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Modulação da sinalização serotoninérgica como estratégia terapêutica para a doença de 

Machado-Joseph: à procura dos determinantes moleculares  

Resumo 

 A doença de Machado-Joseph (DMJ) é uma doença autossómica dominante incurável, de início 

tardio. Caracteriza-se por uma expansão de repetições do tripleto CAG no gene MJD1/ATXN3, que origina 

proteínas com conformação nativa alterada, promovendo agregação e perda neuronal. É uma doença 

incapacitante, tendo grande impacto económico e social, sendo urgente o desenvolvimento de terapias.  

 Nesta tese, procurámos estudar o potencial terapêutico da modulação da sinalização 

serotoninérgica pelo citalopram, um inibidor seletivo da recaptação da serotonina (ISRS), e dos seus 

mecanismos de ação na DMJ. Investigou-se se o tratamento com citalopram iniciado 

pós-sintomaticamente seria eficaz em ratinhos transgénicos da DMJ. Observámos que este melhorou a 

função motora, apesar deste ser menos eficaz que o tratamento pré-sintomático, mostrando impacto 

limitado na agregação da ATXN3 e na neuroproteção. Para identificar determinantes moleculares 

subjacentes à supressão da proteotoxicidade via sinalização serotoninérgica, foi realizada uma análise 

transcriptómica no estriado de ratinhos CMVMJD135 tratados pré-sintomaticamente. Verificou-se uma 

alteração na sinalização serotoninérgica neste modelo, envolvendo o receptor 5-HT1A e respetivas vias de 

sinalização, incluindo a proteína de ligação ao elemento de resposta cAMP - CREB, que poderá ser 

relevante na patogénese e no tratamento desta doença. Também se observou que o citalopram altera os 

níveis de expressão de genes relacionados com o controlo de qualidade proteico (CQP) e vias auxiliares 

(ex., degradação, manutenção da conformação e resposta antioxidante), melhorando a homeostase 

proteica. Estes dados foram corroborados num modelo genético em C. elegans com neurotransmissão 

serotoninérgica aumentada, via ablação do transportador de serotonina mod-5 em nematodes que 

expressam a ATXN3 mutante. Foi observada uma recuperação total do perfil transcriptómico dos animais 

mutantes, confirmando-se este gene como um modificador genético da DMJ em C. elegans. Demonstrou-

se ainda a ativação de respostas de defesa e de CQP (ex., via lisossomal e autofagia) nestes animais 

duplos mutantes, incluindo algumas vias comuns a animais com longevidade aumentada. 

 Resumindo, demonstrou-se que a modulação serotoninérgica foi protetora na DMJ mesmo após 

início dos sintomas, constituindo o citalopram uma estratégia promissora a ser avaliada em ensaios 

clínicos humanos. Este trabalho também levantou a hipótese duma alteração na transmissão 

serotoninérgica na DMJ e apontou vias candidatas que contribuem para o efeito benéfico da modulação 

desta sinalização em contrabalançar os efeitos proteotóxicos mediados pela ATXN3 mutante.  

Palavras-chave: citalopram, Doença de Machado-Joseph (DMJ), proteotoxicidade, serotonina  
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Serotonergic signaling modulation as a therapeutic strategy for Machado-Joseph disease: 

finding the molecular traits 

Abstract 

 Machado-Joseph disease (MJD) is an autosomal dominantly inherited late onset disorder with no 

disease-modifying treatment available. It is characterized by an expansion of the CAG repeat in the 

MJD1/ATXN3 gene, triggering the appearance of misfolded protein species, leading to aggregation and 

neuronal loss. It is an incapacitant disease, requiring full-time care of the patient, with consequent strong 

economic and social impact, being urgent to find to new therapies to improve patients’ quality of life. 

 In this thesis, we aimed at further addressing the therapeutic potential of serotonergic signaling 

modulation by citalopram treatment, a selective serotonin reuptake inhibitor (SSRI), and to uncover its 

mechanism(s) of action in MJD. We investigated whether post-symptomatic citalopram treatment initiation 

in MJD transgenic mice would show efficacy. We observed that it still improved motor behavior, although 

not as strongly as pre-symptomatic treatment, with limited impact on ATXN3 aggregation and 

neuroprotection. To find the molecular determinants underlying serotonergic signaling-mediated 

suppression of proteotoxicity, a transcriptomic analysis of the striatum of pre-symptomatically citalopram- 

and vehicle-treated MJD mice was performed. Results indicated that serotonergic signaling is altered in 

MJD mice and that the serotonin 5-HT1A receptor and its signal-transduction pathways, including the cAMP 

response element-binding protein (CREB) transcription factor, could be relevant in MJD pathogenesis and 

treatment. It showed that citalopram can alter the levels of several protein quality control (PQC)-related 

genes and auxiliary pathways (e.g., degradation, folding, and antioxidant response), enhancing 

proteostasis capacity. This was further confirmed by RNA-sequencing of a genetic C. elegans model of 

increased serotonergic neurotransmission, in which the serotonin transporter mod-5 was ablated in the 

background of MJD pathology, mimicking citalopram action. This ablation rescued the transcriptomic 

profile of mutant ATXN3 animals, establishing mod-5 as genetic modifier of MJD in C. elegans. Activation 

of defense responses and PQC-related machinery (e.g., lysosomal pathway and autophagy) were observed 

in double mutant animals, a subset of which are also found in long-lived animals. 

 In summary, this work demonstrated that modulation of serotonergic signaling protected against 

MJD pathogenesis even after symptom onset, evidencing citalopram as a promising therapeutic 

compound to be evaluated in human clinical trials. It also raised the hypothesis of an altered serotonergic 

transmission in the disease and suggested candidate pathways which contribute to the beneficial effect 

of serotonergic signaling modulation in offsetting mutant ATXN3-mediated proteotoxicity.         

Keywords: citalopram, Machado-Joseph disease (MJD), proteotoxicity, serotonin 
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Thesis Outline 

 The present dissertation is organized in 6 chapters. The first chapter is the general introduction, 

followed by four chapters corresponding to the experimental work conducted, in the format of research 

articles. The manuscript presented in chapter 2 is published, while sub-chapters 3.1, 3.2 and chapter 4 

are in preparation. Chapter 5 is the general discussion of the work. 

Chapter 1. Before addressing the aims of this dissertation, an overview of MJD is provided, 

describing the present understanding of the disease from a clinical to a molecular perspective. A 

description of the existing animal models is presented, mechanisms of disease and therapeutic strategies 

are provided, as well as clinical trials performed and/or still ongoing for this disease. In a second part, 

an overview of the serotonergic system is presented, including a description of serotonergic signaling 

players. Lastly, we describe the impact of the modulation of the serotonergic system by antidepressants, 

namely of selective serotonin reuptake inhibitors (SSRIs) in the context of neurodegenerative diseases, 

focusing on previous work of our laboratory that shows a striking therapeutic impact of pre-symptomatic 

citalopram treatment on MJD animal models, establishing the premise for the current dissertation.   

Chapter 2. In this chapter, the work entitled “Preclinical evidence supporting early initiation of 

citalopram treatment in Machado-Joseph disease” is presented. It describes a preclinical trial performed 

to assess the effect of citalopram post-symptomatic treatment on the motor performance and 

neuropathology of the CMVMJD135 MJD mouse model. A cohort of animals with higher CAG repeat 

number and consequent increased severity and faster disease progression was evaluated, to better mimic 

the clinical context of symptom-driven diagnosis and treatment initiation. Citalopram administration after 

symptom installation ameliorated motor coordination and balance, still mitigating disease progression, 

although the therapeutic effect was less pronounced when compared to pre-symptomatic treatment 

initiation. Limited impact on aggregation and neuroprotection was observed, with increased cerebellar 

calbindin staining and increased number of motor neurons and of NeuN-positive cells in certain brain 

regions upon treatment, however not reaching statistical significance. The results obtained further 

confirmed the potential of this treatment to be applied in the clinical context of MJD and perhaps other 

neurodegenerative diseases, suggesting that early intervention would be an ideal approach.    

Chapter 3. This chapter under the theme “Finding the molecular determinants of serotonergic 

signaling modulation in a mouse model of MJD” is sub-divided in two (sub-chapters 3.1 and 3.2), aiming 

at understanding which molecule(s) and signaling pathway(s) are essential for the positive impact of 
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serotonergic signaling modulation in the CMVMJD135 mouse model through transcriptomic (RNA-

sequencing) analysis. 

Chapter 3.1 entitled “Possible role of the dysregulation of the serotonin 1A receptor signaling in 

MJD pathogenesis and its reestablishment by citalopram treatment” describes a transcriptomic analysis, 

using RNA-sequencing, performed in the striatum of CMVMJD135 mice pre-symptomatically treated with 

vehicle or citalopram. This analysis revealed a basal dysregulation in serotonergic signaling of 

CMVMJD135 mice, mediated by the 5-HT1AR, supported by a decrease in the expression of this receptor 

in transgenic mice, which was restored to wild-type (WT) levels upon citalopram treatment. Alterations in 

the expression of several components of 5-HT1AR transduction signaling pathways were also observed, 

pointing to a possible involvement of the cAMP-response-element binding protein (CREB) in the 

mechanism of action of citalopram in MJD.        

Chapter 3.2. This sub-chapter, entitled “Exploring the modulation of the protein homeostasis by 

citalopram chronic treatment in a MJD mouse model”, is an extension of the RNA-seq data analysis 

conducted in sub-chapter 3.1, focusing on the proteostasis alterations triggered by the chronic 

administration of citalopram in CMVMD135 mice. The analysis revealed that core modules of the protein 

quality control (PQC) network, such as degradation and folding/conformational maintenance, as well as 

PQC auxiliary pathways, including the antioxidant response, are modulated by citalopram. Additionally, 

several genes associated to those modules/pathways are identified as CREB targets, which reinforces 

the idea that the effects of citalopram could be mediated through this transcription factor.    

Chapter 4. In this last section of results, entitled “Serotonin transporter ablation restores the 

transcriptomic profile and induces protective responses in a C. elegans MJD model”, a genetic approach 

was taken to further unveil the molecular determinants underlying serotonergic signaling-mediated 

suppression of proteotoxicity. For this, ablation of the serotonin transporter SERT/MOD-5 in the 

background of mutant ATXN3-expressing nematodes was performed, genetically mimicking citalopram-

mediated serotonin recapture inhibition. Strikingly, the transcriptomic analysis (RNA-seq) showed that 

mod-5 ablation restored the transcriptomic profile of mutant expressing ATXN3 animals to that of WT. 

Moreover, protection and PQC-related responses were triggered by this serotonin signaling modulation, 

overlapping with the results observed in previous chapters in the mouse model.  

Chapter 5. This chapter integrates a discussion of the results obtained throughout this thesis 

describing the relevance of our findings to the field, as well as the advantages and limitations of the 

experiments conducted, and envisaging future perspectives.    
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1.1 Neurodegenerative diseases   
 Life expectancy has been increasing globally and, for the first time, most people can expect to 

reach their sixties and beyond [1]. For all living creatures, ageing is a challenging process and Humans 

are no exception to that. The organism reaches a certain point where damage in cells increase, sub 

products of the metabolism accumulate, and cellular mechanisms of repair become less reliable, making 

the organism more susceptible to disease. Among those age-related conditions, are the 

neurodegenerative diseases, that affect millions of people worldwide [2]. Nowadays, these disorders 

represent a critical economic and social burden, mostly due to their irreversibility, their impact on 

emotional and social dimensions (for the patient and for the family), and the lack of effective treatment 

[3]. 

Neurogenerative diseases include a wide range of conditions which primarily affect neurons, 

leading to their loss-of-function and progressive cell death in the central nervous system (CNS). Examples 

of the most common disorders of this category are Alzheimer’s disease (AD), Parkinson’s disease (PD), 

Huntington’s disease (HD), frontotemporal dementia (FTD), amyotrophic lateral sclerosis (ALS), 

progressive supranuclear palsy (PSP), corticobasal degeneration (CBD) and multiple system atrophy 

(MSA) (generally described in [2, 4]). These disorders vary in their pathophysiology and can affect 

cognition, memory, movement, and other abilities. They can be hereditary or sporadic and despite their 

diverse clinical manifestations, they share common mechanisms and features (Figure 1.1). 

Two major features define neurodegenerative diseases: i) the deposition of cytosolic and nuclear 

proteins, also known as misfolded proteins, into inclusions and/or plaques, related to abnormal 

processing [5]; and ii) the loss of specific neurons, that are thought to be more vulnerable, in different 

brain regions, generating the characteristic clinical manifestation of each disease. In order to understand 

this neurodegenerative process, several biological models have been created, in vivo and in vitro, with the 

ultimate goal to find new therapeutic strategies to be used [6]. Despite those efforts and the current 

knowledge, the molecular mechanisms underlying each of these disorders remain mostly unclear and we 

still lack effective treatment for the patients.     
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Figure 1.1 Overview of the main features of different neurodegenerative disorders. Brief description of several 

neurodegenerative disorders in terms of major affected brain regions, macro- (Macro) and micro- (Micro)scopic alterations, 

and systems/circuits affected related to them. Note that the pathological characterization of the diseases represented is more 

complex than depicted here. Based on [7, 8].  

 

1.2 Polyglutamine disorders  

Polyglutamine (polyQ) disorders are a family of nine late-onset progressive neurodegenerative 

conditions that are caused by the expansion of the cytosine-adenosine-guanine (CAG) triplet repeat within 

the coding regions of the disease-associated genes, producing expanded glutamine tracts in the expressed 

protein [9]. The first condition connected to a CAG repeat expansion was the spinal and bulbar muscular 

atrophy (SBMA) or Kennedy’s disease, in 1991 [10]. PolyQ disorders include eight other pathologies: HD 

[11], dentatorubral-pallidoluysian atrophy (DRPLA) [12, 13] and several spinocerebellar ataxias (SCAs), 

SCA 1, 2, 3 (or Machado-Joseph disease - MJD), 6, 7, and 17, as described in Table 1.1 [14-20].  

Those disorders are rare and their impact is unequal to their prevalence, which is estimated to 

be between 1 to 10 cases per 100 000 people [21]. Among them, HD is the best studied and the most 

prevalent, ranging from 10.6 to 13.7/100 000 individuals in western populations [22], followed by SCA3. 

Worldwide, the prevalence of the SCA family combined is estimated to be 1 to 5 in 100 000 persons, 

depending on geographic localization [23, 24]. Although SCA3 is rare globally (1-2/100 000 individuals), 

it represents 15-45 % of SCAs in different countries and ethnicities [25, 26].     
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Table 1.1 PolyQ-associated diseases: molecular and clinical features. Based on [27-29]. 

Disease 
Gene 

(Locus) 
Protein 

Normal 
CAG 

repeat 
# 

Pathological 
CAG 

repeat # 
Function 

Most affected 
areas 

Clinical 
manifestations 

DRPLA 
ATN1 

(12p13.31) 
Atrophin-1 3-38 49-88 

Transcriptional 
corepressor 

Cerebellum, red 
nucleus, globus 

pallidus, 
subthalamic 

nucleus, 
cerebral cortex 

Ataxia, chorea, 
dementia, 

myoclonic epilepsy 

HD 
HTT 

(4p16.3) 
Huntingtin 6-35 36-121 

Likely scaffold 
protein, 

signaling, 
transcription, 

cellular 
trafficking 

Striatum, 
cerebellar 

cortex 

Dystonia, chorea, 
dementia 

SBMA 
AR 

(Xq12) 
Androgen 
receptor 

6-36 38-70 
Steroid-

hormone 
receptor 

Spinal cord, 
brainstem 

Muscular atrophy, 
weakness, bulbar 

palsy, 
fasciculations, 
gynecomastia 

SCA1 
ATXN1 

(6p22.3) 
Ataxin-1 6-34 39-88 

Chromatin 
binding factor, 
transcriptional 
corepressor 

Cerebellum, 
brainstem 

Ataxia, spasticity, 
bulbar palsy, 

polyneuropathy, 
cognitive 

impairment 

SCA2 
ATXN2 

(12q24.12) 
Ataxin-2 14-31 32-77 

RNA 
metabolism 

Cerebellum, 
brainstem 

Ataxia, 
polyneuropathy, 

parkinsonism, slow 
saccades 

SCA3 
/MJD 

ATXN3 
(14q32.12) 

Ataxin-3 12-40 55-86 
Deubiquitylating 

enzyme 

Cerebellum, 
brainstem, 

basal ganglia, 
spinal cord 

Ataxia, dysarthria, 
spasticity, dystonia, 

diplopia, 
polyneuropathy 

SCA6 
CACNA1A 

(19p13.13) 

Calcium 
voltage-
gated 

channel 
subunit 
α1A 

4-18 21-33 
Calcium 
channel 

Cerebellum 
Ataxia, down-beating 

nystagmus, 
dysarthria 

SCA7 
ATXN7 

(3p14.1) 
Ataxin-7 7-18 38-200 

Transcription 
(SAGA complex) 

Cerebellum, 
retina, 

brainstem, 
visual cortex 

Ataxia, 
ophthalmoplegia, 

retinal degeneration 

SCA17 
TBP 

(6q27) 

TATA-box-
binding 
protein 

25-43 45-63 
Transcription 

factor 
Cerebellum, 

striatum 

Ataxia, seizures, 
extrapyramidal 

signs, dementia, 
psychosis 

    

 All polyQ pathologies are inherited in an autosomal dominant form, except for SBMA, which is 

X-linked. The proteins associated to these diseases lack sequence similarity, other than the polyQ tract, 

and are not related to each other being different in size and in the polyQ location within the protein (Figure 

1.2). They are expressed in the CNS and in peripheral tissues, each one of them originating a specific 

neurodegeneration pattern [30, 31]. Expansion of CAG tracts over the pathogenic threshold are unstable 
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across generations, changing in size when transmitted from parents to offspring, phenomena known as 

generational instability or meiotic instability. Furthermore, the generational instability seems to be 

sensitive to the gender of the parents. It is frequent to observe that maternal meiosis leads to contractions 

of CAG tracts, in contrast with the paternal one which leads to expansions [32]. Variations in CAG tract 

length within the different tissues of the same individual can also occur (phenomenon called somatic 

mosaicism or mitotic instability), and are thought to be the result of cellular proliferation and differentiation 

during early development of the individual or later on during ageing [33]. Intergenerational instability 

underlies anticipation, or the earlier onset of disease manifestations in succeeding generations, with 

increased severity of symptoms, characteristic of polyQ diseases [34-36]. This association of a certain 

polyQ repeat length threshold, that is necessary for disease penetrance, and the inverse correlation 

between the age at disease onset and CAG repeat length point towards the expansion of the trinucleotide 

repeat as the primary driver of neurodegeneration [37]. Of notice, it has recently been reported that the 

size of the uninterrupted CAG repeat itself, excluding the non-CAG coded polyQ, drives HD onset [38].  

 

 

Figure 1.2 Polyglutamine (polyQ) disease proteins. The causative proteins of the nine polyQ diseases are represented, 

their relative size compared to other polyQ proteins is depicted in addition to the relative localization of the CAG/polyQ repeat 

tract (yellow marker) within the protein, with the pathological repeat range associated to each disease. Based on [28, 31].  

 

It is believed that the expanded polyQ domain highly contributes to the toxic properties of the 

proteins involved in polyQ diseases. In fact, the presence of polyQ expansions and the absence of cases 

associated with deletions or point mutations in the polyQ-associated genes (except in the atypical case of 

SCA6 [39]) replicating the polyQ disease, suggest that these disorders do not result from a pure 
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loss-of-function, but rather arise from a gain of toxic function. Moreover, the presence of polyQ expansions 

in several functionally unrelated genes is another compelling argument of a toxic gain-of-function disease. 

This hypothesis is endorsed by several other lines of evidence, including the fact that null mice for several 

of these proteins are embryonic lethal (as for huntingtin mice) or do not display characteristic features of 

these disease [40-42].      

 

1.3 Machado-Joseph disease (MJD) or Spinocerebellar ataxia type 3 (SCA3) 

The 1970s marked the start of the Machado-Joseph disease history. It was first described among 

three families of Azorean (Portuguese) descent in the United States of America (Machado - Thomas - 

Joseph families). William Machado, of Portuguese/Azorean ancestry, was the first patient described by 

Nakano and collaborators, in 1972, as having an autosomal dominant ataxia, which they named Machado 

disease [43]. In the same year, Woods and Schaumburg described the Thomas family, whose 

symptomatology was very similar to the first description, but with some additional features, which they 

named Nigro-spino-dentatal degeneration with nuclear ophthalmoplegia [44]. Four years later, an 

autosomal dominant striatonigral degeneration was described by Rosenberg and colleagues, as a new 

genetic disorder in the family of Antone Joseph [45]. It was not until 1978 that Coutinho and Andrade, 

by studying 40 patients among 15 families in the Azores Islands, evidenced that the previous descriptions 

could be a single genetic disease, with variable phenotypic expression [46]. Later on, the same authors 

proposed, for the first time, the name Machado-Joseph disease (MJD) for the clinical entity encompassing 

the phenotypes previously described and introduced a criteria for its diagnosis [47]. MJD was defined as 

a single entity with high clinical variability, and three clinical types were defined, grouping all the variability 

observed. The union was totally achieved in 1983-84, when among the patients examined by Rosenberg 

and Barbeau, siblings showed characteristics of different types of MJD [48, 49].  

Today, MJD is also known as spinocerebellar ataxia type 3 (SCA3) and although it is rare, its 

known to exist worldwide as the most common form of dominant spinocerebellar ataxia. Its relative 

frequency among other SCAs is variable. A higher frequency has been reported in Portugal (49 %) [50], 

Germany (42-50 %) [51, 52], the Netherlands (44 %) [24], Brazil (ranging from 44 % [53] to 92 % in 

specific regions [54]), Chinese mainland (49 %) [55] and Japan (43 %) [56]. A lower relative frequency 

was observed in France (33 %) [57], the United Kingdom (15 %) [58], Australia (12 %) [59] and the United 

States of America (21 %) [60]; even more rare in Italy (1 %) [61] and India (< 3 %) [62].  

Within each country the geographic distribution of MJD is heterogenous. For example, in Portugal, 

MJD is relatively rare in the mainland (1:100 000) [63] with some exceptions, as the Tagus River Valley 
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with 1 case per 1 000 habitants [64]. However, it is highly present in the Azores Islands, where 1 per 

239 habitants are affected in Flores Island, being the highest prevalence worldwide [65].   

 

1.3.1 Clinical presentation and pathological features   

 The discovery of MJD demonstrates the difficulty of defining a disease into a single entity when a 

wide range of symptoms are hallmarks of the pathology. The central clinical feature of MJD is progressive 

ataxia caused by dysfunction of the cerebellum and the brainstem. The average age of onset is around 

40 years and survival after disease ranges from 21 to 25 years [66], with preservation of the intellectual 

functions [46]. Ataxia is never the unique characteristic. MJD is a multisystem pathology and several 

other clinical problems are a reflection of the progressive dysfunction of the brainstem, pyramidal and 

extrapyramidal pathways, oculomotor system, lower motor neurons and peripheral nerves [67]. MJD 

patients usually present progressive ataxia (lack of voluntary coordination of muscle movement), 

ophthalmoplegia (paralysis or weakness of the eye muscles), spasticity (stiff muscles, preventing normal 

movement), dystonia (involuntary contraction of the muscles), dysarthria (difficulty with speech 

articulation and with swallowing due to muscle weakness). Some patients present twitching (fasciculation) 

of the face or tongue and/or bulging eyes [46, 47, 49].  

 Based on the phenotypic variability of MJD, an organization in disease sub-types was proposed, 

sorted by the age of clinical onset and major symptoms presented [47], as summarized in Table 1.2 for 

the most common ones. MJD type I includes early onset forms of the disease, with faster disease 

progression and severe extrapyramidal and pyramidal signs, such as dystonia. MJD type II is 

characterized by an intermediate age at onset, with moderate progression rate and patients predominantly 

exhibiting ataxia and ophthalmoplegia. This is the most frequent form of MJD. MJD type III include the 

latest age at onset, slow disease progression and more peripheral signs. MJD type IV was added in 

1983 by Rosenberg, being the rarest form of the disease and includes patients with Parkinson’s 

symptoms in association to other characteristic symptoms of MJD [48, 68]. MJD subtype V was 

proposed by Sakai and Kawakami, in 1996, by observation of two siblings presenting spastic paraplegia 

without cerebellar ataxia [69].  

Clinical presentation and age of onset correlates with CAG repeat length [35]. Other non-motor 

symptoms have been reported in MJD patients, such as sleep disorders [70, 71], mood disorders (mostly 

depression and anxiety) [72, 73], olfactory malfunction [74], chronic pain [75], cramps [76, 77], fatigue 

[78] and nutritional problems [79, 80], the latter being associated with dysphagia (difficulty in swallowing) 

only in late disease stages.   
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Table 1.2 Principal MJD subtypes according to symptoms, prevalence, and age of onset. Based on [47, 48, 68, 

81]. 

MJD 
subtype 

Age of onset (years) Prevalence Clinical manifestations 

I 10-30  
Typical in patients with long 

repeats 
Ataxia, severe dystonia, ophthalmoplegia, spasticity, 

pyramidal signs, faster disease progression 

II 20-50 Most frequent Ataxia, cerebellar pyramidal signs, ophthalmoplegia  

III 40-70 Second most frequent 
Cerebellar signs, peripheral neuropathy, ophthalmoplegia, 

slow disease progression 

IV 38-47 
Rare (typical in patients with 

short CAG repeat expansions) 
Prominent parkinsonism responsive to L-DOPA, 

fasciculations, peripheral neuropathy 

 

Pathological evaluation of post-mortem brain tissue from MJD patients revealed neuronal 

degeneration in specific areas of the brain (Figure 1.3), namely in the cerebellar dentate nucleus, 

substantia nigra, globus pallidus, subthalamic nucleus, brainstem oculomotor nuclei (III) and other select 

cranial nerve nuclei (IV, VI, VIII and XI), red and pontine nucleus, spinal cord (anterior spinocerebellar 

tract, anterior horn and Clarke’s column), and the nucleus ambiguous and dorsal nucleus of the vagus 

nerve can also be affected [82-87]. However, conflicting results have been observed regarding the inferior 

olivary nucleus and Purkinje cells [88-90]. Later, a series of pathoanatomical studies, using thick serial 

brain tissue slices allowing the observation of more cells per section and thus revealing subtle pathological 

changes, exposed widespread neurodegeneration in the thalamus, cerebellum, pons, midbrain, medulla 

oblongata and spinal cord [91-98]. This pattern of neurodegeneration included the vestibular, visual, 

auditory, somatosensory, ingestion-related, dopaminergic, and cholinergic systems, correlated with 

clinical findings and helped to explain the variety of MJD symptoms observed in patients.  

The weight of MJD patient brains, with a disease span over 15 years, was found to be considerably 

reduced in comparison to healthy individuals (without medical record of neurological or psychiatric 

diseases) [99]. In accordance, magnetic resonance imaging (MRI)-based and other neuroimaging studies 

have shown significant atrophy and other abnormalities of the cerebellum, brainstem, putamen, caudate, 

frontal and temporal lobes, vermis, basal ganglia, pons and spinal cord [100-102]. A more recent study 

showed that pre-symptomatic patients had white matter microstructural abnormalities mostly in the 

cerebellar and cerebral peduncles, as well as a reduction in the volume of the midbrain, spinal cord and 

substantia nigra [103]. Moreover, after assessing disease progression, the same authors found that the 

initial stages of MJD would be characterized by cerebellar peduncles, substantia nigra and spinal cord 

damage, followed by brainstem and basal ganglia involvement in an intermediated stage, ending with the 

manifestation of cerebellar cortex damage in final stages of the disease. The same effect on cerebellum 

and basal ganglia was reported in another longitudinal study, although progressive spinal cord 
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abnormalities were not detected [104]. Regarding brain functionality/metabolism, glucose 

hypometabolism was observed in the occipital/temporal cortex, vermis, brainstem, cerebellum, 

thalamus, putamen, and striatum, suggesting the presence of neuronal and axonal dysfunction within 

these brain regions in MJD [105-109].      

 

  

 

 

 

 

 

 

 

 

Figure 1.3 Brain regions classically affected in MJD. Red indicates severe/selective neuronal loss; orange indicates 

moderate/variable cell loss. GP - globus pallidus; STN - subthalamic nucleus, RN - red nucleus; SN - substantia nigra; 

DN - dentate nucleus; PN - pontine nucleus; Cer - cerebellar cortex; LCN - lateral cuneate nucleus. Based on [110]. 

 As it happens with other polyQ diseases, one of the hallmarks of MJD is the presence of neuronal 

ataxin-3 (ATXN3) ubiquitylated inclusions. Mutant ataxin-3 aggregation is mostly described to be 

intranuclear [111]. Nevertheless, widespread axonal aggregates were found in fiber tracts known to 

undergo neurodegeneration in MJD, the aggregates or inclusions being ubiquitylated and immunopositive 

for the proteasome- and autophagy-associated protein p62 [112]. Inside inclusions other components 

have been discovered such as proteasomal proteins, molecular chaperones, transcription factors, besides 

normal and expanded ATXN3 [113-115]. Further detailed analysis, however, demonstrated the presence 

of ATXN3 inclusions in degenerated and spared brain areas of MJD patients [86, 96-98, 113] and MJD 

mouse models [116-118], pointing to a lack of correlation between their occurrence and the pattern of 

neurodegeneration [86, 96, 97, 113]. Additionally, an inverse correlation between the frequency of 

intranuclear inclusions and neurodegeneration was observed in the brainstem of MJD patients, suggesting 

a possible protective role for such structures [119].  
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1.3.2 MJD genetic origin 

MJD, as other polyQ disorders, is inherited in an autosomal dominant manner and is caused by 

a mutation in the MJD1/ATXN3 gene, localized in the long arm of the chromosome 14 (14q32.1) [120]. 

Cloning of the gene was achieved in 1994, one year after its mapping, by Kawaguchi and colleagues [17].  

MJD1/ATNX3 gene is about 48 kb and was first described to be composed by 11 exons [121]. 

Two others exons were described in 2010, in a total of 13 exons, and this gene harbors the (CAG)n tract 

in exon 10 [122]. After the identification and cloning of the gene, MJD molecular diagnosis became 

possible. The presence of the mutation was confirmed in families of different origins and, as expected, 

the expanded CAG tract (mutation) was detected only in patients [35, 123]. In healthy individuals, CAG 

repeat numbers range from 12 to 44 repeats, whereas expanded alleles, with full disease penetrance, 

range between 52 to 86 repeats [64, 124, 125]. Persons carrying intermediate CAG repeat numbers, 

between 45 to 51, may or may not manifest the disease [64, 125, 126].  

At least four different species of transcripts, of approximately 1.4, 1.8, 4.5 and 7.5 kb, were 

described to be encoded by the MJD1/ATXN3 gene, with ubiquitous expression in human tissues 

(neuronal and non-neuronal), probably due to differential splicing (of exons 2, 10 and 11) and 

polyadenylation (at exon 11) events [121, 127]. Those four transcripts were described to be encoded by 

five cDNA clones: MJD1a, MJD1-1, MJD2-1, MJD5-1 and H2. MJD1a variant was the first described [17] 

and uses exon 10 to provide the 3’-terminal sequence [121]. MJD2-1 is equal to MJD1a variant except 

for a single nucleotide substitution in the exon 10 stop codon. MJD1-1 and MJD5-1 sequences only 

change in the size of their 3’ UTR and use exon 11 as the 3’-terminal sequence [127]. In H2 variant the 

exon 2 is skipped [121]. 

