loss of appetite can be associated with the olfactory 

dysfunction that occurs early in the course of MJD, HD, PD and AD (Hawkes, 2003, Braga-

Neto et al., 2011) but also with the side-effects (nausea and anorexia) of some drugs that 

are in the first line of these diseases treatment, like acetylcholinesterase inhibitors and 

dopaminergic medication. Caloric intake can also be affected by dysphagia (Kagel and 

Leopold, 1992, Chouinard, 2000, Pfeiffer, 2003, Rub et al., 2006a, Isono et al., 2013) 

although this feature is only present in a later stage of the disease and thus cannot be indicted 

for the early weight loss.  

NPY may be a valuable therapeutic agent in these neurodegenerative disorders, 

since it is an orexigenic agent (stimulates feeding), playing an important role in physiological 

control of food intake and body weight (Kalra et al., 1991). In fact, central administration of 

NPY, either by ICV injection or directly injected in hypothalamic nuclei in rodent models, 

elicits a strong feeding response (Clark et al., 1984, Levine and Morley, 1984, Stanley and 

Leibowitz, 1985, Sousa-Ferreira et al., 2011). Moreover, fasting or food restriction increases 

hypothalamic NPY levels, either in rodent models (Brady et al., 1990, Swart et al., 2002, Bi 

et al., 2003) or in eating disorders patients (Kaye et al., 1990, Gendall et al., 1999) 

representing a compensatory response to weight loss. Several studies using NPY receptors 

agonists, antagonists and knock-out rodent models brought to light that Y1, Y2 and Y5 

receptors can operate together to have orexigenic or anorexigenic effects: despite some 

controversial results, it is believed that Y1 and Y5 receptors mediate the stimulatory effect of 

NPY on food intake, while the Y2 receptor has the opposite effect (reviewed in (Mercer et al., 

2011)).  

For its important functions in energy homeostasis, NPY can be of major importance 

for individuals suffering from neurodegenerative diseases. 
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1.3. Viral-mediated gene delivery to the CNS: disea se modeling and therapeutic 

approaches 

 

Neurodegenerative disorders can be modeled in several mammalian species through 

stereotaxic delivery of viral vectors in specific brain regions (reviewed in (Deglon and 

Hantraye, 2005)). This strategy has proved to be very useful in elucidating and dissecting the 

molecular basis of these diseases. Indeed, several neuropathological features and 

behavioral abnormalities were obtained by overexpression of the disease-causing protein 

creating valuable models of PD (Kirik et al., 2002, Lo Bianco et al., 2002, Kirik et al., 2003, 

Lauwers et al., 2003), HD (de Almeida et al., 2002, DiFiglia et al., 2007, Palfi et al., 2007) 

and MJD (Alves et al., 2008b, Simoes et al., 2012, Nobrega et al., 2013a). These genetic 

viral-mediated vectors hold various advantages compared with classical transgenic 

approaches: i) the onset and time-course of the degeneration can be controlled; ii) the 

generation of the disease model is possible in a short period of time, due to high transduction 

efficiencies and to robust and sustained transgene expression; iii) viral vectors can be 

introduced in specific brain regions of the brain allowing a selection of the brain regions 

affected by the disease, eliminating unexpected phenotypic effects associated with a 

widespread overexpression of the transgene; iv) expression levels of the disease causing-

protein can be controlled by manipulating the titer and/or amounts of virus injected; v) these 

models can be established in different mammalian species (Senut et al., 2000, Deglon and 

Hantraye, 2005). 

Furthermore, gene delivery system based in viral vectors have proved to be 

promising for evaluating the therapeutic potential of disease-modifier genes (Kordower et al., 

2000, de Almeida et al., 2001, Nascimento-Ferreira et al., 2011, Simoes et al., 2012, 

Goncalves et al., 2013, Nascimento-Ferreira et al., 2013). Moreover, viral vectors have also 

been used to deliver RNA interference mediators to allow the shutting-down of the disease-

causing gene (Xia et al., 2004, Harper et al., 2005, Alves et al., 2008a, Franich et al., 2008, 

Alves et al., 2010, Nobrega et al., 2013b, Rodriguez-Lebron et al., 2013, Nobrega et al., 

2014). 

Due to the ability to cross cellular membranes and to deliver genetic material to host 

cells with very high efficiency, viral vectors have been widely used for CNS applications, 

being by far the most popular delivery system used in gene therapy clinical trials (Figure 1.8; 

reviewed in (Ginn et al., 2013)).  

There is a wide range of viral vectors (Table 1.8) and since each disease, therapeutic 

gene and brain region has special features, the choice of vectors of delivery needs to be 

tailored accordingly (reviewed in (Costantini et al., 2000, Thomas et al., 2003, Nobre and 

Almeida, 2011)). Accordingly, each one of these vectors present specific advantages based 

on its packaging capacity, its ability or not to integrate into the host genome, its cell or tissue 
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tropism and its tendency to elicit or not immune responses. For neurodegenerative diseases 

modeling and therapeutic strategies assessment, viral vectors should promote a sustained 

and long term expression of the transgene with low immunogenicity.  

 

 

 
 

Figure 1.8 – Vectors used in gene therapy clinical trials. Adapted from (Ginn et al., 2013) 

 

 

Table 1.8 – The main groups of gene transfer viral vectors. 

Vector 
Packaging 

capacity 
Tropism 

Inflammatory 

potential 

Vector genome 

forms 

Retroviral vectors 8 Kb Only dividing cells Low Integrated 

Lentiviral (LV) 

vectors 
8 Kb Broad Low Integrated 

Herpes simplex 

virus-1 (HSV-1) 
180 Kb Strong for neurons High Episomal 

Adeno-associated 

viral (AAV) vectors 
< 5 Kb Broad Low 

Predominantly 

episomal 

Adenoviral vectors 30 Kb Broad High Episomal 

Adapted from (Thomas et al., 2003). 
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1.4.  Objectives 

 

The main aim of this work was to investigate the potential NPY role in prevention or 

reduction of MJD neuropathology, in an attempt to contribute to the development of a 

therapeutic strategy for MJD. 

 

The specific objectives of this thesis were: 

 

• to evaluate NPY levels in MJD patients postmortem tissue and MJD mouse 

models (chapter 2, 3 and 4); 

 

• to investigate whether AAV-mediated NPY overexpression in a lentiviral-

based mouse model of MJD reduces mutant ataxin-3 inclusions and 

associated neuronal dysfunction (chapter 2); 

 

• to study if AAV-mediated NPY overexpression alleviates the behavioral 

deficits of a transgenic MJD mouse model (chapter 3); 

 

• to investigate if hypothalamus, a brain region with high levels of NPY, is 

affected in MJD transgenic mouse models (chapter 4). 
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Neuropeptide Y overexpression mitigates striatal 

neuropathology in a lentiviral-based mouse model of  Machado-

Joseph disease 
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2.1 Introduction 

 

Polyglutamine (polyQ) diseases are characterized by a pathologic expansion of the 

CAG trinucleotide repeats which translate into an abnormally elongated polyQ chain in the 

affected protein (Shao and Diamond, 2007). There are at least 9 polyQ disorders, including 

Machado-Joseph disease (MJD), also known as spinocerebellar ataxia type 3 (SCA3). 

Indeed, MJD is caused by an over-repetition of the CAG trinucleotide in the coding region of 

the ATXN3 gene that encodes an expanded polyglutamine stretch in the corresponding 

protein, ataxin-3 (Kawaguchi et al., 1994). This protein carries a C-terminal polyglutamine 

tract; when the number of repeated glutamines exceeds 61, the protein becomes toxic, 

adopts an abnormal folding and has an increased propensity to aggregate producing 

intranuclear inclusion bodies (Paulson et al., 1997b, Maciel et al., 2001). The expression of 

mutant ataxin-3 leads to neuronal dysfunction and degeneration in specific regions of the 

CNS, such as cerebellum, substantia nigra and striatum (Sudarsky and Coutinho, 1995, Durr 

et al., 1996, Klockgether et al., 1998). This neurodegeneration is responsible for progressive 

ataxia, dystonia, peripheral neuropathy and oculomotor abnormalities (Paulson, 2007, 

D'Abreu et al., 2010, Nóbrega and Pereira de Almeida, 2012). 

The exact pathogenic mechanisms that lead to neurodegeneration in MJD are not 

completely understood, but it has been shown that excitotoxicity (Chen et al., 2008, Koch et 

al., 2011), proteolysis (Simoes et al., 2012, Simoes et al., 2014), transcriptional dysfunction 

(Chou et al., 2008), autophagy impairments (Nascimento-Ferreira et al., 2011, Nascimento-

Ferreira et al., 2013) and neuroinflammation (Evert et al., 2001, Silva-Fernandes et al., 2010, 

Goncalves et al., 2013) contribute to the pathogenesis. MJD is a fatal disease and so far 

there are no therapies available to prevent or stop the progression of the disorder.  

Neuropeptide Y (NPY) is a 36-aminoacid peptide that is abundantly and unequally 

distributed in several mammalian brain regions. It is involved in many physiological functions, 

through the activation of NPY receptors, Y1, Y2, Y4 and Y5 receptors (Silva et al., 2005). It 

has been shown that NPY inhibits neural cell death (Santos-Carvalho et al., 2013), increases 

trophic support (Xapelli et al., 2008, Croce et al., 2013), stimulates autophagy in 

hypothalamic neurons (Aveleira et al., 2015), exhibits anti-inflammatory effects (Ferreira et 

al., 2010, Ferreira et al., 2012) and overall is a potent neuroprotective molecule (Silva et al., 

2005, Alvaro et al., 2008b, Decressac et al., 2010, Decressac et al., 2012). 

Therefore, the first aim of the present study was to evaluate NPY levels in the striatal 

lentiviral-based MJD mouse model. Since we observed a decrease of NPY in the analyzed 

samples, we hypothesized that the increase of NPY in the striatum of this MJD model could 

have an impact on the progression of the disease. Therefore, taking advantage of AAV 

vectors, we evaluated whether NPY overexpression would mitigate the MJD-associated 

neuropathology. For the first time, we provide evidence that NPY overexpression is able to 
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significantly alleviate MJD-related neuropathology, which may be associated to the increase 

of brain-derived neurotrophic factor (BDNF) and the attenuation on neuroinflammation.  



Neuropeptide Y overexpression mitigates striatal neuropathology in a lentiviral-based mouse 
model of Machado-Joseph disease 

41 

 

2.2. Materials and methods 

 

 

2.2.1. Animals 

 

Young adult male C57BL/6J mice (Charles River, Spain) with 5-7 weeks of age were 

used in this study.  

The experiments were carried out in accordance with the European Community 

directive (2010/63/EU) covering the protection of animals used for scientific purposes. The 

researchers received adequate training (FELASA-certified course) and certification to 

perform the experiments from the Portuguese authorities (Direcção Geral de Alimentação e 

Veterinária).  

 

 

2.2.2. Viral vectors production 

 

Lentiviral vectors encoding human wild-type ataxin-3 (Atx3WT) with 27 glutamines or 

mutant ataxin-3 (Atx3MUT) with 72 glutamines (Alves et al., 2008b), under the control of 

phosphoglycerate kinase (PGK) promoter, were produced in HEK-293T cells with a four-

plasmid system, as previously described (de Almeida et al., 2001). The lentiviral particles 

were resuspended in 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS). 

The viral particle content of batches was determined by assessing HIV-1 p24 antigen levels 

(RETROTek, Gentaur, France). Viral stocks were stored at -80ºC. 

AAV serotype 1/2 vectors encoding NPY or enhanced green fluorescent protein 

(EGFP) under the control of human synapsin promoter (Sousa-Ferreira et al., 2011) were 

used. 

 

 

2.2.3. In vivo injection of viral vectors into mice striatum 

 

After anesthesia of the mice with Avertin (280 µg/g, intraperitoneally), viral vectors 

were stereotaxically injected into the striatum at the following coordinates: anteroposterior 

+0.6 mm, lateral ±1.8 mm and ventral -3.3 mm, relative to bregma (Paxinos et al., 2001). 

For lentiviral-based MJD model, wild-type mice received a single 2 µl injection of 

lentivirus (200000 ng of p24/ml) in each hemisphere, encoding Atx3MUT in the right 

hemisphere and Atx3WT in the left hemisphere, as internal control. For evaluation of 

neuroprotection in the striatal model, wild-type animals were bilaterally co-injected with 1 µl 

of Atx3MUT lentivirus (400000 ng of p24/ml) and 2.5 µl AAV-1/2-NPY or AAV-1/2-EGFP 
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(0.8x108 t.u.) as control. After the injection, the syringe was left in place for an additional 5 

minutes to allow the diffusion of the viral vectors and minimize backflow. 

 

 

2.2.4. Immunohistochemical procedure 

 

After an overdose of Avertin (2.5 x 280 µg/g intraperitoneally), transcardial perfusion 

of the mice was performed with PBS followed by fixation with 4% paraformaldehyde (PFA; 

Sigma-Aldrich, USA). The brains were removed and post-fixed in 4% PFA for 24h and 

cryoprotected by incubation in 25% sucrose/PBS for 48 h. The brains were frozen and 25 

µm coronal sections were cut using a cryostat (LEICA CM3050S, Germany) at -21ºC. 

Sections throughout the entire striatum were collected in anatomical series and stored in 48-

well trays as free-floating sections in PBS supplemented with 0.05 µM sodium azide (Sigma-

Aldrich), at 4ºC. 