A few years later, in 2010, together with the description of the two new exons, 50 new alternative 

splicing variants of ATXN3 gene were found [122], suggesting a role for alternative splicing in the 

regulation of ATXN3 expression, and raising the possibility that it might contribute to the MJD pathogenic 

process. The biological and clinical relevance of these variants remain to be fully understood. More recent 

studies demonstrated that, at the physiological level, alternative splicing and the presence of premature 

stop codons altered ATXN3 stability, and that the different isoforms differed in their enzymatic activity, 

subcellular localization and in protein-protein interactions. Pathologically, the expansion of the polyQ 

repeats stabilized ATXN3, the variants showed different aggregation propensities, and functional 

interactions between normal and expanded ATXN3 isoforms were also observed [128, 129].    
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1.3.3 Ataxin-3 (ATXN3): the MJD protein 

Structure and domains   

The central gene of MJD encodes for the ataxin-3 (ATXN3) protein, essentially composed by a 

globular N-terminal Josephin domain and a flexible C-terminal tail (Figure 1.4) [130]. The Josephin 

domain contains a catalytic triad of amino acids characteristic of cysteine proteases (namely papain): 

cysteine (C14), histidine (H119) and asparagine (N134), displaying ubiquitin protease activity [131]. 

Following this domain are two or three ubiquitin-interacting motifs (UIMs), according to the protein 

isoform. The longest isoform of ATXN3 has an approximate molecular weight of 42 kDa [17, 127]. 

Particularly, the most common isoform found in the brain has a third UIM localized in the C-terminal 

region, after the polyQ stretch [129]. The polyQ segment, located at the C-terminus of the protein, has a 

variable length [132]. ATXN3 proteins also harbor a conserved nuclear localization signal (NLS), which 

may determine its transport rate into the nucleus [131, 133]. Nuclear export signals (NES) have also 

been found within ataxin-3 primary structure. In vitro studies showed that, of the six previously predicted 

NES sites [131, 133], only one was weakly functional, and revealed the presence of two novel NES [134].  

 

 

Figure 1.4 Ataxin-3 protein architecture. Ataxin-3 protein contains a N-terminal (N) catalytic domain, the Josephin 

domain (light blue), followed by a C-terminal (C) tail, composed by two or three ubiquitin-interacting motifs (UIM, yellow), 

depending on the isoform (dotted line). The deubiquitylating (DUB) catalytic center of the Josephin domain is represented by 

C14, H119 and N134 amino acids (marked with points). This domain also contains two ubiquitin (Ub) binding sites (site 1 

and site 2, represented by a Ub in yellow and green, respectively). Ataxin-3 DUB activity can be enhanced by monoubiquitylation 

on lysine 117 (K117, marked with a point and a Ub). The polyglutamine tract (in red) can vary in the number of glutamine (Q) 

repeats found in healthy population and Machado-Joseph disease (MJD) carriers. In the intermediate range, people can either 

manifest or not the disease. NES - nuclear export signal; NLS - nuclear localization signal. Based on [135]. 

 

Distribution and ubiquity  

ATXN3 is a protein widely distributed among eukaryotes and has been identified in plants and 

animals (from nematodes to vertebrates). A high level of homology has been observed between human 

ATXN3 and the mouse [136], rat [137], chicken [138], C. elegans  [139], frog and Drosophila [140] 
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proteins; a lower percentage of homology was also described in plants such as rice and Arabidopsis 

thaliana [140]. This is suggestive of an evolutionary conserved function and properties, however, the 

polyQ expanded tract seem to be specific to primates/humans, since it is nearly absent in other species. 

For instance, rat, mouse and worms have three, six and no glutamines, respectively, in their ATXN3 

protein homologue [136, 137, 139], indicating that this stretch could be necessary for specific acquired 

functions of the wild-type (WT) protein in higher species.    

In humans, mice and worms, ATXN3 has a ubiquitous expression among different body tissues 

and cell types [113, 121, 136, 141, 142]. Wide expression throughout the brain was observed with 

variable expression levels in different regions [142].  

 Ataxin-3 is abundantly present in the cytoplasm of cells. It may also be found in the nucleus and 

in association with the nuclear matrix, the mitochondria and the endoplasmic reticulum (ER) [113, 133, 

141-143]. As in other polyQ disorders, normal and expanded allele products were described to be equally 

expressed, both in lymphoblastoid cells and in the brain of MJD patients [113, 144]. Moreover, normal 

and mutant ATXN3 proteins were found to be expressed throughout the body and in affected and spared 

brain regions in MJD patients [113]. 

 

1.3.3.1 ATXN3 activity, functions, and molecular interactions 

A large amount of in vitro experimental evidence has pointed to the involvement of ATXN3 in the 

ubiquitin-proteasome system (UPS), leading to the important discovery of its deubiquitylating (DUB) 

activity [132, 145, 146]. DUBs belong to the superfamily of proteases and based on the mechanism of 

catalysis, they are divided into five main classes: aspartic, metallo, serine, threonine, and cysteine 

proteases. ATXN3 is included in the cysteine protease class, belonging to the MJD protein domain 

protease subclass, that includes proteins harboring a Josephin domain [147, 148]. The enzymatic activity 

of cysteine proteases relies on the catalytic triad of the amino acids described above (see structure and 

domains in the previous section) [148]. The primary role of DUBs consists in substrate deubiquitylation 

(i.e., cleavage of ubiquitin from proteins). Still, some research suggested that DUBs can have other 

functions, such as: (i) the processing of inactive ubiquitin precursors; (ii) to proofread ubiquitin-protein 

conjugates; (iii) to reverse ubiquitylation or ubiquitin-like modifications of target proteins, rescuing 

off-target proteins from the proteasome; and (iv) to disassemble unanchored ubiquitin oligomers [149-

151]. 

The ability of ATXN3 proteins to bind and cleave polyubiquitin chains and polyubiquitylated 

proteins has been observed experimentally [132, 152]. Importantly, the inhibition of ATXN3 catalytic 
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activity led to an increase in polyubiquitylated proteins, resembling the effects of proteasome inhibition 

[153], indicating its involvement in protein degradation pathways. On the other hand, the expression of 

WT ATXN3, and not of the catalytic inactive form, reduced the ubiquitylation level of valosin-containing 

protein (VCP)/p97 substrates, suggesting that ATXN3 can remove ubiquitin from proteins in vitro [154]. 

The role of ATXN3 in the UPS was also supported by the observation of its interaction with the ubiquitin-like 

domain homologs of the yeast DNA repair protein Rad23, or human HHR23A and HHR23B [145, 155-

157], and with VCP/97 [145, 154, 158] (known to be involved in in the endoplasmic reticulum-associated 

degradation - ERAD) and with the ubiquitin ligase E4B, a ubiquitin chain assembly factor [159].  

Although DUBs are habitually promiscuous, specific substrates have been reported for ATNX3, 

such as proteins involved in ERAD pathways. This is the case of CD3δ, degradation of which is decreased 

in the presence of ATXN3, without altering the levels of other non-ERAD substrates [154]. Other specific 

substrates have been attributed to ATXN3 such as the α5 integrin subunit [160] and parkin [161, 162]. 

More recently, mediator of DNA damage checkpoint 1 (MDC1) [163], beclin-1 [164] and possibly the 

autophagy adaptors LC3C and GABARAP [165] were described as ATXN3 substrates, supporting a role 

in the DNA damage response and in the autophagic process.  

Other biological functions have been proposed for ATXN3. A role in cell structure and/or motility 

has been demonstrated for mouse ATXN3 protein, due to its abundance in all types of muscle and in 

epithelial ciliated cells [136]. In accordance, ATXN3 was shown to interact with tubulin [166] and to 

regulate ciliogenesis and phagocytosis in the mouse/zebrafish retina, by modulation of microtubule 

polymerization and microtubule-dependent retrograde transport [167]. Remarkably, data obtained using 

C. elegans ATXN3, not only strengthened the argument of a possible function in structure and motility, 

but also pointed to an involvement in signal transduction [139]. For instance, very recently, ATXN3 was 

reported to impact on the dynamics of clathrin-coated pits [168], that can be important for neuronal 

receptors internalization [169].   

A different role for the MJD1/ATXN3 gene product concerns its possible involvement in 

transcription regulation. ATXN3 has been shown to regulate the expression of several genes [139, 170]. 

The transcriptomic analysis of two different ATXN3 knockout (KO) C. elegans strains in comparison to WT 

led to the identification of 290 differentially expressed genes that could be grouped according to their 

biological roles: cell structure/mobility, signal transduction, the ubiquitin-proteasome pathway, and other 

cell processes involving enzymes, transporters, receptors, and channels. Although there was a clear 

transcriptional dysregulation in the KO strains, animals were viable and presenting no obvious phenotype 

[139] (the same is observed in ATXN3 mice KO [41]). The presumed role of ATXN3 in transcriptional 
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regulation is proposed to involve the modulation of histone acetylation and deacetylation at specific 

promoters. In fact, ATXN3 is known to interact with three transcription activators: cAMP-response-element 

binding protein (CREB)-binding protein (CBP), p300 and p300/CREB-binding-associated factor 

(PCAF/KAT2B), through its C-terminal region, in a polyQ size-dependent manner [171]. ATXN3 also 

interacts with two transcription repressors: histone deacetylase 3 (HDAC3) and nuclear receptor 

co-repressor (NCOR1), by interaction with its UIMs [172]; and with histones H3 and H4, through the 

N-terminal region [171]. Consequently, it has been proposed that ATXN3 represses transcription by 

binding to CBP, p300 and PCAF/KAT2B co-activators or either by stopping access to histone acetylation 

sites (through binding of histones) or by the recruitment of HDAC3 and NCOR1 repressors [171, 172].  

 

1.3.4 MJD pathogenic mechanisms 

 As briefly referred in previous sections, several cellular and molecular mechanisms seem to 

underlie the pathology of polyQ disorders and are indicative of a toxic gain-of-function of the protein 

harboring an expanded polyQ tract and, in some cases, also associated with a partial loss-of-function of 

the disease proteins. The principal molecular mechanisms and cellular pathways thought to contribute to 

MJD pathogenesis (generally represented in Figure 1.5) will be more comprehensively detailed in the 

following pages.  

 

1.3.4.1 Protein misfolding as a central feature in MJD pathogenesis 

A common feature of polyQ diseases, including MJD, is the presence of neuronal insoluble 

ubiquitylated intranuclear inclusions containing the disease protein, within the neurons of affected and 

spared brain regions. Their discovery in MJD and other polyQ disorders suggested that protein misfolding 

was central to pathogenesis [31]. 

 Ataxin-3 is a protein ubiquitously expressed in the brain, present in the cytoplasm [113] and in 

the nucleus of cells [141, 143, 173, 174] in association with the nuclear matrix [133]. It has also been 

associated with the mitochondria [142] and the ER [175]. The expansion of the polyQ tract leads to 

conformational alterations, which impair the proper folding of the protein [111, 176]. In accordance, 

mutant polyQ proteins adopted amyloid-like conformations and deposited into aggregates in vitro [176]. 

The existing knowledge of ATXN3 folding, self-assembly and aggregation is mostly based on in vitro studies 

(reviewed in [177]). A two-stage model has been proposed for ATXN3 aggregation, by Ellisdon and 

coworkers [178]. The first step is mediated by self-association of the Josephin domain, in both WT and 

polyQ-expanded ATXN3, leading to the formation of SDS-sensitive oligomers and protofibrils. The second 
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step is polyQ-expanded-dependent and generates long-straight, mature, and SDS-resistant ATXN3 fibrils 

[176, 179, 180].   

 Intracellular inclusions have been linked to the pathogenesis of MJD and other polyQ disorders, 

as a major contributor for toxicity due to their ability to sequester different molecules that have different 

cellular roles and could be involved in: transcription regulation [181], cellular quality control (molecular 

chaperones and proteasome components) and UPS [115, 182-184], axonal transport [112, 185], among 

other cellular processes [114]. The role of these aggregates in disease pathogenesis may, however, 

appear contradictory. Contributing to this is the fact that inclusions were detected in brain regions 

described to be affected by neurodegeneration but also in regions normally spared in the disease [86, 

96, 97, 113]. In this way, the role of inclusions could be pleiotropic and even unspecific. Many authors 

suggested that these structures could be protective, resulting from a cellular mechanism triggered to cope 

with the toxicity of polyQ-expanded proteins, holding the aggregates in a restricted cellular area. There is 

also the possibility that aggregates are only formed or become visible when cells reach a certain level of 

general dysfunction or that only cells containing aggregates survive and are therefore the ones that are 

visible. The current understanding attributes higher toxicity to the soluble oligomers that precede the 

formation of inclusion bodies in the aggregation process [27, 186]. Nevertheless, it could also be that 

there is a precise cellular and temporal regulation of the aggregation process, during which the formation 

of visible inclusions precedes toxicity and cell death in some cells, while in others, aggregate formation 

does not occur because toxicity overrules aggregation. In spared brain regions, the aggregation process 

could be assisted and controlled by cellular quality control mechanisms limiting toxicity at a subthreshold 

level, delaying or even preventing cell dysfunction and death [187].  

 

1.3.4.2 Toxicity-mediating mechanisms in MJD           

ATXN3 proteolytic cleavage and other post-translational modifications 

Several  studies suggest that proteolytic cleavage of polyQ disease proteins into toxic 

polyQ-containing fragments is relevant and contributes to pathogenesis, this being referred as the toxic 

fragment hypothesis [188]. This hypothesis claims that fragment formation is required for the initiation 

of the aggregation process and it has been suggested that polyQ-containing fragments may translocate 

to the nucleus and exert toxic effects [189].  

 Although proteolysis can be activated in an unspecific manner during several stress responses 

and upon activation of death pathways, making the presence of proteolysis products often hard to 

interpret, proteolytic cleavage of ATXN3 has been observed in several cell and animal models as well as 
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in the brain of MJD patients [190-193]. ATXN3 cleavage, namely by calpains, caspases, aspartic 

endopeptidases and/or other enzymes, was observed to produce polyQ-bearing C-terminal fragments of 

around 36 kDa, having similar fragments been detected in affected brain regions of MJD patients and 

transgenic mice [190, 194]. In addition, the expression of C-terminal ATXN3 fragments, containing the 

polyQ expansion, led to strong ATXN3 aggregation and cell death [111, 191, 195, 196]. Mutant ATXN3 

was shown to be a substrate for proteolytic cleavage of caspases [197, 198] (cysteine proteases that 

cleave proteins at specific aspartate residues [199]). However, caspase inhibitors were unable to 

completely stop ATXN3 fragment formation, indicating the involvement of other enzymes in this process 

[193, 196, 197]. Calpains, calcium-activated cysteine proteases [200], were also found to mediate 

ATNX3 proteolysis, generating ATXN3 fragments that contributed to aggregation and neurodegeneration 

and which calpastatin (a calpain inhibitor) was able to abrogate [192, 201]. Additionally, It has been 

demonstrated that L-glutamate-induced excitation of MJD patient-specific induced pluripotent stem cell 

(iPSC)-derived neurons initiated a Ca2+-dependent proteolysis of ATXN3, resulting in aggregate formation, 

which was abolished by calpain inhibition, further supporting the contribution of proteolytic cleavage to 

pathogenesis [202].   

Altogether, these results suggest that ATXN3 proteolysis and the consequent formation of 

aggregates are important in disease pathogenesis: cleavage of the protein may increase the ability of the 

fragments to form toxic oligomers and/or perturb ATXN3 function and interactions, leading to the 

dysregulation of normal cellular mechanisms.  

Besides proteolysis, other post-translational modifications of mutant ATXN3 protein have been 

associated to modulation of its pathogenesis. For instance, phosphorylation of ATXN3 by glycogen 

synthase kinase 3β (GSK3β), at serine 256, reduced mutant ATXN3 aggregation in vitro [203]. The same 

was observed upon ATXN3 phosphorylation at serine 12, which led to a reduction of defects observed in 

rat neuronal cultures, as well as a suppression of aggregation, and neuronal and synapse loss, in vitro 

and in vivo [204]. In another study, ATXN3 stability and nuclear localization, of both normal and expanded 

forms, were shown to be modulated by casein kinase 2 (CK2)-dependent phosphorylation of serine 340 

and 352 [205]. Ubiquitylation can also modify ATXN3, as it has been shown to enhance its enzymatic 

activity; both WT and expanded forms were activated by this mechanism [206]. The lysine 117 residue 

was identified as the main ubiquitylation site in ATXN3 and ubiquitylation of ATXN3 at this residue was 

important for the reduction of ubiquitylated aggregates and for the induction of aggresome formation in 

mammalian cells [207]. Other studies, using a Drosophila model, demonstrated that WT ATXN3 protein 

has a protective role in flies and is able to suppress neuronal degeneration induced by polyQ-expanded 
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proteins (including itself) [208], and that this protection was enhanced when WT ATXN3 was ubiquitylated 

at Lys-117, supporting the importance of ubiquitylation for regulation of its catalytic activity in vivo [209]. 

Although these studies suggested beneficial effects of the non-expanded ATXN3 allele in MJD, other works 

using rodent models did not support this conclusion [210, 211]. 

SUMOylation is a covalent and reversible connection of the small ubiquitin-related modifier 

(SUMO) proteins to the side chain of protein lysine residues [212]. SUMOylation of ATXN3 was observed 

at lysine 166 and was shown to promote an increase of mutant ATXN3 stability and cytotoxicity in cells 

[213]. SUMOylation, at lysine 356, of the predominantly expressed ATXN3 isoform in the brain (cDNA 

variants MJD1.1 and MJD5.1, isoform with 3 UIMs) promoted differences in the protein self-assembly, 

modulated ATXN3 affinity for VCP/p97, and decreased the percentage of cortical neurons presenting 

ATXN3 inclusions [214].  

Although more studies are needed to further explore transglutamination (protein cross-linking 

between glutamine and lysine residues) in MJD [215], inhibition of transglutaminase enzymes was found 

to exacerbate neurotoxicity by increasing mutant ATXN3 aggregation in Drosophila [216]. This was 

unexpected as transglutamination had initially been put forward as contributing to the toxicity of polyQ 

proteins [217].    

 To date, other post-translational modifications have been associated with polyQ disease proteins, 

such as acetylation and palmitoylation, but no evidence has been obtained for a direct modification of 

this structure for ataxin-3 [218]. Other types of post-translational modifications, linked to monoamines, 

such as serotonylation and dopaminylation have been described but none explored in the context of 

polyglutamine disorders yet [219, 220].   

 

Proteostasis disturbance  

 Besides ATXN3 aggregation itself, the idea that cellular homeostasis is perturbed in MJD was 

also based on the observation of the sequestration of molecular chaperones and other proteostasis 

components into ATXN3 aggregates, which could consequently further increase protein misfolding and 

reduce the normal clearance of other important proteins, leading to a disequilibrium in cellular 

proteostasis [115, 182, 183].  

UPS dysfunction. Alterations in the normal DUB activity of ATXN3 by the presence of an expanded 

polyQ tract could compromise UPS activity, resulting in inefficient degradation of misfolded proteins, as 

it can alter the interaction with UPS components [154, 161]. Moreover, the proteasome appears to be 

irreversibly recruited into polyQ aggregates, possibly “trapped” while attempting to degrade misfolded 
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proteins, also being unable to efficiently degrade polyQ-containing proteins due to their intrinsic properties 

[221]. Indeed, components of the proteasome complex were found in ATXN3 inclusions in MJD patients 

[182, 183]. Furthermore, UPS impairment in MJD was reinforced by the evidence that an aberrant form 

of ubiquitin (UBB+1) accumulates in neuronal inclusions in patients, indicating inhibition of the proteasome 

[222]. UPS activity was also seen to be inhibited by protein aggregation in cells with transient expression 

of two unrelated aggregation-prone proteins [223], culminating into cellular malfunction and possibly 

cellular death. Indeed, several reports showing that decreasing or impairing proteasomal activity was 

sufficient for neuronal death to occur [224-226]. In MJD, proteasome inhibition was also shown to cause 

a repeat length-dependent increase in aggregate formation in cells [182]. 

Molecular chaperones. The induction of chaperones in cellular and whole-organism models of polyQ 

diseases was found to modify the toxicity phenotype and to be beneficial [227-231]. Heat shock protein 

70 and 40, Hsp70 and Hsp40, respectively, were shown to be associated with expanded ATXN3 

inclusions in both transfected cells and in the brain of MJD patients [115]. The initial observation that 

molecular chaperones were sequestered into the aggregates was challenged by the discovery that there 

was only a transient association between chaperones and cellular inclusions [232]. Nevertheless, recent 

reports showed that aggregate-driven chaperone competition led to both gain- and loss-of-function 

phenotypes due to chaperone depletion from several client proteins, therefore impacting on multiple 

cellular processes [169].   

Autophagy. Impairments in the autophagic process have been strongly linked with neurodegeneration 

[233]. In MJD, mutant ATXN3 has been shown to be cleared by autophagy, and activation of this pathway 

through temsirolimus treatment reduced the number of aggregates and levels of soluble mutant ATXN3, 

in mouse brains [234]. Brain tissue (putamen) analyses of MJD patients revealed abnormal 

immunoreactivity for autophagic markers (p62, ATg16L and LC3); also using MJD transgenic mice and 

a MJD lentiviral rat model, abnormal expression of autophagic markers, accumulation of autophagosomes 

and decreased levels of beclin-1 were detected [235]. In the rat model, stimulation of the autophagic flux 

by beclin-1 overexpression led to mutant ATXN3 clearance and to neuroprotection in neuronal cultures 

[235]. It was also shown that WT ataxin-3 deubiquitylates beclin-1, protecting it from proteasomal 

degradation, thus enabling the autophagic process [164]. This was mediated by the normal polyQ length 

tract and abolished in the presence of a longer polyQ mutation in the disease protein [164]. More recently, 

autophagy adaptors (LC3C and GABARAP) have been shown to interact with the Josephin domain of 

ATXN3, and a role in stimulation of autophagic degradation by prevention of superfluous autophagosome 

initiation was proposed in C. elegans [165]. It is not completely understood which proteins are degraded 
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by autophagy or the UPS, but it was recently suggested that ATXN3 isoforms lacking the third UIM (less 

stable) were primarily degraded by the UPS, while the ATXN3 isoform containing the third UIM was mainly 

degraded by autophagy [129]. 

 

Mitochondrial impairment and oxidative stress 

 Mitochondrial dysfunction has been associated with age-related diseases, particularly 

neurodegenerative disorders [236]. Mitochondria are known to play central functions in cells including 

energy (ATP) generation, maintaining intracellular Ca2+ homeostasis, formation of reactive oxygen species 

(ROS) and apoptosis. Neurons are particularly dependent on mitochondria due to their high energy 

demands, so it is fair to hypothesize that this type of cells are relatively vulnerable to mitochondrial 

dysfunction. In vitro studies using cellular models of MJD showed that the expression of mutant ATXN3 

induced mitochondrial-mediated cell death (apoptosis), increased oxidative stress, and reduced the copy 

number of mitochondrial DNA, suggestive of an alteration in mitochondrial function in the disease [237-

239]. In fact, the decrease in mitochondrial copy numbers was also observed in blood and brain samples 

of a transgenic MJD mouse model [240, 241]. Recently, it was reported that preataxic MJD patients 

accumulated a common mitochondrial DNA deletion and exhibited a decreased BCL2/BAX ratio, 

indicative of alterations in the apoptotic pathway [242].  

Both normal and expanded ATXN3 proteins were found to be localized in the mitochondria 

besides the expected cytoplasmic and nuclear localizations. Normal ATXN3 (but not its fragments) 

localized in both mitochondrial matrix and membranes, while pathological ATXN3 and its cleaved 

fragments were present in both locations, unaggregated in membranes and presenting SDS-resistant 

aggregates only in the mitochondrial matrix, suggesting a potential mitochondria damaging role for these 

fragments [243]. More recently, studies have shown that N- and C-terminal calpain-mediated cleavage 

fragments may lead to a mitochondrial phenotype, independently of the polyQ tract [244, 245]. 

Dysfunctional mitochondria were also observed in a MJD mouse model, involving a substantial decrease 

in mitochondrial complex II activity, which might be at the origin of the cell death observed in disease 

models [246]. 
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Figure 1.5 Molecular mechanisms and cellular pathways of ATXN3-mediated pathogenesis. The polyQ expansion 

in mutant ataxin-3 protein triggers several events thought to contribute to MJD pathogenesis as represented in this simplified 

scheme. The pathogenic process initiates with the synthesis of the native mutant ATXN3 protein containing an expanded CAG 
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repeat tract, altering its conformation. The cellular machinery (chaperones) actively attempts to retrieve the proper folding of 

the protein. Part of the abnormally folded mutant proteins can be degraded by several cellular processes (lysosomal 

degradation, autophagy and/or proteasomal degradation). The non-degraded fraction can suffer post-translational 

modifications, including protein cleavage (by the action of calpains and caspases). The full mutant protein or cleavage products 

can associate and aggregate, ultimately leading to the formation of intracellular inclusions, which constitute the last step of 

the aggregation process. Aggregates might contribute to pathology through abnormal interactions with cellular proteins or 

might represent a self-defense mechanism aiming at reducing the toxicity of aggregation intermediates. The presence of those 

fragments or inclusions can impact on several cellular mechanism. Aggregates/inclusions can translocate to the nucleus, 

where they can recruit transcription factors (TF), coactivators and corepressors altering transcription. In the endoplasmic 

reticulum, aggregation intermediates can bind inositol 1,4,5-trisphosphate receptor (IP3R) and increase calcium release into 

the cytoplasm. In the mitochondria, they disrupt its function, activate caspases, and lead to increased reactive oxygen species 

(ROS) production. Additionally, they can impair proteasomal degradation and impair axonal transport machinery.   

 

 Mutant ATXN3 has been reported to decrease the activity of antioxidant enzymes causing 

mitochondrial DNA damage [239]. More recently, it was shown that ATXN3 truncated forms disrupted 

mitochondria dynamics (reduction in membrane potential) and increased ROS levels [244]. Interestingly, 

ataxin-3 was shown to interact with the forkhead box O (FOXO) transcription factor FOXO4, regulating the 

expression of manganese superoxide dismutase (SOD2), which acts as an antioxidant enzyme [247]. 

Mutant ATXN3 had reduced capability to activate SOD2 gene expression, thus limiting the response to 

oxidative stress. Indeed, lymphoblastoid cell lines of MJD patients showed lowered levels of SOD2, an 

increased ROS formation and cytotoxicity under oxidative stress [247]. Other studies in MJD subjects 

have shown alterations in peripheral oxidative stress biomarkers [248, 249], suggesting that this 

phenomenon may be relevant in the context of the disease.     

 

Defects on axonal transport  

 It has been suggested that defects in the axonal transport may contribute to the pathogenesis of 

polyQ diseases and other neurodegenerative disorders (reviewed in [250-252]), being an interesting 

hypothesis to explain neuronal vulnerability. The mechanism underlying axonal transport impairment is 

not completely understood but it has been proposed that (i) disease-causing proteins may have a normal 

function in axonal transport system and may cause blockages when mutated; (ii) protein aggregates may 

physically obstruct transport within axons; and (iii) disturbed organelles and cellular mechanisms, such 

as mitochondrial damage, may be the causative effect for axonal transport defects.  

In 2010, Seidel and collaborators showed the presence of mutant ATXN3 aggregates in axons 

belonging to neurons from different brain regions and postulated that those could be detrimental for 
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axonal transport, contributing to neurodegeneration [112]. Hindrance of axonal transport was observed 

in a Drosophila model overexpressing huntingtin and ATXN3 constructs [185]; although, one year later, 

another study did not report any effects in axonal trafficking disruption for ATXN3, suggesting that axonal 

defects occurring downstream of cytoplasmic aggregate formation are probably specific to other polyQ 

diseases, such as HD [253]. Interestingly, ATXN3 was found to interact with dynein, which is required for 

aggresome formation and for the transport of misfolded proteins [154, 254]. Also, cytoskeletal 

disorganization was verified in cells lacking ATXN3 [255, 256] and this could be putatively reflecting 

altered interaction with tubulin, α5 integrin or dynein, reinforcing the idea that ATXN3 plays a significant 

role in cytoskeleton organization, which was proven to be true in neuronal cultures [256]. Recently, a 

proteome analysis of a knock-in mouse model of MJD revealed the disturbance of proteins involved in 

cytoskeletal architecture, vesicular and axonal transport, among others, making axons as a central 

subcellular structure in MJD pathogenesis [257]. Therefore, over the years, a building amount of evidence 

has emerged and implicated axonal transport in MJD pathology.  

 

Deregulation of calcium (Ca2+) homeostasis 

 Calcium is an important signaling ion in the cell. In neurons, Ca2+ homeostasis is crucial for 

processes like the release of neurotransmitters, synaptic structure and function, and neurite outgrowth. 

Disruption of the Ca2+ signaling may impair key cellular pathways contributing to the neurodegeneration 

process [258-260]. In MJD, it has been demonstrated that mutant ATXN3 specifically associates with an 

intracellular Ca2+ release channel - inositol 1,4,5-trisphosphate receptor type 1 (InsP3R1) - present in the 

endoplasmic reticulum (ER), augmenting its sensitivity towards activation by InsP3 and potentiating Ca2+ 

release from the ER [261]. Moreover, dantrolene, an inhibitor of Ca2+ release, administrated to 

YACMJD84.2 MJD transgenic mice was able to improve motor coordination, gait deficits and to prevent 

neuronal death [261].  Also, ATXN3 aggregates increased intracellular Ca2+ levels in the granule neurons 

of rat cerebellum. Cellular interaction with ATXN3 oligomers, in this context, also involved lipid raft 

ganglioside GM1, glutamatergic receptors and voltage dependent calcium channels [262].      

 Intracellular Ca2+ excess can cause cell death by activation of multiple mechanisms, such as 

mitochondria permeabilization, oxidative stress, cytoskeletal disorganization and calcium-dependent 

protein activation (e.g., calpains) [263] and, as above referred, this process could be implicated in the 

pathogenic mechanism of MJD.  
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Transcriptional regulation disturbance 

 There is a strong evidence for alterations in transcription that occur in polyQ diseases [264, 265]. 

Three main mechanisms have been suggested to underlie transcriptional dysregulation: (i) the 

sequestration by nuclear inclusions of transcription factors; (ii) the inhibition of acetyltransferase activity 

of transcription regulators and (iii) the direct suppression of the transcriptional machinery by the mutant 

proteins.   

 In MJD, the expanded ATXN3 has been shown to be involved in transcriptional perturbation, 

contributing to disease pathogenesis [114, 181, 266]. The ability of expanded ataxin-3 (polyQ) rich 

nuclear inclusions to recruit specific transcription factors, such as CBP and TATA-binding protein (TBP), 

has been reported [114, 171], suggesting that an altered transcription mediated by these factors might 

contribute to neurotoxicity. Moreover, normal and expanded ATXN3 interact with CBP, p300 and 

PCAF/KAT2B, inhibiting transcription, with the C-terminal part of the protein harboring the expanded 

polyQ tract binding more efficiently to those transcription factors than normal polyQ, indicative of a 

possible pathological function for ATXN3 [171]. In addition, expanded ATXN3 compared to the normal 

form of the protein, displayed a reduced ability to activate the FOXO4-mediated SOD2 expression during 

oxidative stress conditions, which led to cytotoxicity [247].  

 Transcription dysregulation, in a MJD mouse model, also affected the expression of proteins 

involved in several cellular processes such as: intracellular calcium signaling/mobilization, glutamatergic 

neurotransmission, MAPK pathways, GABAA/B receptor subunits, heat shock proteins, but also 

transcription factors regulating neuronal survival and differentiation; all of those with downregulated 

mRNA expression. In contrary, upregulated expression of neurodegeneration mediators (Bax, 

Ccnd1 - cyclin D1, and Cdk5-p39) was also observed in ataxin-3-Q79 transgenic mice [267]. Other studies 

have shown transcription alterations of inflammatory and cell-surface associated proteins [170, 268].  

 The contribution of transcription perturbations for the initiation of the pathology is still a matter 

of debate. While a study reported transcriptional abnormalities in transgenic MJD animals prior to the 

appearance of a neurological phenotype [267], another only found major changes in transcription in old 

mice [269]. 

 A study aiming at investigating the transcriptomic profiles of WT and ATXN3 null mice embryonic 

fibroblasts, revealed alterations in signal transduction pathways. In absence of ATXN3, they found that 

that Eph receptor A3 (EFNA3) upregulation was connected to the hyperacetylation of histones H3 and H4 

and to reduced levels of HDAC3 and NCOR [270]. Additionally, another report of transcriptional profiling 

of the YACMJD84.2 MJD mouse model, demonstrated that most of the mRNA expression changes 
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occurred in the brainstem and the striatum, with alteration in the phosphoinositide 3-kinase (PI3K) 

signaling cascade and cholesterol biosynthesis pathways, and in the axon guidance and synaptic 

transmission pathways, respectively. When combining all the brain regions under study (brainstem, 

cerebellum, striatum and cortex), only alterations in the α-adrenergic and CREB pathways were found 

[271]. 

 Evidence for a dysfunction of the endogenous microRNA system in MJD was also described. An 

abnormal downregulation of genes involved in microRNA biogenesis and silencing activity was reported 

for different biological MJD models [272], with the overexpression of certain microRNAs being beneficial 

to the disease. 

Overall, these findings support a key role of transcriptional perturbations in the progression of the 

pathogenesis of this polyQ disease.     

 

Involvement of the cellular localization of mutant ATXN3 in the pathogenic mechanism   

 The different localization of polyQ proteins in cells has been thought to be a significant factor for 

disease pathogenesis. Although nuclear accumulation of the mutant protein into inclusion bodies is 

prominently found in MJD patient studies, inclusions have also been found in the cytoplasm, namely in 

axons, of neurons from affected brain regions [86, 111-113, 119].    

It has been suggested that a nuclear localization of ATXN3 is required for symptom manifestation 

in vivo, whereas the induced export of ATXN3 from the nucleus prevents the phenotype manifestation 

[173]. Since then, it has been shown that CK2-dependent phosphorylation controlled the nuclear 

localization of ATXN3 and that phosphorylation of ATXN3 increased the formation of nuclear inclusions 

[205]. More recently, the use of the HDAC inhibitor, divalproex, was shown to rescue cytotoxicity in cell 

cultures expressing different constructs of human ATXN3, particularly by preventing the heat 

shock-dependent nuclear transport of ATXN3 [273]. Moreover, it has been shown that the KO of 

karyopherin alpha 3 (KPNA3), which recognizes the NLS signal within the primary sequence of ATXN3, 

alleviated the neurological phenotypes induced by mutant ATXN3. In fact, in mice, the absence of KPNA3 

kept mutant ATXN3 in the cytoplasm, therefore preventing its aggregation [274].  

Overall, it seems that favoring cytoplasmic localization of ATXN3 could help in preventing, at least, 

some of the deleterious effects associated to the polyQ expansion in ATXN3.   
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Ageing-mediated malfunction    

 Ageing is the principal risk factor for neurodegenerative disorders, and it can be defined as a 

natural time-dependent process associated with a progressive decline of biological functions. During 

ageing, alterations due to the formation of secondary products of metabolism and building up of cellular 

damage can lead to the development of pathologies or accelerate the progression of the ones that are 

already present. There are nine biological hallmarks (changes) associated to ageing: genomic instability, 

telomere attrition, epigenetic alterations, loss of proteostasis, mitochondrial dysfunction, cellular 

senescence, deregulated nutrient sensing, stem cell exhaustion, and altered intercellular communication 

[275, 276]. Those manifest during normal ageing and their aggravation speeds up ageing, while their 

mitigation is likely to delay the normal aging process and increase healthspan. 

In MJD, as in the ageing process, as previously mentioned, quality-control pathways, such as the 

UPS, molecular chaperones and autophagy are dysregulated; consequently, ageing can further contribute 

to the deterioration of the cell’s capacity to remove misfolded proteins [277-281]. Interestingly, it has 

been demonstrated, in C. elegans, that the threshold for polyQ-expanded protein aggregation, as well as 

cytotoxicity, is flexible and strongly influenced by ageing [282]. Plus, the collapse of proteostasis 

mechanisms seems to be an early adulthood event, that certainly contributes to magnify protein damage 

in age-related diseases of protein conformation [283]. Besides that, studies have identified transcriptional 

alterations in components of mitochondrial, lysosomal degradation, inflammatory, cell cycle, cell 

senescence and apoptotic processes, in microarray analysis of tissues from young and older individuals 

from several species [284]. As detailed in previous sections, alterations in several of these processes are 

thought to contribute to MJD pathogenesis. For example, evidence connected neuronal death to 

transcriptional abnormalities in MJD transgenic mice, since altered mRNA levels of Bax, Ccnd1- cyclin 

D1, and Cdk5-p39 were observed [267]. Additionally, mutant ATXN3 caused upregulation of inflammatory 

genes in MJD cell lines and human pontine neurons and tissues [170, 268]. Thus, transcriptional 

mechanisms that normally become altered with age, might already be compromised during MJD 

pathogenic process.  

 Several signaling pathways that influence ageing have been described: the insulin/insulin-like 

growth factor 1 (IGF-1) signaling, target of rapamycin (TOR) signaling, mitochondrial function, sirtuins and 

caloric restriction [285, 286]. Interestingly, alterations in all these pathways have been observed in MJD. 

A downregulation of the insulin/IGF-1 signaling was able to improve ATXN3-mediated phenotypes in 

C. elegans [231]. The insulin/IGF-1 system was also described to be involved in MJD as serum 

components of this system were found to be altered in patients, such as lower levels of insulin and IGFBP3 
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and high levels of insulin sensitivity (HOMA2), IGF-1, and IGFBP1 in comparison to controls [80]. Also, 

the modulation of the same pathway, through subcutaneous IGF-1 treatment, improved scores in the 

scale for the assessment and rating of ataxia (SARA) in MJD patients [287]. Of note, the insulin/IGF-1 

pathway works differently in vertebrates and in invertebrates, as vertebrates acquired more complex 

metabolic pathways (with multiple ligands, binding protein and receptors) over evolution (as reviewed in 

[288]). For instance, mammals have insulin/IGF-1 receptors spread in all tissues and those have different 

roles depending on their location (in the CNS - catabolic effects, or in the periphery - anabolic effects). In 

addition, mammals have distinct and specific receptors for insulin and IGF-1, signaling through different 

pathways and having various functions [289]. On the opposite, in lower species, the signaling of those 

receptors occurs through the nervous system and translates into anabolism and longevity [290], 

explaining why different outcomes can be obtained regarding this signaling pathway in different species. 

An abnormal accumulation of TOR (a negative regulator of autophagy) was reported in the brain of MJD 

patients [291]. Changes in mitochondrial function have been observed in MJD studies in cells and in a 

mouse model of the disease, revealing that expanded ATXN3 was able to enhance mitochondrial-

mediated cell death, lead to mitochondrial DNA damage, alter levels of mitochondrial porin, and decrease 

antioxidant activity [238, 239, 292]. A decreased expression of the sirtuin SIRT1 was observed in 

transgenic MJD mice and both the re-establishment of SIRT1 levels through gene delivery approach and 

the caloric restriction were able to improve neuropathology in these mice [293].  

Indeed, several aging-related processes are implicated in MJD pathogenic mechanisms, 

reinforcing the idea that ageing-related changes potentiate the polyQ-derived toxic gain-of-function. 

 

1.3.5 Animal models of MJD pathogenesis 

 Animal models are important tools to study the mechanisms and pathophysiology associated with 

neurodegenerative disorders. Since the first description of the MJD-causing gene, several in vivo models 

have been generated. While simpler organisms made important contributions to the identification of 

pathogenic mechanisms and were further used for the identification of modifier genes and drug screening 

approaches, mammalian models recapitulate the main clinical features of the disease in humans and 

constitute valuable tools to validate mechanisms and to conduct preclinical validations of therapeutic 

strategies. 

 Until now, MJD models in worms (C. elegans), flies (Drosophila melanogaster), zebrafish (Danio 

rerio), mouse (Mus musculus), rat (Rattus norvegicus) and even marmoset (Callithrix jacchus) have been 
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developed (see a summary of the principal model features in Table 1.3). Here, we will mainly focus on 

the general features of C. elegans and mouse models, as these were used in this thesis. 

 As a model system, C. elegans is versatile, considered a good compromise between the 

complexity found in vertebrates and the simplicity of unicellular models. It has characteristics that make 

it very suitable to be used in the lab, such as its size (1 mm in length), short generation time (about 3-4 

days) and its transparency. A two-week lifespan is convenient when studying aging-related diseases. It is 

unexpensive to maintain (mostly at 20 °C and can be kept in glycerol stocks (at -80 °C) for long term 

storage. C. elegans are self-fertilizing hermaphrodites (more than 99 %), with males arising spontaneously 

but infrequently. 

 Worms are a great model to study polyQ proteins, because, as a transparent multicellular 

organism with multiple tissue types, the in vivo dynamics of these proteins (when labeled) can be 

assessed noninvasively in aging animals. It is possible to examine individual neurons, while in the context 

of a multicellular organism. One extremely important feature is that all cells from this organism have been 

mapped and characterized in terms of their developmental relationships and functions. The worm has a 

total of 959 somatic cells (1031 in the adult male), 302 of them being neurons (383 in the adult male), 

that have been mapped [294-296]. Although the worm nervous system is relatively small, animals display 

quite complex behaviors that provide good readouts to assess neuronal function [297, 298]. In addition, 

C. elegans also possess 56 glial cells [299]. Worm behavioral analyses with laser-deleted neurons have 

shed light onto the function of individual and/or small groups of neurons including chemosensory, 

mechanosensory and motor neurons [297, 300]. By taking advantage of its transparency, behavioral and 

biophysical assays can be combined with in vivo imaging to assess protein solubility and protein 

interaction, in neurons of interest in the context of polyQ diseases [301, 302]. 

Another strength of C. elegans, as a small model organism, is it aptness for screening 

methodologies. C. elegans MJD models (Table 1.3) became especially useful for screening of compound 

libraries and drug target validations [303, 304]. 

About 65 % of human disease genes have homologs in C. elegans [305], including ATXN3. The 

endogenous ortholog of human ATXN3 is called atx-3 in the worm, consisting in four exons and lacking a 

CAG repeat [139]. The knockout (KO) of the gene does not trigger any significant phenotype in worms 

under normal growth conditions, but leads to differences in the expression of genes linked to the UPS, 

signal transduction, cell structure and motility, and an altered response to heat stress [139].  

The main MJD C. elegans models generated by laboratories differ in terms of the type of 

transgene used (different isoform, full-length or truncated expression of the protein), promoter and polyQ 
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repeat size. The model developed by Teixeira-Castro et. al. (in our lab), in 2011, harbored a human WT 

or mutant full-length ATXN3, with pan-neuronal expression, under the control of the rgef-1 promoter. 

ATXN3 C-terminus was tagged with YFP. Strains with different polyQ repeat sizes were generated (14Q, 

75Q and 130Q), which led to a polyQ length-dependent, neuron-specific aggregation and neuronal 

dysfunction. AT3q14 and AT3q75 showed a diffuse neuronal distribution of ATXN3 proteins, however 

AT3q130 worms presented discrete foci detected in some neurons and a diffuse distribution in others. 

While AT3q14 and AT3q75 did not exhibit any motility impairment at adulthood, AT3q130 worms had a 

significant reduction in motility. Additionally, the AT3q130 strain had a slight reduction in lifespan whereas 

AT3q14 and AT3q75 were similar to WT N2 worms. A model expressing a C-terminal fragment of ATXN3 

was also generated, having a similar aggregation profile, but a more severe effect on motility than the 

full-length ATXN3 model [231].   

Before the generation of this model, another one had been created by Khan et al. in 2006, to 

induce an MJD-like phenotype and aggregation in worms. The constructs were generated under the 

pan-neuronal promoter unc-119, with either full-length or truncated expression of ATXN3 with a different 

number of polyQ repeats and tagged with fluorescent proteins. Only worms expressing long repeats of 

130Q in full-length ATXN3 developed aggregation and movement deficits, but not before six days of age 

[306]. In comparison with the Teixeira-Castro et al. model, the full-length ATXN3 with 130Q was able to 

induce an earlier motor phenotype in worms (at least at day four of age), foci formation was detected as 

early as day 1 post-hatching, and reduced lifespan was also observed [231]. This might be explained 

either by the use of a different promoter (rgef-1 versus unc-119) or the use of a different ATXN3 isoform 

(the MJD1-1/ataxin-3c isoform, containing three UIMs, was used by Teixeira-Castro et al., while the 

MJD1a short isoform with two UIMs was used in the work of Khan et al.). In both works, the expression 

of truncated forms of ATXN3 (C-terminal fragment) led to an increased phenotype severity when compared 

to the full-length expression.  

The other existing MJD C. elegans model, created by Christie et al., in 2014, expressed the 

C-terminal region of the ATXN3 protein with various polyQ lengths in body wall muscle cells, under the 

unc-54 promoter and was tagged with YFP [307]. Expression in non-neuronal cells is the major difference 

between the two other existing models. Formation of aggregates in body wall muscle cells was polyQ 

length-dependent and aggregation correlated with toxicity revealed by motor defects. Intriguingly, ageing 

was not found as a modifier of aggregation and motility (thrashing) in this model, unlike the neuronal 

models as reported by Teixeira-Castro et al. and by Khan et al.   
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Although more difficult to generate and less genetically manipulable than invertebrates, rodent 

models have important molecular, physiological, and anatomical resemblances with humans which make 

them extremely relevant for drug discovery during preclinical studies. 

Several MJD mouse and rat models have been generated in the past years, comprising transgenic 

[117, 118, 173, 190, 194, 195, 267, 308-313], lentiviral [116] and knock-in models [314-317] (see 

Table 1.3). Also, two KO models have been generated [41, 318]. Overall, ATXN3 KO mice had normal 

viability, fertility, and showed no major motor dysfunction, however, a reduced exploratory behavior might 

be suggestive of heightened anxiety, and they also presented higher level of ubiquitylated proteins, in 

accordance to the function of ATXN3 as a deubiquitylating enzyme [41]. Switonski and colleagues also 

serendipitously generated a KO model, in the attempt to generate a knock-in model, as a result of 

alternative splicing events [318]. The mouse generated was viable, fertile and had no reduction in lifespan 

or neurological anomalies, but it also showed higher quantity of ubiquitylated proteins [318]. 

The first transgenic MJD mouse model was developed by Ikeda and collaborators in 1996. Mice 

were generated using full-length and truncated ATXN3 cDNA (MJD1a isoform), using the L7 promoter to 

direct expression specifically in Purkinje cells. Expression of full-length forms of ATXN3 did not trigger any 

pathological alterations, while truncated forms led to an early and severe ataxic phenotype starting at 4 

weeks of age in which a prominent atrophy of the cerebellum, and an extensive degeneration of Purkinje 

cells was observed [195].  

Later, in the attempt of generating a model that replicated more precisely the temporal and spatial 

expression of the human gene, a mouse model was generated using yeast artificial chromosome (YAC) 

constructs. These carried the full-length ATXN3 gene (in addition to 35 kb upstream and 170 kb 

downstream flanking genomic sequences) with different sizes of polyQ repeat expansions and, 

importantly, they contained all the long-regulatory elements and enhancers thought to be necessary for a 

cell-specific expression at physiological levels although, the ATXN3 gene was not at its proper genomic 

location, and they also overexpressed two additional genes. Heterozygous mice harboring expanded 

alleles displayed mild and slow progressive deficits, starting at the age of 4 weeks, including abnormal 

gait, hypoactivity, tremors, limb clasping, reduced grip strength and an inability to correct geotaxis. Also, 

with disease progression pelvic elevation became lowered, toe pinch response became abnormal, and 

balance deficits and a progressive weight loss was observed. The symptoms aggravated with higher repeat 

length and gene dosage. Homozygous mice presented earlier onset and faster disease progression. 

Pathologically, animals presented neuronal intranuclear inclusions, marked neuronal loss and gliosis 

[117].  
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In the following years, five additional mouse models were generated by different laboratories, 

expressing either a full-length or truncated pathogenic form of ATXN3 (MJD1a or MJD1-1/ataxin-3c 

isoforms), under the control of a prion protein (Prnp) promoter [173, 190, 194, 267, 308]. Regarding 

phenotype, these models were quite similar. Early onset motor dysfunction and the reproduction of many 

MJD features such as gait and limb ataxia, postural instability, weight loss, and premature death were 

reported for these models. The presence of neuronal intranuclear inclusions in neurons was also found, 

however neurodegeneration was not very significant in any of these models. Other pathological findings 

were reported in these transgenic mice, such as decreased tyrosine hydroxylase-positive neurons in the 

substantia nigra [190] and Purkinje cell abnormal morphology and loss [173, 267]. The creation of these 

models helped to better understand some mechanisms that contribute to disease and to envisage some 

new therapeutic strategies. For instance, with the use of the model generated by Goti et al., the authors 

suggested that enhancing the activity of the C-terminus of Hsp70-interacting protein (CHIP) could be 

beneficial in MJD [190]. Additionally, Bichelmeier and colleagues demonstrated that the severity of the 

MJD phenotype increased along with the increase in polyQ repeat number, and that the nuclear presence 

of ATXN3 was necessary for the development of symptoms [173]. Chou and collaborators further showed 

that there was a transcriptional dysregulation in MJD mice before the emergence of symptom, involving 

glutamatergic neurotransmission, intracellular calcium signaling/mobilization or MAPK pathways, 

transcription factors regulating neuronal survival and differentiation, heat shock proteins and GABAA/B 

receptor subunits [267].  

During that time, Torashima and coworkers generated a new model with the Purkinje cell specific 

promoter L7, which controlled the expression of a human truncated form of ATXN3, to test a new potential 

therapeutic approach: guanosine triphosphatase (CRAG), a compound previously found by the authors to 

facilitate the degradation of polyQ aggregates through the UPS in cultured cells. Mice developed early 

onset ataxia, impaired performance in rotarod, a reduction in weight and a severe cerebellar atrophy. 

They detected inclusions in the cytoplasm and in the nuclei of Purkinje cells. The lentiviral vector-mediated 

expression of CRAG in the Purkinje cells of this mouse model was able to clear inclusions and rescue the 

ataxic phenotype [312].  

The first conditional model of MJD was generated in 2009 by Boy et al. using a Tet-Off system 

with the expression of full-length human ATXN3 cDNA (under the PrP promoter). Mice developed a 

progressive neurological phenotype comprising impaired motor coordination and balance, hyperactivity, 

reduced anxiety, cerebellar neuronal dysfunction, and reduced body weight gain. Mice also had ATXN3-

positive nuclear inclusions in the brain. When expanded ATXN3 expression was turned off, in early 
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symptomatic ages, a complete reversal of the phenotype was observed [309]. Recently, using this 

responder mouse line, a new Tet-Off transgenic mice was generated but under the control of the CamKII 

promoter [313].    

One year later, Boy et al. published another MJD transgenic mice model expressing ATXN3 with 

148 CAG repeats, under the control of a fragment of the huntingtin promoter, promoting ubiquitous 

expression of the protein throughout the brain. Many features of MJD disease in humans were also 

recapitulated by this model, such as the late onset of symptoms and the instability of CAG repeats 

transmission to the offspring. A decline in motor coordination was observed in rotarod after about one 

year of age, and ATXN3 inclusions were not detected before 18 months of age [308].  

In the same year, another transgenic model was created (in our lab), using the cytomegalovirus 

(CMV) promotor to drive the ubiquitous expression of an ATXN3 construct (MJD1-1 isoform) with 83 and 

94 CAG repeat tracts. This novel model of MJD resembled many characteristics of the human disease. 

Impairment of motor function (motor uncoordination phenotype and reduced locomotor activity), neuronal 

dysfunction and CAG repeat instability were observed in CMVMJD94 mice, whereas CMVMJD83 mice 

had no detectable phenotype. Neuronal atrophy and astrogliosis were found in the model, but no presence 

of neuronal inclusions was detected, neither any type of cell death [311]. In 2014, the same authors 

described a similar model in which the CAG repeat stretch was increased to 135 repeats (CMVMJD135), 

which recapitulated more closely MJD progression in humans. In CMVMJD135 mice a progressive motor 

phenotype starting at 6 weeks of age was observed, as well as reduced body weight gain, intergenerational 

repeat length variation, and the presence of intranuclear inclusions, in different regions of the CNS known 

to be affected in humans [118]. This new mouse model proved to be useful to test new therapeutic 

strategies for MJD [303, 319]. 

In 2011, Hübener et al. developed a mouse model of MJD, by gene trap integration, in which an 

ATXN3 fusion protein harboring 259 N-terminal amino acids but missing the C-terminal polyQ tract and 

other regulatory regions was used. In initial stages, mice developed with no major abnormality until they 

reached 9 months of age, where a deficient motor coordination and body weight loss were observed, 

culminating in premature death at 12 months of age. Mice also presented extranuclear ATXN3 inclusions 

and neuronal cell death was seen in the cerebellum. With this model, the authors concluded that the 

N-terminal region of ATXN3 could contribute to MJD pathogenesis [310].  

In 2015, two different knock-in MJD mouse models were reported. The first, a humanized 

knock-in model, resulted in CAG repeat instability in transmission to offspring, late onset impairment of 

motor coordination and loss of Purkinje cells [314]. The second, although displaying prominent aggregate 
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pathology, missed behavioral deficits or neuropathological changes [315]. This model was later corrected 

due to an erroneous insertion of a tandem copy of the original targeting vector, resulting in the insertion 

of two copies of mutant exon 10, harboring the CAG repeat tract [316]. Very recently, a study describing 

a new knock-in MJD mouse model harboring 304 CAACAG repeats, presenting protein aggregation, 

impairments of Purkinje cells, body weight reduction, and gait and balance instability, was issued [317].  

Alves et al. developed another rodent (rat) model, in 2008, by lentivirus injection with expression 

of human ATXN3 in the striatum. It reproduced several characteristics of MJD neuropathology, such as 

the formation of neuronal intranuclear inclusions and neuronal loss [116].  

The first transgenic non-human primate (marmoset) model of MJD was generated very recently, 

using a lentiviral approach. It displayed several motor and neurological symptoms, protein aggregation, 

neurodegeneration, and degeneration of skeletal muscles. Nevertheless, studies in non-humane primates 

are expensive and time-consuming and until now only a limited number of animals were analyzed [320].   

Mouse models continue to be the most popular model to study age-related neurodegenerative 

disorders since they are mammalians, phylogenetically close to humans, and their nervous system is 

more related to ours. When experimenters are aware of their models’ strengths, weaknesses and 

limitations, these models can be useful and successfully predictive of clinical outcomes. Although some 

promising results can be obtained in preclinical trials, the failure of translation to humans is often 

observed. Accounting for this are common limitations associated to these models: (i) the putative limited 

relevance of models based on the expression of rare genetic mutations/variants to understand sporadic 

forms of the disease (particularly in the case of neurodegenerative disorders predominantly of non-genetic 

origin such as AD and PD); (ii) the methodology used for the animal model generation (e.g., artificial 

overexpression of proteins and adeno-associated viral vector-mediated models); (iii) the short lifespan of 

the model species, that might contribute to the incomplete development of disease pathology; (iv) inherent 

differences between mice and humans, particularly regarding brain functions (e.g., in cognitive and 

emotional paradigms); (v) genomic differences (e.g., binding sites for RNA-binding proteins that are not 

well conserved and RNA-processing changes not entirely recapitulated in mice); (vi) the use of inbred 

animals that do not reflect the variability within a human population [321, 322].  

All the MJD mouse models referred in Table 1.3 have been vital to decipher general mechanisms 

of the disease. Therefore, their importance is undeniable, despite their differences, and the pros and cons 

regarding the methodology used to generate them. Some of these models recapitulate major phenotypic 

and pathological hallmarks of MJD, whereas others do it only partially. Even the last ones can be important 

to answer more specific questions.       
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1.3.6 Therapeutic approaches and clinical trials 

 Over the years, several therapeutic strategies for MJD and other polyQ diseases have been tested 

and focused mostly on (i) the targeting of the mutant polyQ proteins themselves, and (ii) the targeting of 

downstream effects of these mutant proteins.  

 

(i) Therapies directed at the polyQ proteins 

DNA-targeting approaches. The ideal treatment for MJD and other polyQ diseases would be to directly 

correct the mutant ATXN3 allele, thus suppressing the production of all types of toxic ATXN3 gene 

products. Genome editing in induced pluripotent stem cells (iPSCs) derived from SCA3 patients has been 

achieved. A research group described a successful deletion of the expanded polyQ-encoding region of 

ATXN3, through clustered regularly interspaced short palindromic repeats (CRISPR) and 

CRISPR-associated protein 9 (Cas9) - CRISPR/Cas9 - technology, in which the ubiquitin binding property 

of the protein was maintained [326]. In a recent study performed in cells of HD patients and in the 

striatum of HD mice, researchers made use of a newly identified small-molecule 

(naphthyridine-azaquinolone) that specifically binds to CAG repeats, to induce its contraction. This led to 

a reduction in mutant huntingtin protein aggregation [327]. These are promising therapeutic strategies 

that need further testing and validation in preclinical trials for MJD.  

RNA-targeting approaches. Strategies focused on downregulating the expression of the mutant gene 

using RNA interference (RNAi) or antisense oligonucleotides (ASOs) have been very efficacious in 

preclinical settings. The type of RNAi molecules used have been different, including short hairpin RNA 

(shRNA) [328-331], small interference RNA (siRNAs) [332], microRNAs [333-335] and ASOs [336-340] 

to suppress ATXN3 expression in the brain.  

 Back in 2008, an innovative study by Alves and collaborators, demonstrated that allele-specific 

silencing of ATXN3, by the delivery of shRNA directed at a specific single nucleotide polymorphism 

(present in 70 % of MJD patients [64]), was able to decrease neuropathological deficiencies derived from 

mutant ATXN3 expression in rat striatum [328]. Since then, several efforts have been developed by the 

same team, using shRNA, with positive results, mitigating behavioral impairments and reducing 

neuropathological features in ATXN3 transgenic mice [329]. Importantly, long term treatment of WT mice 

with shRNAs did not cause toxicity [331]. Later on, they showed that siRNAs were also a valid strategy to 

attenuate behavioral and pathological hallmarks of the disease in both lentiviral and transgenic mouse 

models [332]. Another study showed that delivery of microRNAs directed at ATXN3  transcripts in mouse 

cerebellum led to a suppression of mutant ATXN3 expression, but was ineffective in rescuing motor 
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deficits, thus suggesting that delivery to all MJD affected regions would be necessary to attain therapeutic 

efficacy [333]. Two recent ASO technologies, targeting either ATXN3 transcripts [338] and or the CAG 

repeat [337], were effective in reducing mutant ATXN3 levels in the brains of MJD mice and rescued 

behavior deficits, with no major signs of toxicity [338].  

 RNA-targeting strategies have progressed and revealed to be promising therapeutic strategies for 

MJD and other polyQ diseases. Nevertheless, more preclinical studies are needed to apply these 

technologies to human clinical trials, assuring that the effects of depleting mutant and often also wild-type 

ATXN3 transcripts, and potential off-target effects, in a long-term treatment, show therapeutic efficacy 

and have low toxicity. 

Protein quality control approaches (targeting protein proteolysis, aggregation, and 

degradation). Other possible strategies for MJD therapeutic interventions are related to the modulation 

of processes such as proteolytic cleavage (to decrease the levels of toxic protein fragments); chaperone 

machinery (to decrease ATXN3 misfolding and aggregation); and UPS and autophagy (to induce the 

clearance of toxic ATXN3 species).  

 As suggested by the toxic fragment hypothesis [188], proteolytic cleavage of polyQ-expanded 

proteins could generate smaller fragments which are more toxic and prone to aggregation [191]. Most of 

the studies intended at the inhibition of ATXN3 proteolysis targeted calpains and caspases. For instance, 

Haacke and collaborators showed that calpain inhibition, using calpeptin, prevented ATXN3 fragmentation 

and aggregate formation in cells [192]. The same strategy has proven efficient in MJD zebrafish [325] 

and mouse models [116, 341, 342]. A study using iPSC-derived neurons of a patient with MJD also 

demonstrated that calpain inhibition prevented the formation of ATXN3 aggregates, caused by 

glutamate-induced ATXN3 proteolysis [202]. However, a later study failed to reproduce this 

glutamate-induced ATXN3 aggregation on iPSC-derived neurons [343]. Although these methodologies 

showed good results in model systems, their clinical translation is still limited by possible toxicity, arising 

from the lack of target specificity, possibly impairing the normal function of cellular proteases on other 

target proteins. 

 Inhibition or prevention of aggregation was one of the first therapeutic strategies used in the field 

of protein conformation disorders. Modulation of molecular chaperones has been used for that purpose. 

Inhibition of HSP90 activity, through 17-DMAG treatment, restored motor function and reduced 

neuropathology of CMVMJD135 mouse model [118]. Overexpression of DNAJC8, in mutant ATXN3 

SH-SY5Y neuroblastoma cells, led to a reduction in polyQ aggregation and apoptosis [344]. Additionally, 

in vitro studies showed that overexpression of two Hsp40 chaperones, DNAJ-1 and DNAJ-2, suppressed 
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mutant ATXN3 aggregation [115]. The use of small heat shock proteins (sHsp) inhibited the first step of 

ataxin-3 aggregation, but not the polyQ-dependent step [345]. The use of chemical chaperones, i.e., 

reagents that stabilize proteins, also decreased aggregate formation and toxicity in an in vitro model of 

MJD [346]. Treatment with trehalose, initially thought to act as a chemical chaperone but then shown to 

induce autophagy, also improved motor function and neuropathology in MJD mouse models [347]. 

 As expected, acting on ATXN3 degradation processes also proved to be effective in reducing 

ATXN3 levels, hence this became a topic of interest. It was found that ATXN3 turnover is regulated by its 

catalytic activity [348]. Moreover, ATXN3 turnover does not require ubiquitylation, but is regulated by the 

ubiquitin-binding site 2 (UbS2) on its N-terminus. It was shown that mutating this site decreases ATXN3 

levels, increasing its degradation [349]. Manipulation of components of the UPS, for instance by 

overexpression, was one strategy also tested. In 2004, it was shown that the expression of the ubiquitin 

chain assembly factor E4B was able to induce mutant ATXN3 degradation in vitro and to suppress 

neurodegeneration in a Drosophila model [159]. One year later, Jana and collaborators showed that the 

transient overexpression of the C-terminus of Hsp70-interacting protein (CHIP) increased the 

ubiquitylation and the degradation rate of polyQ-expanded ATXN3 [350]. Indeed, the importance of CHIP 

was further demonstrated in another study, since its reduction accelerated disease progression, 

increasing ATXN3 microaggregation levels in a MJD mouse model [351]. The overexpression of p45, an 

ATPase subunit of the 19S proteasome, also stimulated ATXN3 degradation [352]. Intriguingly, a more 

recent study showed that increasing levels of the proteasome shuttle protein Rad23 (an ATXN3 interactor), 

increased the toxicity of mutant ATXN3, whereas its reduction alleviated toxicity, suggesting that this 

interaction could be an interesting therapeutic target for MJD [353]. 