The immunohistochemical procedure was initiated by endogenous peroxidase 

quenching with 30 min incubation at 37ºC in 0.1% phenylhydrazine (Merck, USA) /PBS 

solution. Sections were then kept at room temperature (RT) for 1 h in blocking solution 

constituted by PBS with 0.1% Triton X-100 (Sigma-Aldrich) containing 10% goat serum 

(NGS; Gibco, Alfagene, Portugal), then overnight at 4ºC in blocking solution with the primary 

antibodies: a mouse monoclonal anti-ataxin-3 antibody (1H9; 1:5000; Chemicon, Merck-

Millipore, USA), a rabbit polyclonal anti-ubiquitin antibody (1:1000; Dako, Denmark) or a 

rabbit anti-dopamine- and cyclic AMP-regulated phosphoprotein of 32 kDa (DARPP-32; 

1:1000; Chemicon, Merck-Millipore). After washing, the sections were incubated with the 

respective biotinylated secondary antibodies (1:200; Vector Laboratories, USA). Bound 

antibodies were visualized using the VECTASTAIN® ABC kit, with 3,3’-diaminobenzidine 

tetrahydrochloride (DAB metal concentrate; Pierce, USA) as substrate. The sections were 

mounted, dehydrated and coverslipped with Eukitt® (Sigma-Aldrich). 

Double staining for NPY (rabbit anti-NPY; 1:6000; Sigma-Aldrich), Ionized calcium-

binding adapter molecule 1 (Iba1; rabbit anti-Iba1; 1:1000; Wako, Germany) and nuclear 

marker [4’,6-diamidino-2-phenylindole (DAPI); Sigma-Aldrich] were performed. After RT 1 h 

incubation with blocking solution, and overnight 4ºC incubation with primary antibodies, 

sections were washed and incubated for 2 h at RT with the corresponding secondary 

antibodies coupled to fluorophores (1:200; Molecular Probes, Life Technologies, USA) 

diluted in the respective blocking solution. The sections were then mounted in Mowiol reagent 

(Sigma-Aldrich) on microscope slides.  

Staining was visualized using Zeiss Axioskop 2 plus imaging microscope (Carl Zeiss 

Microimaging, Germany) using 5x and 20x objectives and the AxioVision 4.7 software 

package (Carl Zeiss Microimaging). 
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Quantitative analysis was performed with a semiautomated image-analysis software 

package (ImageJ 1.42q software, USA).  

 

 

2.2.5. Cell counts of striatal NPY-positive interne urons and mutant ataxin-3 inclusions 

 

Twelve coronal sections at 200 μm intervals that encompassed the entire region 

transduced by the viral vectors were scanned with a 20x objective. All striatal NPY-positive 

interneurons and mutant ataxin-3 inclusions were manually counted, and its number 

extrapolated for the entire striatum. 

 

 

2.2.6. Evaluation of the DARPP-32 depleted volume 

 

The extension of ataxin-3 lesions in the striatum was analyzed by photographing, 

with a 5x objective, 12 DARPP-32-stained sections per animal (25-µm-thick-sections at 200 

µm intervals), selected to obtain complete rostrocaudal sampling of the striatum, and by 

quantifying the area of the lesion. The volume was then estimated with the following formula: 

volume = d(a1 + a2 + a3 +…), where d is the distance between serial sections (200 µm) and 

a1 + a2 + a3 are DARPP-32 depleted areas for individual serial sections (de Almeida et al., 

2002). 

 

 

2.2.7. Quantification of Iba1 immunoreactivity 

 

The Iba1 immunoreactivity indexes were measured through optic density analysis of 

the affected striatal regions relative to their corresponding non-affected cortex (defined as 

background). 

 

 

2.2.8. Western blot analysis 

 

After an overdose of Avertin, mice were sacrificed by cervical dislocation and injected 

striata were dissected and immediately sonicated in radioimmunoprecipitation assay (RIPA) 

buffer [50 mM Tris-HCl pH 8, 150 mM NaCl, 1% nonyl phenoxypolyethoxylethanol (NP-40), 

0.5% sodium deoxycholate, 0.1% Sodium dodecyl sulphate (SDS), 10 µg/mL dithiothreitol 

(DTT; Sigma-Aldrich), 1 mM phenylmethylsulphonyl fluoride (PMSF; Sigma-Aldrich), 

protease inhibitors cocktail (Roche, Switzerland)]. Equal amounts of protein were resolved 
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on 12% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF; Merck-Millipore) 

membranes. Immunoblotting was performed using 1H9 (1:2000; Chemicon, Merck-Millipore), 

anti-NPY antibody (1:1000; Sigma-Aldrich), anti-BDNF antibody (1:200, Alomone Labs, 

Israel) and anti-actin (clone AC-74; 1:5000; Sigma-Aldrich) antibodies. A partition ratio with 

actin was calculated following quantification with Quantity One 1-D Image analysis software 

version 4.6.8 (Bio-Rad, USA). 

 

 

2.2.9. Isolation of mRNA and cDNA synthesis 

 

After an overdose of Avertin mice were sacrificed by cervical dislocation and injected 

striata were dissected and stored in tubes containing RNAlater RNA stabilization reagent 

(QIAGEN, Germany) at -80°C until extraction of RNA. Total RNA was isolated using the 

Nucleospin RNA Isolation Kit (Macherey-Nagel, Germany) according to the manufacturer's 

instructions. Total amount of RNA was quantified using a Nanodrop 2000 Spectrophotometer 

(Thermo Scientific, USA) and the purity was evaluated by measuring the ratio of optical 

density (OD) at 260 and 280 nm. cDNA was then obtained by conversion of 1 µg of total RNA 

using iScript Selected cDNA Synthesis kit (Bio-Rad) according to the manufacturer’s 

instructions and stored at -20ºC.  

 

 

2.2.10. Quantitative real-time polymerase chain rea ction (qRT-PCR) 

 

Quantitative PCR was performed in a StepOnePlus Real-Time PCR system (Applied 

Biosystems). The primers for the mouse genes – Npy, Bdnf, Il6, Il1b, Tnfa, Hprt and Gapdh 

– were pre-designed and validated by QIAGEN (QuantiTect Primers, QIAGEN). A master 

mix was prepared for each primer set containing the appropriate volume of SsoAdvanced 

SYBR Green Supermix (Bio-Rad), QuantiTect Primers and template cDNA. All reactions 

were performed in duplicate and according to the manufacturer’s recommendations: 95ºC for 

30 s, followed by 40 cycles at 95ºC for 5 s and 60ºC for 30 s. The melting curve protocol 

started immediately after amplification. The amplification efficiency for each primer pair and 

the threshold cycle (Ct) were determined automatically by StepOne Software (Applied 

Biosystems). The mRNA fold change with respect to control samples was determined by the 

Pfaffl method, taking into consideration amplification efficiencies of all genes.  

 

 

2.2.11. Statistical analysis 
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Data are expressed as mean ± standard error of the mean (SEM). Statistical 

comparisons were performed using either paired or unpaired Student’s t-test or two-way 

ANOVA followed by Bonferroni post hoc test. Significance thresholds were set at p<0.05, 

p<0.01 or p<0.001. 
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2.3. Results 

 

 

2.3.1. Striatal NPY levels are decreased in a mouse  model of MJD 

 

In order to investigate NPY levels in MJD, we analyzed samples from striatal 

lentiviral-based mouse model of the disease. 

In the striatal MJD mouse model, lentiviral vectors encoding Atx3MUT were injected 

in one striatal hemisphere and lentivirus encoding Atx3WT in the other, as control, and 4 

weeks post-injection mice were sacrificed. The number of striatal positive NPY-expressing 

interneurons (Fig. 2.1A and B) in the mutant ataxin-3 transduced hemisphere was 

significantly reduced compared with Atx3WT expressing hemisphere (4848 ± 417 versus 

5709 ± 374 control, * p<0.05, n=5, Fig. 2.1C). Indeed, Atx3MUT expression significantly 

decreased (* p<0.05, n=4) the Npy mRNA levels when compared with the control hemisphere 

(Fig. 2.1D).  

These results show that mutant ataxin-3 expression reduces striatal NPY levels in 

MJD mouse model. 

 

 
 

Figure 2.1 –  NPY levels are reduced in the striatal lentiviral mouse model of MJD. Four-week-old 

mice were injected in the striatum with lentiviral vectors encoding for Atx3MUT (right hemisphere) 

and for Atx3WT (left hemisphere) as internal control, and were sacrificed 4 weeks post-injection. 

(A and B) Fluorescence staining of NPY. The number of striatal NPY-positive interneurons was 

decreased (* p<0.05, n=5) where mutant ataxin-3 was expressed, as quantified in C. (D) Atx3MUT 

overexpression decreased (* p<0.05, n=4) by 42% Npy mRNA levels. Statistical significance was 

evaluated with paired Student’s t-test. Data are expressed as mean ± SEM. Scale bars: 100µm. 

 

 

2.3.2. Experimental strategy used to overexpress NP Y in the striatum of lentiviral-

based mouse model of MJD. 
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Since NPY levels are reduced in the striatal lentiviral mouse model of the disease, 

we aimed at evaluating NPY positive effects in MJD-associated neuropathology by 

overexpressing NPY in the affected brain area of these mice.  

For that, we bilaterally co-transduced the striatum of 5-week-old mice with LVs 

encoding for Atx3MUT and AAVs encoding for NPY or for EGFP, as control (Fig. 2.2A). AAV 

vectors mediate a delayed expression of NPY, when compared to a quicker onset of ataxin-

3 expression upon lentiviral transduction, due to the necessity of conversion of the single 

stranded genome into double stranded DNA, especially in non-dividing cells (Shevtsova et 

al., 2005). 

AAV-NPY injection induced a 31-fold increase (** p<0.01, n=4) in Npy mRNA striatal 

levels (Fig. 2.2B) promoting a higher striatal NPY-immunoreactivity (Fig. 2.2C and D) further 

confirmed by western blot analysis (Fig. 2.2E). 

 

 
 

Figure 2.2 –  AAVs promoted a robust NPY overexpression in mice striata. (A) Five-week-old 

mice were bilaterally co-injected in the striatum with viral vectors encoding for Atx3MUT and for 

NPY or for EGFP, as control. (B) Quantitative PCR analysis revealed a 31-fold increase (** 

p<0.01, n=4) of Npy expression achieved by the striatal delivery of viral vectors encoding NPY. 

(C-D) Fluorescence staining for NPY and (E) western blot analysis with anti-NPY antibody, 

showing that the stereotaxic injection of the viral vectors allowed the overexpression of NPY. 

Statistical significance was evaluated with unpaired Student’s t-test. Data are expressed as mean 

± SEM. Scale bars: 500 μm. 

 

 

2.3.3. NPY overexpression reduces the number of mut ant ataxin-3 inclusions.  
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Using this mouse model we evaluated NPY overexpression in the formation of mutant 

ataxin-3 aggregates. 

 

 
 

Figure 2.3 –  NPY overexpression significantly reduces the number of mutant ataxin-3 inclusions. 

(A-B) Immunohistochemical peroxidase staining using anti-ataxin3 antibody (1H9 ab), 8 weeks 

post-injection. Control Atx3MUT+EGFP-injected animals displayed a large number of mutant 

ataxin-3 inclusions (arrows, A) which was significantly decreased (** p<0.01, n=4) in the NPY-

transduced striatum (B) both at 4 and 8 weeks post-injection, as quantified in C. (D and E) Co-

1H
9 

U
bi

qu
iti

n 

A B 

D E 

F 

C 

G 

H 

42 

Mutant atx-3 
aggregates 

mutant atx-3 
endogenous atx-3 

β actin 

~26 kDa 
~34 kDa 

75 
50 
37 

250 

25 

Atx3MUT + NPY Atx3MUT + EGFP 

Atx3MUT + NPY Atx3MUT + EGFP 



Neuropeptide Y overexpression mitigates striatal neuropathology in a lentiviral-based mouse 
model of Machado-Joseph disease 

49 

 

transduced striatum with control EGFP also revealed a large number of ubiquitin-positive 

inclusions (D), which were almost absent in the NPY-transduced striatum (E). (F) Western blot 

(1H9 ab) of transduced striata allows the detection of different forms of ataxin-3: mutant ataxin-3 

aggregates (that accumulated in the stacking gel), the soluble mutant ataxin-3, the endogenous 

ataxin-3 and the two fragments (~34 and ~26 kDa) resulting from proteolytic cleavage of the 

mutated protein. The western blot analysis  revealed a clear aggregation pattern of mutant ataxin-

3 in control EGFP striata after viral transduction, which were significantly reduced (* p<0.05, n=4) 

in NPY co-transduced striatal hemispheres, at both 4 and 8 weeks, as quantified in G. (H) NPY 

overexpression did not change soluble mutant ataxin-3 levels (n=4). Statistical significance was 

evaluated with two-way ANOVA with Bonferroni post hoc test. Data are expressed as mean ± 

SEM. Scale bars: 100 μm. 

 

NPY overexpression in the MJD striata robustly decreased the number of mutant 

ataxin-3 neuronal inclusions (Fig. 2.3B) when compared with control EGFP co-transduction 

(Fig. 2.3A), either at 4 weeks (19820 ± 4080 versus 123000 ± 29910 control, ** p<0.01, n=4) 

and at 8 weeks post-injection (19480 ± 3080 versus 120900 ± 19640 control, * p<0.01, n=4; 

Fig. 2.3C). Additionally, a large number of ubiquitin-positive inclusions was observed in the 

control animals (co-injected with mutant ataxin-3 and EGFP, Fig. 2.3D), which were almost 

absent in the NPY co-transduced striata (Fig. 2.3E). The observed reduction of mutant 

ataxin-3 inclusions induced by NPY overexpression was further confirmed by western blot 

analysis of the striatal total extracts (Fig. 2.3F), which revealed a 75% decrease of 

immunolabelled mutant ataxin-3 aggregates, at both 4 and 8 weeks post-injection of viral 

vectors (* p<0.05, n=4, Fig. 2.3G), when compared with the control mice. No changes were 

observed in the soluble mutant ataxin-3 levels between the two experimental groups (Fig. 