 Autophagy is the principal cellular pathway involved in the degradation of aggregated polyQ 

proteins [354]. The implication of autophagy in MJD pathogenesis became clearer when it was reported 

that WT ATXN3 interacts with the autophagic protein beclin-1 [164]. In 2010, it was shown that the 

administration of an inhibitor of TOR - temsirolimus, upregulating autophagy, led to a reduction in 

aggregated and soluble mutant ATXN3 in a transgenic MJD mouse model [234]. In the same line, 

autophagy activation through 17-DMAG (a Hsp90 inhibitor) had a beneficial effect in a MJD mouse model, 

decreasing levels and intranuclear aggregation of mutant ataxin-3 [118]. Activation of autophagy through 

different targets, in other MJD animal models, has also proven to be effective [293, 325]. However, other 

studies failed to see improvements, having even reported toxicity. In 2014, Duarte-Silva and colleagues 

reported that lithium chloride, in spite of autophagy induction, did not reduce the protein levels of mutant 

ataxin-3, neither impacted on motor phenotype of an MJD transgenic mouse model [355]. Later, the 
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same authors showed that combined administration of two autophagy inducers, temsirolimus and lithium, 

acting through complementary pathways, was neurotoxic in WT and ATXN3 transgenic mice and 

ineffective in the latter [356]. The different models used and different approaches to achieve autophagy 

induction could explain the contradictory results. Gene therapy strategies have also been used to 

modulate autophagy. Overexpression of beclin-1 had neuroprotective effects in neuronal cultures and in 

a MJD lentiviral-based rat model [235]. In a follow-up study, beclin-1 overexpression rescued motor and 

neuropathological defects when administered at pre- and post-symptomatic stages of the disease [357]. 

Overall, autophagy could constitute a relevant therapeutic target if specificity is achieved, and exaggerated 

activation of this mechanism with consequent over-degradation of other targets important for cellular 

function is avoided. Perhaps a novel targeted approach, such as the one developed by Li and 

collaborators, seeking to directly target mutant huntingtin for macroautophagic degradation, through 

linker compounds that interact both with the mutant huntingtin protein and the autophagosome protein 

LC3, could show therapeutic potential for other polyQ pathologies, as shown also for MJD [358], although 

this needs to be adequately tested in vivo.   

 

(ii) Therapies directed at the polyQ proteins-mediated downstream effects 

Transcriptional modulation approaches. Several studies focused on targeting the transcriptional 

dysregulation suggested to occur in MJD [265]. One of the methods tested consisted in the use of HDAC 

inhibitors. An initial report by Jung and Binini, in 2007, evidenced that trichostatin A treatment normalized 

histone acetylation and suppressed repeat instability [359]. Administration of another HDAC inhibitor, 

sodium butyrate, reversed histone hypoacetylation and downregulated transcription in the cerebellum of 

an MJD mouse model, contributing to prevent mutant ATXN3-induced pathology [360, 361]. Valproic acid 

alleviated ATXN3-mediated pathology in a Drosophila model [362]. However, limited effects of this HDAC 

inhibitor were observed in a preclinical study in the CMVMJD135 MJD mouse model [319]. Further 

studies are needed to overcome the limitations found in preclinical trials for future clinical applications of 

HDAC inhibitors.  

Mitochondrial and oxidative stress-directed approaches. Many lines of evidence support 

mitochondria dysfunction and oxidative stress to play a role in neurodegenerative disorders, including 

MJD [236, 239]. Coenzyme Q10 (CoQ10), a cofactor of the electron transport chain and a potent 

antioxidant was found to reduce cell death, to increase the monomer fraction and decrease aggregates 

in vitro [363]. Duarte-Silva and colleagues showed that supplementation with creatine (known as a cellular 

energy buffer), in a MJD transgenic mouse model, improved motor function, slowed disease progression 
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and ameliorated disease-associated neuropathology [292]. Unpublished data from the same author 

showed that tauroursodeoxycholic acid (TUDCA), which also has antioxidant properties, improved the 

motor phenotype of the CMVMJD135 mouse model and exhibited neuroprotective effects [364]. 

Compounds (caffein acid and resveratrol), acting through the nuclear factor erythroid-derived-2-like 2 

(Nrf2) pathway, a master transcription factor that upregulates the expression of antioxidant defense 

genes, shown beneficial effects in vivo and in vitro in MJD models [365]. More recently, plant extracts 

(from Brassica napus (rapeseed) pomace and Hyptis spp.), with antioxidant properties, demonstrated to 

be neuroprotective in a C. elegans MJD model, improving motor function [366, 367]. Together these 

results suggest that targeting mitochondria and oxidative stress might be a promising therapeutic 

approach for MJD, perhaps in combination with other therapies.  

Calcium/ion homeostasis approaches. Although a limited number of studies focused on the role of 

calcium homeostasis in MJD, this was shown to be dysregulated [261]. Dantrolene, a stabilizer of calcium 

signaling, was reported to be able to ameliorate the motor function and prevent neurodegeneration in the 

substantia nigra and pontine nuclei of transgenic MJD mice [261]. However, dantrolene might not be a 

good therapeutic option since its relaxing effects in muscles can be overwhelming for patients, and might 

lead to prolonged respiratory insufficiency, principally in patients suffering from a neuromuscular disease 

like MJD [368].  

 MJD models also display potassium channel dysfunction [369, 370]. Based on this, riluzole (a 

mixed action anti-glutamatergic agent) and the calcium-activated potassium (SK) channel activator 

SKA-31 were proposed as possible MJD therapeutic strategies. Riluzole protected MJD-iPSC-derived 

neurons and contributed to reduce their cell death [371], while SKA-31 improved motor function and 

partially corrected abnormal Purkinje cell firing in MJD mice [370]. However, when tested in a conditional 

MJD mouse model riluzole had no beneficial effect, leading instead to a reduction in the calbindin 

expression of Purkinje cells [372]. 

Neuronal/cellular homeostasis approaches. MJD pathogenesis is complex and affects several 

cellular mechanisms, depleting cells from crucial components that play a role in homeostasis 

maintenance. More holistic and new therapeutic approaches have been tried to counteract 

MJD-associated features and reestablish cellular equilibrium. Among those, we can find approaches 

involving cellular transplantation therapy [373], gene therapy to restore reduced levels of downstream 

proteins [374-376], caloric restriction [293], and the use of specific compounds [303, 377-382].   
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 Transplantation of cerebellar neural stem cells into the cerebellum of MJD transgenic mice, as a 

new cellular therapy, was able to alleviate motor phenotype, reducing also neuropathological hallmarks 

of the disease [373].   

 Duarte-Neves and colleagues observed that lentiviral-mediated overexpression of neuropeptide Y 

rescued motor deficits and neuropathological abnormalities in two mouse models of MJD. The effect was 

associated to the increase in the levels of brain neurotrophic factors and to a decrease in inflammatory 

markers [374]. Another study found that ataxin-2 mRNA levels were decreased in MJD patients and in 

transgenic mice (probably due to its recruitment into inclusions, as previously observed [383]), and that 

the re-establishment of their levels also led to a reduction in the levels of mutant ATXN3, while decreasing 

motor deficits and ATXN3-associated neuropathology [375]. Interestingly, more recently, it was 

demonstrated that restoring brain cholesterol 24-hydroxylase (CYP46A1), responsible for brain cholesterol 

turnover, exerted beneficial effects on motor and pathological abnormalities in adult MJD mice [376].  

 Caloric restriction has also proven to be very effective in counteracting ATXN3-associated 

impairments in a transgenic mouse model of the disease. The effect seemed to be mediated by an 

increase in SIRT1 levels as reported by the authors [293].  

 Other studies have focused on specific compounds, either supported by previous evidence or 

found upon broad range drug screenings to find new therapeutic approaches for MJD. For instance, the 

treatment with the non-selective adenosine receptor antagonist caffeine and the selective adenosine A2A 

receptor inactivation were reported to reduce pathological findings associated to MJD in a lentiviral mouse 

model [377]. Later, the caffeine beneficial effect was confirmed in a MJD transgenic mouse model [379]. 

In accordance, Chou and collaborators, also tested an adenosine A2A receptor agonist, T1-11, and its 

synthetic analogue JMF1907, in a transgenic MJD mouse model, finding that both were able to ameliorate 

motor dysfunction, reducing mutant ATXN3 levels and mitigating neurodegeneration [378].  

    In the same line, compounds that modulate neurotransmission were identified in screenings of 

FDA-approved drugs. Citalopram, an antidepressant, was found to rescue neuronal dysfunction and 

reduce aggregation in C. elegans and mouse models of MJD [303] (this will further be discussed in 

section 1.4.4 of this chapter). Another screening identified the antipsychotic drug aripiprazole, which was 

tested in Drosophila and transgenic mice, and led to the reduction of mutant ATXN3 aggregation [381]. 

More recently, still in the optic of drug repurposing, Ibuprofen was found to confer neuroprotection, 

leading to ATXN3 inclusions size reduction and improving motor performance in two MJD mouse models 

[382]. 
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 Although the mode of action of most compounds above mentioned is not fully understood in the 

context of MJD, drug repurposing approaches have been useful to identify novel cellular targets for MJD 

therapy.  

 

Clinical trials in MJD patients 

Currently, there is no disease-modifying treatment for MJD, only a few symptomatic therapeutic 

options are available (as reviewed in [384]). A successful translation of the findings from model systems 

to MJD patients is critical. Although a considerable number of models and therapeutic strategies have 

been developed, the lack of knowledge about key aspects of the pathogenic mechanisms, the clinical and 

molecular variability of MJD patients, as well as the insufficient biological material from patients available 

for research, make the translation step a very hard process. Nevertheless, some approaches were tested 

in human clinical trials for MJD or for ataxia phenotypes, that included MJD patients. Table 1.4 

summarizes information on completed and ongoing trials.  
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The therapeutic approaches tested or under evaluation in clinical trials include neurotransmission 

modulators, antibiotics, growth factors, ion modulators, HDAC inhibitors, autophagy enhancers, cell 

therapy and other approaches such as physical activity, the deep repetitive transcranial magnetic 

stimulation (TMS) and the cerebellar transcranial direct current stimulation (tDCS). While multiple 

compounds and therapeutic strategies have been suggested to date [135, 384, 399], few adequately 

designed interventional studies have been carried out in MJD or that included patients with the disease 

(Table 1.4). Indeed, most of them were completed using very few patients and only short-term effects 

were analyzed, which might interfere with the evaluation outcome. From all the interventions tested, none 

has proven to be reliably efficient. One reason for that could be that the interventions/compounds tested 

lack strong preclinical evidence to guide protocol design of the clinical trial. Also, most of the strategies 

tested did not aim at the modulation of the causes of disease (e.g., silencing of the mutant gene or protein 

misfolding), but rather at the downstream consequences. For instance, several neuromodulators, 

including buspirone, tandospirone, fluoxetine, varenicline, valproic acid and riluzole, have been tested 

achieving moderate results in improving major symptomatology [385, 387-389, 391, 392, 394]. The 

same was observed for the autophagy inducer Lithium carbonate [393], which showed no significant 

beneficial effect in a preclinical trial [355]. Maybe, betting on compounds that can act on the aggregation 

or related protein quality control mechanisms could be the way to find disease-modifying treatment for 

MJD patients. Remarkably, compounds such as citalopram and creatine which were proven to reduce 

mutant ATXN3 aggregation in MJD mouse preclinical trials [292, 303, 380] and are thought to also target 

downstream effects of it, could constitute good candidates for translation. The great advantage of such 

compounds is their safety profile and therefore are well tolerated by humans, having few or no major side 

effects. This would accelerate their transition into the clinics and their repurposing for MJD.  

Nevertheless, ensuring that the drugs proposed to enroll in clinical trials have been robustly 

studied in terms of mode of action and downstream mechanisms in a particular disease context, and that 

sufficient preclinical evidence have been gathered is vital to increase efficacy. Clearly, an increase in the 

number of participating patients, in treatment duration, and follow up time will be determinant to assess 

if strategies proven to be promising in preclinical trials are effective or not at the clinical stage.   
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1.4 Serotonergic system in the brain 

 The monoamine neurotransmitter serotonin (5-hydroxytryptamine, 5-HT) is the most widely 

distributed neurotransmitter in the brain [400-402]. About 95 % of the 5-HT production is localized in the 

intestine (enterochromaffin cells), whereas in the brain the raphe nuclei neurons represent the main 

source of 5-HT production [403, 404]. 5-HT is involved in a multitude of physiological processes, ranging 

from basic physiology (respiratory drive, body temperature, sleep/circadian rhythms, feeding, 

reproduction, locomotion, nociception, gastrointestinal motility, cardiac function, etc.) to emotion, 

cognition and social behavior (Figure 1.6) [405-408].  

The 5-HT system in the mammalian brain originates from the raphe nuclei (located in the midline 

of the hindbrain) and the reticular formation, where 5-HT producing neurons are clustered into nine nuclei 

numbered from B1 to B9. These clusters are subdivided into rostral (comprising the caudal linear (CLi, 

B8), median raphe (MR: B5 and B8), dorsal raphe (DR: B6, B7), B9 and B4 nuclei, although this last one 

is not consensual [409]) and caudal sections (B1, B2, B3) [400, 409, 410]. The neurons from the rostral 

section project axons primarily to the forebrain, innervating essentially all regions (hypothalamus, 

amygdala, thalamus, striatum, frontal cortex, hippocampus, cerebellum, etc.) and neurons from the 

caudal group project mainly to the medulla, spinal cord and cerebellum [400, 409] (Figure 1.7). The 

widespread reach of 5-HT neurons throughout the brain allows the modulations of several neuronal 

networks whose activity is required for various organismal functions. 

 Serotonin synthesis is derived from tryptophan obtained from the diet. The initial and rate-limiting 

step is the conversion of ʟ-tryptophan to 5-hydroxy-ʟ-tryptophan (5-HTP) [411]. This conversion is ensured 

by tryptophan 5-hydroxylase (TPH), which has two isoforms, TPH1 and TPH2. The first isoform is primarily 

localized in the enterochromaffin cells, in peripheral tissues, while TPH2 is principally found in the CNS 

[412, 413]. The second and last step is the conversion of 5-HTP into 5-HT by an aromatic ʟ-amino acid 

decarboxylase [414]. Once formed, it rapidly gets transported into vesicles via a vesicular monoamine 

transporter (VMAT), which exists in two isoforms: VMAT1 present in neuroendocrine cells and VMAT2 

present in neurons [415]. Serotonin is then released via exocytosis into the synaptic cleft by a 

Ca2+-dependent process, where it can bind pre- and/or post-synaptic serotonin receptors. Serotonin 

reuptake from the extracellular space to 5-HT neurons is mediated by the membrane-bound 5-HT 

transporter (SERT, SLC6A4, 5HTT), a Na+/Cl− -dependent transporter, located in cellular bodies, dendrites 

and/or axons of those [416, 417]. Upon reuptake, serotonin is catabolized by monoamine oxidase (MAO) 

enzyme into 5-hydroxyindoleacetic acid (5-HIAA) or, alternatively, converted into melatonin by acetylation 

and subsequent methylation (this conversion occurring primarily in the pineal gland) [418].  
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Figure 1.6 Serotonergic system and effects in the organism. In the central nervous system (CNS), serotonergic 

neuronal projections arise from neurons originating in the raphe nuclei, in the midline of the brainstem (represented in red). 
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This region is further subdivided into 9 nuclei: B1-B9. Serotonergic projections enervate essentially all brain regions, controlling 

nearly all behaviors and numerous other brain functions. Dashed line boxes represent CNS behavioral effects ( ) and 

other CNS effects ( ). Effects outside the CNS are also represented (boxes without dashed lines). Figure design was 

based in the following references: [405, 419]. 

 

  

  

Figure 1.7 Serotonergic system of the mouse brain. Serotonergic neuronal projections arise from nine raphe nuclei 

(B1-B9) in the brainstem, that enervate all the regions of the brain. The caudal nuclei (B1-B3) primarily send projections to 

the spinal cord and cerebellum, while the more rostral nuclei, including the median raphe (MR: B5 and B8) and the dorsal 

raphe (DR: B6 and B7) nuclei, send projections to the forebrain, enervating all and overlapping regions. MFB - medial frontal 

bundle. Figure design based on [409, 420].  

 

1.4.1 Serotonergic signaling  

The multitude of physiological functions of 5-HT results from its wide distribution in the CNS and 

from the existence of seven 5-HT receptor classes (5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6, 5-HT7), further 

divided in at least 14 different subclasses, according to the current accepted classification system [421, 

422], as summarized in Table 1.5. All those receptors belong to the superfamily of the 

seven-transmembrane-domain G protein-coupled receptors (GPCRs), except for the 5-HT3 family, which 

are ligand-gated ionic channels and permeable to sodium (Na+), potassium (K+) and Ca2+ [422]. Six of the 

seven classes belong to the GPCRs, implicating that their signaling pathways are dependent on the 

connection to heterotrimeric GTP-binding proteins (G proteins), which undergo cycles of activation and 

inactivation, allowing reversible and specific signal transduction. The binding of serotonin to its GPCRs 

subsequently activates G proteins that, within the cell, are coupled to the intracellular loops and 
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C-terminus of those receptors. Then, G proteins dissociate from the receptor and their interaction with 

intracellular effectors is promoted [423]. G proteins are referred to by their subunits (α, β and γ). The α 

subunit is in charge of guanosine triphosphate (GTP) and guanosine diphosphate (GDP) binding, including 

GTP hydrolysis, while the other subunits (β and γ) are associated in a complex [424]. As a result of G 

protein variety (16 α, 5 β and 12 γ), the downstream-activated signaling might differ for each receptor. 

 

Table 1.5 Overview of serotonin receptors. Based on [425, 426]. 

Receptor 
Class 

Subclasses Type 
Main 

signaling 
pathway 

Function Main expression in the CNS 

5-HT1 5-HT1A Gi/o AC i 
Inhibitory auto- 

and 
heteroreceptor 

Widespread in the brain (mainly 
raphe nuclei, hippocampus, 

and cortex). 

 5-HT1B Gi/o AC i  
Widespread in brain (mainly 
basal ganglia and cortex). 

 5-HT1D Gi/o AC i  
Basal ganglia, hippocampus, 

cortex. 

 5-HT1E Gi/o AC i  
Cortex, caudate putamen, and 

claustrum. 

 5-HT1F Gi/o AC i  

Dorsal raphe nucleus, 
hippocampus, claustrum, 

caudate nucleus, brainstem, 
and cortex. 

5-HT2 5-HT2A Gq/11 PLC s 
Excitatory 

heteroreceptor 

Cortex, claustrum, 
hippocampus, and basal 

ganglia. 

 5-HT2B Gq/11 PLC s  
Cerebellum, septum, 

hypothalamus, and amygdala. 

 5-HT2C Gq/11 PLC s  
Striatum, substantia nigra, 
amygdala, hippocampus, 

cortex, and choroid plexus. 

5-HT3 
Pentamer of 5-HT3A with 

5-HT3B, C, D, E. subunits 
Ion 

channel 
 

Excitatory 
heteroreceptor 

Widespread in the brain (mainly 
area postrema, nucleus tractus 
solitarius, dorsal vagal complex, 

and limbic regions). 

5-HT4  Gs AC s 
Excitatory 

heteroreceptor 
Cortex, basal ganglia, septum, 

and hippocampus. 

5-HT5 5-HT5A Gi/o AC i Inhibitory 
Olfactory bulb, hippocampus, 

hypothalamus, thalamus, 
cortex, striatum, and pons. 

 * 5-HT5B  ? ?  
In rodents: habenula, raphe 
nuclei and hippocampus. In 

humans: pseudogene. 

5-HT6  Gs AC s Excitatory 
Widespread in brain (mainly 

cortex, hippocampus, striatum, 
and amygdala). 

5-HT7  Gs AC s Excitatory 
Thalamus, amygdala, cortex, 

hippocampus, and 
suprachiasmatic nucleus. 

* Not expressed in human. CNS - central nervous system; AC - adenylate cyclase; PLC - phospholipase C; i - inhibition; s - stimulation. 
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There are four distinct α-subunit subfamilies: Gs proteins that stimulate adenylyl cyclase (AC); Gi 

that inhibit AC and activate G protein-coupled inwardly rectifying potassium (GIRK) channels [427]; Gq 

proteins responsible for the activation of phospholipase C (PLC) [428]; and G12 proteins that activate Rho 

guanine-nucleotide exchange factors (GEFs) [429]. Additionally, signaling through β and γ subunits is 

known to have several effectors. Those include AC [430], PLCβ2 [431], phosphoinositide 3-kinase (PI3K) 

[432], components of the mitogen activated protein kinase (MAPK) cascade family [433], Ca2+ [434] and 

K+ [435] channels. As evidenced in Table 1.5, the different 5-HT receptors are coupled to different G 

protein types, thus able to signal through different pathways.  

 

5-HT1 receptor family 

In this family, five different subclasses of receptors can be found: 5-HT1A, 5-HT1B, 5HT1D, 5-HT1E, 

and 5-HT1F. They couple primarily through Gi/o proteins, not only inhibiting AC (and decreasing cyclic 

adenosine monophosphate (cAMP) levels), but also affecting numerous other effectors and signaling 

pathways.  

The special case of 5-HT1A receptor (5-HT1AR). Those receptors are associated with Gi/o proteins, 

suggesting a negative coupling to AC and to ion channels in membranes. In fact, 5-HT1AR has been 

demonstrated to act through the cAMP pathway. The inhibitory action of this receptor on AC was 

evidenced by suppression of cAMP levels or by its ability to inhibit forskolin-stimulated AC activity [436, 

437]. Surprisingly, it does not inhibit AC in a universal manner. This receptor has been shown not to 

inhibit AC in rat dorsal raphe neurons, a region where it is highly expressed. However, this might be 

species specific, since Palego and collaborators demonstrated that this was not the case in human dorsal 

raphe [438, 439]. Controversially, 5-HT1AR  has been shown to stimulate AC in rat hippocampus [440]. 

This is perplexing since this receptor was not reported to couple to Gs  [441] and most of the evidence 

gathered point to the opposite effect, but one cannot disregard the fact that this might happen in a very 

specific cellular context.  

 There is also evidence for 5-HT1AR activation to stimulate PLC and the hydrolysis of 

phosphatidylinositol biphosphate, however with a much lower efficacy than AC inhibition [442]. Perhaps 

this effect is highly cell-specific, since native 5-HT1ARs in a human T-cell-like line also activate PLC [443], 

but transfected ones do not stimulate PLC in CHO cells [444], for instance.    

Studies have demonstrated a 5-HT1A R role in ionic current pathways. The control of K+ channels 

by these receptors in neurons has been observed [445], in addition to the regulation of GIRK channels 

[446]. 5-HT1AR  activation was also reported to influence Ca2+ currents in neurons [447].  
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 Another 5-HT1AR -regulated transduction pathway is the MAPK signaling pathway, which includes 

several kinases [448, 449]. Of these, extracellular signal-regulated kinase (ERK) is particularly affected 

by 5-HT1ARs. They were first reported to activate ERK by phosphorylation in (CHO-K1) non-neuronal cells 

expressing 5-HT1A Rs [450]. Phosphorylation of proteins by ERK in neurons led to ion channel activation, 

gene expression and neuroplasticity [451]. One example is the activation of the CREB transcription factor, 

by the serine/threonine protein kinase RSK, an ERK substrate [452]. Also, in CHO cells activation of the 

transfected 5-HT1ARs induced another type of signaling, mediated by another serine/threonine protein 

kinase, Akt (also known as protein kinase B (PKB)), leading to the inactivation of GSK3β [453]. The 

coupling of this receptor to ERK1/2 and Akt was also observed in the hippocampus [454, 455]. 

Comprehensive reviews on the 5-HT1AR -dependent and complex signaling have been elaborated [456, 

457].  

 A particular feature of the 5-HT1AR is its ability to function as an auto- and heteroreceptor [458]. 

A higher level of complexity in signaling derives from its inhibitory role as autoreceptor in serotonergic 

neurons against its inhibitory function as heteroreceptor on terminal targets of these 5HT-producing 

neurons. In support of this, numerous studies have evidenced regional differences in the functional 

characteristics of this receptor in the brain [459]. 5-HT1ARs are found on serotonergic neuron cell bodies 

and dendrites, mainly in the midbrain raphe nucleus region, as presynaptic autoreceptors; and on 

terminal targets of 5-HT delivery as postsynaptic heteroreceptors, mostly in the limbic brain and cortical 

areas [458, 460, 461]. Presynaptically, this receptor acts as a stop signal, to inhibit the activity of the 

entire serotonergic system [462, 463]. Moreover, it has been demonstrated that in the raphe nucleus, 

the autoreceptor preferentially couples to Gi3 in contrast to hippocampal heteroreceptors that preferentially 

couple to Gi2 or Go [459, 464]. The negative regulation of neuronal 5-HT activity, by 5-HT1A  autoreceptors, 

is in part dependent on the inhibition of AC [464] but, interestingly, this pathway seems to depend on the 

5-HT1AR agonist used. 5-HT1AR mediated inhibition of AC in the dorsal raphe was ineffective using 

flibanserin (a 5-HT1AR agonist), while 5-HT and buspirone (a 5-HT1AR partial agonist) were effective, 

flibanserin being only effective in the pre-frontal cortex [465]. Differences in 5-HT1A auto- and 

heteroreceptor coupling to ERK1/2 activation have been documented. In rat raphe RN64A cells, 

endogenous 5-HT1ARs couple to inhibit AC and ERK1/2 phosphorylation [466]. In contrast, 5-HT1AR in 

hippocampal-derived cells increased ERK1/2 phosphorylation [454]. Overall, 5-HT1A auto- and 

heteroreceptors can therefore signal to diverse and sometimes contrary signaling pathways.  
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5-HT2 receptor family 

There are three members of this subclass (5-HT2A, 5-HT2B and 5-HT2C) and in general coupled to 

Gq/11 proteins. Those receptors consistently couple to the PLCβ pathway, activating it and hydrolyzing 

phosphatidylinositol bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) 

[467, 468]. IP3 serves as a second intracellular messenger to stimulate the release of Ca2+ from the ER, 

while DAG activates protein kinase C (PKC) [469, 470]. This family of receptors also activates 

phospholipase A2 (PLA2), leading to the release of arachidonic acid or to the stimulation of ERK1 and 

ERK2 of the MAPK pathway [471].     

 

5-HT3 receptor  

 Within 5-HT receptors, the 5-HT3 receptor (5-HT3R) is the only member of the ligand-gated ionic 

channels superfamily [472]. They are present both post- and presynaptically on neuronal cell bodies and 

dendrites and trigger fast neuronal responses [473, 474]. These receptors are lowly expressed in the 

limbic system, such as the amygdala and the hippocampus, and in the frontal, piriform and entorhinal 

cortices. Higher levels of 5-HT3Rs were found in the brainstem, in areas such as the nucleus tractus 

solitarius and the nucleus of the spinal tract of the trigeminal nerve, and also in the spinal cord [473]. 

Structurally, 5-HT3R  is composed by a pentameric structure surrounding a central ion channel, formed 

by five α-helical M2 domains, which is permeable to cationic ions like K+, Na+, and Ca2+ [475]. Two genes 

encoding 5-HT3R subunits (5-HT3A and 5-HT3B) exist in rodents, while five subunits (5-HT3A, 5-HT3B, 5-HT3C, 

5-HT3D, 5-HT3E) have been cloned in human [476-478]. Functional receptors can be formed by the 

assembly of 5-HT3A subunits only, whereas receptors composed only by 5-HT3B/C/D/E subunits are not 

functional [479]. Native 5-HT3R are likely an assembly of 5-HT3A and 5-HT3B  subunits and also possibly 

some 5-HT3C/D/E subunits [480], although the stoichiometry of the different subunits that compose a native 

pentameric receptor has not been totally elucidated [481]. Functionally, this receptor leads to the 

stimulation of nitric oxide (NO) synthase, which is followed by the induction of cyclic guanosine 

monophosphate (cGMP) that elicits chloride (Cl-) efflux [482].  

  

5-HT4 receptor  

 The 5-HT4 receptor (5-HT4R) was first described by Dumuis and collaborators, in 1988, in colliculi 

and hippocampal neurons, and shown to be positively coupled to AC [483]. This subclass of receptor is 

principally present in limbic areas, namely in the hippocampus, nucleus accumbens, amygdala, 

hypothalamus, and septum. It is also found in the islands of Calleja, olfactory tubercle, striatum, globus 
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pallidus and substantia nigra [484]. Indirect evidence suggests that most 5-HT4Rs are localized 

postsynaptically, although lesions and electrophysiological studies also pointed towards a presynaptic 

localization in different neurons [485, 486]. 5-HT4Rs activate AC, thus raising intracellular cAMP levels 

[483, 487], albeit to a different extent upon agonist stimulation in HEK 293 cell lines transfected with 

different isoforms [488]. This could be explained by the different coupling to G proteins of the different 

isoforms of this receptor, which could account for functional differences between them. While human 

isoform 5-HT4(a) was found to couple only to Gs  proteins, isoform 5-HT4(b) coupled to Gi/o in addition to Gs 

coupling [488]. This type of receptor has also been found to regulate a variety of channels and 

consequently to modulate ionic current-mediated pathways. For instance, they activate ʟ-type Ca2+ 

channels [489], but can also have an inhibitory effect on other ionic currents [490].  

 

5-HT5 receptors  

 In this family, two different receptor subclasses have been identified: 5-HT5A and 5-HT5B [491]. In 

the brain, 5-HT5Rs are found in the cerebral cortex, hippocampus, cerebellum, hypothalamus, pons and 

striatum, among others, the distribution of 5-HT5BRs being more limited in the brain [491, 492]. 5-HT5AR 

is expressed and functional in the human brain, but 5-HT5BR does not encode a functional protein [493]. 

So far, 5-HT5Rs have not been convincingly connected to a specific physiological effect or signal 

transduction pathway in mammalian cells. 5-HT5AR expression was predominantly observed in astrocytes, 

in the rat central nervous system. When transfected into glioma cells it decreased cAMP levels by 20 %, 

suggesting that it is negatively coupled to AC in astrocytes [494]. When expressed in C6 glioma cells, 

human 5-HT5AR activation led to (i) an inhibition of cAMP accumulation, and (ii) to an inhibition of 

ADP-ribosyl cyclase activity, indicating a decrease in cyclic ADP ribose, which constitutes a possible 

intracellular second messenger mediating ryanodine‐sensitive Ca2+ mobilization. Besides that, this 

receptor also regulated Ca2+ level by IP3-sensitive Ca2+ stores mobilization, consequently triggering K+ 

outward currents [495]. In HEK cells, the 5-HT5AR couples to Gi protein, inhibiting AC and PKA 

accumulation [496]. On the other hand, 5-HT5BR was shown to couple to a G protein in COS cells, but 

without altering cAMP accumulation or phosphoinositide turnover in fibroblast cell lines [497]. Hence, the 

specific G proteins to which these receptors couple, their downstream signaling, and physiological effects 

remain vaguely defined.  
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5-HT6 receptor  

 In 1993, the rat 5-HT6 receptor (5-HT6R) was cloned [498, 499] and later it was cloned in humans 

[500]. This receptor can predominantly be found in the caudate nucleus, olfactory tubercle, hippocampus, 

striatum, and nucleus accumbens [499, 501]. 5-HT6R activation stimulates AC activity through the 

interaction with GS proteins, therefore also activating the downstream PKA pathway in transfected cell lines 

[499, 500], striatal cultured neurons [502] and pig caudate membranes [503]. The activation of 

endogenously expressed 5-HT6Rs induces a reduction of inward currents involving K+ channels, in striatal 

cholinergic neurons [504]. Moreover, in transfected cell lines, stimulation of this serotonin receptor 

activates ERK by a mechanism dependent on the phosphorylation of Fyn, a member of the Src family of 

non-receptor protein-tyrosine kinases. This ultimately activates ERK1/2 via Ras- and MEK-dependent 

pathways [505]. Signaling pathways associated with phosphorylated ERK1/2 expression in the 

hippocampus appear to be connected to the cognition-enhancing features of 5-HT6R modulators [506].  

 

5-HT7 receptor 

 The 5-HT7 receptor (5-HT7R) is the third 5-HT class shown to couple to Gs  [507, 508]. It is 

expressed in the CNS, particularly in the hippocampus, hypothalamus, and neocortex, and has been 

thought to play a role in the circadian rhythm regulation [508, 509]. 5-HT7Rs are coupled to Gs and their 

stimulation translates into a strong activation of AC and cAMP accumulation [507, 510]. In transfected 

HEK cells, the 5-HT7R besides stimulating AC5, depending on Gs stimulation, also stimulated AC1 and 

AC8, which are insensitive to Gs but sensitive to Ca2+/calmodulin [510]. This receptor was also shown to 

activate G12 and to induce a serum response element-mediated gene transcription, in NIH3T3 cells, 

through small GTPases in a PKA- and pertussis-toxin-independent manner [511]. Stimulation of the MAPK 

pathway, trough ERK1/2 was also reported for 5-HT7R in rat hippocampal neurons [512]. In HEK cells, 

cAMP and Ca2+ both contributed to the Ras-dependent ERK1/2 activation in response to the stimulation 

of this class of 5-HT receptors [513].  

 Extensive reviews on 5-HT receptors’ specific characteristics and signaling have been published 

[421, 514, 515]. The existence of such 5-HT receptor diversity largely contributes to the complex 

serotonin receptor mediated signaling network and could explain the vast and diverse range of 

serotonin-controlled functions in the organism. In 2018, a consolidative pathway map of serotonin has 

been constructed, and its schematic representation truly reveals the complexity associated to this 

neurotransmitter [516].  
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1.4.2 Serotonin signaling in the treatment of depression 

 Serotonin (5-HT) and its signaling are important for a wide range of neuropsychological processes, 

as represented in Figure 1.6, and drugs that target 5-HT receptors are extensively used in neurology and 

psychiatry. Mood is one of the aspects that is regulated by this neurotransmitter and therefore, it is not 

surprising that depression (also known as major depressive disorder - MDD), a persistent recurring mood 

condition [517], has been associated to 5-HT. The discovery that substances, such as reserpine, an 

antihypertensive, reduced monoamine levels and that some patients developed MDD upon drug treatment 

contributed to this association [518]. Moreover, the serendipitous finding of the action of antidepressant 

drugs, such as monoamine oxidase inhibitors (MAOIs) and tricyclic antidepressants (TCAs) suggested 

that depression was related to low concentrations of serotonin [519]. This led to the serotonin hypothesis 

of clinical depression which proposed, in simple terms, that a decreased activity of serotonin pathways 

played a role in the pathophysiology of this disorder. This 5-HT deficit would be reversed by 

antidepressants (MAOIs and TCAs), which would restore normal function in depressed patients [519]. 

 Several 5-HT-related deficits have been linked to aspects of the pathophysiology of MDD. 

Interestingly, it has been shown that high-risk family members of MDD patients are more sensitive to 

challenges directed toward 5-HT processes, such as tryptophan/5-HT depletion [520, 521]. Also, 

depressed patients displayed low levels of 5-HT in blood platelets [522]. Moreover, depletion of dietary 

tryptophan induced a recurrence of depressive symptoms [523].   

The strongest evidence for the role of 5-HT in MDD comes from the efficacy of increasing 5-HT 

extracellular levels in the treatment of depression. MAOIs act by inhibition of MAO enzyme, which 

catalyzes the oxidative deamination of a range of monoamines including 5-HT, histamine and 

catecholamines (dopamine, adrenaline, and noradrenaline). Therefore, MOAIs prevent the breakdown of 

monoamines, enhancing the availability of releasable neurotransmitters [524]. Besides increasing 5-HT 

levels in many regions of the CNS [525], MAOIs have been shown to modulate other aspects of 5-HT 

transmission, such as the desensitization of 5-HT1A autoreceptors and postsynaptic 5-HT2CRs [526, 527]. 

On the other hand, TCAs block the reuptake of monoamines in the presynaptic neuron, leading to an 

increase in monoamine concentration [528]. Additionally, they act as competitive agonists on 

post-synaptic alpha cholinergic, muscarinic and histaminergic receptors [529]. For some TCA agents 

(nortriptyline and amitriptyline), a significant affinity for 5-HT2C and 5-HT2A receptors has been reported, 

which might contribute to their antidepressant properties [530].  

Although MAOIs and TCAs do not differ in terms of efficacy in the treatment of MDD, both classes 

of drugs showed compelling antidepressant efficacy in comparison to placebo. Nevertheless, their side 
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effect profiles are wider than for other antidepressant classes, probably due to their activity in a large 

range of monoamine receptors [531]. Therefore, with the emergence of new compounds with fewer 

dangerous side effects and limited risks in overdose and comparable antidepressant effects, such as 

selective serotonin and norepinephrine reuptake inhibitors (SSRIs and SNRIs, respectively), they became 

less prescribed and are usually used only when there is intolerance or lack of response to the newer 

drugs.  

 

1.4.3 Selective Serotonin Reuptake Inhibitors (SSRIs): mode of action 

 Selective Serotonin Reuptake Inhibitors (SSRIs) represent an important advance in the 

pharmacotherapy, as they were a rationally designed medication. Nowadays, they are among the most 

prescribed drugs in medicine. There are six main SSRIs, including citalopram (Celexa®), escitalopram 

(Lexapro®), fluoxetine (Prozac®), fluvoxamine (Luvox®), paroxetine (Paxil®) and sertraline (Zoloft®) 

[532]. This class of drugs is used for the treatment of many psychiatric illnesses, such as major 

depressive disorder, panic disorder, obsessive-compulsive disorder (OCD) and even eating disorders 

[533]. 

 SSRIs were all developed to have a similar mechanism of action that consists in 5-HT potentiation 

through the inhibition of its neuronal uptake pump, the serotonin transporter SERT. The advantage of this 

type of antidepressant, in comparison to other classes, is that they have a good side-effect profile, they 

are well tolerated and are safer in overdose. Although SSRIs are very similar in terms of efficacy and 

adverse effect profiles, these drugs have considerable differences in their pharmacokinetics and their 

effect on drug metabolizing enzymes, namely on cytochrome P450 [532]. Of those, citalopram seems to 

be the most selective inhibitor of 5-HT reuptake [534].   

 

1.4.3.1 The specific case of citalopram 

 Citalopram hydrobromide (MW 405.35 Da) was developed by Lundbeck, a pharmaceutical 

company from Denmark. Citalopram is usually a therapeutic approach used for the treatment of 

depression, preventing relapses [535], and for other psychiatric conditions such as anxiety [536], panic 

perturbations (with or without agoraphobia) [537], or even OCD [538]. This compound is a (1:1) racemic 

mixture that comprises an S(+)‐enantiomer (escitalopram) and an R(−)‐enantiomer (R‐citalopram). The 

S(+)‐enantiomer has been shown to underlie essentially all the 5-HT reuptake inhibition [539]. As the 

other SSRIs, it exerts it effects by strongly inhibiting the reuptake of 5-HT from the synaptic cleft. It is the 

most selective of them, having minimal effects on noradrenaline and dopamine transporters, as well as 
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little or absent affinity for neurotransmitters such as acetylcholine, GABA, histamine, muscarinic, 

benzodiazepine and opioid receptors. It also has a low affinity for a range of serotonin receptors, including 

5-HT1A, 5HT1B, 5-HT2A, 5-HT2C receptors [540]. In general, antidepressant therapy must be administered for 

two to four weeks before improvements become apparent. This has been attributed to the sequential 

occurrence of events: (i) the increased extracellular serotonin levels, that activates somatodendritic 5-HT1A 

autoreceptors in short term treatment; (ii) the resulting feedback inhibition of the raphe nucleus; and (iii) 

downregulation/desensitization of the autoreceptors and increase in serotonergic neurotransmission 

[541]. However, this desensitization hypothesis view has been challenged, since there is evidence that 

feedback inhibition, mediated by remaining receptors, persists, even though 5-HT1ARs may desensitize. 

Thus, serotonin firing rates return to baseline, not because of 5-HT1A autoreceptor desensitization, but 

despite ongoing feedback inhibition. Also, it was suggested that slow-adaptative alterations prompted by 

antidepressants, such an adaptation in glutamatergic synaptic plasticity, might contribute to therapeutic 

effects [542]. Despite that, the general mechanism of action of SSRIs includes SERT inhibition that 

triggers an acute increase of 5-HT within the synapse and, ultimately, 5-HT binding to several receptors, 

which trigger subsequent intracellular signaling events mediated by G proteins [543]. 

The precise intracellular mechanisms of SSRI action, namely of citalopram, are not fully 

understood. Nevertheless, there are several reports in the literature acknowledging alterations prompted 

by citalopram administration. For instance, chronic administration of citalopram had an impact on 

glutamate N-methyl-ᴅ-aspartate (NMDA) receptor subunit mRNAs [544]. It was also demonstrated that 

chronic administration of citalopram increased the activation of CREB in the hippocampus [545], and 

increased the (mRNA) expression of brain-derived neurotrophic factor (BDNF) [546].   

 

1.4.4 Serotonergic signaling in the context of neurodegenerative disorders 

As serotonergic signaling is widespread throughout the brain and known to be involved in a 

multitude of cellular and organism functions (Figure 1.6), it is possible that its signaling dysregulation 

could impact and even contribute to neurodegenerative disorders, including polyQ diseases. Interestingly, 

drugs that directly target the serotonergic system, such as antidepressants, are often prescribed to 

patients with neurodegenerative diseases, to treat depression and anxiety symptoms [547]. Besides 

having a positive impact on mood, those could be positively impacting on other type of symptomatology 

associated to movement, and even act on the mechanism underlying each disease.  

A building amount of preclinical and clinical reports are starting to emerge, in the literature, not 

only reporting 5-HT-related deficits in neurodegenerative disorders but also a neuroprotective effect of 
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antidepressants in this context [548-550]. In the post-mortem frontal cortex of AD patients, it has been 

shown that decreased 5-HT levels and increased 5-HT1AR density were associated to a faster rate of 

cognitive decline [551, 552]. A decrease in 5-HT2A and 5-HT6 receptors was also observed in AD patients 

[553]. Interestingly, chronic administration of SSRIs was demonstrated to improve memory function in 

those patients [554, 555]. Moreover, serotonin signaling has been associated to the lowering of 

pathological hallmarks (amyloid-β levels and plaques) in transgenic mice but also in humans [548].   

  The serotonergic system also seems to be affected in PD. In fact, there are several reports 

describing neuronal loss and dystrophic neurites in 5-HT producing neurons of the raphe nuclei of PD 

patients [556, 557]. Lewy bodies were also observed in 5-HT raphe neurons [557, 558]. Moreover, 

according to the Braak staging of PD, the raphe nuclei become affected in stage 2, becoming completely 

involved by stage 3 [559, 560]. Modulation of the 5-HT system in PD has potential therapeutic effect to 

improve symptomatology (as reviewed in [561]). 

In the case of polyQ disorders, namely in HD, the antidepressant citalopram was tested, aiming 

at enhancing cognition in patients. In this study, the authors verified no effects on motor rating or executive 

functions or psychiatric symptoms, although an improvement was noticed in the depression symptoms, 

upon 16 weeks (short) treatment with citalopram [562]. As previously mentioned, compounds that target 

the serotonergic system have been tested in MJD clinical trials (see Table 1.3), namely due to the role of 

the serotonergic system in the cerebellum in regulating motor outputs such as locomotion [563], or based 

on previous observations. For instance, buspirone and tandospirone led to improvements in ataxia and 

eased other motor and non-motor symptoms [385, 387, 389]. Furthermore, an SSRI, fluoxetine was also 

tested in an open-label study. A short period of treatment was assessed (6 weeks) in a limited number of 

patients, revealing no improvements in motor abilities [388].  

However, studies conducted in invertebrates and vertebrates suggest that SSRIs could have a 

beneficial impact in MJD. By screening of a library of USA Food and Drug Administration (FDA)-approved 

compounds, using a C. elegans model for MJD with expression of mutant ATXN3 in the nervous system, 

Teixeira-Castro and colleagues found that the SSRI citalopram could be an interesting new therapeutic 

strategy for this disease. It was able to significantly reduce ATXN3-dependent aggregation and 

ATXN3-induced neurotoxicity in worms, possibly through increasing mutant ATXN3 solubility. It was also 

demonstrated that MOD-5 (the C. elegans ortholog of the serotonin transporter and citalopram’s target) 

and two other serotonin receptors, SER-1 and SER-4 (orthologs of the 5-HT2 and 5-HT1 receptors families, 

respectively), were necessary for therapeutic efficacy [303]. Moreover, the same was reproduced in a 

preclinical trial using the CMVMJD135 mouse model, treated pre-symptomatically with citalopram. 
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Chronic citalopram treatment improved motor symptoms and rescued body weight. It also drastically 

reduced ATXN3 aggregation in several regions of the brain, such as the pontine nuclei, the 

reticulotegmental nuclei of pons and the facial motor nuclei, areas affected in the disease. Astrogliosis 

was mitigated in the brainstem and neuroprotective effects were observed by (i) the rescue of motor 

neurons in the facial motor nuclei, and a decrease in the loss of ChAT+ neurons in the spinal cord upon 

treatment; and (ii) mitigation of calbindin D28-K-positive cells reduction observed in the cerebellar cortex 

of CMVMJD135 mice [303]. The beneficial effect of citalopram chronic treatment was further validated 

in an independent YAC transgenic MJD mouse model (YACMJD84.2). Interestingly, transgenic-treated 

mice revealed a 50 % decrease in the percentage of cells containing ATXN3-positive inclusions, in the 

substantia nigra, pontine nuclei, vestibular nuclei and facial nuclei. In this model, a decrease in soluble 

and insoluble forms of ATXN3 protein were also observed in some brain areas when comparing transgenic 

vehicle- and citalopram-treated mice. In this study, citalopram also led to alterations in the levels of 

specific chaperones (Hsp90 and Hsp40) and autophagy-related proteins (p62 and beclin-1), further 

suggesting that this drug could enhance the refolding and/or degradation of mutant ATXN3 [380].  

These preclinical studies offered a strong base for a future attempt to perform a human clinical 

trial for MJD. In the meantime, continuing to understand how citalopram mediated its effects is the next 

step to find new possible therapeutic targets to be used in the treatment of this harshly damaging disease.  

 

1.5 Aims of the thesis 

Having in mind (i) the increasing impact of neurodegenerative disorders in the society (ii) the urgent 

need to find new therapies for these diseases and (iii) the therapeutic potential demonstrated by the SSRI 

citalopram in preclinical trials using different C. elegans and mouse models of MJD, here we specifically 

aimed to: 

• Study citalopram’s therapeutic effect in a preclinical setting, mimicking the most frequent clinical 

situation of symptom-driven diagnosis and treatment initiation of MJD patients, i.e., testing 

citalopram’s therapeutic effect in a post-symptomatic chronic treatment modality (chapter 2); 

• Uncover the molecular changes associated with citalopram action through a global transcriptomic 

analysis of transgenic vehicle-treated and transgenic citalopram-treated mice (chapter 3.1); 

• Explore specific alterations in protein homeostasis, at the transcriptional level, triggered by SSRI 

chronic treatment (chapter 3.2); 

• Decipher the molecular determinants underlying serotonergic signaling-mediated suppression of 

proteotoxicity, by performing a transcriptomic analysis of a genetic C. elegans model of increased 
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serotonergic neurotransmission, mimicking citalopram’s action, by ablation of the serotonin 

transporter mod-5/SERT in animals expressing mutant ATXN3 proteins (chapter 4). 
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Table S2.1 Age at which phenotypic differences are first detected in CMVMJD135 and CMVMJD135hi mice. 

 Age at symptom onset, weeks  

Phenotypic 
manifestation 

CMVMJD135 CMVMJD135hi Anticipation  

Stride length 
shortening 

30 14 16 

Beam walk 
increased latency 

20 10 10 

Reduced body 
weight gain  

20 14 6 

Decreased gait 
quality score 

22 (18) # ≥4 

 

#Numbers within ( ) represent the age (in weeks) at which the phenotype was first detected, however in this case the animals 

were not tested in previous ages, meaning that the anticipation value can be higher. 

 

Figure S2.1 CMVMJD135hi transgenic mice show defects in motor coordination and balance at 10 weeks of 

age. a Significant differences were observed in the square balance beam walk (P < 0.0001, 10 weeks), and in b the motor 

swimming tests (P < 0.0001, 10 weeks) between WT (WT, n =30) and transgenic mice (CMVMJD135hi, n =31). Data are 

presented as mean ± SEM, *** P < 0.001. (Student’s t- test). Citalopram treatment was initiated at 11 weeks of age.  



Chapter 2 - Preclinical evidence supporting early initiation of citalopram treatment in Machado-Joseph disease 
 

 

126 

 

Figure S2.2 No effect of chronic post-symptomatic citalopram treatment in CMVMJD135hi mice foot 

dragging. Quantitative analysis performed at 20 (CMVMJD135hi, n = 14, CMVMJD135hi cit, n = 17), 24 (CMVMJD135hi, n 

= 14, CMVMJD135hi cit, n = 13) and at 28 weeks (CMVMJD135hi, n = 13, CMVMJD135hi cit, n = 14). (Kruskal-Wallis test 

was used to compare ranks and no statistical differences were found). 

 

 

Figure S2.3 Vehicle-treated and not citalopram-treated CMVMJD135hi mice present increased phenotype 

severity related to higher (CAG)n repeat length. Genotype versus phenotype correlation for the 12 mm square balance 

beam walk of a vehicle-treated CMVMJD135hi mice (n = 9) and of b CMVMJD135hi treated with citalopram (n = 7) at 26 

weeks of age. (Pearson correlation coefficient). r2 = Square of the Pearson correlation coefficient. 
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Figure S2.4 Impact of citalopram post-symptomatic treatment on ATXN3 aggregation and ChAT- and NeuN-

positive cells in CMVMJD135hi mice. a Neuronal inclusions in the facial nuclei (7N), in the reticulotegmental nuclei of 

pons (RtTg), in the lateral reticular nuclei (LRt), and in the vestibular nuclei (VN) of vehicle- and citalopram-treated 

CMVMJD135hi mice (n = 4, 28 weeks). b Quantification of ChAT-positive cells per total area in the facial nuclei (7N) and 

dorsal striatum (DS); and of NeuN-positive cells per total area in the vestibular nuclei (VN) from WT, vehicle- and citalopram-

treated CMVMJD135hi mice (n = 4 per group, 28 weeks). Data are presented as mean ± SEM, normalized to WT, P < 0.05 

(one-way ANOVA). cit - citalopram; WT - wild-type; 7N - facial nuclei, RtTg - reticulotegmental nuclei of pons; LRt - lateral reticular 

nuclei; VN - vestibular nuclei; DS - dorsal striatum.  



Chapter 2 - Preclinical evidence supporting early initiation of citalopram treatment in Machado-Joseph disease 
 

 

128 

F
ig

u
re

 S
2

.5
 I

m
p

a
ct

 o
f 

p
o

st
-s

ym
p

to
m

a
ti

c 
ci

ta
lo

p
ra

m
 t

re
a

tm
e

n
t 

o
f 

C
M

V
M

JD
1

3
5

h
i 

m
ic

e
 o

n
 b

ra
in

 A
T

X
N

3
 p

ro
te

in
 l

e
ve

ls
. a

 B
ra

in
st

em
 (

B
S)

, 
b

 s
pi

na
l c

or
d 

(S
C

),
 a

nd
 c

 

ce
re

be
llu

m
 (

C
B

) 
im

m
un

ob
lo

ts
 o

f t
ot

al
 h

um
an

 A
TX

N
3 

(h
AT

XN
3)

 p
ro

te
in

 fr
om

 v
eh

ic
le

- a
nd

 c
ita

lo
pr

am
-tr

ea
te

d 
C

M
VM

JD
13

5h
i m

ic
e 

(n
 =

 4
, 2

8 
w

ee
ks

).
 T

he
 h

AT
XN

3 
pr

ot
ei

n 
ba

nd
 d

oe
s 

no
t a

pp
ea

r 
in

 W
T 

an
im

al
s,

 a
s 

ex
pe

ct
ed

. 
Th

e 
re

d 
re

ct
an

gl
es

 r
ep

re
se

nt
 th

e 
ba

nd
s 

pr
es

en
te

d 
in

 F
ig

ur
e 

2.
4.

 c
it 

- c
ita

lo
pr

am
; W

T 
- w

ild
-ty

pe
; B

S 
- b

ra
in

st
em

; 
SC

 - 
sp

in
al

 c
or

d;
 C

B
 - 

ce
re

be
llu

m
; *

 =
 h

AT
XN

3 
sp

ec
ifi

c 
ba

nd
, w

hi
ch

 w
as

 q
ua

nt
ifi

ed
; m

AT
XN

3 
- m

ou
se

 A
TX

N
3;

 #
 - 

un
sp

ec
ifi

c 
bi

nd
in

g.
 



 

 

129 

 

 

 

   Chapter 3 

Finding the molecular determinants of serotonergic 

signaling modulation in a mouse model of MJD 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

130 

 

 

 

 

This chapter is composed by two sub-chapters (3.1 and 3.2). Chapter 3.1 “Possible role of the 

dysregulation of the serotonin 1A receptor signaling in MJD pathogenesis and its reestablishment by 

citalopram treatment” describes a transcriptomic analysis, using RNA-sequencing, performed in a mouse 

model of MJD pre-symptomatically treated with vehicle or citalopram, and the possible important role of 

serotonin 1A receptor in MJD. Chapter 3.2 “Exploring the modulation of the protein homeostasis by 

citalopram chronic treatment in a MJD mouse model” is an extension of the RNA-seq data analysis 

conducted in chapter 3.1 and is focused on proteostasis alterations triggered by the chronic 

administration of citalopram in this mouse model.  
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Abstract 

 Machado-Joseph disease (MJD) is a dominantly inherited and late-onset neurodegenerative 

disorder currently lacking effective treatment. Previously, we identified the selective serotonin reuptake 

inhibitor (SSRI) antidepressant citalopram as a reliable and effective drug with the potential to be 

repurposed for this disorder. Chronic pre-symptomatic treatment of transgenic MJD (CMVMJD135) mice 

markedly ameliorated mutant ataxin-3 (ATXN3)-mediated pathogenesis. Recently, we demonstrated that 

chronic post-symptomatic treatment also improved motor coordination and balance, attenuating disease 

progression, although to a lesser extent than previously seen with pre-symptomatic treatment initiation. 

Here, we intend to uncover the molecular features underlying the mechanism of action (MOA) of 

citalopram in the suppression of MJD pathogenesis. Therefore, we performed a transcriptomic analysis 

(RNA-seq) of the striatum of citalopram-treated and non-treaded mice, to get further clues on the 

molecular alterations generated by this treatment.  

 Interestingly, transcriptomic analysis results suggested that serotonergic receptor signaling is 

altered at baseline in the striatum of CMVMJD135 mice, and that citalopram chronic treatment had the 

capacity to restore the expression of a subset of genes downregulated in transgenic mice to wild-type 

levels; including the serotonin receptor 5-HT1A (5-HT1AR), that could be relevant to the human disorder too. 

The expression of some downstream targets of this G protein-coupled receptor was altered upon 

treatment, indicative of a role of 5-HT1AR-mediated signaling pathways in the MOA of citalopram in MJD, 

possibly involving the regulation of the CREB transcription factor program. In fact, we demonstrated that 

CREB is necessary for the effect of citalopram in ATXN3 pathogenesis context, since in its absence the 

treatment effect is mostly lost in a C. elegans MJD model.  

 While unveiling some of the keys features of citalopram’s MOA in the context of MJD, these results 

further support the use of this antidepressant as a disease-modifying therapeutic approach for MJD and 

maybe for other similar neurodegenerative disorders. 
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1. Introduction 

 The expansion of the cytosine-adenosine-guanine (CAG) triplet repeat within the coding region of 

specific genes is at the root of several neurodegenerative diseases, such as the spinal and bulbar 

muscular atrophy (SBMA), Huntington’s disease (HD), dentatorubral-pallidoluysian atrophy (DRPLA) and 

several dominantly inherited spinocerebellar ataxias (SCAs) [1]. Among the latter, spinocerebellar ataxia 

type 3 (SCA3) or Machado-Joseph disease (MJD) is the most common dominantly inherited worldwide 

[2]. The symptomatology associated to MJD includes ataxia, diplopia, ophthalmoplegia, dysphagia, 

dysarthria, fasciculations, dystonia, amyotrophy and/or spasticity, reflecting the involvement of various 

neurological systems [3, 4]. Pathologically, there is a prevalent neuronal degeneration affecting several 

parts of the central nervous system, including the brainstem, cerebellum, basal ganglia and the spinal 

cord [5]. Some symptoms are not entirely justified by cerebellar neuropathology, such as dystonia and 

chorea, and striatal pathology could contribute for it [6]. Until now, there is no effective disease-modifying 

treatment available for this disorder.  

 Citalopram, a selective serotonin reuptake inhibitor (SSRI), is a well-tolerated antidepressant 

belonging to a class of safe drugs that enhances serotonergic neurotransmission through efficient and 

selective inhibition of serotonin (5-HT) reuptake [7]. SSRIs share a principal target, the cell surface-located 

5-HT transporter, SERT, which promotes 5-HT reuptake into serotonergic neurons [8, 9]. The mechanism 

by which SSRIs exert their function is not fully understood yet, but SERT inhibition and the consequent 

rising of 5-HT extracellular levels might constitute the initial steps of this process [10]. The desensitization 

of presynaptic receptors accounting for the increased 5-HT synaptic levels is one of the hypotheses of 

how SSRIs mediate their therapeutic effects [11-13], but SSRIs may also modify postsynaptic serotonergic 

receptors signaling [14, 15]. 

 Interestingly, antidepressants have shown to have neuroprotective properties [16, 17] in the 

context of neurodegenerative disorders [18, 19]. Beneficial effects have been reported for Alzheimer’s 

disease [20-22], Parkinson’s disease [23-25] and Huntington’s disease [26-28], for instance. This is 

relevant since patients with neurodegenerative pathologies or chronic conditions are often treated for 

depressive symptoms [29]. 

 In line with these reports is our previous description of an in vivo screen of FDA-approved small 

molecules that identified compounds able to suppress mutant ataxin-3 (ATXN3)-induced neurotoxicity in 

an invertebrate model - Caenorhabditis elegans (C. elegans) - of MJD [30]. By making use of this unbiased 

strategy, citalopram and other SSRIs were found to restore the motor capacity and to reduce ATXN3 

aggregation in this model. Early initiation and chronic administration of citalopram in the invertebrate 
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model resulted in increased efficacy. Furthermore, in a subsequent experiment, citalopram chronic 

treatment in a MJD mouse model (CMVMJD135 [31]) at an age where symptoms were negligible, led to 

a marked amelioration in locomotor behavior as well as a drastic reduction in ATNX3 aggregation and 

neuronal loss [30], thus confirming the reports of SSRIs’ beneficial effects on the pathogenesis of 

neurodegenerative disorders and representing a promising therapeutic strategy for MJD. To understand 

if citalopram treatment would still be effective in a clinical condition of symptom-driven diagnosis, MJD 

mice, displaying increased phenotypic severity and faster disease progression, were treated 

post-symptomatically after presenting motor symptoms [32]. Improvements in motor coordination and 

balance were observed, attenuating disease progression, although to a lesser extent than previously seen 

upon pre-symptomatic treatment, with mild impact on neuroprotection and no alterations in ATXN3 

aggregation.  

Altogether, these observations suggest that 5-HT reuptake and resultant 5-HT signaling 

modulation can be used as a disease-modifying therapy for, not only MJD, but for other conformational 

disorders. However, the full mechanism of action (MOA) of SSRIs is not completely understood, much 

less in the context of a polyglutamine disease. Here, we aimed at uncovering the molecular features 

underlying the MOA of citalopram in the suppression of MJD pathogenesis. To achieve this, we performed 

a transcriptomic analysis (RNA-seq) of the striatum of citalopram-treated and non-treated mice. Our 

results indicate that although there is no major transcriptomic dysregulation in the striatum of 

CMVMJD135 transgenic mice, there is an imbalance in serotonergic receptor signaling that is restored 

upon citalopram treatment. Accordingly, we found that 5-HT1A receptor (5-HT1AR) expression is diminished 

in CMVMJD135 mice and restored in transgenic-treated mice, suggesting that this receptor could play a 

preponderant role in the disease and constitute a potential new therapeutic target. 

 

2. Materials and methods 

2.1 Animal research: ethics statement  

 The present work required the use of vertebrate animals (mouse - Mus musculus) samples. Each 

animal procedure was performed in accordance with applicable European regulations on animal care and 

experimentation (European Union Directive 2010/63/EU). The experimental design was constructed with 

commitment to the 3R’s (Replacement, Reduction and Refinement) principle and performed ensuring the 

Federation of European Laboratory Animal Science Associations (FELASA) guidelines were followed [33]. 

The minimum of animals required to avoid unnecessary experimental repetitions or the use of additional 

animals, allowing a careful statistical analysis, was considered (based on power analyses of the behavior 
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and pathological phenotypes of CMVMJD135 mice, reported in Teixeira-Castro, A. et al, 2015 [30] 

supplementary Table 2). Since genetically modified (transgenic) animals used develop motor problems, 

human endpoints were defined to minimize stress, discomfort and/or pain (20 % reduction of the body 

weight, incapacity to feed by not being able to reach food and/or water, presence of visible wounds in 

the body). However, those endpoints did not need to be applied in practice, since the experiments were 

conceived to not include ages at which animals attain this stage of disease severity. All the projects and 

protocols were approved by the Animal Ethics Committee of the Life and Health Sciences Research 

Institute (ICVS) at the University of Minho. ICVS is a certified laboratory by the Portuguese regulatory entity 

- Direção Geral de Alimentação e Veterinária (DGAV), and all persons directly involved in animal 

experimentation are highly trained and individually certified by DGAV. ARRIVE guidelines [34, 35], 

developed by the UK National Centre for the Replacement, Refinement and Reduction of Animals in 

Research (NC3Rs), were followed to improve reporting of animal research. General health monitoring was 

performed throughout the study, with special attention to the pathogen status of sentinel animals residing 

in the same room in the animal facility.  