2.3H). 

These results show that NPY overexpression prevents the accumulation of mutant 

ataxin-3 neuronal inclusions in the lentiviral striatal MJD model. 

 

 

2.3.4. NPY overexpression induces striatal neuropro tection.  

 

To investigate whether NPY overexpression would prevent neuronal dysfunction 

induced by mutant ataxin-3, we performed immunohistochemical detection of DARPP-32, an 

intracellular regulator of the dopaminergic signaling (Greengard et al., 1999). This marker 

was previously shown to be decreased upon early neuronal dysfunction (de Almeida et al., 

2002, Alves et al., 2008b, Simoes et al., 2012, Goncalves et al., 2013). Indeed, mutant ataxin-

3 expression mediated a striatal functional damage typified by a large volume of DARPP-32 

immunoreactivity loss over time (Fig. 2.4A and C), which was reduced by over 55% upon 
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NPY overexpression (Fig. 2.4B and D), both 4 weeks (** p<0.01, n=4) and 8 weeks post-

injection (* p<0.05, n=4), as shown in Fig. 2.4E. 

These data indicate that NPY reduces striatal neuronal dysfunction in this animal 

model of MJD. 

 

 

 

Figure 2.4 –  NPY overexpression induces striatal neuroprotection. (A-D) Immunohistochemical 

peroxidase staining using an anti-DARPP-32 antibody. (A and C) Striatal co-transduction of 

mutant ataxin-3 and EGFP induced a striatal lesion characterized by depletion of DARPP-32 

immunoreactivity, 4 and 8 weeks post-injection. (B and D) NPY overexpression significantly 

reduced the loss of DARPP-32 staining volume, at 4 and 8 weeks post-injection, as quantified in 

E (** p<0.01 and * p<0.05, respectively, n=4). Statistical significance was evaluated with two-way 

ANOVA followed by Bonferroni post hoc test. Data are expressed as mean ± SEM. Scale bars: 

500 µm.  

 

 

2.3.5. NPY overexpression up-regulates BDNF in MJD striatum.  

 

It has been previously demonstrated that BDNF levels are decreased in 

neurodegenerative disorders (Ferrer et al., 2000, Hock et al., 2000), and that BDNF 

overexpression is neuroprotective (Xie et al., 2010b). 
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To assess whether NPY neuroprotective effects were related to an induction of BDNF 

up-regulation, we assessed Bdnf mRNA levels in the striatal rodent model of MJD. We found 

that NPY overexpression mediated a 6.5 times increase of the Bdnf mRNA levels in striata 

transduced with mutant ataxin-3 (* p<0.05, n=4), 4 weeks post-injection, compared with the 

control EGFP co-transduction (Fig. 2.5A). By western blot analysis, we also observed an 

increase of BDNF protein levels (** p<0.01, n=4) in Atx3MUT-transduced striata (Fig. 2.5B). 

These results indicate that NPY overexpression promotes production of trophic 

support for striatal neurons in this mouse model of MJD.  

 

 

 

Figure 2.5 –  NPY overexpression induces BDNF up-regulation. (A) Quantitative PCR analysis 

showed that NPY overexpression induced a 6.5 fold increase of the Bdnf mRNA levels in the 

Atx3MUT-transduced striata (* p<0.05 n=4), 4 weeks post-injection. (B) Western blot analysis 

revealed that NPY overexpression increases BDNF protein levels in the Atx3MUT striata (** 

p<0.01, n=4). Statistical significance was evaluated with unpaired Student’s t-test. Data are 

expressed as mean ± SEM. 

 

 

2.3.6. NPY reduces neuroinflammation in the striata l model of MJD.  

 

Considering that neuroinflammation has been argued to be one of the pathogenic 

mechanisms in MJD (Evert et al., 2001, Silva-Fernandes et al., 2010, Goncalves et al., 2013), 

we investigated the anti-inflammatory effect of NPY overexpression in the striatal model.  

Strong immunoreactivity for Iba1 was detected in the injected striata (Fig. 2.6A and 

B), reveling microglia activation in the lesion site. Eight weeks post-injection, NPY 

overexpression induced a 31% decrease of Iba1 immunoreactivity relative to control 

Atx3MUT+EGFP (Fig. 2.6C, * p<0.05, n=4). Additionally, NPY overexpression reduced 
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striatal mRNA levels of proinflammatory cytokines such as Il6 (Fig. 2.6D, * p<0.05, n=4), 4 

weeks after vectors injection, when compared to control EGFP-injected mice. 

Altogether, these results indicate that NPY overexpression attenuates 

neuroinflammation associated with MJD.  

 

 

 

Figure 2.6 –  NPY overexpression reduces neuroinflammation in MJD striatal model. (A and B) 

Fluorescence staining for ionized calcium-binding adapter molecule 1 (Iba1), a microglia marker. 

Striatal co-transduction of Atx3MUT+EGFP induced microglia activation gauged by enhanced 

Iba1 immunoreactivity, which was increased at 8 weeks post-injection. NPY overexpression 

prevented the increase of microglia activation at this time-point (* p<0.05, n=4), as quantified in 

(C). (D) Furthermore, NPY overexpression decreased mRNA levels of proinflammatory cytokine 

Il6 (* p<0.05, n=4) at 4 weeks post-injection. Statistical significance was evaluated with unpaired 

Student’s t-test. Data are expressed as mean ± SEM. Scale bars: 500 μm and 100 μm (higher 

magnifications).  
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2.4. Discussion 

 

In this study, we showed, for the first time, that NPY levels are decreased in the 

striatal MJD lentiviral-based model and that NPY overexpression is able to alleviate MJD-

related neuropathology in the same mouse model.  

The striatal lentiviral-based rodent model of the disease, which enables the 

expression of a full-length mutated ataxin-3 in the striatum, a brain region also affected in 

MJD, allows precise, quantitative analysis of neuropathological deficits induced by mutant 

ataxin-3 expression (Alves et al., 2008b, Alves et al., 2010, Nascimento-Ferreira et al., 2011, 

Simoes et al., 2012, Goncalves et al., 2013).  

We found that Npy levels were reduced in the striata of the lentiviral-based model. 

Moreover, this reduction of Npy levels in the striatum is correlated with a reduction in the 

number of striatal NPY-positive interneurons. Hence, the described striatal 

neurodegeneration in MJD (Taniwaki et al., 1997, Klockgether et al., 1998, Alves et al., 

2008b) may also affect the NPY-positive neurons, causing the observed decrease of NPY 

levels.  

NPY overexpression in the striatal model also mediated neuroprotection typified by a 

robust decrease in number of mutant ataxin-3 inclusions and reduction of DARPP-32 striatal 

lesion. The observed neuroprotective role of NPY is in accordance with previous reports in 

other paradigms (Alvaro et al., 2008b, Xapelli et al., 2008, Santos-Carvalho et al., 2013) and 

neurodegenerative diseases (Decressac et al., 2010, Decressac et al., 2012, Croce et al., 

2013), namely in HD transgenic mice where an ICV injection of NPY reduced striatal atrophy 

(Decressac et al., 2010), and in a rodent model of PD, in which a striatal injection of NPY 

preserved the nigrostriatal dopaminergic pathway (Decressac et al., 2012). 

To clarify the putative mechanisms through which NPY exerts its protective effects, we 

investigated its role in promoting BDNF trophic support and anti-inflammatory effects. The 

increase of BDNF levels induced by NPY overexpression may contribute to its 

neuroprotective effect observed in MJD mouse models. BDNF is a neurotrophic factor and 

an important pro-survival agent that is depleted in some neurodegenerative diseases, 

including HD (Ferrer et al., 2000) and AD (Hock et al., 2000), and its overexpression in the 

forebrain of an HD mouse model prevented the loss of striatal neurons with subsequent 

rescue of motor phenotype (Xie et al., 2010b). Moreover, Croce and colleagues showed that 

NPY was able to decrease amyloid β-peptide toxicity in an in vitro model of AD, through the 

up-regulation of BDNF, as a consequence of decreasing the microRNA (miR) 30a-5p (Croce 

et al., 2013), previously shown to down-regulate BDNF (Mellios et al., 2008). Thus, it is 

possible that NPY exerts neuroprotective effects in MJD by controlling miR expression and 

hence BDNF levels. On the other hand, the infusion of NPY into the rat hypothalamus leads 

to increased phosphorylation of CREB, an important transcription factor with multiple targets 
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(Sheriff et al., 1997). Since BDNF and its receptor trkB are CREB-target genes (Tao et al., 

1998), we alternatively hypothesize that NPY overexpression is inducing BDNF up-regulation 

through a positive regulation of CREB phosphorylation. However, the mechanisms 

underlying the increase of BDNF induced by NPY overexpression in MJD mouse models 

should be further investigated.  

Since neuroinflammation was previously implicated in MJD pathology (Evert et al., 

2001, Silva-Fernandes et al., 2010, Goncalves et al., 2013), we evaluated the effects of NPY 

overexpression in some neuroinflammation players. Our results underline that NPY 

overexpression significantly reduced the mRNA levels of proinflammatory cytokine Il6 and 

prevented mutant ataxin-3 induced increase of microglial immunoreactivity. These results 

are in accordance with former reports describing an anti-inflammatory-like effect of NPY in a 

microglia cell line, characterized by the inhibition of IL1β increase and nitric oxide production 

(Ferreira et al., 2010), and reduction of microglia motility, decreasing the local number of 

activated microglia (Ferreira et al., 2012). Furthermore, BDNF also proved to be able to 

attenuate neuroinflammation, by reducing astrocytosis, microcytosis and proinflammatory 

cytokines levels (Bovolenta et al., 2010, Wu et al., 2011). Hence, NPY, directly and/or through 

the activation of BDNF signaling pathway, restrains the exacerbation of the inflammatory 

response, preventing the toxic effects of microglia overactivation. This may, at least partially, 

explain the beneficial effects of NPY overexpression on MJD mouse model.  

The present study also showed that NPY overexpression reduced the number of 

mutant ataxin-3 aggregates without affecting the levels of soluble mutant ataxin-3. This 

reduction of aggregates accumulation suggests that NPY overexpression may activate 

protein clearance mechanisms, particularly autophagy, which was previously showed to be 

impaired both in patients and rodent models of MJD (Nascimento-Ferreira et al., 2011). 

Considering that it has been recently demonstrated the ability of NPY to induce autophagy 

(Aveleira et al., 2015), autophagy stimulation may be a NPY-induced mechanism responsible 

for the reduction of mutant ataxin-3 aggregates. However, further studies are needed to 

characterize NPY effects over autophagy in MJD mouse models. Additionally, since 

proinflammatory signals may lead to abnormal processing of proteins promoting their 

aggregation (Yan et al., 2003, Maccioni et al., 2009), we hypothesize that NPY 

overexpression may be indirectly decreasing mutant ataxin-3 aggregation as a result of its 

actions in reduction of proinflammatory signals.  

NPY up-regulation mitigates neuroinflammation through the activation of Y1 receptor 

(Ferreira et al., 2011, Ferreira et al., 2012), and increases autophagy through the activation 

of Y1 and Y5 receptors (Aveleira et al., 2015), leading to the hypothesis that the NPY 

neuroprotective effects in these MJD mouse models might be mediated by these two NPY 

receptors. Further studies using specific NPY receptor knock-outs should be taken to assess 

the role of each NPY receptor in MJD.  
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In conclusion, this work provides the first evidence that striatal NPY-positive 

interneurons are reduced in MJD and that striatal NPY overexpression mitigates the disease-

associated neuropathology. Furthermore, our results suggest that increase of BDNF levels 

and reduction of neuroinflammation are implicated in the beneficial effects of NPY on MJD 

pathology. Because there is no effective therapy able to stop or prevent the progression of 

the disease, NPY overexpression might be a novel therapeutic candidate strategy for this 

disorder. 
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3.1. Introduction 

 

Machado-Joseph disease (MJD), also known as spinocerebellar ataxia type 3 

(SCA3), that was first identified in Portuguese descendants, is currently the most frequent 

dominantly-inherited ataxia worldwide (Paulson, 2007), particularly in Flores island, Azores, 

where it reaches the prevalence of 1:239 (Bettencourt et al., 2008). MJD is a polyglutamine 

(polyQ) disorder because it is caused by an abnormal expansion of CAG trinucleotide repeats 

within the open reading frame of the ATXN3 gene, which translates into the protein ataxin-3 

with an elongated chain of glutamines: more than 61 in MJD patients (Kawaguchi et al., 1994, 

Maciel et al., 2001). The expression of mutant ataxin-3 leads to neurodegeneration in specific 

CNS regions, such as cerebellum, pons, substantia nigra and striatum (Sudarsky and 

Coutinho, 1995, Durr et al., 1996, Klockgether et al., 1998). The clinical hallmarks include 

progressive ataxia and postural instability, dystonia, ophthalmoplegia, fasciculation-like 

movements of facial and lingual muscles and bulging eyes (Sudarsky and Coutinho, 1995, 

Bettencourt and Lima, 2011). There are currently no therapies available to prevent or stop 

the disease, thus MJD progresses for 1 or 2 decades culminating in patients’ death.  

Neuropeptide Y (NPY) is a 36-aminoacid peptide abundantly and unequally 

distributed in several mammalian brain regions. NPY is involved in many physiological 

functions, through the activation of NPY receptors, Y1, Y2, Y4 and Y5 receptors (Silva et al., 

2005), and its levels are altered in some neurodegenerative disorders (Dawbarn et al., 1985, 

Chan-Palay et al., 1986, Beal et al., 1988a, Beal et al., 1988b, Davies et al., 1990, Mazurek 

et al., 1997). As NPY proved to be protective towards diverse neurodegenerative conditions, 

including AD (Croce et al., 2013), PD (Decressac et al., 2012) and HD (Decressac et al., 

2010), as well in a striatal mouse model of MJD, we now investigated NPY levels in 

cerebellum of MJD patients and transgenic mice and the ability of cerebellar NPY 

overexpression, using a gene therapy approach, to rescue motor and balance impairments 

displayed by MJD transgenic mice.  

Our work shows NPY levels are decreased in MJD cerebella of both patients and 

transgenic mice and that NPY overexpression mitigates MJD-related motor and balance 

deficits and the associated cerebellar neuropathology in transgenic mice, suggesting that it 

may provide a new therapeutic strategy for MJD. 
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3.2. Materials and methods 

 

 

3.2.1. Human brain tissue  

 

Post-mortem human brain tissue from dentate nucleus was obtained from University 

of Gröningen, The Netherlands. The tissues included a control patient (male, 68 years) and 

two MJD patients both females: MJD148 with 70 years and 68 CAG repeats, and MJD176 

with 34 years and 77 CAG repeats. 

 

 

3.2.2. Animals 

 

C57Bl/6-background transgenic mouse model expressing the C-terminal-truncated 

ataxin-3 with 69 glutamine repeats and an N-terminal haemagglutinin (HA) epitope driven by 

Purkinje-cell-specific L7 promoter were obtained from parallel breeding at our research 

center (CNC) of a colony of transgenic mice initially obtained from Gunma University 

Graduate School of Medicine (Torashima et al., 2008). Genotyping was performed by PCR. 

Gender- and age-matched transgenic (Tg) and wild-type (WT) littermates at 5 weeks of age 

were used in this study. 

The experiments were carried out in accordance with the European Community 

directive (2010/63/EU) covering the protection of animals used for scientific purposes. The 

researchers received adequate training (FELASA-certified course) and certification to 

perform the experiments from the Portuguese authorities (Direcção Geral de Alimentação e 

Veterinária).  

 

 

3.2.3. Viral vectors  

 

AAV serotype 1/2 vectors encoding NPY or EGFP under the control of human 

synapsin promoter (Sousa-Ferreira et al., 2011) were used. 

 

 

3.2.4. In vivo injection of viral vectors into mice cerebellum 

 

After anesthesia of the mice with Avertin (280 µg/g, intraperitoneally), viral vectors 

were stereotaxically injected into the cerebellum in the following coordinates: anteroposterior 

-2.3 mm, lateral 0 mm and ventral - 3.0 mm, relative to lambda (Paxinos et al., 2001). 
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For evaluation of neuroprotection in the MJD transgenic model, Tg and WT littermate 

animals received a single central 3 µL injection of AAV-1/2-NPY or AAV-1/2-EGFP (0.67x108 

t.u.) in the cerebellum. After the injection, the syringe was left in place for an additional 5 

minutes to allow the diffusion of the viral vectors and minimize backflow. 

 

 

3.2.5. Behavioral assessment 

 

Mice were subjected to locomotor tests before and 4 and 8 weeks after viral vectors 

injection. Animals were habituated for 1h to a quiet room with controlled temperature and 

ventilation, dimmed lighting, and handled prior to behavioral testing.  

Stationary rotarod. Motor coordination and balance were assessed using rotarod 

apparatus (Letica Scientific Instruments, Panlab, Spain), at a constant speed of 5 rpm, over 

a period of 5 min. The time during which mice remain walking in the rotation drum was 

recorded. Sessions consisting of two trials per day with a 20-min inter-trial interval were 

carried out and the mean of the trials was averaged.  

Beam walking. Motor coordination and balance of mice were assessed by measuring 

the ability of the mice to traverse a graded series of narrow beams to reach an enclosed 

safety platform. The beams consisted of long strips of wood (1 m) with an 18- or 9-mm square 

wide and a 9- or 6-mm round diameter cross-sections, placed horizontally, 25 cm above the 

bench surface. Mice performed two consecutive trials on each beam, progressing from the 

widest to the narrowest beam, and the mean latency time to traverse the beam was taken to 

analysis. Any animal that did not cross within 60 seconds was allocated a maximum value of 

60 second for analysis. 

Footprint patterns. To obtain footprints, the forepaws and hindpaws of the mice were 

coated with black and white nontoxic paints, respectively. Mice were allowed to walk on a 

paper along a 100x10x15 cm runway. A sequence of six consecutive steps was chosen for 

evaluation, excluding footprints made at the beginning and end of the run where the animal 

was initiating and finishing movement, respectively. Base width was measured as the 

average distance between left and right footprints. Overlap between forepaw and hindpaw 

placement is measured as the distance between the front and hind footprints on each side. 

The mean of the twelve strides and of the six overlap distance for each animal was 

considered.  

 

 

3.2.6. Immunohistochemical procedure 
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After an overdose of Avertin (2.5 x 280 µg/g intraperitoneally), transcardial perfusion 

of the mice was performed with PBS followed by fixation with 4% paraformaldehyde (PFA; 

Sigma-Aldrich, USA). The brains were removed and post-fixed in 4% PFA for 24h and 

cryoprotected by incubation in 25% sucrose/PBS for 48h. The brains were frozen and 35 µm 

sagittal sections were cut using a cryostat (LEICA CM3050S, Germany) at -21ºC. Sections 

throughout one-half of the cerebellum were collected in anatomical series and stored in 48-

well trays as free-floating sections in PBS supplemented with 0.05 µM sodium azide (Sigma-

Aldrich), at 4ºC.  

Double staining for NPY (rabbit anti-NPY; 1:6000; Sigma-Aldrich), HA (mouse 

monoclonal anti-HA; 1:1000; InvivoGen, France), Iba1 (rabbit anti-Iba1; 1:1000; Wako, 

Germany) and nuclear marker [4’,6-diamidino-2-phenylindole (DAPI); Sigma-Aldrich] were 

performed. After RT 1h incubation with blocking solution, and overnight 4ºC incubation with 

primary antibodies, sections were washed and incubated for 2h at RT with the corresponding 

secondary antibodies coupled to fluorophores (1:200; Molecular Probes, Life Technologies, 

USA) diluted in the respective blocking solution. The sections were then mounted in Mowiol 

reagent (Sigma-Aldrich) on microscope slides.  

Staining was visualized using Zeiss Axioskop 2 plus imaging microscope (Carl Zeiss 

Microimaging, Germany) using 5x and 20x objectives and the AxioVision 4.7 software 

package (Carl Zeiss Microimaging). 

Quantitative analysis was performed with a semiautomated image-analysis software 

package (ImageJ 1.42q software, USA).  

 

 

3.2.7. Cresyl violet staining 

 

Premounted sagittal sections were stained with cresyl violet (Sigma-Aldrich) for 2 

minutes, differentiated in 70% ethanol, dehydrated by passing through 95% ethanol, 100% 

ethanol and xylene solutions, and mounted onto microscope slides with Eukitt®. 

 

 

3.2.8. Cell counts of mutant ataxin-3 inclusions in  Purkinje cells and of Purkinje cells 

 

Sagittal sections were scanned with a 20x objective. All HA aggregates in Purkinje 

cells, as well as all Purkinje cells, of 8 sections at 280 μm intervals were manually counted 

and the average number of inclusions and of cells was extrapolated to the whole cerebellum. 

 

 

3.2.9. Evaluation of cerebellar volume 
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Cerebellar volume was analyzed by photographing, with a 1.25x objective, eight 

sagittal sections per animal (35 µm thick sections at 280 µm intervals), starting in the middle 

of the cerebellum by quantifying the area of both cerebellum and cerebrum. The volume was 

then estimated with the following formula: volume = d(a1 + a2 + a3 +…), where d is the 

distance between serial sections (200 µm) and a1 + a2 + a3 are cerebellar or cerebral areas 

for individual serial sections (de Almeida et al., 2002). The hemicerebellar and the 

hemicerebral volume was then multiplied by two to extrapolate the entire cerebellar and 

cerebral volume. 

 

 

3.2.10. Quantification of granular and molecular la yers thickness 

 

Lobules V and IX granular and molecular layers thickness was assessed by the mean 

of three different measures to each layer, in three sections at 280 µm intervals, scanned with 

a 20x objective. In each image, boundary lines around the granular and the molecular layers 

were drawn by hand using ImageJ software. 

 

 

3.2.11. Quantification of Iba1 immunoreactivity 

 

The immunoreactivity indexes were measured through optic density analysis of the 

affected cerebellar regions relative to their corresponding non-affected cortex (defined as 

background). 

 

 

3.2.12. Isolation of mRNA and cDNA synthesis 

 

After an overdose of Avertin mice were sacrificed by cervical dislocation and 

cerebella were dissected and stored in tubes containing RNAlater RNA stabilization reagent 

(QIAGEN, Germany) at -80°C until extraction of RNA. Total RNA was isolated using the 

Nucleospin RNA Isolation Kit (Macherey-Nagel, Germany) according to the manufacturer's 

instructions. Total amount of RNA was quantified using a Nanodrop 2000 Spectrophotometer 

(Thermo Scientific, USA) and the purity was evaluated by measuring the ratio of OD at 260 

and 280 nm. cDNA was then obtained by conversion of 1 µg of total RNA using iScript 

Selected cDNA Synthesis kit (Bio-Rad) according to the manufacturer’s instructions and 

stored at -20ºC.  
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3.2.13. Quantitative real-time polymerase chain rea ction (qRT-PCR) 

 

Quantitative PCR was performed in a StepOnePlus Real-Time PCR system (Applied 

Biosystems). The primers for the mouse genes – Npy, Hprt and Gapdh – and human genes 

– Npy and Actin1b – were pre-designed and validated by QIAGEN (QuantiTect Primers, 

QIAGEN). A master mix was prepared for each primer set containing the appropriate volume 

of SsoAdvanced SYBR Green Supermix (Bio-Rad), QuantiTect Primers and template cDNA. 

All reactions were performed in duplicate and according to the manufacturer’s 

recommendations: 95ºC for 30 sec, followed by 40 cycles at 95ºC for 5 sec and 60ºC for 30 

sec. The melting curve protocol started immediately after amplification. The amplification 

efficiency for each primer pair and the threshold cycle (Ct) were determined automatically by 

the StepOne Software (Applied Biosystems). The mRNA fold change with respect to control 

samples was determined by the Pfaffl method, taking into consideration amplification 

efficiencies of all genes.  

 

 

3.2.14. Statistical analysis 

 

Data are expressed as mean ± standard error of the mean (SEM). Statistical 

comparisons were performed using unpaired Student’s t-test or one-way or two-way ANOVA 

followed by Bonferroni post-hoc test. Significance thresholds were set at p<0.05, p<0.01 or 

p<0.001. 
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3.3. Results 

 

 

3.3.1. NPY levels are decreased in cerebellum of MJ D patients and transgenic mice 

 

In order to investigate NPY levels in MJD we analyzed human post-mortem tissue 

and samples from transgenic mice of the disease. 

Dentate nucleus extracts of post-mortem brains of two MJD patients revealed a 92-

98% reduction of Npy mRNA levels relative to a control sample (Fig. 3.1A). Moreover, 

cerebellar extracts of 34 week-old MJD Tg animals expressing truncated mutant ataxin-3 

with 69 glutamines also displayed a robust significant decrease (*** p<0.001, n=3-4) of Npy 

mRNA levels, when compared with WT mice (Fig. 3.1B). 

These results show that mutant ataxin-3 expression reduces NPY levels in MJD. 

  

 

 

Figure 3.1 –  NPY levels are reduced in MJD patients and transgenic mice. Quantitative PCR 

analysis revealed (A) a 92 and 98% depletion of Npy mRNA levels in extracts obtained from 

dentate nucleus of two patients with MJD and (B) a 60% reduction in extracts derived from 

dissected cerebella of MJD Tg mouse model (*** p<0.001, n=3/4) at 34 weeks of age. Statistical 

significance was evaluated with unpaired Student’s t-test. Data are expressed as mean ± SEM.  

 

 

3.3.2. Experimental strategy used to overexpress NP Y in the cerebellum of a 

transgenic mouse model of MJD. 

 

To evaluate NPY positive effects in MJD-associated motor deficits and cerebellar 

neuropathology we overexpressed NPY in MJD transgenic mice.  

For that purpose, we injected AAV vectors encoding NPY, or EGFP, as control, 

centrally in the cerebella of 5-week-old Tg mice and WT littermates (Fig. 3.2A). AAV-NPY 

injection induced a robust NPY expression in cerebellar nuclei and in the layers of the 

Human dentate nucleus A 
MJD transgenic mouse model B 
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cerebellar cortex in most lobules, as evidenced by a higher cerebellar NPY-immunoreactivity 

(Fig. 3.2B and C).  

 

 
 

Figure 3.2 –  AAVs promoted a robust NPY overexpression in mice cerebella. (A) Five-week-old 

MJD Tg and WT littermate mice were centrally injected in the cerebellum with AAV vectors 

encoding NPY or EGFP, as control. (B and C) Fluorescence staining for NPY, showing that the 

stereotaxic injection of the viral vectors allowed the overexpression of NPY. Scale bars: 500 μm. 

 

 

3.3.3. Cerebellar NPY overexpression alleviates bal ance and motor coordination 

impairments.  

 

We recently showed that MJD Tg mice display a severe motor coordination 

impairments (Nascimento-Ferreira et al., 2013). Since NPY levels are reduced in these 

animals and neuroprotective roles for NPY have been described (Alvaro et al., 2008b, Xapelli 

et al., 2008, Decressac et al., 2010, Ferreira et al., 2010, Decressac et al., 2012, Ferreira et 

al., 2012, Croce et al., 2013, Santos-Carvalho et al., 2013), we investigated whether NPY 

overexpression would improve the MJD phenotype. For that purpose, we performed 

behavioral tests to assess motor coordination and balance before and 4 and 8 weeks post-

injection.  