 

2.2 Mouse samples: transgenic mouse model maintenance and drug administration 

 Striatum samples used in this study were obtained from 34-week-old CMVMJD135 male mice 

treated chronically with citalopram hydrobromide CAS 59729-32-7 (Lundbeck, Copenhagen, Denmark), 

in the drinking water at 8 mg/kg/day, in a pre-symptomatic form (treatment initiation at 5 weeks of age 

with a duration of 29 weeks), as previously described [30]. Briefly, animals were generated and genotyped 

as formerly reported ([31] and [36], respectively). At weaning animals were housed in groups of five and 

maintained in filter-topped polysulfone cages (268 × 215 × 141 mm; floor area: 370 cm2, Tecniplast, 

Buguggiate, Italy). A bedding composed of corncob (Scobis Due, Mucedola SRL, Settimo Milanese, Italy) 

was used. Mice were maintained in standard conditions (21 ± 1 °C and a relative humidity of 50 to 60 %) 

under an artificial 12 h light/dark cycle, corresponding to light on from 8 am to 8 pm. Animals were fed 

with 4RF21 diet after weaning, while 4RF25 diet was used during gestation and post-natal phases 

(Mucedola SRL, Settimo Milanese, Italy), and had access to water ad libitum. Mice were handled and 

performed motor behavior analysis as previously reported [30]. To collect samples, occision of 

34-week-old CMVMJD135 and WT littermates was performed by decapitation, followed by a quick removal 

of the brain that was snap frozen in liquid nitrogen and dissected. Brain regions were stored in -80 °C 

deep freezers until further use. Samples from age and genetic background-matched transgenic and 
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wild-type (WT) littermate mice were used. The mean ± standard deviation (SD) of the CAG repeat size for 

the MJD mice used in this study was 128 ± 5.  

 

2.3 RNA sequencing (RNA-seq) of mouse striatum  

 Striatum tissue stored at -80 °C, from 34-week-old CMVMJD135 male mice, was sent to the 

c.ATG facility in Tübingen, Germany, for RNA extraction and sequencing (n = 5 per group: WT, transgenic 

(Tg), and Tg treated with citalopram (cit)). Total DNA, RNA, and microRNA was extracted simultaneously 

using the AllPrep DNA/RNA/miRNA Universal Kit (Cat. No. 80224, Qiagen, Hilden, Germany). Extraction 

was performed according to the manufacturer’s handbook (version from February 2016), more 

specifically the protocol for “Simultaneous Purification of Genomic DNA and Total RNA, including miRNA, 

from Tissues” was used. Modifications to the referred protocol are described in the following paragraph.  

 The disruption of the striatum tissue was performed in 600 μL of Buffer RLT Plus without 

supplementation with β-mercaptoethanol. All the lysate was used and further processed. In steps that 

included the addition of ethanol (step 9 and 11), the same was added very slowly by meticulously 

increasing pipetting up and down to avoid the formation of precipitates. The optional centrifugation was 

performed (step 21) at full speed for 3-4 min. For elution (step 22), 30 μL of RNase-free water was used, 

directly pipetted on the top of the membrane, and incubated for 1-2 min before centrifugation. The elution 

step was repeated with the eluate to increase RNA concentration.       

 After RNA quality assessment, performed using a 2100 Bioanalyzer system (G2939BA, Agilent, 

Santa Clara, CA, USA), samples with best RNA integrity number (RIN > 7) were selected for library 

construction. The amount of 100 ng of total RNA was enriched for polyA-containing molecules and the 

construction of cDNA libraries was achieved using the resulting mRNA and the TruSeq Stranded mRNA 

(Cat. No. 20020595, Illumina®, San Diego, CA, USA). Library molarity was assessed by measuring library 

size (approximately 350-400 bp) using the 2100 Bioanalyzer system (G2939BA, Agilent, Santa Clara, CA, 

USA). Library concentration (approximately 1 ng/μL) was determined using the Quant-iT™ dsDNA Assay 

Kit, high sensitivity (HS) (Invitrogen™, Cat. No. Q33120, Waltham, MA, USA). Sequencing data was 

produced on an Illumina® NovaSeq 6000 (Illumina®, San Diego, CA, USA) in paired-end sequencing 

mode (50 bp reads), with a sequencing depth of 13 to 40 million cluster counts per sample. The 

preparation of the library and of the sequencing procedures were performed by the same person and the 

design chosen to minimize technical batch effects.  
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2.4 RNA-seq analysis 

 Read quality assessment of the RNA-seq data was performed using ngs-bits 

(https://github.com/imgag/ngs-bits) to identify low average quality sequencing cycles, repetitive 

sequences from PCR amplification or adaptor contamination. Reads were then aligned with STAR  (version 

2.5.2b) [37] against a custom-built genome composed by the Ensembl M. musculus genome GRCm38, 

allowing gapped alignments to account for splicing. Samtools (version 1.1) was used to verify alignment 

quality [38]. Read counting was performed using Subread (version 1.5.1) [39]. Normalized read counts 

for all genes were obtained through edgeR (version 3.18.1) and the weighted trimmed mean of M-values 

[40]. Transcripts covered with less than 1 cpm (counts per million) in more than four samples were 

excluded from following analysis, leaving 15145 genes to subsequent determination of differential 

expression in each of the pair-wise comparisons between experimental groups. A statistical model 

integrating the pair relationship and the group property of samples was tested by fitting a negative 

binomial distribution through a generalized linear model (GLM) approach. Gene expression fold changes 

(log2 Fold Change, log2 FC) were obtained, as well as respective raw p-value and adjusted p-value (FDR), 

this last one being obtained by Benjamini-Hochberg procedure. Differentially expressed genes (DEGs) 

were considered based on the following filters: absolute log2 FC of at least 1 (i.e., double or half the 

expression strength) and p-value ≤ 0.05.  

Canonical pathway analysis was carried out using Ingenuity Pathway Analysis (IPA, Qiagen, 

Redwood City, CA, USA) software [41]. Heatmaps were created using Morpheus: versatile matrix 

visualization and analysis software (Broad Institute, Cambridge, MA, USA) [42]. 

  

2.5 Quantitative Reverse Transcriptase PCR (qRT-PCR) 

Mouse samples. Total RNA from the striatum of 34-week-old WT and CMVMJD135 littermate 

male mice, vehicle- and citalopram-treated (n = 4 WT vehicle, 3 Tg vehicle, 3 Tg cit) was extracted using 

the Qiagen AllPrep DNA/RNA/miRNA Universal Kit, as described in section 2.3. RNA concentration and 

quality were determined by spectrophotometry and electrophoresis, respectively, and/or assessed using 

Experion™ RNA StdSens kit (#7007103, Bio-Rad, Hercules, CA, USA). First-strand complementary DNA 

(cDNA) was synthesized using iScript™ cDNA Synthesis Kit (#1708891, Bio-Rad, Hercules, CA, USA) and 

amplified by quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) in an Applied 

Biosystems™ 7500 Real Time PCR System (Applied Biosystems™ by Thermo Fisher Scientific, Waltham, 

MA, USA), using 5× HIT FIREPol® EvaGreen® qPCR Mix plus (Cat. No. 08-24-00020, Solis BioDyne, 

Tartu, Estonia), according to the manufacturer’s instructions (equal amounts of RNA were initially used 

https://github.com/imgag/ngs-bits
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for each sample). Primers were designed using the Primer-Blast tool from the National Center for 

Biotechnology Information (NCBI) [43], on the basis of the respective GenBank mRNA sequences (Table 

3.1.1). Primer efficiencies were then tested before conducting qRT-PCR. Raw data was extracted using 

7500 software version 2.0.6 (Applied Biosystems™, Waltham, MA, USA). Gene expression data were 

normalized to the housekeeping gene beta-2-microglobulin (B2m). Statistical analysis was run using 2--ΔCT 

values and graphical representation was constructed using normalized 2--ΔCT values to the control sample 

average (2--ΔΔCT) [44].  

Human samples. Post-mortem striatum and cerebellum tissues were kindly provided by the 

Michigan Brain Bank (P30 AG053760 University of Michigan Alzheimer’s Disease Core Center). Total 

RNA extraction was performed using Qiagen AllPrep DNA/RNA/miRNA Universal Kit, as described in 

section 2.3. RNA quality assessment was performed using Experion™ RNA StdSens kit (#7007103, 

Bio-Rad, Hercules, CA, USA). First-strand cDNA synthesis, primers design (Table 3.1.1) and qRT-PCR 

were performed as described for mouse samples. Gene expression data were normalized to the 

housekeeping gene B2M.  

 

Table 3.1.1 List of primers used for the determination of gene expression by qRT-PCR. 

Species 
Gene (NCBI Reference 

Sequence) 
Forward primer (5’- 3’) Reverse primer (5’- 3’) 

Mus 

musculus 

Htr1a (NM_008308.4) CTCGGCGATTCAAGGAAGAA TTCTAGAGCAAGAGGGAGGG 

B2m (NM_009735.3) CCTTCAGCAAGGACTGGTCT TCTCAGTCCCAGTAGACGGT 

Homo 

sapiens 

5-HT1A (NM_000524.3) GGTAACCTGCGACCTGTTCA GGCGTCCTCTTGTTCACGTA 

B2M (NM_004048.3) AGCAGCATCATGGAGGTTTGA TCAAACATGGAGACAGCACTCA 

 

2.6 Nematode strains and general methods 

 Caenorhabditis elegans (C. elegans) Bristol strain N2 (WT) and Escherichia coli (E. coli, OP50) 

food source were obtained from the Caenorhabditis genetics center (CGC, University of Minnesota, USA). 

AT3q130, the C. elegans model of MJD and AT3q75 strain (displaying a pathological sub-threshold of 

CAG repeats) were previously generated by our research group [45]. Standard methods were used for 

culturing and observing C. elegans, unless otherwise noted [46]. Briefly, nematodes were grown at 

20 °C, on Nematode Growth Medium (NGM) plates seeded with OP50, grown overnight (≈ 16 h) at 37 °C 

and at 180 revolutions per minute (rpm), in Luria Broth (LB) media. Populations were synchronized using 

two approaches: either by collecting eggs laid by adult worms within a 2-3 h period, or by treating young 
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adult animals with an alkaline hypochlorite solution (composed by 0.25 M NaOH, 20 % household bleach 

containing ≈ 2.5 % NaClO, and H2O), for 7 min. 

 

2.7 Generation of C. elegans mutant and double mutant strains  

 Generation of the crh-1 strain by CRISPR/Cas9. To create the strain harboring a point 

mutation in the crh-1 gene, clustered regularly interspaced short palindromic repeats (CRISPR) and 

CRISPR-associated protein 9 (Cas9) - CRISPR/Cas9 - technology was used [47], and the Custom Alt-R® 

CRISPR/Cas9 guide RNA tool (Integrated DNA Technologies, Coralville, IA, USA) to generate crh1(mnh4) 

CRISPR RNAs (crRNAs). crRNAs with high on-target efficiency and low off-target prediction scores, closest 

to target site, were chosen. To create a point mutation in the crh-1 gene, introducing a premature stop 

codon just before the bZIP (DNA binding) domain of this protein, one crRNA was designed 

(GAUUCAUCUUCACCGUGCA). A single-stranded oligodeoxynucleotide (ssODN) comprising flanking 

regions of the target site was used as a repair template 

(CAATGACGGGCGGCTCAATGCGAATGGGCGGTTGATCGCTGCACGGTGAAGATGAATCGAATCGAAAGCG). 

This template aimed at introducing a premature stop codon (p.P35X) by point mutating g.9618G>T in 

exon 5 of crh-1 gene (Y41C4A.4g.1, unspliced + UTR form = 10921 bp, was used to design the 

templates). An alteration in the PAM sequence was also introduced (g.9621C>T), which eliminates a 

restriction site of MspA1I enzyme in the WT, being useful for screening purposes. The injection was 

performed in WT worms, consisting of crRNA and ssODN crh-1 specific oligos and crRNA and ssODN 

repair template for dpy-10, used as a marker for the efficiency of Cas9 protein activity. crRNAs, ssODNs 

and EnGen® Cas9 NLS, S. pyogenes enzyme (New England BioLabs, Ipswich, MA, USA) composed the 

mixture injected in worms. First, the injection mixture was incubated for 15 min at 37 °C and injections 

of WT young adult worms were performed as previously described [48]. After the injection, animals were 

maintained at 25 °C and the progeny screened, 72 h later, for the roller phenotype. Non-roller animals 

were isolated, thus avoiding the dpy-10 mutation, and PCR was used to detect the crh-1 mutation in the 

following F2 generation. After Sanger sequencing verification, the crh-1 mutant strain generated harbored 

the following alterations: p.H37R and p.G38X, and an additional forty more nucleotides after the stop 

codon, followed by a substitution at g.9627C>G. Therefore, the stop codon was successfully introduced 

before the bZIP domain, although instead of a proline (P35) substitution, a glycine (P38) was substituted 

(p.P38X), predictably not impacting on the intended outcome - the expression of a truncated CRH-1 

protein without the DNA binding (bZIP) domain. 
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 PCR assay for crh-1 mutation detection. Worm lysis was achieved by placing 20 worms in 

20 μL of lysis buffer (50 mM KCl, 10 mM Tris-base pH = 8.3, 2.5 mM MgCl2, 0.45 % Nonidet P-40 

(IGEPAL), 0.45 % Tween 20, 0.01 % (w/v) gelatin) supplemented with 0.1 mg/mL of Proteinase K 

(20 mg/mL) before use. Worms where then placed at -80 °C for at least 30 min. After that, worms were 

heated at 65 °C for 1 h, followed by an inactivation of the Proteinase K at 95 °C for 15 min. For PCR, 

2 μL of the worm lysates were used with the Supreme NZYTaq II 2× Green Master Mix (Cat. No. 

MB36003, NZYTech - Genes & Enzymes, Lisbon, Portugal) and specific primers at a final concentration 

of 0.2 μM, according to the manufacturer’s guidelines (see Table 3.1.2 for primers description). Cycling 

parameters were adjusted in the following manner: initial denaturation at 98 °C for 2 min (1 cycle); 

denaturation at 98 °C, annealing at 52 °C and extension at 72 °C for 30 s during 35 cycles, and a final 

extension for 5 min at 72 °C. To confirm the presence of PCR products, 10 μL were run in a 1.5 % 

agarose electrophoresis gel. Then 10 μL of PCR product were digested, for 2 h at 37 °C, with 0.1 μL of 

MspA1I restriction enzyme (#R05775, New England BioLabs, Ipswich, MA, USA) in 2 μL of CutSmart® 

Buffer (#B72045, New England BioLabs, Ipswich, MA, USA), per reaction. Then the digestion product 

was run in an agarose electrophoresis gel, in the same conditions as above described, to allow the 

distinction between WT (two PCR bands of 256 and 198 bp), heterozygous (three PCR bands of 480, 

256 and 198 bp) and homozygous (one PCR band of 480 bp) crh-1 mutant animals. Additional 

confirmation of the genotype was done by Sanger sequencing.  

 

Table 3.1.2 Primers used for crh-1 mutation screening.  

Species Gene (Sequence) Forward primer (5’- 3’) Reverse primer (5’- 3’) 

C. elegans crh-1 (Y41C4A.4) TCGAAACCATTGTTTTTCCAA CCAAAAATTCCTTTTTCTTCCA 

 

 Double mutant generation. To create a crh-1 mutant in the mutant ATXN3 background, crh-1 

male worms were generated by heat shock treatment. For that, five NGM plates with five crh-1 L4 stage 

worms were incubated at 30 °C for 8 h, then returned at 20 °C. Three to four days after, the plates were 

screened for the presence of males. To generate the double mutant strain, thirteen crh-1 males and three 

L4 hermaphrodites of mutant ATXN3 strain (AT3q130) were placed in a seeded NGM plate, for two days 

at 15 °C. Then, hermaphrodite animals were isolated and placed back at 20 °C. From the progeny, three 

days later, three to five hermaphrodite fluorescent worms (indicative of the presence of YFP-labelled 

ATXN3 of AT3q130 animals) were isolated and left 72 h at 20 °C. After this period, twenty-four to 

thirty-two fluorescent worms were single-out and screened, by PCR, to evaluate the presence of crh-1 
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mutation. From the cross, WT animals for chr-1 mutation and the double mutants (harboring the crh-1 

mutation in mutant ATXN3 background) were obtained. All the strains used are described in Table 3.1.3.     

 

Table 3.1.3 C. elegans strains used in this study. *Strains specifically generated for the present work. 

ID number Strain name Genotype Observations 

N2 (Bristol) WT WT Obtained from CGC 

MAC037/ 

AM519 

ATXN3 WT 

(AT3q75) 
rmls237[Prgef-1::AT3v1-1q75::yfp]  

MAC001/ 

AM685 

ATXN3 mutant 

(AT3q130) 
rmls263[Prgef-1::AT3v1-1q130::yfp] II  

MAC389* 
chr-1 mutant  

(crh-1) 
crh-1(mnh4) III 

Alterations in crh-1 gene: p.H37R, 

p.G38X, by CRISPR/Cas9 (aa 

numbers in isoform g) 

MAC391* AT3Q130;crh-1 
rmls263[Prgef-1::AT3v1-1q130::yfp] II;  

crh-1(mnh4) III 

Resulting from the cross between 

MAC001 and MAC389 

MAC392* 

 

ATXN3 mutant 

(AT3Q130 crh-1 

WT) 

rmls263[Prgef-1::AT3v1-1q130::yfp] II 
Resulting from the cross between 

MAC001 and MAC389 

 

2.8 Chronic treatment of the nematodes with citalopram (drug assay) 

 The chronic treatment of C. elegans strains with citalopram was performed in liquid culture, in a 

96-well plate, as previously described [49]. Each well, with a final volume of 60 μL, contained an average 

of twenty-five N2 (WT), WT ATXN3 (AT3Q75), and chr-1 animals, and an average of forty mutant ATXN3 

(AT3q130) or double mutant (AT3q130;chr-1) animals, in egg stage, representing 15 μL of the final 

volume. The number of eggs used for the AT3q130 and AT3q130;crh-1 animals was higher because a 

lower number of eggs hatch after the hypochlorite treatment in these strains. Drugs were added (25 μL) 

at the appropriate concentration: 5 or 25 μM citalopram hydrobromide (CAS. No. 59729-32-7, 

Kemprotec, Cumbria, UK), all prepared in dimethyl sulfoxide (DMSO, D8418, Sigma-Aldrich, St. Louis, 

MO, USA) - drug vehicle. E. coli OP50 bacteria was added (20 μL) to a final OD595 of 0.9, measured in a 

microplate reader (NanoQuant Infinite M200 Microplate Reader, Tecan, Männedorf, Switzerland).  

 To obtain a population of synchronized worms, the alkaline hypochlorite solution method was 

used as described in section 2.6. Animals were washed in M9 buffer then resuspended in S-medium 

(S-Basal, 10 mM potassium citrate pH = 6, 10X trace metal solution, 3 mM CaCl2, 3 mM MgSO4), to 
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the appropriate egg number and transferred to the 96-well plate. The OP50 bacteria was grown in the 

conditions referred in section 2.6, pelleted by centrifugation (4000 × g, at 4 ºC, for 30 min) and finally 

inactivated by three cycles of freeze/thawing (in liquid nitrogen), and frozen at -80 °C until further use. 

Before the drug assay, the OP50 pellets were resuspended in S-medium supplemented with 

0.004 mg/mL cholesterol (C8667, Sigma-Aldrich, St. Louis, MO, USA), 0.5X penicillin-streptomycin 

(P4333, Sigma-Aldrich, St. Louis, MO, USA) and nystatin (N6261, Sigma-Aldrich, St. Louis, MO, USA). 

Worms were grown under continuous shaking at 180 rpm and at 20 °C (in a Shel Lab SI9R Orbital 

Shaking Incubator, Cornelius, OR, USA) for four days.    

 

2.9 C. elegans motility assay  

 Four-day-old animals coming from the drug assay were transferred onto unseeded NGM plates 

(equilibrated at 20 °C) and allowed to dry for 45 min before starting the assays. Motility assays were 

conducted at 20 °C as formerly reported [45, 50]. Simultaneously, about ten animals were placed in the 

center of a 1 cm diameter circle drawn in a seeded 35 mm NGM plate, equilibrated at 20 °C. Animals 

remaining inside the circle after 1 min were scored as locomotion defective. In each assay, a minimum 

of 50 animals were tested per condition. Since these behavior assays were run in triplicates or 

quadruplicates (n = 3 or 4) a total of at least 150 worms were assayed. The percentage of locomotion 

defective animals per condition was calculated by dividing the number of worms inside the circle after 1 

min by the total number of worms analyzed.   

 

2.10 Statistical analysis 

 The statistical analysis was performed using the IBM© SPSS® software, version 26 (IBM, 

Armonk, NY, USA) and graphical imaging developed using GraphPad Prism 8 software, version 8.0.1 

(GraphPad Software, San Diego, CA, USA). Normal distribution of continuous variables was evaluated 

with Kolmogorov-Smirnov or Shapiro-Wilk’s test (chosen according to the n value of the experiment 

analyzed). Homogeneity of variances between groups was confirmed by performing Levene’s test. 

Deviation from normality and homogeneity of variances was assumed when one of the above-mentioned 

tests showed a p ≤ 0.05. As previous assumptions were not met, non-parametric tests were performed: 

independent sample Kruskal-Wallis H test (Figure 3.1.4C) and independent sample Mann-Whitney U test 

(Figure 3.1.4D and E). Also, a bootstrap sampling with bias correction (BCa) was performed when 

previous assumptions were not verified, followed by a robust ANOVA (using R batch for SPSS) with 

Brown-Forsythe correction, due to sample size lower than 6 (Figure 3.1.7).   
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3. Results  

3.1 Transcriptomic analysis of mouse MJD model reveals alterations in serotonergic 

signaling  

After gathering observations that citalopram treatment has a beneficial effect on MJD animal 

models at behavior and neuropathological levels (as evidenced in chapter 2 of this thesis [32] and in 

previous reports [30, 51]), we wanted to further understand the MOA of citalopram and its impact in brain 

cells by determining which genes or cellular pathways were altered upon treatment. In this way, we 

performed a transcriptomic analysis in RNA extracted from the striatum of 34-week-old citalopram-treated 

and non-treated transgenic MJD mice (CMVMJD135). Although the striatum is not a major affected brain 

region in MJD, there are several pathological elements, including intranuclear inclusions, in MJD patients 

described in this area [52]. Furthermore, the striatum is involved in the control of movement and is 

composed by the caudate and putamen nuclei, described to be atrophic in MJD [53]. Importantly, this 

region communicates with other relevant brain areas, including the substantia nigra and global pallidus, 

also known to be affected in this disease [54]. Animals were treated chronically with citalopram or vehicle, 

and treatment was initiated at a pre-symptomatic age (5 weeks) lasting for 29 weeks. The overall gene 

expression profile among the groups analyzed in this experiment, WT vehicle (WT), CMVMJD135 vehicle 

(Tg) and CMVMJD135 citalopram-treated (Tg cit) is distinct (Figure 3.1.1).  

Different comparisons were studied, namely: WT versus transgenic MJD mice, to evaluate 

changes caused by the expression of mutant ATXN3 proteins; transgenic versus transgenic-treated mice, 

to determine the changes triggered by citalopram chronic treatment; and the comparison between WT 

and transgenic treated mice, to determine if any of the changes in gene expression were restored to WT 

levels by citalopram treatment. The differential gene expression analysis was based on fold changes 

(absolute log2 FC of at least 1) and p-value ≤ 0.05. Only 69 genes (45 up- and 24 downregulated) were 

found to be differentially expressed when comparing WT to transgenic mice, while this number was 

substantially larger upon citalopram chronic treatment, for which 489 up- and 682 downregulated genes 

were observed (Figure 3.1.2), revealing that citalopram treatment is producing considerable changes in 

gene expression of MJD animals.  
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Figure 3.1.1 Different mRNA expression profile between groups in the striatum of MJD mice. Each row 

represents the mean of count per millions (cpm) values, for a gene, in each group (n = 5 WT, 4 Tg and 3 Tg cit). The total of 

genes identified in the RNA-seq (15145) are represented (one row corresponds to one gene) and a relative color scheme is 

used in which the row minimum and maximum values are converted to colors. Heatmap generated from CLUE MORPHEUS 

[42].   

 

Using Ingenuity Pathway Analysis (IPA) software [41] several canonical pathways were found to 

be altered (Figure 3.1.3). In transgenic animals, transcriptomic alterations were observed in pathways 

related to hormones, the immune system, iron homeostasis, neuroprotection, responses to stress-related 

signals and serotonergic signaling (Figure 3.1.3A). Upon citalopram treatment a higher number of 

pathways were found to be altered. Among those, pathways related to DNA repair, G protein-coupled 

receptors, growth factors, mitochondria/cell death and vital signal transduction pathways were identified 

(Figure 3.1.3B).  
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Figure 3.1.2 Expression profile of CMVMJD135 transgenic (Tg) mice is altered upon citalopram treatment. 

A) Number of differentially expressed genes - DEGs (up- and downregulated) in each comparison group. An increase in these 

genes is observed upon citalopram treatment. B) WT vs Tg, C) Tg vs Tg cit, and D) WT vs Tg cit volcano plots of all genes 

identified in the RNA-seq, evidencing the altered expression of significant genes (decreased in green and increased in red). 
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Figure 3.1.3 Serotonergic signaling and other pathways alterations in transgenic mice and upon citalopram 

chronic treatment. A) Canonical pathways altered in WT versus transgenic CMVMJD135 mice (WT vs Tg) comparison. B) 

Canonical pathways altered in transgenic CMVMJD135 vehicle- and citalopram-treated mice (Tg vs Tg cit). Analysis conducted 

on IPA software [41].      
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As an SSRI, citalopram acts directly on serotonin neurotransmission and, notably, pathways 

related to this process were found altered in MJD and upon treatment: the serotonin receptor signaling 

and the G protein-coupled receptor signaling, respectively (Figure 3.1.3). Interestingly, a subset of genes 

(represented by the 10 common genes between WT vs Tg and Tg vs Tg cit comparisons, Figure 3.1.4A) 

altered in the disease and whose expression was restored to WT levels by citalopram upon chronic 

treatment (Figure 3.1.4B), included a serotonin receptor gene, the Htr1a (or 5-HT1AR, in human). 

Moreover, a decreased expression of the 5-HT2A receptor (5-HT2AR) was observed, but only upon citalopram 

treatment, contributing to the idea that this drug could trigger adaptive changes in serotonin brain 

signaling though modulation of specific 5-HT receptors. This is in accordance with the findings from the 

canonical pathway analysis, unveiling a possible citalopram-induced adaptation of this signaling in the 

brain at the molecular level. 

Validation of RNA-seq results for 5-HT1AR was also attempted in mouse samples by qRT-PCR, and 

our preliminary findings reproduced the results obtained in the transcriptomic analysis, although only to 

a certain extent (Figure 3.1.4C). We are currently validating these results in an independent group of MJD 

mice upon chronic citalopram treatment.    

To further investigate the clinical relevance of this receptor in the human disease, we determined 

expression levels of this receptor in the post-mortem brain tissue of healthy individuals and MJD patients. 

Although no statistical significance was observed, 5-HT1AR expression levels were found to be tendentially 

reduced in the striatum and cerebellum of MJD patients (Figure 3.1.4D and E, respectively). The reduced 

number of post-mortem brain tissue samples available and difficulties in RNA extraction due to tissue 

preservation conditions may have contributed to this.  

 

3.2 Alterations in genes associated to 5-HT1AR transduction pathways upon citalopram 

chronic treatment  

 Associated to the 5-HT1AR, some signal transduction pathways have been described, which can 

impact on several cellular responses [55]. Some early studies indicated that 5-HT1ARs were coupled to 

the inhibitory G proteins (Gαi/o) to inhibit adenylyl cyclase (AC) leading to the reduction in cAMP levels [56]. 

Other studies have shown a role for this G protein-coupled receptor in the regulation not only of the 

mitogen-activated protein kinases (MAPK), but also of the phosphoinositide 3-kinase (PI3K)-PKB/Akt 

pathway [57]. Although these signaling pathways typically induce post-translational modifications, it is 

possible that downstream changes in gene expression may also occur. To further explore the involvement 
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of downstream pathways of 5-HT1AR in citalopram’s MOA, we searched for genes encoding proteins 

belonging to those pathways, that were differentially expressed in our RNA-seq data.  