Motor coordination and balance were assessed by the stationary rotarod test. Before 

stereotaxic surgeries, 5-weeks-old Tg mice displayed a marked phenotype characterized by 

difficulties walking and equilibrating on the rotating rod when compared with WT littermates, 

as evidenced by a diminished latency to fall of the rod (Fig. 3.3A). At 8 weeks after vectors 
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injection, it became clear that cerebellar NPY overexpression significantly prevented this 

balance and motor coordination impairment (* p<0.05 relative to Tg+EGFP, n=8-13). 

Moreover, in the beam walking test, Tg animals took more time to cross the beams 

than WT mice. By 8 weeks post-injection, NPY-overexpressing animals showed a 

significantly better performance in round beams (Fig. 3.3B; * p<0.05 and *** p<0.001, n=8-

13).  

 

 
 

Figure 3.3 –  NPY overexpression alleviates balance and motor coordination impairments. (A) 

Motor coordination was assessed using stationary rotarod test which showed that Tg animals 

performed poorly on a stationary rotarod when compared with WT, revealing a diminished latency 

to fall of the rod, which was significantly prevented (* p<0.05 relative to Tg+EGFP, n=8-13) at 8 

weeks post-injection by NPY overexpression. (B) Balance and motor coordination was measured 

by the latency time for each animal to traverse a series of progressively more difficult beams of 

square and round cross-section. At eight weeks after viral vectors injection, Tg mice took more 

time to cross beams when compared with WT; however, NPY overexpression significantly 

improved Tg mice performance in the round beams (* p<0.05 and *** p<0.001 relative to 

Tg+EGFP, n=8-13). Statistical significance was evaluated with two-way ANOVA followed by 

Bonferroni post hoc test. Data are expressed as mean ± SEM. 
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Taken together these results indicate that NPY overexpression alleviates motor 

coordination and balance disabilities. 

 

 

3.3.4. NPY overexpression prevents the early develo pment of MJD-like ataxic gait of 

transgenic mice.   

 

These MJD Tg mice display a severe ataxic gait, as evidenced by a smaller stride 

length and a widening of the gait base (Nascimento-Ferreira et al., 2013). Thus, to evaluate 

whether NPY overexpression can impact in ataxic gait, we evaluated Tg mice footprint 

patterns. 

The footprint pattern analysis 4 weeks after stereotaxic injection revealed that Tg mice 

with cerebellar NPY overexpression showed an almost complete rescue of base width 

enlargement (Fig. 3.4A, ** p<0.01 relative to WT, n=6-8) and footprint overlap distance (Fig. 

3,4B, * p<0.05 relative to WT and # p<0.05 relative to Tg+EGFP, n=6-8). 

 

 
 

Figure 3.4 –  NPY overexpression prevents the early development of MJD-like ataxic gait of 

transgenic mice. The quantitative analysis of footprint patterns 4 weeks post-injection revealed 

that NPY overexpressing Tg mice present (A) an almost complete rescue of base width (** p<0.01 

relative to WT, n=6-8), and (B) an amelioration of footprint overlap (* p<0.05 relative to WT and # 

p<0.05 relative to Tg+EGFP). Statistical significance was evaluated with one-way ANOVA 

followed by Bonferroni post hoc test. Data are expressed as mean ± SEM.  

 

These data indicate that NPY overexpression prevents MJD-like ataxic gait in 

transgenic mice. 

 

 

3.3.5. NPY overexpression prevents cerebellar neuro degeneration.  
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To evaluate whether the phenotypic improvements were due to the prevention of 

cerebellar neurodegeneration, we compared brains of NPY overexpressing and control Tg 

mice regarding its size and histopathological parameters, 8 weeks after viral vectors injection.  

Cresyl violet-stained cross-sectional areas were used to examine the cerebellar 

volume relative to the whole brain (Fig. 3.5A and B). Tg mice submitted to cerebellar NPY 

overexpression showed reduced cerebella volume shrinkage (Fig. 3.5C, * p<0.05, n=6-8) 

compared with Tg+EGFP mice. Furthermore, the analysis of cerebellar layers showed that 

Tg+NPY mice exhibit a larger granular layer thickness (Fig. 3.5D-F, ** p<0.01, n=6-8), 

compared with control Tg mice.  

Overall, these results show that NPY overexpression in the cerebellum of MJD Tg 

mice preserves cerebellar structure. 

 

 

Figure 3.5 –  NPY overexpression preserves cerebellar structure. (A-B and D-E) Midsagittal cresyl 

violet-stained sections from Tg mice. NPY overexpressing Tg mice (B) presented a higher 

percentage of cerebellar volume relative to cerebral volume (* p<0.05, n=6-8) than control EGFP-

expressing Tg mice (A), as quantified in (C). Representative images of cerebellar granular (GL) 

and molecular (ML) layers from Tg + EGFP (D) and Tg + NPY (E) animals, confirming the 

quantification analysis (F), which showed that NPY overexpression prevented the reduction of 

granular layer thickness in lobules V and IX (** p<0.01, n=6-8). Statistical significance was 

evaluated with unpaired Student’s t-test. Data are expressed as mean ± SEM. Scale bars: 2000 

μm (A and B) and 100 μm (D and E). 

 

 

3.3.6. NPY reduces mutant ataxin-3 aggregates prese nt in Purkinje cells.  
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We also evaluated NPY overexpression effects in the number of mutant ataxin-3 

aggregates in cerebellar Purkinje cells of MJD transgenic mice.  

Immunofluorescence labeling of Purkinje cells with an anti-HA antibody, which stains 

mutant ataxin-3 (Fig. 3.6A and B), showed that NPY overexpression promoted a decrease in 

the number of mutant ataxin-3 aggregates in Purkinje cells, compared with Tg+EGFP mice 

(Fig. 3.6C, * p<0.05, n=6-8), without decreasing the number of Purkinje cells (Fig, 3.6D).  

Altogether, these results show that NPY overexpression decreases the number of 

mutant ataxin-3 aggregates. 

 

 

 

Figure 3.6 –  NPY overexpression reduces the number of mutant ataxin-3 aggregates present in 

Purkinje cells.  (A and B) Immunostaining of mutant ataxin-3 with an anti-HA antibody, revealing 

Purkinje cells. Some Purkinje cells exhibited mutant ataxin-3 aggregates (arrows). As quantified 

in (C), NPY overexpression decreased the number of aggregates in Purkinje cells (* p<0.05, n=6-

8), without decreasing the total number of Purkinje cells (D, n=6-8). Statistical significance was 

evaluated with unpaired Student’s t-test. Data are expressed as mean ± SEM. Scale bars: 50 μm 

(A and B). 

 

 

3.3.7. NPY decreases cerebellar neuroinflammation i n the transgenic model of MJD.  

 

Considering that neuroinflammation has been argued to be one of the pathogenic 

mechanisms in MJD (Evert et al., 2001, Silva-Fernandes et al., 2010, Goncalves et al., 2013), 

we investigated the anti-inflammatory effect of NPY overexpression in MJD transgenic mice.  
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Strong immunoreactivity for Iba1 was detected in transgenic mice cerebella (Fig. 3.7A 

and B), revealing microglia activation. Eight weeks post-injection, NPY overexpression 

induced a decrease of Iba1 immunoreactivity relative to control Atx3MUT+EGFP (Fig. 3.7C, 

* p<0.05, n=4).  

These results indicate that NPY overexpression attenuate neuroinflammation 

associated with MJD.  

 

 
 

Figure 3.7 –  NPY overexpression decreases cerebellar neuroinflammation in transgenic 

model of MJD. (A and B) Fluorescence staining for ionized calcium-binding adapter molecule 1 

(Iba1), a microglia marker. NPY overexpression reduced microglia activation, as evidenced by a 

decrease of Iba1 immunoreactivity, at 8 weeks after viral injection (* p<0.05, n=6-8), as quantified 

in (C). Statistical significance was evaluated with unpaired Student’s t-test. Data are expressed 

as mean ± SEM. Scale bars: 500 μm. 
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3.4. Discussion 

 

In this work, we showed that NPY levels are decreased in MJD cerebella of both 

patients and transgenic mice and that NPY overexpression is able to mitigate MJD-related 

motor deficits and cerebellar neuropathology in transgenic mice. Since there is no effective 

therapy able to stop or prevent the progression of the disease, NPY overexpression might 

be a novel therapeutic candidate strategy for this disorder. 

The transgenic MJD mouse model used in this work is characterized by the 

expression of a truncated form of pathogenically expanded ataxin-3 in the cerebellum 

(Torashima et al., 2008), which is widely accepted as the most important contributor for the 

pathology and phenotype presented by MJD patients.  

We found that Npy levels were reduced in both postmortem cerebellar extracts of 

MJD patients and transgenic mice. This reduction of NPY levels in MJD is in line with the 

reduction of striatal NPY-positive interneurons and striatal Npy levels, discussed earlier, and 

with previous reports showing decreased NPY levels in another neurodegenerative disease, 

namely AD, in both patients (Chan-Palay et al., 1986, Davies et al., 1990) and rodent models 

(Ramos et al., 2006). Hence, we hypothesized that the described cerebellar 

neurodegeneration in MJD (Durr et al., 1996, Taniwaki et al., 1997, Klockgether et al., 1998) 

may also affect the NPY-producing neurons, causing the observed decrease of NPY levels.  

We have earlier shown that NPY overexpression through viral gene therapy was able 

to alleviate MJD neuropathology in a striatal mouse model of MJD, providing proof of principle 

that NPY may be a potential therapeutic strategy for this disease. Therefore, in this study we 

investigated whether NPY overexpression in the cerebellum was able to mitigate MJD-

associated ataxic phenotypic. 

The cerebellum has major importance in motor coordination and balance, amongst 

other features more recently described (reviewed in (D'Angelo and Casali, 2012)). Indeed, 

the most characteristic sign of cerebellar damage is ataxia, which consists in movement 

abnormalities affecting gait, balance, gaze and speech (reviewed in (Ilg and Timmann, 

2013)). The transgenic mice used in this study exhibit a pronounced ataxic phenotype as 

early as 5 weeks of age (Nascimento-Ferreira et al., 2013). In fact, MJD transgenic mice 

present balance and motor coordination deficits, as assessed by stationary rotarod and beam 

walking tests, which were rescued by cerebellar NPY overexpression. Furthermore, 

transgenic mice exhibit ataxic gait, evidenced by an increase of base width and of the 

distance between hindpaw and forepaw placement, features that were completely rescued 

by cerebellar NPY overexpression. The clinical manifestation of MJD starts with gait 

imbalance and progresses to wide-base gait ataxia and limb incoordination (Paulson, 2007), 

thus NPY overexpression may be a promising strategy to overcome these motor 
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impairments. However, further studies would be needed to disclose the efficacy and safety 

of this therapy in humans.  

Moreover, the alleviation of behavioral defects correlated with a reduction of 

cerebellar disease-related neuropathology, namely a preservation of the cerebellar volume 

and of the granular layer thickness.  

The observed beneficial effects on motor function of NPY is in accordance with 

previous reports in HD transgenic mice where an ICV injection of NPY reduced their 

behavioral disabilities, as evidenced by improving rotarod performance and reducing paw-

clasping (Decressac et al., 2010). These effects were also related with a preservation of 

striatal integrity (Decressac et al., 2010). 

The present study also showed that NPY overexpression reduced the number of 

mutant ataxin-3 aggregates in Purkinje cells without affecting the total number of these 

cerebellar cells. As discussed earlier, this reduction of aggregates accumulation suggests 

that NPY overexpression may activate protein clearance mechanisms, particularly 

autophagy, which is impaired both in patients and rodent models of MJD (Nascimento-

Ferreira et al., 2011). Although it has been recently demonstrated the ability of NPY to induce 

autophagy (Aveleira et al., 2015), further studies are needed to characterize NPY effects 

over autophagy in MJD mouse models. Furthermore, considering that proinflammatory 

signals may lead to abnormal processing of proteins promoting their aggregation (Yan et al., 

2003, Maccioni et al., 2009), we can suggest that NPY overexpression may be indirectly 

decreasing mutant ataxin-3 aggregation as a result of its actions in reduction of 

proinflammatory signals.  

In fact, NPY-mediated anti-inflammatory effects have been observed in in microglia 

cell lines (Ferreira et al., 2010, Ferreira et al., 2012) and also in the MJD lentiviral-based 

striatal model, as observed earlier. In this study, we observed that cerebellar NPY 

overexpression reduced mutant ataxin-3-induced increase of microglia activation, as 

evidenced by a decrease in immunoreactivity of a microglial marker. Furthermore, 

considering that neuroinflammation was previously implicated in MJD pathology (Evert et al., 

2001, Silva-Fernandes et al., 2010, Goncalves et al., 2013), the NPY-mediated reduction of 

microglial activation, and the consequent prevention of toxic effects of microglia 

overactivation, may, at least in part, be responsible for the neuroprotective effects of NPY on 

MJD transgenic mouse model. 

Considering that this transgenic mice expresses only a C-terminal fragment of mutant 

ataxin-3, this model may also represent a more general polyQ disease model. Thus, we can 

hypothesize that NPY overexpression may be neuroprotective in other polyQ diseases, and 

ataxias. This hypothesis is further supported by previous observations of NPY positive effects 

in HD (Decressac et al., 2010). 
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In conclusion, this work provides the first evidence that NPY levels are reduced in the 

cerebellum of MJD patients and of transgenic mice and that cerebellar NPY overexpression 

alleviates motor- and balance-related deficits, as well as cerebellar neuropathology. 

Furthermore, we reinforce the observation of attenuation of neuroinflammation as a potential 

NPY-mediated neuroprotective mechanism on MJD pathology. This supports NPY 

overexpression or administration as a candidate strategy to modulate the abnormal 

neuropathological and motor changes in MJD.  
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4.1. Introduction 

 

Machado-Joseph disease (MJD), also called spinocerebellar ataxia type 3 (SCA3), 

is an autosomal dominant neurodegenerative disease caused by an over-repetition of the 

trinucleotide CAG in the ATXN3 gene (Kawaguchi et al., 1994). This genetic mutation 

translates into an expanded polyglutamine (polyQ) stretch that confers a toxic gain-of-

function to the ataxin-3 (Atx3) protein, leading to neuronal dysfunction and cell death 

(Paulson et al., 1997b). The most affected brain regions are cerebellum, pons, substantia 

nigra and striatum (Sudarsky and Coutinho, 1995, Durr et al., 1996, Klockgether et al., 1998), 

which are responsible for the hallmark symptoms of the disease: progressive ataxia, 

dysfunction of the motor coordination and balance that affect gait, speech and gaze (Paulson, 

2007). However, MJD patients also present non-motor symptoms, like sleep disturbances 

(Schols et al., 1998, Pedroso et al., 2011, dos Santos et al., 2014), weight loss (Riess et al., 

2008, Saute et al., 2012), depression (Cecchin et al., 2007) and deterioration of memory and 

learning abilities (Roeske et al., 2013).  

Hypothalamus is a CNS region involved in the regulation of energy homeostasis, 

sleep and emotion (reviewed in (Swaab, 2004)). It consists on a number of anatomically well-

organized and interconnected nuclei. Each of these nuclei comprises neuronal populations 

expressing specific neuropeptides, namely the arcuate nucleus (Arc) contains Neuropeptide 

Y (NPY) / Agouti-related protein (AgRP)- and pro-opiomelanocortin (POMC) / cocaine- and 

amphetamine-regulated transcript (CART)-expressing neurons and the lateral hypothalamus 

(LH) contains orexin (Orx)- and melanin-concentrating hormone (MCH)-expressing neurons. 

The hypothalamic dysfunction and degeneration has already been implicated in 

neurodegenerative disorders, such as AD (Callen et al., 2001, Loskutova et al., 2010), PD 

(Politis et al., 2008b) and HD (Kassubek et al., 2004, Douaud et al., 2006, Politis et al., 2008a, 

Soneson et al., 2010, Politis et al., 2011, Gabery et al., 2015), and this neuropathology was 

already associated with some symptoms of these diseases (Raadsheer et al., 1995, Petersen 

et al., 2005, Hult et al., 2011, Hult Lundh et al., 2013).  

Considering that MJD patients also present some non-motor symptoms that may be 

associated with hypothalamic alterations, we hypothesized the involvement of hypothalamus 

in MJD neuropathology. Thus, in this study, we investigated if hypothalamic neuronal 

populations associated with sleep and energy homeostasis regulation are altered in two MJD 

transgenic mouse models: CAMKII Tg mice that express a full length expanded ataxin-3 in 

the forebrain (Mayford et al., 1996, Boy et al., 2009) and L7 Tg mice which express a 

truncated form of the mutant atx3 in the cerebellar Purkinje cells (Torashima et al., 2008). 

Our results showed a reduction of Orx-, MCH- and POMC-positive hypothalamic 

neurons of CAMKII MJD Tg mice, and no changes were observed regarding hypothalamic 

NPY levels. Moreover, this hypothalamic neuropathology was possibly due to mutant ataxin-
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3 accumulation in this brain region. These hypothalamic changes of MJD may be 

accountable for some non-motor symptoms of MJD patients. Thus, for the first time, we 

identified hypothalamus as a new therapeutic target in MJD. 
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4.2. Materials and methods 

 

 

4.2.1. MJD transgenic mice 

 

A transgenic mouse model was generated by crossbreeding the promoter line 

expressing the tetracycline transactivator (tTA) combined with calcium/calmodulin dependent 

kinase II (CamKII) promoter, to achieve both regional and temporal control of the transgene 

expression (Mayford et al., 1996), with the stable responder mouse line number 2904, 

containing the full-length human ataxin-3c isoform (GenBank accession number: U64820), 

which has 77 CAG repeats (Boy et al., 2009). Ten-month-old transgenic (Tg) mice and wild-

type (WT) littermates were obtained from University of Tübingen, Germany, courtesy of Dr. 

Thorsten Schmidt.  

C57Bl/6-background transgenic mouse model expressing the C-terminal-truncated 

ataxin-3 with 69 glutamine repeats and an N-terminal haemagglutinin (HA) epitope driven by 

Purkinje-cell-specific L7 promoter were obtained from parallel breeding at our research 

center (CNC) of a colony of transgenic mice initially obtained from Gunma University 

Graduate School of Medicine (Torashima et al., 2008). Genotyping was performed by PCR. 

Gender- and age-matched Tg and WT littermates at 7 months of age were used in this study. 

The experiments were carried out in accordance with the European Community 

directive (2010/63/EU) covering the protection of animals used for scientific purposes. The 

researchers received adequate training (FELASA-certified course) and certification to 

perform the experiments from the Portuguese authorities (Direcção Geral de Alimentação e 

Veterinária).  

 

 

4.2.2. Immunohistochemical procedure 

 

After an overdose of Avertin (2.5 x 280 µg/g intraperitoneally), transcardial perfusion 

of the mice was performed with PBS followed by fixation with 4% paraformaldehyde (PFA; 

Sigma-Aldrich, USA). The brains were removed and post-fixed in 4% PFA for 24h and 

cryoprotected by incubation in 25% sucrose/PBS for 48 h. The brains were frozen and 25 

µm coronal sections were cut using a cryostat (LEICA CM3050S, Germany) at -21ºC. 

Sections throughout the entire hypothalamus were collected in anatomical series and stored 

in 48-well trays as free-floating sections in PBS supplemented with 0.05 µM sodium azide 

(Sigma-Aldrich), at 4ºC. 

The immunohistochemical procedure was initiated by endogenous peroxidase 

quenching with 30 min incubation at 37ºC in 0.1% phenylhydrazine (Merck, USA) /PBS 
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solution. Sections were then kept at room temperature (RT) for 1 h in PBS with 0.1% Triton 

X-100 (Sigma-Aldrich) containing 10% goat serum (NGS; Gibco, Alfagene, Portugal), then 

overnight at 4ºC in blocking solution with the primary antibodies: a rabbit polyclonal anti-

orexin-A (OrxA) antibody (1:1000; Phoenix-Pharmaceuticals, USA) or a rabbit polyclonal 

anti-POMC antibody (1:500; Phoenix-Pharmaceuticals). After washing, the sections were 

incubated with the respective biotinylated secondary antibodies (1:200; Vector Laboratories, 

USA). Bound antibodies were visualized using the VECTASTAIN® ABC kit, with 3,3’-

diaminobenzidine tetrahydrochloride (DAB metal concentrate; Pierce, USA) as substrate. 

The sections were mounted, dehydrated and coverslipped with Eukitt® (Sigma-Aldrich). 

Double staining for MCH (rabbit anti-MCH; 1:200; Phoenix-Pharmaceuticals), OrxA 

(rabbit anti-OrxA; 1:1000; Phoenix-Pharmaceuticals), POMC (rabbit anti-POMC; 1:500; 

Phoenix-Pharmaceuticals), mutant ataxin-3 (mouse anti-1H9; 1:5000; Chemicon, Merck-

Millipore, USA), HA (mouse anti-haemagglutinin; 1:1000; InvivoGen, France), NPY (rabbit 

anti-NPY; 1:6000; Sigma-Aldrich) and nuclear marker [4’,6-diamidino-2-phenylindole (DAPI); 

Sigma-Aldrich] were performed. After RT 1 h incubation with blocking solution, and overnight 

4ºC incubation with primary antibodies, sections were washed and incubated for 2 h at RT 

with the corresponding secondary antibodies coupled to fluorophores (1:200; Molecular 

Probes, Life Technologies, USA) diluted in the respective blocking solution. The sections 

were then mounted in Mowiol reagent (Sigma-Aldrich) on microscope slides.  

Staining was visualized using Zeiss Axioskop 2 plus imaging microscope (Carl Zeiss 

Microimaging, Germany) using 5x and 20x objectives and the AxioVision 4.7 software 

package (Carl Zeiss Microimaging). Co-localizations were visualized using a confocal LSM 

510 Meta microscope (Carl Zeiss Microimaging) using 40x and 63x objectives. 

Quantitative analysis was performed with a semiautomated image-analysis software 

package (ImageJ 1.42q software, USA). 

 

 

4.2.3. Terminal deoxynucleotidyl transferase dUTP n ick end labeling (TUNEL) assay 

 

After immunohistochemistry, brain sections were washed twice and then incubated 

for 1h30 at 37ºC with the TUNEL mix (in situ cell death kit; Roche Applied Science, 

Mannheim, Germany) and washed again. Coverslips were mounted in Mowiol mounting 

media and images were acquired using a confocal LSM 510 Meta microscope (Carl Zeiss 

Microimaging) using 40x and 63x objectives. 

 

 

4.2.4. Cell counts of Orx-, MCH- and POMC-positive neurons  
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Ten coronal sections at 200 μm intervals that encompassed the entire lateral 

hypothalamic (LH) area were scanned with a 20x objective. All Orx- and MCH-positive 

neurons were manually counted, and its number extrapolated for the entire LH region. 

Eight coronal sections at 200 μm intervals that encompassed the entire arcuate 

nucleus (Arc) were scanned with a 20x objective. All POMC-positive neurons were manually 

counted, and its number extrapolated for the entire Arc. 

 

 

4.2.5. Quantification of cross-sectional soma lengt h of Orx-, MCH- and POMC-positive 

neurons  

 

The biggest cross-sectional soma length of Orx-, MCH- and POMC-positive neurons 

was measured in 15 randomly selected positive neurons per section, in a total of 6 sections 

per animal, using ImageJ software. The mean value was calculated.  

 

 

4.2.6. Quantification of NPY immunoreactivity  

 

Eight coronal sections at 200 μm intervals that encompassed the entire Arc were 

simultaneously subjected to immunohistochemistry procedure and to photographs 

acquisition, with the same exposure time. A constant area that includes the Arc was used to 

measure the immunoreactivity indexes through optic density analysis in each hemisphere. 

These measurements were relative to a corresponding non-NPY-positive hypothalamic 

region in the same brain section (defined as background).  

 

 

4.2.7. Statistical analysis 

 

Data are expressed as mean ± standard error of the mean (SEM). Statistical 

comparisons were performed using unpaired Student’s t-test. Significance thresholds were 

set at p<0.05, p<0.01 or p<0.001. 
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4.3. Results 

 

 

4.3.1. Orx-positive neurons are reduced in the hypo thalamus of CAMKII MJD 

transgenic mice  

 

Considering that Orx is expressed by a large neuronal population in the LH and it is 

associated with sleep regulation and feeding behavior (Sakurai et al., 1998, Chemelli et al., 

1999, Thannickal et al., 2000, Hara et al., 2001), we investigated the number of Orx-positive 

neurons in a transgenic mouse model of the disease, CAMKII MJD mice.  

Hypothalamic Orx neurons were stained in brain sections of Tg mice expressing 

mutant ataxin-3 under the control of CAMKII promoter (Fig. 4.1B and C) and of WT littermates 

(Fig. 4.1A and C). CAMKII Tg mice present a 29% reduction in the number of Orx-positive 

neurons relative to WT mice (Fig. 4.1E, * p<0.05, n=6). Moreover, no differences were found 

in the cross-sectional soma length of these neurons in the two experimental groups (Fig. 

4.1F, ns p>0.05, n=6), and thus no evidence point to a morphometric alteration of the 

remaining Orx neurons in transgenic hypothalamus.  

These results show that CAMKII Tg mice have reduced hypothalamic Orx neurons.  

 

 

 

Figure 4.1 –  CAMKII MJD transgenic mice show loss of hypothalamic Orx-positive neurons. (A-

D) Immunohistochemical peroxidase staining using an anti-OrxA antibody. CAMKII Tg mice (B 

A B 

C D 

CAMKII WT CAMKII Tg 

O
rx

 

CAMKII 
WT 

CAMKII 
Tg 

CAMKII 
WT 

CAMKII 
Tg 

E F 



Hypothalamic changes in a transgenic mouse model of Machado-Joseph disease 

83 

 

and D) have reduced number of Orx neurons when compared with WT littermates (A and C), as 

quantified in E (* p<0.05, n=6). There are no differences on the biggest soma cross-sectional 

length of these neurons between the two experimental groups (F, ns p>0.05, n=6). Statistical 

significance was evaluated with unpaired Student’s t-test. Data are expressed as mean ± SEM. 

Scale bars: 500 µm (A and B), 100 μm (C and D) and 20 μm (C and D, higher magnifications). 

 

 

4.3.2. MCH-positive hypothalamic neurons are decrea sed in CAMKII MJD transgenic 

mice  

 

MCH-expressing neurons are also an important and expressive neuronal population 

in the LH and have been implicated in sleep and energy homeostasis regulation (Qu et al., 

1996, Shimada et al., 1998, Verret et al., 2003, Willie et al., 2008). Thus, we investigated the 

number and size of these neurons in the CAMKII MJD Tg mouse model. 