 

 

Figure 3.1.4 Serotonin receptor Htr1a /5-HT1AR gene expression is altered in CMVMJD135 mice and restored 

upon citalopram treatment. A) Venn diagram of the differentially expressed genes (DEGs) distribution across the different 

groups. B) Heatmap [42] showing the ten common genes between WT vs Tg and Tg vs Tg cit comparisons. All genes are 

downregulated (blue) in transgenic mice and upregulated (red) upon citalopram treatment, being restored to WT levels, since 

there are no alterations in the expression of those genes (grey) when WT is compared to transgenic treated animals (WT vs Tg 

cit). C) Validation of the Htr1a/5-HT1AR gene expression in the striatum of 34-week-old mice (n = 4 WT, 3 Tg, 3 Tg cit), by qRT-

PCR. Data presented as mean ± SEM, *p ≤ 0.05, **p ≤ 0.01, ***p < 0.001 (Kruskal-Wallis H test: H (2) = 5.185, p = 0.075; 

η2 = 0.454). mRNA expression of the Htr1a /5-HT1AR gene, determined by qRT-PCR, in the D) striatum (n = 4 CTRL, 3 MJD; 

mean ± SEM), Mann-Whitney U Test: U = 8.000, n1 = 4, n2 = 3, p = 0.629; η2 = 0.071 and E) cerebellum (n = 5 CTRL, 3 MJD, 

mean ± SEM), Mann-Whitney U Test: U = 8.000, n1 = 5, n2 = 3, p = 1.000; η2 = 0.003), of controls (CTRL) and MJD patients 

(MJD). Bar graphs represent fold changes of mRNA levels relatively to B2m/B2M gene used as an internal control.   
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A simplified representative scheme of 5-HT1AR transduction pathways (Figure 3.1.5) was made, 

highlighting the DEGs found in our analysis. Remarkably, changes in genes involved in all the 5-HT1AR 

transduction pathways were observed namely in the cAMP, the MAPK/extracellular‐signal activated 

kinase (ERK), and the PI3K-PKB/Akt pathways. Within the cAMP signaling pathway, a decrease in AC, 

cyclic nucleotide phosphodiesterase (PDE) and PKA-anchoring proteins (AKAPs) expression upon 

citalopram treatment was verified. In the MAPK/ERK pathway, an increase in small guanosine 

triphosphate-(GTP)ase RAF was observed in WT vs Tg citalopram-treated comparison. Increased 

expression of vaccinia-related kinase 2 (VRK2) and differential expression of protein phosphatases 

1 (PP1)-related molecules was also observed in our dataset, upon treatment. A decrease in ribosomal 

protein S6 kinase A5 (RPS6KA5/MSK1) and in ETS Proto-Oncogene 1 (ETS1) transcription factor was 

also seen. In the PI3K-PKB/Akt pathway, a decreased expression of PI3K and 

3’-phosphoinositide-dependent kinase (PDK) was found. Also, possibly linked to this pathway as side 

target of the PI3K-PKB/Akt pathway, cyclin dependent kinase inhibitor 1A (CDKN1A) and caspase 3 (this 

last one only in WT vs Tg cit) were found to have increased and decreased expression upon treatment, 

respectively. Besides that, some voltage-dependent calcium channels (VDCCs) were found to be altered 

upon treatment and an increase in protein kinase c (PKC) was also observed, but this last one only 

between WT vs Tg cit (Figure 3.1.5). With the exception of the 5-HT1AR, which was found to be 

downregulated in Tg mice, most of the changes observed corresponded to the effect of citalopram chronic 

treatment, since the DEGs are found in the Tg vs Tg cit and WT vs Tg cit comparisons; this last comparison 

being suggestive of putative alterations caused by citalopram treatment, independently of the pathology, 

in the cases where differential expression is not observed in the WT vs Tg and Tg vs Tg cit comparisons 

(perhaps due to high variability in gene counts of Tg animals). This will require additional validation. These 

observations may not be sufficient to conclude on the relevance of one pathway over the other, as there 

is a strong interplay/crosstalk between them, however our analysis suggested possible downstream 

transcription factors of relevance for this mechanism. Of note, there is convergence of these transduction 

signal pathways towards the cAMP-response element binding protein (CREB), the expression of some 

genes encoding proteins of its basal transcriptional complex being altered (namely E1A binding protein 

p300 (p300) and RNA Polymerase II (RNA Pol-II)), supporting a possible role of this transcription factor 

in this process. Additionally, alterations in RPS6KA5/MSK1 expression could also point to the involvement 

of CREB, since this transcription factor is an RPS6KA5/MSK1 substrate [58]. Overall, the observed 

molecular changes, suggest that the 5-HT1AR and its downstream signaling cascades could indeed be 

important for the neuroprotective role of citalopram in MJD.  
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Figure 3.1.5 Citalopram-induced molecular alterations in the 5-HT1AR transduction signaling pathways in MJD 

transgenic mice. Schematic representation of the serotonin 5-HT1A receptor (5-HT1AR/HTR1A and SER-4 in 

C. elegans)-dependent signaling in cells, with the altered expression of some genes based on mouse RNA-seq data. 5-HT1AR 

primarily couples to heterotrimeric guanosine triphosphate (GTP)-binding protein (G protein) Gi/o and its activation function to 

inhibit adenylyl cyclase (AC), consequently altering signaling through the cyclic adenosine 3’,5’-monophosphate (cAMP) 
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pathway. Two other main pathways are described to be 5-HT1AR signaling pathways: the mitogen-activated protein kinase 

(MAPK)/extracellular‐signal activated kinase (ERK), and the phosphoinositide 3-kinase (PI3K)-PKB/Akt pathways. As depicted, 

the mRNA expression of several molecules of those signaling pathways were found to be differentially expressed. A convergence 

of these main pathways towards transcription factors (TFs) is noted, namely the cAMP pathway binding protein (CREB), for 

which changes within its basal transcriptional machinery components, such as in E1A binding protein p300 (p300) and RNA 

Polymerase II (RNA Pol-II), are observed. In addition, 5-HT1AR can also influence G protein-coupled inwardly rectifying potassium 

(GIRK) channels, increasing potassium (K+) extracellularly. Alterations in voltage-dependent calcium channels (VDCCs) were 

also found, and 5-HT1AR activation is known to lead to increased calcium (Ca2+) levels. Activation of phospholipase C (PLC) is 

also mediated by 5-HT1ARs. 5HT - serotonin; PDE - cyclic nucleotide phosphodiesterase; AMP - adenosine monophosphate; 

PKA - protein kinase A; AKAP - PKA-anchoring protein; RAS - family of small GTP binding proteins; RAF - serine/threonine 

kinase; MEK1/2 - mitogen-activated protein kinase 1/2; ERK1/2 - extracellular signal-regulated kinase 1/2; RSK - ribosomal 

s6 kinase; MSK1/2 - mitogen- and stress-activated kinases 1/2; ETS - ETS-domain family of transcription factor; PKC - protein 

kinase C; PDK - 3’-phosphoinositide-dependent kinase; AKT - protein kinase B; CDKN1A - cyclin dependent kinase inhibitor 

1A; GSK3 - glycogen synthase kinase 3; NF-ĸB - nuclear factor kappa B; FOXO - forkhead box O transcription factors. Image 

constructed using the free Smart SERVIER medical art database [59]. 

 

3.3 Possible role of CREB transcriptional program in citalopram-mediated suppression of 

ATXN3-mediated pathogenesis  

The 5-HT1AR transduction pathways are multiple and a lot of players are known to be involved. 

One example is the activation of the of the transcription factor CREB. This widely studied transcription 

factor has been known for its role in depression, stress and anxiety [60]. Interestingly, CREB is a substrate 

for a wide range of cellular kinases including PKA [61], protein kinase RSK [62], AKT [63] and MSK1[64], 

which are effectors of 5-HT1A R-mediated downstream signaling (Figure 3.1.5). Moreover, CREB is essential 

for a multitude of cellular processes, impacting on several tissues, including the nervous system [65], by 

regulating transcription of its target genes. Therefore, we hypothesized that if citalopram was regulating 

the 5-HT1AR and somehow activating its downstream pathways, CREB could also be an important player 

in the suppression of mutant ATXN3-mediated proteotoxicity in MJD animal models upon citalopram 

treatment.   

In order to test this, we first determined if CREB targets previously described in the literature were 

represented in our transcriptomic analysis. Several reports used different strategies to identify possible 

CREB targets: some more based on genome-wide/bioinformatic approaches [66, 67], others based on 

stimulating cells with compounds known to induce this transcription factor [68, 69], and also the 

combination of both approaches [70]. By merging the data retrieved from these studies, we identified 

4522 genes as possible CREB targets. From this list, 85 % were identified in our RNA-seq data, 
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representing ≈ 26 % of the total of genes detected in our transcriptomic analysis (Figure 3.1.6A). 

Regarding the total number of DEGs detected in our study, approximately 20 % were CREB targets (Figure 

3.1.6B), suggesting no enrichment in this category of genes. Moreover, when looking further into the 

different comparisons, 10 % of the genes with altered expression in transgenic mice compared to WT 

were putative target genes of this transcription factor, a number that increases up to 18 % upon citalopram 

treatment (Figure 3.1.6C and D, respectively), suggesting that citalopram could be modulating the action 

of this factor by activating a subset of its target genes. Nevertheless, we must be careful in this 

interpretation since the total number of genes in each comparison analyzed is very different. 

 

 

Figure 3.1.6 Presence of CREB target genes in the mouse striatum transcriptomic analysis. Percentage of 

possible CREB target genes found in A) the RNA-seq total data, B) the differentially expressed genes (DEGs), C) altered in the 

transgenic mice (WT vs Tg) and D) altered upon citalopram treatment (WT vs Tg cit). 

 

The function of the genes whose transcription is CREB-dependent can be diverse. Table 3.1.4 

lists the ten top up- and downregulated genes with higher fold changes, in the comparisons of interest, 

classified as possible CREB targets based on our literature search. Note that only seven CREB target 

genes were found in the WT vs Tg comparison, while 211 were found in transgenic treated animals (Tg 

vs Tg cit comparison). In the literature, the existent view is that CREB functions as an effector of 

5-HT1AR-mediated signaling. For instance, it has been shown that 5-HT1AR activation in the hippocampus 
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Table 3.1.4 List of a subset of CREB target genes found in the transcriptomic analysis. Based on the most altered 

expression in each comparison of interest (Log2 fold change (FC)).   

Comparison Effect Gene symbol  Description Log2 FC 

WT vs Tg 

Up 

A430005L14Rik RIKEN cDNA A430005L14 gene 1.31 

Csrp2 Cysteine and glycine-rich protein 2 1.21 

Ptrh1 Peptidyl-tRNA hydrolase 1 homolog 1.06 

Down 

Htr1a 5-hydroxytryptamine (serotonin) receptor 1A -1.37 

Pdzd7 PDZ domain containing 7 -1.30 

Spag4 Sperm associated antigen 4 -1.11 

Cfap161 Cilia and flagella associated protein 161 -1.14 

Tg vs Tg cit 

Up 

Wdr86 WD repeat domain 86 3.44 

Ngb Neuroglobin 2.91 

Amd2 S-adenosylmethionine decarboxylase 2 2.90 

Greb1 Gene regulated by estrogen in breast cancer protein 2.78 

Cebpd CCAAT/enhancer binding protein (C/EBP), delta 2.76 

Cartpt CART prepropeptide 2.70 

Nr2f2 Nuclear receptor subfamily 2, group F, member 2 2.47 

Cck Cholecystokinin 2.35 

Rbm47 RNA binding motif protein 47 2.32 

Tomm6 
Translocase of outer mitochondrial membrane 6 homolog 

(yeast) 
2.25 

Down 

Ttc29 Tetratricopeptide repeat domain 29 -8.26 

Slc39a5 Solute carrier family 39 (metal ion transporter), member 5 -7.42 

Atrip ATR interacting protein -7.20 

Ankfn1 Ankyrin-repeat and fibronectin type III domain containing 1 -4.57 

Oprm1 Opioid receptor, mu 1 -3.59 

Exo1 Exonuclease 1 -3.16 

Fzd3 Frizzled class receptor 3 -3.07 

Inhba Inhibin beta-A -2.78 

Dbf4 DBF4 zinc finger -2.69 

Gucy1a2 Guanylate cyclase 1, soluble, alpha 2 -2.58 

 

upregulates levels of phosphorylated CREB [71]. Interestingly, the 5-HT1AR  /Htr1a gene itself is among 

the potential CREB targets found in our analysis (being referred in only one study, which reports a 
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“comprehensive definition of transcription factor binding sites in a metazoan species” based on 

forskolin-treated PC12 cells and CREB binding sites near or within annotated genes [70]). This raises the 

possibility that CREB could also regulate 5-HT1AR   transcription in specific conditions, although, from our 

knowledge, this has not been demonstrated yet. 

Among the DEGs, the Csrp2 gene, altered in transgenic animals, is a member of the cysteine-rich 

protein (CSRP) family, encoding a group of LIM domain proteins, and it was described as important for 

development and cellular growth and differentiation. In addition, it has been shown that CSRP2 is 

regulated by heat shock factor 1 (HSF1) and could hypothetically play a role in the modulation of protein 

aggregation [72]. Other CREB target genes in this list could have relevant functions in the context of MJD. 

TheTtc29 gene, encoding a conserved axonemal dynein protein [73], belongs to a family of proteins 

harboring a tetratricopeptide repeat (TPR) domain, which are crucial for the function of the molecular 

chaperone heat shock protein 90 (Hsp90) [74]. Tomm6 encoding a translocase of the outer mitochondrial 

membrane and part of the TOM complex, could play a role in stress situations and could be implicated 

in the activation of responses such as the unfolded protein response of the mitochondria (UPRmt) [75]. 

Although it seems that we did not find an effective enrichment of CREB targets in the DEGs in comparison 

to the total CREB targets detected in our RNA-seq experiment, a subset of genes activated by CREB could 

be crucial for the therapeutic efficacy of citalopram in animal models of MJD.  

To test whether CREB transcription is essential for the MOA of citalopram in vivo, a C. elegans 

strain bearing a null mutation in the CREB gene, crh-1(mnh4), was generated using the CRISPR/Cas9 

technology, and then crossed with animals expressing mutant ATXN3 proteins in the C. elegans nervous 

system (the AT3q130 model). By combining compound treatment with genetic ablation of CREB/crh-1, 

results showed that although crh-1 mutation per se does not affect the phenotype of the transgenic 

worms, citalopram loses its effect on locomotor behavior when crh-1 is mutated in ATXN3 worms (Figure 

3.1.7), suggesting that this drug is, at least partially, dependent on CREB to improve the locomotion of 

ATXN3 animals. Further experiments will be needed to confirm these preliminary results.  
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Figure 3.1.7 Citalopram is dependent on CREB/CRH-1 transcription factor to improve motility on ATXN3 

animals. Citalopram (5 and 25 μM) is able to improve to locomotor behavior of AT3Q130 worms but this effect is lost when 

crh-1 is mutated in ATXN3 worms (AT3Q130;crh-1). Represented is mean ± SEM (n = 4), *P ≤ 0.05, **P ≤ 0.01, ***P < 0.001 

comparing drug treatment with vehicle, and #P ≤ 0.05, ##P ≤ 0.01, ###P ≤ 0.001 comparing strain effect within the same drug 

treatment (Factorial ANOVA with Brown-Forsythe correction): F (13, 22.527) = 18.018, P < 0.001, ω2p = 0.858). 

cit - citalopram; DMSO - dimethyl sulfoxide.  

 

4. Discussion  

 In this study, we aimed at understanding the MOA of citalopram in the context of ATXN3 

pathogenesis, going beyond the already described inhibition of the SERT transporter and the consequently 

increased levels of 5-HT at the synaptic cleft, induced by SSRI antidepressants. We took advantage of 

MJD animal models developed in our lab, the CMVMJD135 mouse model and the AT3q130 C. elegans 

model, to perform transcriptomic analysis, and validate candidate target genes, respectively. This work 

has contributed to uncover novel actors in the pathology of MJD, one of several polyglutamine disorders, 

contributing to a better understanding of the disease and possibly paving the way to the modification in 

the actual treatment for this group of pathologies. 

 The need for treatments for neurogenerative disorders is at its pinnacle, since those impose an 

enormous medical and social burden as the number of patients with these diagnoses constantly increases 

worldwide [76]. In this panorama, the repurposing of drugs has become an attractive strategy for finding 

new medicines, that benefited from previous investments while making the transition into clinical activities 

less risky and in a shorter timeline [77]. Citalopram is used for the treatment of depression, to prevent 
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relapses [78], but also used to treat other psychiatric conditions such as, anxiety [79], panic perturbations 

(with or without agoraphobia) [80] or even obsessive-compulsive disorder (OCD) [81]. Patients with 

neurodegenerative diseases are often prescribed antidepressants for their depressive state [29], so it is 

important to clarify how antidepressants exert the neuroprotective effects that have been associated to 

their administration [16-28]. The canonical mechanism of action of SSRIs is based on SERT transporter 

blockade in pre-synaptic neurons, which impairs the reuptake of 5-HT from the synaptic cleft, thus 

increasing its concentration in this local. So, how does a single mode of action explain the clinical 

improvements in distinct pathologies? First, we must take into account that 5-HT is the most widely 

distributed neurotransmitter in the brain [82, 83] and that the serotonergic system arises from nine raphe 

nuclei (B1-B9) that cluster 5-HT producing neurons. Some of those neurons, from the rostral (medial and 

dorsal) raphe, project axons primarily to the forebrain innervating virtually all regions (hypothalamus, 

amygdala, thalamus, striatum, frontal cortex, hippocampus) and others, from the caudal raphe nuclei, 

project mainly to the spinal cord and cerebellum [84]. Consequently, it is easy to think that acting on the 

serotonergic system will impact on a variety of organismal functions. In addition, there are seven 5-HT 

receptor classes (5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6, 5-HT7), further divided in at least 14 different 

5-HT receptors [85]. While all 5-HT receptor subtypes display a post-synaptic location on 5-HT target cells, 

others are also found in 5-HT neurons: 5-HT1A [86] and 5-HT1B/D [87]. In MJD, some studies have been 

conducted involving SSRIs and/or the modulation of the 5-HT1AR. A unique study using the SSRI fluoxetine 

was conducted in MJD patients, as an open-label study. No significant improvement was observed in 

motor function, after 6 weeks of treatment. Note that only 13 patients were used (current natural history 

of disease studies suggesting much larger numbers are required to detect effects), and the study was 

quite short, whereas we previously reported that a prolonged chronic treatment with SSRIs (in different 

animal models) was essential to improve neurological dysfunction with increased efficacy [30, 32]. 

Buspirone, a 5-HT1AR partial agonist, was also tested in patients with cerebellar ataxia (including MJD), in 

an open-label study, showing significant improvements in clinical self-assessment scores, but with no 

improvements in motor performance [88]. The same compound was used for the treatment of the same 

type of patients, this time in a double-blind drug placebo study, confirming that buspirone is active in 

patients with cerebellar atrophy, the effect being partial and not clinically major [89]. A case report 

describing buspirone treatment in MJD was published in 1997, highlighting a significant improvement in 

gait after treatment [90]. Tandospirone, another 5-HT1AR partial agonist, was also described to improve 

cerebellar ataxia in MJD patients [91, 92]. Moreover, recent work from our lab revealed that a highly 

specific and potent 5-HT1AR agonist, befiradol, can rescue neuronal dysfunction and reduce ATXN3 
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aggregation in the AT3q130 C. elegans model [93]. Here, we show that the expression of the 5-HT1AR is 

decreased and reverted upon citalopram treatment in the striatum of the CMVMJD135 mouse model, in 

accordance with a possible imbalance of the serotonergic system in ataxia. These observations are aligned 

with the “serotonergic hypothesis” for cerebellar ataxia, evidenced by Trouillas [94], stating that 

serotonergic deficits might be involved in the etiology of some cases of cerebellar ataxia. To our 

knowledge, this is the first description of a decreased expression of this receptor in MJD, needing therefore 

independent validation. Moreover, the effect of citalopram in MJD could be the result of the activation of 

post-synaptic 5-HT1AR and of its associated-transduction pathways in target neurons, possibly leading to 

the modulation of CREB, as suggested by our results. 

Different signaling pathways have been described for 5-HT1A receptors, evidence also pointing to 

differences in signaling between 5-HT1A auto- and hetero-receptors. In the serotonergic raphe nucleus, 

5-HT1A autoreceptors are preferentially coupled to Gi3 proteins, while heteroreceptors in the hippocampus 

are preferentially coupled to Gαi or Gαo [95, 96]. The agonist binding to the heteroreceptor primarily 

functions to inhibit adenylyl cyclase (AC), through Gαi or Gαo, decreasing cAMP levels and PKA activity 

[97]. In fact, we observed a decrease in AC mRNA expression in the striatum of MJD mice treated with 

citalopram, supporting the hypothesis that the effects that we detected are heteroreceptor dependent. 

However, no alterations were observed regarding cAMP or PKA mRNA levels, just a downregulation in the 

mRNA levels of one of the phosphodiesterase (PDE) proteins, responsible for the hydrolysis of cAMP 

(Figure 3.1.5). The 5-HT1AR also affects the MAPK/ERK pathway, particularly ERK, whose phosphorylation 

in neurons activates receptors and ion channels, altering gene expression and neuroplasticity [98]. The 

5-HT1AR was first reported to activate this pathway in non-neuronal cells expressing this receptor [99]. Our 

results also indicated an alteration in the expression of some players in this pathway according to what 

was previously described (Figure 3.1.5). Another pathway that is known to be activated by 5-HT1AR is the 

PI3K-PKB/Akt pathway. The heterologous expression of 5-HT1ARs increased Akt phosphorylation, being 

sensitive to Gi/o and mediated by PI3K [100]. Once more, components of this pathway showed altered 

expression in our data set. As previously mentioned, several kinases belonging to each one of these 

pathways can phosphorylate CREB and thus activate it (reviewed in [101]), therefore citalopram 

modulation of serotonergic signaling might, through 5-HT1AR, regulate this transcription factor. Indeed, 

there is a broad understanding that antidepressant chronic treatment stimulates CREB function [102-

104], despite some conflicting results that have been published [105]. In the nervous system, CREB is a 

transcription factor that has a complex role in diverse processes ranging from neurodevelopment, 

learning, memory and synaptic plasticity to neuroprotection (reviewed in [65, 106]). It was first identified 
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as a target of the cAMP signaling pathway, although other studies pointed that it can be targeted by other 

signaling pathways, activated by a wide range of stimuli (about 300, reviewed in [107]). Activation of 

CREB is dependent of phosphorylation at serine 133 (ser-133) residue, allowing the recruitment of the 

transcriptional coactivators CREB-binding protein (CBP) and its paralogue p300, thus enhancing its 

activity. This enrollment of CBP is proposed to mediate the activation of target genes through histone 

acetyltransferase activity and by association with RNA polymerase II (RNA-poll-II) complexes [108, 109]. 

Interestingly, these proteins (p300 and RNA-pol-II) showed altered mRNA expression in our data upon 

citalopram treatment, adding evidence towards a possible CREB involvement in citalopram-mediated 

action. Even though phosphorylation of ser-133 is generally accepted to be a decisive event in the 

regulation of CREB-mediated transcription, several other modifications can influence this process. 

Phosphorylation at different residues [110, 111], ubiquitylation [112], acetylation [113], glycosylation 

[114] have been reported to produce such CREB regulation. Also, the newly discovered serotonylation 

mechanism [115], could possibly play a role in CREB activity modulation, in this context, although nothing 

has been described in that way yet. Having this in mind, we found a relevant number of CREB targets in 

our analysis (Figure 3.1.6), and this could be reflecting the complex regulation of this transcription factor 

triggered by citalopram. Furthermore, supporting the role of CREB in citalopram action, we found that its 

proper function was necessary for the therapeutic effects of this drug in mutant ATXN3 worms (Figure 

3.1.7).  

On the other hand, if we think about polyQ diseases as a whole, transcription dysregulation has 

been proposed as a potential mechanism for their pathology. In fact, the interaction between expanded 

polyQ stretches with a coactivator of CREB - TAFII130, was observed and suppressed CREB-dependent 

transcriptional activation [116], representing a possible pathogenic process. Additionally, in MJD, the 

interaction of normal and expanded ATXN3 with p300 and PCAF (Kat2b) was observed, leading to the 

inhibition of the transcription mediated by these coactivators [117]. Moreover, a transcriptional 

dysregulation was also described in SCA3 mice expressing polyQ-expanded ATXN3, decreasing mRNA 

expression levels of proteins involved in the MAPK pathway, heat shock proteins and transcription factors 

involved in neuronal survival and differentiation, among others [118]. Therefore, it is possible that a 

transcriptional dysregulation mediated by a deficient 5-HT signaling, in MJD, could contribute to 

pathology. In this way, the beneficial impact of citalopram on locomotor behavior and neuropathology of 

MJD animal models could be the result, at least in part, of reverting CREB-mediated anormal transcription 

by enhancing 5-HT signaling. 
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5. Conclusion 

 Although the serotonin system has been shown to be relevant in ataxia disorders, the precise 

mechanism(s) associated to this involvement remains elusive. Here we propose, for the first time, that a 

dysregulation of the serotonergic signaling through the 5-HT1AR could be a determinant feature in MJD 

and that antidepressant treatment with citalopram could help restoring this imbalance. This could be 

achieved through the modulation of 5-HT1AR downstream signaling pathways, culminating in the regulation 

of transcription factors such as CREB, as suggested by our results. This study further supports citalopram 

as a disease-modifying therapeutic approach for MJD and perhaps for related neurodegenerative 

disorders. 

 

Final considerations  

 To complete the initial observations presented in this chapter, more experiments are necessary 

to support our hypothesis, namely to:  

- Quantify the mRNA expression of the 5-HT1AR in an independent cohort of animals (male and/or female 

mice, in the striatum and other brain regions relevant for the disease); 

- Evaluate the activation state (phosphorylation, augmented expression) of key factors in each of the 

5-HT1AR transduction signaling pathways to clarify their importance for the MOA of citalopram; 

- Determine CREB activation (phosphorylation state) in treated and non-treated transgenic MJD mice;  

- Verify the impact of CREB mutation on ATXN3 aggregation and survival of the C. elegans AT3Q130;crh-1 

double mutant. 
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Abstract 

 The operational health of the proteome is ensured by a complex set of molecular players and 

integrated responses that constitute the protein quality control (PQC) network. The PQC network is a 

flexible system that participates in development, aging and responds to several environmental and cellular 

stresses. 

Misfolding and protein function alterations triggered by genetic causes is at the base of 

polyglutamine disorders, that include spinocerebellar ataxia type 3 (SCA3) or Machado-Joseph disease 

(MJD), for which there is no disease-modifying treatment. Previously, we reported that citalopram, a 

selective serotonin reuptake inhibitor (SSRI), could be effectively repurposed for this disorder. Chronic 

pre-symptomatic treatment of MJD transgenic mice improved mutant ataxin-3 (ATXN3)-mediated 

pathogenesis, involving a drastic reduction in ATXN3 protein aggregation.  

Here, we postulate that the improved motor coordination/balance and the suppression of ATXN3 

proteotoxicity observed in MJD animal models, upon modulation of the serotonergic signaling by 

citalopram, is obtained through an enhancement and/or adaptation of the proteostasis capacity. Thus, 

by making use of transcriptomic analysis (RNA-sequencing) data, previously collected from the striatum 

of citalopram-treated and non-treated mice, and by constructing a database of described components of 

the PQC network, we searched for mutant ATXN3 and citalopram-mediated alterations in the expression 

of genes belonging to PQC mechanisms.  

 Our results showed no striking alterations in the PQC machinery in MJD transgenic mice at 

baseline. In contrast, citalopram treatment elicited several changes in the expression of PQC genes, 

mostly related to folding and conformational maintenance, and to the degradation modules of the PQC 

network. Interestingly, citalopram also led to an increase in players of the antioxidant response. Moreover, 

some of the changes observed in proteostasis might be triggered by the transcription factor 

cAMP-response element binding protein (CREB), an effector of the serotonin receptor 5-HT1A (5-HT1AR) 

transduction pathways, since several of the observed changes in the components of the PQC in cells are 

CREB targets.  

 Altogether, these results support the idea that the mechanism of action of citalopram could 

involve the modulation of the PQC machinery, boosting neuronal proteostasis capacity and, through this, 

be effective in counteracting MJD.     
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1. Introduction 

 Polyglutamine (polyQ) diseases are a group of nine inherited, late-onset and fatal 

neurodegenerative disorders caused by the expansion of the cytosine-adenosine-guanine (CAG) repeat, 

which is then translated into an atypically extended glutamine tract in the disease-associated protein [1]. 

Machado-Joseph disease (MJD) or spinocerebellar ataxia type 3 (SCA3) is a dominantly inherited 

polyQ disorder and the most common form of dominant spinocerebellar ataxia worldwide [2, 3]. Although 

all polyQ conditions have specific clinical symptomatology and pathology, the genes responsible for these 

diseases have no homology except for the polyQ domain itself, suggesting a possible shared pathological 

mechanism. It is believed that this particular domain highly promotes the toxic properties of the proteins 

[4]. The fact that functionally unrelated genes harbor polyQ expansions is a convincing indicator of a toxic 

gain-of-function of these proteins. A common assumed toxic gain-of-function mechanism involves 

disease-associated protein misfolding, the formation of toxic intermediate oligomeric species and 

deposition into aggregates, that may contribute to neuronal dysfunction and eventually cell death [5]. The 

aggregation process of these proteins causes an impairment in the cellular protein homeostasis, which 

also declines with aging further exacerbating cellular damage. Besides misfolding of the protein and 

consequent altered function, other hypotheses have been postulated to explain polyQ disease 

pathogenesis, such as (i) the abnormal protein interactions induced by the mutant protein; (ii) altered 

mitochondrial function; (iii) deregulated calcium homeostasis; (iv) defective DNA repair; and (v) defective 

axonal transport [6, 7].  

In 2008, Balch and collaborators introduced the term proteostasis referring to the dynamic 

regulation of protein biogenesis, folding/conformation, trafficking and degradation, which constitutes the 

protein quality control (PQC) network, leading to a balanced and functional proteome [8]. Dysregulation 

of protein maintenance/stability seems to be a central process in polyQ disorders, including MJD. The 

expansion of the polyQ tract in proteins provokes a change in their conformation and increases 

aggregation propensity [9]. Additionally, the toxicity inherent to polyQ expansions is thought to be linked 

to the aberrant association of PQC components and other metastable proteins with these aggregates. For 

instance, in MJD, molecular chaperones, components of the ubiquitin-proteasome system (UPS) and 

transcription regulators are found sequestered into these aggregates, forming big neuronal inclusions [10-

13]. This could strongly influence the proteostasis state of cells with this type of deposits. Beyond that, 

ATXN3 misfolding can directly have an impact on one of the PQC branches - degradation - because of its 

role, in the UPS, as a deubiquitylating enzyme [14-16]. Studies have proposed that ATXN3 helps in the 

proteasomal degradation of ubiquitylated proteins, by processing polyubiquitin chains of certain 
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substrates preceding digestion [17] and, in opposition, also protects others from degradation [18-20]. It 

is not surprising at all that clinical trials, for treating MJD, have been carried by intervention on 

mechanisms related to the PQC. Trehalose, which has been initially described as a chemical chaperone 

[21], with the ability to inhibit aggregation [22], alleviating motor symptoms and aggregation in MJD 

mouse models [23], but then shown to be implicated in autophagy mechanism [24], is being tested in 

MJD patients [25]. Also, nilotinib, another autophagy enhancer showed promising results in patients with 

chronic cerebellar ataxia [26].  

Interestingly, serotonergic signaling appears to play an important role in cellular processes aiming 

at fixing protein damage and keeping homeostasis. Studies conducted in Caenorhabditis elegans 

(C. elegans) demonstrated that the simple activation of serotonergic neurons, with resulting serotonin 

(5-HT) release, is sufficient to lead to the activation of different responses in the worm peripheral tissues. 

This included the activation of the heat shock factor 1 (HSF1), which upregulates heat shock proteins 

(HSPs) - molecular chaperones - suppressing protein misfolding and aggregation [27]. Another study has 

reported that aggregation-prone proteins, in C. elegans neurons, are able to bind to mitochondria, 

triggering the unfolded protein response of the mitochondria (UPRmt), in intestine cells, and that 5-HT 

release from neurons is essential for this response, allowing signal propagation [28].  

Undeniably, the modulation of serotonergic signaling could be beneficial for protein conformation 

disorders. In previous work, we described citalopram, an antidepressant belonging to the selective 

serotonin reuptake inhibitor (SSRI) category, that enhances serotonin signaling, as a potential therapeutic 

approach for MJD [29, 30]. Improvements were observed in motor behavior and suppression of mutant 

ataxin-3 (ATXN3) aggregation was achieved in MJD animal models, indicating that 5-HT recapture 

inhibition modulates proteotoxicity. Still, the exact downstream process by which this occurs remains to 

be clarified. Several lines of evidence suggest that antidepressants have neuroprotective effects 

associated to protein homeostasis responses. Zschocke and colleagues demonstrated that 

antidepressants, including citalopram, induce autophagy in astrocytes and neurons [31]. Moreover, SSRIs 

have been shown to alter the expression of HSPs [32], to induce the expression of the anti-oxidative 

enzyme heme oxygenase-1 (HO-1) [33] and to lessen endoplasmic reticulum (ER) stress via induction of 

the molecular chaperone sigma-1 receptor (Sig-1R) [34]. Unpublished results from our lab also pointed 

towards a citalopram-mediated induction of proteostasis-associated responses in C. elegans. Citalopram 

treatment of green fluorescent protein (GFP)-based reporter strains of the UPRmit and of the antioxidant 

response (strains harboring hsp-60p::gfp [35] and gcs-1p::gfp [36] transgenes, respectively), induced 

these responses, although in a mild way, at least for the antioxidant response (Teixeira-Castro, A. et al., 
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in preparation). Furthermore, when citalopram chronic treatment was applied to a dynamin-1 temperature 

sensitive mutant (dyn-1(ts)) [37], that displays normal protein conformation and locomotion at 20 °C and 

becomes unfolded, leading to a paralysis phenotype, when animals are shifted to a 28 °C environment, 

led to a suppression of the paralysis phenotype. Altogether, these observations suggest that citalopram 

could be acting through an overall promotion of cellular protein homeostasis by maintaining and/or 

restoring normal protein conformation and triggering responses that promote cell optimal function and 

survival.  

In this study, we hypothesized that the suppression of proteotoxicity, by modulation of the 5-HT 

signaling, could be achieved through an improvement of the proteostasis capacity, by eliciting specific 

proteostasis subnetworks. We made use of a transcriptomic analysis performed in the striatum of 

CMVMJD135 mice, treated and non-treated with citalopram, to search for potential changes in the PQC 

mechanisms upon treatment with this drug. Some alterations in the expression of genes belonging to the 

core PQC mechanisms and accessory pathways were found upon citalopram treatment. A substantial 

increase in the expression of protein degradation pathway-encoding genes, followed by lesser alterations 

in genes of folding/conformational maintenance were observed upon citalopram chronic treatment. 