Immunofluorescence of hypothalamic MCH neurons (Fig. 4.2A-D) revealed that the 

number of these neurons are decreased in CAMKII MJD transgenic mice when compared to 

WT littermates (Fig. 4.2E, * p<0.05, n=6). Additionally, there are no differences on the cross-

sectional length of these neurons in both animal groups (Fig. 4.2F, ns p>0.05, n=6).  

Altogether, these results show that MCH-positive neurons are reduced in MJD Tg 

mice, although the surviving MCH neurons are not morphologically altered.  
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Figure 4.2 – CAMKII MJD transgenic mice present loss of hypothalamic MCH-positive neurons. 

(A-D) Fluorescence staining for MCH. Hypothalamus of CAMKII Tg mice (B and D) had less MCH 

neurons when compared with WT littermates (A and C), as quantified in E (* p<0.05, n=6). There 

are no differences on the biggest soma cross-sectional length of these neurons between the two 

experimental groups (F, ns p>0.05, n=6). Statistical significance was evaluated with unpaired 

Student’s t-test. Data are expressed as mean ± SEM. Scale bars: 500 µm (A and B), 100 μm (C 

and D) and 20 μm (C and D, higher magnifications). 

 

 

4.3.3. CAMKII MJD transgenic mice hypothalamus have  reduced number of POMC-

positive neurons  

 

The Arc is a hypothalamic nucleus with important roles in energy homeostasis and 

one of its predominant neuronal populations is constituted by neurons expressing POMC, 

which are anorexigenic neurons since they inhibit food intake (Valassi et al., 2008).  

To assess whether POMC-positive neurons are altered in MJD mice hypothalamus, 

we stained and counted POMC neurons in brain sections of Tg (Fig. 4.3B) and WT (Fig. 

4.3A) mice. We observed that CAMKII MJD Tg mice present a reduction of POMC-positive 

neurons relative to WT littermates (Fig. 4.3C; 2979 ± 322 versus 4163 ± 210 control, * p<0.05, 

n=6). Furthermore, there are no significant differences in the size of the remaining POMC-

positive neurons in the Tg hypothalamus relative to the WT (Fig 4.3D, ns p>0.05, n=6), as 

assessed by measuring the cross-sectional surface length of the cell bodies. 

These results suggest that POMC-positive neurons are decreased in MJD mice and 

there are no changes in the size of the surviving POMC neurons.  
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Figure 4.3 – CAMKII MJD transgenic mice revealed loss of hypothalamic POMC-positive 

neurons. (A and B) Immunohistochemical peroxidase staining using an anti-POMC antibody. 

Hypothalamus of CAMKII Tg mice (B) had reduced number of POMC-immunopositive neurons 

when compared with WT littermates (A), as quantified in C (* p<0.05, n=6), although their size do 

not differ between animals (D, ns p>0.05, n=6). Statistical significance was evaluated with 

unpaired Student’s t-test. Data are expressed as mean ± SEM. Scale bars: 500 µm and 20 μm 

(A and B, higher magnifications). 

 

 

4.3.4. Hypothalamic NPY levels are unchanged in CAM KII MJD transgenic mice   

 

Considering that NPY is very abundant in the hypothalamus, particularly in Arc, and 

its levels are altered in the most affected brain areas of neurodegenerative diseases, such 

as MJD (as observed in chapters 2 and 3), we assessed NPY immunoreactivity (ir) in the Arc 

of CAMKII MJD mice. 

There were no differences in NPY-ir between CAMKII MJD Tg (Fig. 4.6B and D) and 

WT (Fig. 4.6A and C) mice (Fig. 4.6E; ns p>0.05, n=6), which suggest that NPY levels might 

be preserved in the mutant ataxin-3-expressing hypothalamus.  

 

 

 

Figure 4.4 – No changes of NPY immunoreactivity in CAMKII MJD transgenic and WT mice. (A-

D) Fluorescence staining for NPY (white) and cells nuclei (blue). Bilateral quantification of NPY 

immunoreactivity (ir) displayed no differences between WT (A) and Tg (B) mice (E, ns p>0.05, 

n=6). Statistical significance was evaluated with unpaired student’s t-test. Data are expressed as 

mean ± SEM. Scale bars: 100 μm. 
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4.3.5. Mutant ataxin-3 is accumulated in CAMKII MJD  mice hypothalamus possibly 

leading to neuronal death  

 

In order to get better insight into how MJD may be affecting hypothalamic neuronal 

populations, we investigated the presence of mutant ataxin-3 in these neurons.  
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Figure 4.5 – Mutant ataxin-3 is present in neurons of CAMKII MJD transgenic mice 

hypothalamus, possibly leading to apoptosis in Orx-, MCH- and POMC-positive neurons. (A-X) 

Fluorescence staining for Atx3MUT (1H9 antibody, white), DNA fragmentation (TUNEL assay, 

red) and Orx, MCH or POMC (green), analysed by laser confocal microscopy analysis. 

Hypothalamic cells of WT mice do not present mutant ataxin-3 (A, I and Q) nor signs of apoptosis 

(B, J and R). In CAMKII Tg mice, mutant ataxin-3 is diffusely expressed in the nuclei of some 

Orx- (E and H) and MCH-positive cells (M and P), and in the cytoplasma of POMC-positive cells 

(U and X). Most of these cells containing mutant ataxin-3 present signs of apoptosis (F, N and V), 

suggesting that the expression of mutant ataxin-3 may be leading to cell death in these neuronal 

populations of the hypothalamus. Scale bar 10 μm.  

 

In WT animals, hypothalamic cells did not express mutant ataxin-3 (Fig. 4.4A, I and 

Q) and do not show signs of apoptosis (Fig. 4.4B, J and R), as assessed by TUNEL straining. 

On the other hand, we observed that some Orx- and MCH-positive cells present nuclear 

mutant ataxin-3 (Fig. 4.4E and H and Fig. 4.4M and P, respectively), while in POMC-positive 

hypothalamic neurons mutant ataxin-3 is present in the cytoplasm (Fig. 4.4U and X). 

Furthermore, some of these mutant ataxin-3-expressing neurons show signs of apoptosis 

(Fig. 4.4F, N and V), suggesting that the mutated protein is leading to cell death in these 

neuronal populations.  

 

 

4.3.6. L7 MJD transgenic mice, without mutant ataxi n-3 expression in the 

hypothalamus, present no changes in hypothalamic ne uronal populations  

 

To support the hypothesis that changes in hypothalamic neuronal populations are 

due to mutant ataxin-3 expression in the hypothalamus, we investigated possible alterations 

in Orx-, MCH- and POMC-expressing neuronal populations in the hypothalamic of L7 MJD 

Tg mice, which express mutant ataxin-3 particularly in cerebellar Purkinje cells (Torashima 

et al., 2008).  

Indeed, L7 MJD Tg mice do not express mutant ataxin-3 in the hypothalamus (Fig. 

4.5C and D), namely in LH and Arc, as observed by a lack of immunofluorescence for the 

HA tag, present in the transgene.  

Furthermore, L7 Tg mice do not present differences in the number and size of Orx- 

(Fig. 4.5E and F; ns p>0.05, n=5-6) MCH- (Fig. 4.5G and H; ns p>0.05, n=5-6) and POMC-

positive neurons (Fig. 4.5I and J; ns p>0.05, n=5-6), relative to WT littermates.  

Altogether, these data suggest that the absence of mutant ataxin-3 expression in Tg 

mice hypothalamus may be associated with the lack of differences in the number and size of 

neurons from the analyzed hypothalamic populations. 
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Figure 4.6  – Mutant ataxin-3 is not present in L7 MJD transgenic mice hypothalamus and there 

are no changes in Orx, MCH nor POMC neuronal populations. (A-D) Fluorescence staining for 

Atx3MUT (1H9 antibody, red) and cells nuclei (blue). Atx3MUT is not present neither in L7 WT 
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(A) nor in L7 Tg (C) mice hypothalamus. L7 Tg mice present no differences in the number of Orx- 

(E), MCH- (G) and POMC-positive neurons (I) compared with WT littermates (ns p>0.05, n=5-6). 

Similarly, there are no differences on the soma cross-sectional length of these neurons between 

the two experimental groups (F, H and J, ns p>0.05, n=6). Statistical significance was evaluated 

with unpaired Student’s t-test. Data are expressed as mean ± SEM. Scale bar 50 μm.  
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4.4. Discussion 

 

In this study, we showed, for the first time, that hypothalamic changes occur in a MJD 

transgenic mouse model, consisting in a reduction of Orx-, MCH- and POMC-positive 

hypothalamic neurons, although no changes were observed regarding hypothalamic NPY 

levels. The hypothalamic neuropathology was likely due to mutant ataxin-3 accumulation in 

this brain region.  

The hypothalamus is a brain region involved in the regulation of energy homeostasis, 

sleep and emotion (reviewed in (Swaab, 2004)), and it has already been implicated in 

neurodegenerative diseases, such as AD (Callen et al., 2001, Loskutova et al., 2010), PD 

(Politis et al., 2008b) and HD (Kassubek et al., 2004, Douaud et al., 2006, Politis et al., 2008a, 

Soneson et al., 2010, Politis et al., 2011, Gabery et al., 2015). In fact, the reported reduction 

of hypothalamic volume and hypothalamic dysfunction can explain, at least partially, some 

symptoms, like sleep disturbances, weight loss and depression, which are common to most 

of patients suffering from these disorders. 

Orx has been mostly associated with sleep regulation. Orx knock-out (Chemelli et al., 

1999) and Orx neuron-ablated mice (Hara et al., 2001) show phenotypes similar to human 

narcolepsy, and human narcoleptic patients present low CSF levels of Orx (Nishino et al., 

2000, Mignot et al., 2002, Knudsen et al., 2010), consistent with a drastic reduction in the 

number of Orx-positive neurons assessed in postmortem tissue (Peyron et al., 2000, 

Thannickal et al., 2000). While Orx cells promote wakefulness, MCH cells, the other neuronal 

population in LH, may promote sleep. Accordingly, MCH knock-out mice spent more time 

awake (Willie et al., 2008) and ICV injections of MCH increase sleep (Verret et al., 2003). 

Therefore, the bidirectional communication between Orx and MCH neurons (Burt et al., 2011) 

is essential for sleep regulation. Our results show that the number of Orx- and MCH-positive 

neurons are decreased in CAMKII MJD Tg mice hypothalamus. This is in accordance with 

previous reports in other neurodegenerative disorders, namely AD (Fronczek et al., 2012, 

Kasanuki et al., 2014), PD (Thannickal et al., 2007) and HD (Petersen et al., 2005, Gabery 

et al., 2010, Williams et al., 2011). Therefore, although it would be important to confirm a 

consequent reduction of Orx and MCH levels in the CAMKII MJD Tg mice, we hypothesize 

that these hypothalamic alterations may be accountable for sleep disturbances reported in 

MJD patients (Schols et al., 1998, Pedroso et al., 2011, dos Santos et al., 2014). 

Moreover, these LH neuronal populations are also involved in food consumption and 

body weight. It has been shown that ICV injections of either Orx or MCH in rodents lead to 

increased food intake (Qu et al., 1996, Sakurai et al., 1998, Edwards et al., 1999, Haynes et 

al., 2000) and both Orx- and MCH-deficient mice are hypophagic (Shimada et al., 1998, Hara 

et al., 2001). Apart from LH neurons, Arc neurons have key roles in the regulation of energy 

homeostasis, through its 2 principal neuronal populations: POMC- / CART-expressing 
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neurons (anorexigenic, since they inhibit food intake) and NPY- / AgRP-expressing neurons 

(orexigenic, since they stimulate food intake) (reviewed in (Barsh and Schwartz, 2002)). 

Here, we report a decrease of POMC-positive neurons in CAMKII MJD Tg mice 

hypothalamus. Although no differences were observed in NPY immunoreactivity levels and 

further studies are needed to assess each neuropeptide and their receptors levels, 

alterations in POMC-, Orx- and MCH-expressing neurons may be sufficient to cause the 

decrease of body weight that is usually reported by MJD patients (Riess et al., 2008, Saute 

et al., 2012).  

Furthermore, the majority of MJD patients also report depressive symptoms (Cecchin 

et al., 2007). The etiology of depression, especially depression in neurodegenerative 

disorders patients, is not completely understood, but it has been suggested that it is related 

with deregulation of hypothalamic-pituitary-adrenal (HPA) axis (Davis et al., 1986, Masugi et 

al., 1989, Gurevich et al., 1990, Heuser et al., 1991, Leblhuber et al., 1995, Charlett et al., 

1998, Aziz et al., 2009, van Duijn et al., 2010, Shirbin et al., 2013). Indeed in AD and HD 

abnormalities in hypothalamic PVN (the nucleus involved in HPA axis) were reported 

(Raadsheer et al., 1995, Gabery et al., 2010). However, such PVN analysis have not yet 

been performed in MJD samples. 

In this work we studied two different MJD transgenic mouse models, which, due to 

differences in the transgene and in the promoter that control its expression, present distinct 

ages at onset of the disease, different degrees of symptoms severity and different patterns 

of neuropathology. The CAMKII MJD Tg mice express the full length human mutant Atx3 in 

the forebrain and present a mild phenotype that takes place several months after birth 

(Mayford et al., 1996, Boy et al., 2009), while the L7 MJD Tg mice express a truncated form 

of the mutated Atx3 only in the cerebellar Purkinje cells and thus revealed a severe ataxic 

phenotype as early as 3 weeks of age (Torashima et al., 2008, Nascimento-Ferreira et al., 

2013). Considering that MJD manifests usually in middle life and, although some brain 

regions are more vulnerable than others, mutant Atx3 is expressed throughout the brain 

(Paulson et al., 1997b, Schmidt et al., 1998), CAMKII MJD model may be more suited to 

study hypothalamic neuropathology in this disorder.  

To clarify the involvement of mutant Atx3 in the observed hypothalamic changes in 

the CAMKII MJD mouse model, we investigated the presence of this mutated protein in the 

diminished neuronal populations. Our results show that in this mouse model mutant Atx3 is 

expressed in the surviving Orx-, MCH- and POMC-neurons, which also present signs of 

apoptosis. These hypothalamic alterations were not observed in the L7 MJD mouse model, 

which do not express mutant Atx3 in this brain region. Hence, we hypothesize that mutant 

Atx3 accumulation in hypothalamus is responsible for the observed neuropathology. In fact, 

the mutant Atx3 ability to cause hypothalamic neuronal death was previously demonstrated 

by Hara et al., who developed a narcolepsy transgenic mouse model in which Orx-containing 
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neurons are ablated by expression of Atx3 with an expanded polyQ stretch (Hara et al., 

2001). However, further studies are needed to evaluate the accumulation of mutant Atx3 in 

MJD patients’ hypothalami and its consequent toxicity.  

Atx3 is normally a predominantly cytoplasmic protein, but the expansion of the polyQ 

tract causes the accumulation of the mutated protein in the nucleus of neurons (Paulson et 

al., 1997a, Schmidt et al., 1998). The importance of nuclear localization was emphasized by 

Yang and colleagues, who showed that polyQ aggregates localized to the cytoplasm had 

little or no cytotoxicity, but lead to dramatic cell death when localized to nuclei (Yang et al., 

2002). Furthermore, nuclear localization accelerated and intensified the motor impairments 

of MJD transgenic mice (Bichelmeier et al., 2007). Nevertheless, there are some conflicting 

studies, which suggest that the presence of the expanded protein in the nucleus is not 

sufficient to cause neurodegeneration nor the development of disease symptoms (Trottier et 

al., 1998, Warrick et al., 1998, Boy et al., 2010, Silva-Fernandes et al., 2010). In this study, 

we observed an accumulation of mutant atx3 in the nucleus of Orx- and MCH-positive 

neurons and in the cytoplasm of POMC-neurons. Although further studies will be needed to 

disclose the importance of nuclear localization of mutant Atx3 in the hypothalamic neurons, 

we observed a reduced number of Orx- and MCH-positive neurons, as well as of POMC-

expressing neurons, suggesting that both nuclear as cytoplasmic localization of mutant Atx3 

affect MJD hypothalamus.  

Considering Arc NPY-immunoreactivity, NPY levels are not affected in CAMKII MJD 

Tg mice hypothalami. However, it is possible that the number of NPY-positive neurons are 

equally decreased but the content of NPY per cell is increased resulting in unchanged levels.  

In the present study, to the best of our knowledge, for the first time, we provide 

evidence that the hypothalamus is a CNS regions that is also affected by MJD 

neuropathology, since we show a reduction in the number of some hypothalamic neuronal 

populations, associated with mutant Atx3-induced neuronal apoptosis. Despite further 

studies regarding MJD mice phenotype are still lacking, we suggest that the observed 

hypothalamic changes are responsible for sleep disturbances and body weight loss reported 

by MJD patients. This way, we identified hypothalamus as a new therapeutic target in MJD. 
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5. Final conclusions and future perspectives 

 

This thesis provides, for the first time, evidence that NPY levels are reduced in MJD 

patients and mouse models, and that NPY overexpression in these mouse models mediated 

alleviation of MJD-associated motor deficits and neuropathology. Moreover, our results show 

alterations in the hypothalamus of MJD transgenic mice, indicating the hypothalamus as a 

new therapeutic target of the disease.  

 

NPY levels are reduced in the cerebellar samples of MJD patients and also in 

cerebellum and striatum of mouse models of the disease, which suggest that mutant Atx3-

induced neurodegeneration is also affecting NPY-expressing neurons. This decrease of NPY 

levels is in line with studies in AD patients’ brains (Chan-Palay et al., 1986, Davies et al., 

1990, Ramos et al., 2006). However, in HD, striatal NPY-positive interneurons appeared to 

be preserved (Dawbarn et al., 1985, Beal et al., 1986a, Boegman et al., 1987) and NPY 

levels were actually increased (Beal et al., 1988b, Mazurek et al., 1997). The reason for this 

discrepant findings in these neurodegenerative diseases is still unknown, but it may be due 

to differences in the predominant pathogenic mechanism occurring in each disorder. For 

instance, even though NPY-positive neurons express the antioxidant Cu/Zn SOD and 

present low abundance of NMDA receptors, which may confer more resistance to excitotoxic 

stimulus (Kumar, 2004), cell’s response to a specific mutated protein may be relatively 

constant between different neuronal populations. Hence, we can hypothesize that mutant 

ataxin-3 neuronal processing, its cleavage and aggregation, may be affecting equally both 

NPY-positive and NPY-negative striatal neuronal populations. 

 

The exact mechanisms leading to MJD pathogenesis are not fully known, but it has 

been shown that excitotoxicity (Chen et al., 2008, Koch et al., 2011, Goncalves et al., 2013), 

neuroinflammation (Evert et al., 2001, Silva-Fernandes et al., 2010, Goncalves et al., 2013), 

autophagy impairment (Nascimento-Ferreira et al., 2011, Nascimento-Ferreira et al., 2013), 

proteolysis (Simoes et al., 2012, Simoes et al., 2014) and transcriptional deregulation (Chou 

et al., 2008) contribute for MJD neurodegeneration. Considering that NPY has previously 

been shown to exhibit neuroprotective properties, due to its ability: a) to reduce excitotoxicity 

(Corvino et al., 2012, Santos-Carvalho et al., 2013), b) to decrease neuroinflammation 

(Ferreira et al., 2011, Ferreira et al., 2012), c) to increase trophic support (Croce et al., 2013) 

and d) to stimulate autophagy (Aveleira et al., 2015), we hypothesized that NPY could 

alleviate MJD. Accordingly, our results show that NPY overexpression mediated by AAV 

vectors in MJD mouse models, i) reduced mutant Atx3 aggregates (chapters 2 and 3), ii) 

decreased striatal (chapter 2) and iii) cerebellar (chapter 3) neurodegeneration and iv) 

alleviated balance and motor impairments of transgenic mice (chapter 3). This NPY-induced 
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neuroprotection is in accordance with previous observations in other neurodegenerative 

disorders, namely in HD, where ICV NPY injection in transgenic mice reduced the striatal 

atrophy (Decressac et al., 2010), and in PD, in which a striatal NPY injection preserved the 

nigrostriatal dopaminergic pathway (Decressac et al., 2012). Furthermore, we observed that 

NPY overexpression in MJD mice v) increases BDNF levels (chapter 2) and vi) reduces 

neuroinflammation (chapter 2 and 3). Hence, our work suggest that these mechanisms are 

implicated in the beneficial effects of NPY on MJD pathology, although we cannot exclude 

other neuroprotective pathways.  

Our results support the use of NPY overexpression as a therapeutic strategy for MJD, 

which is particularly relevant given that no therapies to stop or delay disease progression are 

presently available.  

Stable overexpression of NPY in the brain using AAV vectors was already 

demonstrated in rodent models (Noe et al., 2010, Sousa-Ferreira et al., 2011), representing 

a way to permanently provide a therapeutic protein within the CNS. In the case of 

neurodegenerative diseases, which are prolonged conditions, a continuous and permanent 

expression of the therapeutic protein is an advantage when compared to frequent drug 

administrations. Moreover, clinical trials have been evaluating the therapeutic efficiency and 

safety of viral-mediated expression of some peptides in individuals suffering from 

neurodegenerative diseases, such as PD (Christine et al., 2009, Bartus et al., 2013). 

Nevertheless, due to safety and regulatory restrains to the use of gene therapy as a common 

clinical practice, an alternative strategy would be the delivery of NPY to the CNS. Several 

studies in rodents use the ICV injection or the injection in specific brain regions to deliver the 

NPY to the CNS (Decressac et al., 2010, Decressac et al., 2011, Corvino et al., 2012, 

Decressac et al., 2012). Since this is an invasive procedure, NPY delivery through the 

systemic route may be a more adequate clinical approach. In fact, it was already shown that 

NPY readily enters the brain crossing the blood-brain barrier after intravenous injection 

(Kastin and Akerstrom, 1999). The intranasal administration route, which constitutes a more 

direct route towards the brain, reducing the potentially undesirable distribution of the injected 

NPY to several body organs, was already successfully used to deliver NPY to rodents 

(Serova et al., 2013, Laukova et al., 2014). Additionally, one clinical trial has already tested 

this route of NPY administration in healthy humans (NCT00748956) and it is on-going 

another clinical trial for its use in individuals suffering from post-traumatic stress disorder 

(NCT01533519), with the aim of investigating the safety of this approach. Nevertheless, 

future studies are needed to assess if the intranasal administration of NPY could effectively 

reach MJD most affected brain regions, such as striatum and cerebellum.   

To achieve a more specific effect it is important to investigate which NPY receptor or 

receptors are involved in NPY-induced neuroprotection in MJD. This way, through stereotaxic 

injection of viral vectors encoding NPY receptor(s) or using selective NPY receptors peptide 
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agonists, we can assess the potential neuroprotection in MJD mouse models. Alternatively, 

we can co-inject with the AAV-NPY, viral vectors encoding RNA short-hairpins (shRNA) to 

silence each NPY receptor, and evaluate which silenced NPY receptor would abrogate the 

NPY neuroprotective effects. Afterwards, we could test if the co-injection of viral vectors 

encoding NPY and vectors encoding for the NPY receptor(s) that mediate neuroprotection, 

would potentially escalate the protective effects. However, one has to take into consideration 

that compensatory mechanisms might take place when a specific NPY receptor is activated 

or antagonized. In fact, knock-out mice of the Y1 receptor (Pedrazzini et al., 1998, Kanatani 

et al., 2000), the Y2 receptor (Sainsbury et al., 2002a), the Y4 receptor (Sainsbury et al., 

2002b) and the Y5 receptor (Kanatani et al., 2000) are viable and largely normal. 

 

The hypothalamus is a CNS region involved in the regulation of energy homeostasis, 

sleep and emotion (reviewed in (Swaab, 2004)). Changes in hypothalamic functions and 

overall hypothalamic neurodegeneration were identified in AD, PD and HD patients (Callen 

et al., 2001, Kassubek et al., 2004, Douaud et al., 2006, Politis et al., 2008a, Politis et al., 

2008b, Loskutova et al., 2010, Soneson et al., 2010, Politis et al., 2011, Gabery et al., 2015). 

Additionally, in recent years it has been hypothesised that changes in hypothalamic 

neuropeptides levels and neuronal death in this brain region are accountable for some non-

motor symptoms presented by PD and HD patients (Petersen et al., 2005, Hult et al., 2011, 

Hult Lundh et al., 2013). To the best of our knoweledge, such evaluation of hypothalamic 

pathogenesis has not been performed in MJD patients and animal models. In this work, our 

results showed a reduction of Orx-, MCH- and POMC-positive hypothalamic neurons of 

CAMKII MJD Tg mice (chapter 4). Moreover, we hypothesize that this hypothalamic 

neuropathology was due to mutant ataxin-3 accumulation in this brain region, considering 

that hypothalamic changes were not observed in MJD transgenic mice that did not express 

the mutated protein in hypothalamic neurons (chapter 4). This is in line with reports in the 

other neurodegenerative disorders, like AD, PD and HD, in which neurofibrillary tangles and 

amyloid β plaques, Lewy bodies and mutant huntingtin aggregates, respectively, have been 

observed in the hypothalamic neurons (Langston and Forno, 1978, Standaert et al., 1991, 

Gabery et al., 2010). 

We suggest that the hypothalamus is a new therapeutic target in MJD based in MJD 

transgenic mouse models. However, further studies are needed to assess hypothalamic 

neurodegeneration in MJD patients, taking advantage of cerebral scanning techniques and 

analysing post-mortem tissue samples. Furthermore, future studies should also be performed 

to investigate the presence of non-motor symptoms, such as body weight, food intake, sleep 

patterns and depression, in CAMKII MJD transgenic mice, in an attempt to evaluate a 

possible causal relationship between hypothalamic pathogenesis and symptomatology.  
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In conclusion, we have shown that NPY levels are reduced in the cerebellum of MJD 

patients and in striatum and cerebellum of two MJD mouse models. Moreover, NPY 

overexpression mediated by stereotaxic injection of AAV vectors into the striatum and 

cerebellum of those MJD mice reduced neurodegeneration, decreased the number of mutant 

ataxin-3 aggregates and alleviated balance and motor impairments, suggesting that NPY 

overexpression can be an effective therapeutic strategy for MJD. Furthermore, our work 

identifies hypothalamus as a new therapeutic target in MJD, since our results showed a 

reduction in the number of some neuronal populations in the hypothalamus of MJD 

transgenic mice.  

 

 
Figure 5.1 – NPY overexpression for neuroprotection  in striatal and cerebellar mouse 

models of MJD and disease-associated hypothalamic n eurodegeneration. NPY 

overexpression mediated by AAV vectors in the striatum of a lentiviral-based MJD mouse model 

and in the cerebellum of transgenic MJD mice reduced mutant Atx3 aggregates, decreased 

striatal and cerebellar neurodegeneration and alleviated balance and motor impairments of 

transgenic mice. Additionally, NPY overexpression increased BDNF levels and reduced 

neuroinflammation, which suggest that these mechanisms are implicated in the beneficial effects 

of NPY on MJD pathology. Moreover, we observed a reduction of Orx-, MCH- and POMC-positive 

hypothalamic neurons of MJD transgenic mice and an accumulation of mutant Atx3 in these 

neuronal populations, indicating the hypothalamus as a new therapeutic target of the disease. 
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