Differentially expressed degradation genes included ubiquitin-specific proteins, voltage-gated channels, 

and cell death-related proteins. In the folding/conformation maintenance category, chaperones were 

present, including tetratricopeptide repeat (TPR) domain proteins that were highly represented. When 

auxiliary PQC signaling and stress pathways were assessed, the antioxidant response was the one with 

most differentially expressed genes upon SSRI treatment. These results further contribute to unveil 

citalopram-dependent molecular alterations that might underlie its efficacy in improving mutant 

ATXN3-mediated phenotypes.  

 

2. Materials and methods  

2.1 Transcriptomic data    

The transcriptomic data used in the study was obtained by RNA-sequencing (RNA-seq) of the 

striatum of the CMVMJD135 mouse model, as previously described (see chapter 3.1 of the present thesis, 

section 2.1 to 2.2, for detailed information and protocols used for mice generation, maintenance, 

treatment administration, and retrieving of tissues). In brief, total RNA extracted from the striatum of 

34-week-old male mice, with a mean ± standard deviation (SD) of the CAG repeat size of 128 ± 5, treated 

pre-symptomatically and chronically with citalopram hydrobromide CAS 59729-32-7 (Lundbeck, 

Copenhagen, Denmark), at 8 mg/kg/day in drinking water, was used. The treatment was initiated at 5 
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weeks of age and administered for 29 weeks. RNA-seq was performed in wild-type (WT), transgenic (Tg) 

and transgenic-citalopram treated (Tg cit) littermate mice (n = 5 per group). The RNA-seq protocol and 

analysis details are given in chapter 3.1, section 2.3 and 2.4. Gene expression was obtained for each 

group (n = 5 WT, n = 4 Tg and n = 3 Tg cit) and differential expression in all possible different comparisons 

was analyzed: WT versus (vs) Tg; Tg vs Tg cit and WT vs Tg cit. Absolute log2 fold change (FC) of at least 

1 (i.e., double or half the expression strength) and p-value ≤ 0.05 were considered for differentially 

expressed genes (DEGs).  

 

2.2 Transcriptomic data analysis: protein quality control (PQC) network 

 To determine alterations in the expression of genes belonging to the PQC machinery in our data, 

we first gathered a list of genes which were previously described to be part of this network. The list was 

organized into three core modules: protein synthesis, folding/conformational maintenance, and 

degradation.  

 The construction of the PQC core module gene list was based on the review work of Klaips, 

Javaraj and Hartl, where several data sources are cited for each module of the PQC network (synthesis, 

folding and degradation), including the number of components they found in each one [38]. To retrieve 

genes belonging to the synthesis part of the PQC they described the use of the Harmonizome database, 

which is an online “collection of processed datasets gathered aiming at serve and mine knowledge about 

genes and proteins” [39]. This database was used to obtain a list of synthesis-associated genes. Since 

no description was made in Klaips et al. article on how the search was conducted in the database, we 

opted to use the keywords “ribosome” and “eukaryotic translation” to obtain a list of synthesis-associated 

genes. A total of 310 genes were obtained compared to the 279 referred in Klaips et al, 2017. The 

folding/conformational maintenance genes were based on the reports of Brehme et al. [40], representing 

the human chaperome, and Tebbenkamp and colleagues [41], who performed an analysis of the 

chaperome in the adult mouse brain, in 2014 and 2010, respectively. Only Brehme et al. was referred 

in the article by Klaips et al. A list of 414 folding/conformational maintenance-related genes was obtained, 

compared to the 322 mentioned in Klaips et al. work. The genes in the protein degradation category were 

based on the combined analysis of the following articles: García-Prat et al., 2016 [42], Li et al., 2008 

[43], Nijman et al., 2005 [44] and Sowa et al., 2009 [45] (all listed in Klaips et al.). A list of 1407 

degradation-relevant genes was obtained, compared to the 1383 total genes reported in Klaips et al. 

Genes belonging to cellular compartment-specific stress responses accessory to the PQC, such as the 

unfolded protein response (UPR), the heat shock response (HSR) and the antioxidant response, were 
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based on García-Prat et al., 2016 report [42]. Eighty-four genes composed each of the UPR and HSR 

lists, while 113 genes composed the antioxidant response gene list.   

Whenever the gene identification (ID) reported in the source articles used was not from mouse, 

it was converted into Mus musculus species gene symbol and Ensembl ID to allow comparison with the 

RNA-seq dataset, using either the Database for Annotation, Visualization and Integrated Discovery (DAVID) 

version 6.8 [46, 47], more specifically the Gene ID conversion tool, or BioMart [48] from Ensembl 

database [49]. Next, mouse ID converted lists obtained were manually curated for the presence of 

unconverted genes and, if so, a manual search in Ensembl database was carried to find any existing 

homologue for this specific gene, since automatic conversion tools might not be updated so often. After 

this revision, final PQC components lists were obtained: 94, 414 and 1407 genes composed the list of 

the synthesis, the folding/conformational maintenance, and the degradation PQC modules, respectively. 

Final gene lists of the PQC network were then compared with each one of the RNA-seq lists of DEGs. 

 

3. Results 

3.1 Gene expression changes of components of the core of the PQC network in MJD mice 

and upon citalopram treatment  

 Our previous (published and unpublished) experimental work suggested that citalopram 

treatment, as an SSRI, could mediate its positive effects on protein conformational disorders, namely in 

MJD, through its action on protein and cellular homeostasis. Reduction of ATXN3 aggregation and 

induction of transcriptional responses, such as the UPRmit, upon citalopram chronic treatment, supported 

this hypothesis.  

The objective of this study was to investigate if changes in the mRNA expression of PQC players 

could be associated to the therapeutic effects of citalopram chronic administration in transgenic mice. 

For that, we constructed a list of PQC components based on literature reports. A total of 1875 genes 

were found in the literature search. These were further divided into three major core categories: protein 

synthesis (94 genes), folding and conformational maintenance (414 genes) and degradation (1407 

genes). In comparison to what is described on Klaips et al. [38], the principal source used for the 

elaboration of the core PQC lists, 94 vs 279 genes were found in the synthesis module, while 414 vs 332 

were found in the folding/conformational maintenance module, and 1407 vs 1388 in the degradation 

module. Aside from the synthesis module, the numbers are relatively equivalent to what is generally 

referred in the literature (consisting in a total of ≈ 2000 components that act to maintain cellular 

proteostasis). The smaller number of genes gathered in the synthesis list can be explained by the absence 
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of an exact methodology description used in Klaips et al. to be followed in the present work, that might 

be reflected by different keywords used in the Harmonizome database, for instance. Also, the fact that all 

the genes retrieved were then converted into Mus musculus orthologs for RNA-seq comparison purposes 

might introduce slight variations in the number of genes listed. From the total list of PQC core pathway 

genes, 10.7 % were detected in our RNA-seq analysis (Figure 3.2.1A) and 8.1 % had altered expression 

(Figure 3.2.1B). From these differentially expressed genes (DEGs), the majority belonged to the 

degradation (6.4 %), and also to the folding/conformational maintenance (1.76 %) branches of the PQC 

network (Figure 3.2.1B). Specifically, in CMVMJD135 transgenic mice compared to WT, 4.35 % of the 

genes with altered expression encoded PQC components (Figure 3.2.1C), a number that doubled up to 

8.28 % when transgenic treated and non-treated animals were analyzed (Figure 3.2.1D). As observed for 

the global analysis, a higher number of components of the degradation pathways, followed by the 

folding/conformational maintenance category, were found in the transgenic versus transgenic-treated 

mice.  

Focusing on the synthesis part of the PQC network, no genes were found to be altered in the 

transgenic mice at baseline, and only two genes were downregulated upon citalopram treatment: Urb1, 

URB1 ribosome biogenesis 1 homolog, and Eif2ak2, eukaryotic translation initiation factor 2-alpha kinase 

2 (Table 3.2.1).  

In the folding and conformational maintenance module of the PQC network, one gene was altered 

in the transgenic mice (Ptgds, prostaglandin D2 synthase) when compared to WT animals, while nineteen 

were differentially expressed upon citalopram treatment (Table 3.2.1). Interestingly, this gene encodes a 

protein (also known as L-PGDS or β-trace protein) proposed to be a major amyloid β-chaperone in the 

CSF [50], as well as playing a role as a disaggregase of Aβ pre-formed fibrils [51]. Some of the genes 

found to be altered upon treatment, in this category, are well known molecular chaperones and 

cochaperones, generally associated with the folding of proteins, with potential impact on important cellular 

processes [52]. Interestingly, several proteins harboring a tetratricopeptide repeat (TPR) domain [53] 

were also differentially expressed, up- or downregulated upon treatment. TPR domain-containing proteins 

are described to bind to the heat shock proteins Hsp90 and Hsp70, allowing them to function as 

chaperones [54]. Some of the TPR domain-containing genes found showed high expression changes, 

such as Ttc29, indicating that these might be tightly influenced by treatment administration. Although not 

much has been reported about these TPR domain-containing genes, displayed in Table 3.2.1, TTC29 has 

been proposed to play a role as a dynein-associated protein, important for cellular transport, namely along 
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axonemes [55]. This suggest that a set of functions accomplished by TPR proteins could be triggered 

and/or enhanced by citalopram, in the context of MJD.  

In the last category of the PQC network analyzed - degradation - a total of two genes showed 

altered expression (downregulation) in transgenic mice at baseline, while treatment with citalopram 

induced alterations in 76 genes within this category (some of these genes are listed in Table 3.2.1). 

Remarkably, the serotonin receptor Htr1a/5-HT1AR is categorized as a degradation gene of the PQC 

machinery, which is in line with the description of its role as an autophagy inducer in retinal pigment 

epithelium [56] and in lung adenocarcinomas cell lines [57]. The protein degradation-relevant genes 

altered upon citalopram treatment in transgenic mice are various and include genes encoding for 

ubiquitin-specific proteins, voltage-gated channels, transmembrane proteins, and Bcl-2-related proteins 

(see Table 3.2.1). This is indicative that citalopram treatment could perhaps shape the cellular 

environment by activating several genes implicated in degradation and alleviating protein aggregation 

burden. Further studies are required to conclude more about this matter.    

Overall, a modest percentage of PQC genes had altered expression in the transcriptomic data 

and the results suggest that, perhaps counter-intuitively, no major changes in cellular proteostasis 

mechanisms are contributing/associated to ATXN3 pathogenesis. Instead, a consistently higher number 

of these genes are found to be differentially expressed upon citalopram administration, supporting the 

idea that the mode of action of citalopram may include modulation of proteostasis. 
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Figure 3.2.1 Components of the degradation branch of the protein quality control (PQC) network show altered 

expression in the striatum of MJD transgenic mice, mostly upon citalopram treatment. Percentage (%) of PQC 

components in A) the total RNA-seq data, B) the total of differentially expressed genes (DEGs) and the DEGs of C) Wild-type 

(WT) vs Transgenic (Tg) and D) Tg vs Tg-citalopram (cit)-treated mice, with information for each PQC core categories (synthesis, 

folding/conformational maintenance, and degradation). 
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Table 3.2.1 List of a subset of the DEGs found in the different PQC core categories, according to each 

comparison analyzed. Only the ten most up- or downregulated genes (in red and green, respectively) are shown in each 

comparison, listed in decreasing order of fold change (Log2 FC). DEGs - differentially expressed genes; PQC - protein quality 

control. 

PQC branch Comparison Gene Description Log2 FC 
CREB 

target? 

Synthesis Tg vs Tg cit 

Eif2ak2 
Eukaryotic translation initiation factor 

2-alpha kinase 2 
-1.73 No 

Urb1 
URB1 ribosome biogenesis 1 

homolog (S. Cerevisiae) 
-1.04 No 

Folding and 

conformational 

maintenance 

WT vs Tg Ptgds Prostaglandin D2 synthase (brain) 1.00 No 

Tg vs Tg cit 

Txnrd3 Thioredoxin reductase 3 1.78 Yes 

Ttc9b Tetratricopeptide repeat domain 9B 1.26 No 

Hsf4 Heat shock transcription factor 4 1.09 Yes 

Hspbp1 
HSPA (heat shock 70kda) binding 

protein, cytoplasmic cochaperone 1 
1.08 Yes 

Rapsn 
Receptor-associated protein of the 

synapse 
1.08 No 

Ttc29 Tetratricopeptide repeat domain 29 -8.26 Yes 

Crybg3 
Beta-gamma crystallin domain 

containing 3 
-5.50 No 

Ttc21a Tetratricopeptide repeat domain 21A -2.18 No 

Lrp2bp Lrp2 binding protein -1.95 No 

Dnajc25 
Dnaj heat shock protein family 

(Hsp40) member C25 
-1.54 No 

Ttc12 Tetratricopeptide repeat domain 12 -1.45 No 

Atad2 
Atpase family, AAA domain containing 

2 
-1.39 Yes 

Atad5 
Atpase family, AAA domain containing 

5 
-1.31 No 

Uty 

Ubiquitously transcribed 

tetratricopeptide repeat gene, Y 

chromosome 

-1.26 No 

Kdm6a Lysine (K)-specific demethylase 6A -1.20 Yes 

Degradation WT vs Tg Daw1 
Dynein assembly factor with WDR 

repeat domains 1 
-2.33 No 
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Degradation 

 Htr1a 
5-hydroxytryptamine (serotonin) 

receptor 1A 
-1.37 Yes 

Tg vs Tg cit 

Usp50 Ubiquitin specific peptidase 50 3.39 No 

Kcns3 

Potassium voltage-gated channel, 

delayed-rectifier, subfamily S, 

member 3 

3.23 No 

Ubc Ubiquitin C 1.95 Yes 

Kcnc4 
Potassium voltage gated channel, 

Shaw-related subfamily, member 4 
1.90 No 

Cebpb 
CCAAT/enhancer binding protein 

(C/EBP), beta 
1.76 Yes 

Bok BCL2-related ovarian killer 1.63 Yes 

Trim47 Tripartite motif-containing 47 1.54 Yes 

Htr1a 
5-hydroxytryptamine (serotonin) 

receptor 1A 
1.49 Yes 

Fbxo36 F-box protein 36 1.23 Yes 

Anapc11 
Anaphase promoting complex subunit 

11 
1.17 Yes 

Kcna3 
Potassium voltage-gated channel, 

shaker-related subfamily, member 3 
-8.82 No 

Tmem74 Transmembrane protein 74 -8.23 No 

Rad51 RAD51 recombinase -3.45 No 

Kctd16 
Potassium channel tetramerisation 

domain containing 16 
-2.39 No 

Vps13c Vacuolar protein sorting 13C -2.35 No 

Btbd7 BTB (POZ) domain containing 7 -2.17 No 

Sntb2 Syntrophin, basic 2 -2.09 Yes 

Klhl3 Kelch-like 3 -2.00 No 

Muc1 Mucin 1, transmembrane -1.88 No 

Klhl11 Kelch-like 11 -1.73 No 
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3.2 Gene expression changes of stress responses auxiliary to the PQC network in MJD mice 

and upon citalopram treatment  

PQC is an integrated system also consisting of accessory signaling and stress pathways, including 

the UPR [58], the heat shock response (HSR) [59] and the oxidative stress pathway [60], among others. 

Based on the data provided by García-Prat and colleagues, in 2016 [42], we analyzed citalopram impact 

in the expression of genes related to the UPR, the HSR and the antioxidant response in the CMVMJD135 

mouse model treated chronically with citalopram.  

The HSR and UPR gene lists were composed by 84 genes each and the antioxidant response list 

contained 113 genes. From these lists, six UPR, five HSR and 24 antioxidant response genes were found 

among the total of the RNA-seq DEGs, independently of the comparison (supplementary Table S3.2.1). 

Thus, the antioxidant response pathway is the most represented pathway in the transcriptomic data.  

 Regarding the HSR, no genes were altered in the transgenic mice at baseline, but one gene, 

Hsf4 (heat shock transcription factor 4), that was upregulated upon treatment (Table 3.2.2).  

Although no alterations were found in the transgenic mice regarding the UPR, two genes had 

altered expression after citalopram treatment: Cebpb (CCAAT/enhancer binding protein (C/EBP), beta) 

gene was upregulated and a downregulation of Edem3 (ER degradation enhancer, mannosidase alpha-like 

3) gene was observed (Table 3.2.2).  

The antioxidant response had one gene expression alteration in the transgenic mice at baseline: 

Krt1 (keratin 1). Keratins are also found in the brain [61, 62] and increased expression of Krt1 was found 

in tissues of Keap1 KO mice (an inhibitor of the Nrf2 activity, which regulates the expression of antioxidant 

proteins) and during keratinocyte differentiation, so this gene might be activated by Nrf2 transcription 

factor as part of its-mediated signaling pathways [63, 64]. Six genes were differentially expressed upon 

citalopram chronic treatment: Sod3 (superoxide dismutase 3), Sesn3 (sestrin 3), Mt1 (metallothionein 

1), Ngb (neuroglobin), Gpx3 (glutathione peroxidase 3) and Txnrd3 (thioredoxin reductase 3) as displayed 

in Table 3.2.2.  
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Table 3.2.2 List of the DEGs found in the different PQC accessory pathways, according to each comparison 

analyzed. Up- or downregulated genes (in red and green, respectively) are shown in each comparison, listed in decreasing 

order of fold change (Log2 FC). DEGs - differentially expressed genes; PQC - protein quality control; HSR - heat shock response. 

UPR - unfolded protein response.  

PQC 

pathway 
Comparison Gene Description 

Fold Change 

(Log2 FC) 

CREB 

target? 

HSR Tg vs Tg cit Hsf4 Heat shock transcription factor 4 1.09 Yes 

UPR Tg vs Tg cit 

Cebpb 
CCAAT/enhancer binding protein (C/EBP), 

beta 
1.76 Yes 

Edem3 
ER degradation enhancer, mannosidase 

alpha-like 3 
-1.00 No 

Antioxidant 

response 

WT vs Tg Krt1 Keratin 1 1.15 No 

Tg vs Tg cit 

Gpx3 Glutathione peroxidase 3 3.38 No 

Ngb Neuroglobin 2.91 Yes 

Txnrd3 Thioredoxin reductase 3 1.78 Yes 

Mt1 Metallothionein 1 1.02 Yes 

Sod3 Superoxide dismutase 3, extracellular 1.00 No 

Sesn3 Sestrin 3 -1.61 No 

 

Even though only slight changes were observed in PQC accessory stress response pathways in 

our CMVMJD135 mice transcriptomic data, these could be a window to understanding the type of 

responses induced by citalopram chronic treatment. In this way, some of the beneficial effects observed 

after this SSRI chronic treatment, in MJD animal models, could be explained by the modulation of 

pathways like these, that act in response to certain cellular triggers (temperature, misfolded proteins, 

aggregation, for instance). Alterations in the antioxidant response, namely in glutathione peroxidase Gpx3, 

which displays a high fold change, could be linked to modifications observed in MJD patients, whose 

antioxidant capacity is decreased [65, 66]. This diminished antioxidant capacity in patients is reflected 

by decreased levels of glutathione peroxidase and superoxide dismutase enzymes [65, 66], expression 

of which was found to be upregulated upon citalopram treatment in our RNA-seq dataset (Gpx3 and Sod3, 

Table 3.2.2). Hence, citalopram seems to be acting in one of the described toxicity-mediating mechanisms 

of MJD which is mitochondrial impairment and oxidative stress. Regarding the HSR, the upregulated 

expression of Hsf4 in treated MJD mice, could be indicative of a response normally triggered by exposure 

of cells and tissues to extreme conditions that cause acute and/or chronic stress. Expression of Hsf4 is 

primarily related to eye tissues, but it is also expressed in the brain, skeletal muscle and pancreas [67], 
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and associated to the expression of small heat shock proteins named crystallins, which maintain protein 

stability [68]. Finally, UPR-related mechanisms might also contribute to citalopram mechanism of action, 

since upon treatment a couple of genes within this pathway had altered expression (Cebpb and Edem, 

Table 3.2.2). Cebpb encodes a transcription factor which activation is induced upon ER stress, fitting with 

the description that ATXN3 interacts with players of the ER‐associated degradation (ERAD) system (like 

valosin-containing protein - VCP/P97 [69]), and that, consequently, mutant ATXN3 leads to deficient ER 

function, promoting ER stress. Regarding Edem3, the protein it encodes was reported to accelerate the 

degradation, through ERAD, of misfolded glycoproteins [70]. Although this gene is downregulated upon 

treatment (Table 3.2.2), our observation suggests that citalopram can modulate this type of PQC auxiliary 

responses.  

 

3.3 Involvement of CREB transcription program in citalopram-induced alterations of the 

PQC machinery 

 Serotonergic signaling modulation by citalopram, in the context of MJD, could require the cAMP 

response element-binding protein - CREB - transcription factor to mediate its protective effects (as 

explored in the chapter 3.1 of this thesis). As CREB is involved in the transcription of target genes with a 

multitude of functions, we asked whether a subset of the PQC altered genes, found in the transcriptomic 

analysis, were putative targets of this transcription factor. For this, we compared PQC genes with altered 

expression with the list of CREB target genes described in chapter 3.1.  

 When analyzing the synthesis module of the PQC network, none of the genes in this category 

were CREB targets (see Table 3.2.1). In the folding/conformational maintenance category, six genes were 

found to be CREB targets, all of them with differences in expression upon citalopram treatment. Regarding 

degradation, one gene differentially expressed in the transgenic mice (Htr1a/5-HT1AR) was found to be a 

CREB target. The 5-HT1AR has been described as a CREB target only in one of the research article used 

in the elaboration of our CREB target list, possibly due to the comprehensive methodology used in this 

work [71]. From our knowledge, no descriptions of CREB being able to directly alter the transcription of 

this receptor were reported and further research is therefore needed to clarify this point. Twenty-eight 

genes, among the 76 protein degradation-related genes altered upon citalopram treatment, were 

classified as targets of CREB. Additionally, when auxiliary stress responses of the PQC were analyzed, 

some CREB targets were also found. In the HSR, Hsf4 was described as a target of CREB. In the UPR, 

the Cebpb gene and, involved in the antioxidant response, the Mt1, Ngb and Txnrd3 genes were 
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categorized as targets of the CREB transcription factor. A summary of these observations is shown in 

Table 3.2.3.  

 Considering the results presented, it seems that CREB might not be a decisive factor in 

ATXN3-mediated pathogenesis, but could play a role, at least partially, in citalopram-mediated changes 

in proteostasis. No changes in CREB targets belonging to the different PQC mechanisms were observed 

in transgenic mice at baseline, except for the degradation branch, in which one of the two genes with 

altered expression is targeted by this transcription factor. On the other hand, in treated transgenic mice 

at least 30 % of the DEGs in each PQC category and/or pathway, except for synthesis, were CREB targets. 

Folding and conformational maintenance as well as degradation might therefore assume a higher 

relevance in the MOA of this drug, since a greater number of genes are changed in those categories (32 

and 37 %, respectively, as displayed in Table 3.2.3). Moreover, this suggest that CREB could be implicated 

in the modulation of protein homeostasis responses and further supports its role as an agent in the 

mechanism of action of citalopram.  

 

Table 3.2.3 Proportion of PQC components that are also CREB targets in the mouse transcriptomic analysis. 

PQC - protein quality control. DEGs - differentially expressed genes.  

 WT vs Tg Tg vs Tg cit 

 DEGs CREB targets CREB targets (%) DEGs CEB targets CREB targets (%) 

Synthesis 0 0 0 2 0 0 

Folding and 

conformational 

maintenance 

1 0 0 19 6 32 

Degradation 2 1 50 76 28 37 

HSR 0 0 0 1 1 100 

UPR 0 0 0 2 1 50 

Antioxidant 

response 
1 0 0 6 3 50 

 

 

 

 

 

 

Comparison 

PN branch 
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4. Discussion  

 Little is known about how antidepressant activity impacts on cellular proteostasis. In this study, 

we aimed at unveiling citalopram’s effect on the PQC machinery, in the context of the neurodegenerative 

disorder MJD. Although this study is mostly exploratory, since the analyses described were only based on 

transcriptomic data and not further validated at the mRNA or protein level, it strengthened previous 

observations on the modulation of the PQC network by this SSRI and perhaps on its contribution to the 

offsetting of MJD animal models’ phenotypes. Additionally, it gave us some clues about specific PQC 

mechanisms that could be triggered by treatment.  

 Many inherited neurodegenerative disorders, as MJD, are caused by mutations in the sequence 

of a polypeptide chain. Mutations like these contribute to protein instability, misfolding and ultimately to 

disease. In this context, PQC system assumes a critical role assuring proteome equilibrium. Notably, PQC 

machinery is dynamically regulated by multiple signaling pathways [72], and in response to a wide range 

of signals, such as genetic changes, environmental stress and aging [73-75].  

In this study, although, unexpectedly, no major alterations were observed in the disease context 

alone, it is possible that the modulation of specific players can be important. Also, we must not forget 

that the starting point for the analysis is one specific time point and a very particular region of the brain, 

which perhaps could display a different protein state than other brain regions, namely in terms of 

misfolding and aggregation. Indeed, CMVMJD135 animals do not show big mutant ATXN3 aggregation in 

the striatum, at least the ones detected by immunohistochemistry analysis. The presence of smaller 

oligomeric species still needs further investigation. This point should be clarified in future analysis to 

better interpret the present results.  

Previously, it was shown that although modulating PQC responses, like the HSR, had a beneficial 

effect on aggregation and motor phenotype of a HD mouse model, this effect was transient and decreased 

along with disease progression, despite an increase in aggregate load over time [76]. So, the simple 

presence of polyQ protein aggregates apparently fails to constitutively activate stress responses. This was 

explained by a change in chromatin structure (hypoacetylation of tetra-acetylated histone H4) which 

reduced heat shock factor 1 (HSF1) binding [76]. In MJD, ATXN3 is known to modulate histone acetylation 

and deacetylation at specific promoters. Indeed, normal and pathological forms of ATXN3 were described 

to bind to histone H4 [77]. Moreover, mutant ATXN3 was shown to cause hypoacetylation of histones H3 

and H4 [78], which suggest that HSR and other similar responses might be activated with increasing 

difficulty as the disease progresses. Still, some expression changes were observed in transgenic mice 

and the alteration in one or few specific players of core PQC mechanisms could be important in the 
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context of the disease. An alteration in the folding/conformational maintenance category was observed 

with a prostaglandin D2 synthase gene, Ptgds. This gene has been proposed as a potential biomarker for 

Parkinson’s disease (PD) due to its upregulation in patients [79]. It catalyzes the conversion of 

prostaglandin H2 (PGH2) to prostaglandin D2 (PGD2), which is known to play a role in sleep [80], smooth 

muscle contraction/relaxation [81] and to inhibit platelet aggregation [82]. Very interestingly, PTGDS, also 

known as L-PGDS or β-trace protein, is proposed to be a major amyloid β-chaperone in human 

cerebrospinal fluid (CSF) [50]. Moreover, recently, a role as disaggregase of Aβ pre-formed fibrils has 

been proposed for this protein [51]. The upregulation of the gene in our data might be consistent with 

this disaggregase role.   

 In the degradation module, two genes were altered in the transgenic mice: Daw1 and Htr1a. The 

first, a dynein assembly factor, has been shown to support normal ciliary movement by favoring delivery 

of dynein complexes to axonemal microtubules [83, 84]. Curiously, dynein motor machinery plays a role 

in autophagy and aggregation, since microtubule disruption inhibits autophagosome-lysosome fusion 

[85], and dynein mutations harm autophagic clearance of aggregation-prone proteins [86]. Somehow, a 

subtle dysfunction in the degradation process, more specifically in autophagy could exist in our 

CMVMJD135 model as it has been proposed by others [87], even though our observations with the 

autophagy inducing drugs lithium and CCI-779 suggest that the ability to activate this process is preserved 

in this model [88, 89]. Regarding Htr1a/5-HT1A R, it has been demonstrated that the activation of this 

receptor can lead to autophagy in tumor cells [57]. Therefore, it is possible that the Htr1a/5-HT1AR 

downregulation observed in our mice model could contribute for a dysfunction of this degradation process.  

 Interestingly, when we addressed the effect of citalopram on the PQC core machinery in MJD, we 

observed that the expression of a high number of genes was driven (Table 3.2.1), particularly in the 

folding/conformational maintenance and degradation modules of the PQC network. Nonetheless, two 

genes in the synthesis branch are downregulated in the transgenic mice upon citalopram treatment: 

Eif2ak2 and Urb1. The Eukaryotic Translation Initiation Factor 2 Alpha Kinase 2 (Eif2ak2 or PKR) 

phosphorylates eIF2a and decreases translation activity in mammals [90]. In Alzheimer’s (AD), 

Parkinson’s (PD) and Huntington’s diseases (HD), it has been implicated in mediating an ER 

stress-induced process of cell death [91, 92], so the downregulation of this gene by citalopram treatment 

could be protective. To the best of our knowledge, nothing has been described about the Urb1 gene, 

which encodes a ribosome assembly factor, in the context of neurodegenerative diseases, but its action 

is reported to occur downstream of mTOR complex 1, to regulate ribosome biogenesis and protein 

synthesis [93], and it has been described to contribute to cancer cell proliferation [94, 95].  



Chapter 3.2 - Exploring the modulation of protein homeostasis by citalopram chronic treatment in a MJD mouse model 
 

192 

In the folding/conformational maintenance module, several groups of genes were altered. 

Noticeable was the presence of molecular chaperones, defined as any protein that interacts with and 

helps in the folding/assembly of another without remaining in its final structure [96]. Interestingly, 

citalopram seems to upregulate the Hspbp1 gene, encoding a co-chaperone that regulates protein 

degradation by inhibiting the ubiquitin ligase activity of the C-terminus of Hsp70-interacting protein (CHIP) 

and so abolishes chaperone-assisted protein degradation [97]. Also, it has been reported that Hspbp1 

regulates the formation of stress granules [98]. A possible modulation of the heat shock response is 

suggested by the increased expression of Hsf4 observed, a gene that is highly cell-type specific and 

associated with the expression of crystallins [68, 99]. Highly represented are proteins with a 

tetratricopeptide repeat (TPR) domain [53], some up- and others downregulated. For instance, this 

domain is essential for the binding to the heat shock proteins Hsp90 and Hsp70 for them to function as 

molecular chaperones [54, 100, 101]. Therefore, we could suspect a role in this way for TPR proteins 

found in our analysis. However, not much is described about the TPR proteins listed in Table 3.2.1, so 

future experiments should be performed to address this. Some studies reported that they might play a 

role as dynein chaperones to help in the stabilization of microfilaments [55, 102], be important in ciliary 

pathologies [103] and also play a role in cancer [104] or even psychiatric disorders [105]. Intriguingly, 

ATXN3 is known to be required for cytoskeletal organization of neuronal cells [19] and, very recently, also 

proved to be important for regulation of ciliogenesis and ciliary retrograde transport in the retina [106]. 

So, we might envisage that citalopram modulation of genes related to these processes might contribute 

to restore some cellular equilibrium due to ATXN3 impaired function and consequent accumulation into 

aggregates.  

Among, the degradation genes altered upon treatment, we found genes related to ubiquitin, as 

Usp50 or Ubc, which were upregulated. The protein quality control and clearance systems, such as the 

UPS or the ER-associated protein degradation (ERAD), are essential in the context of conformational 

disorders [107]. Enhancement of degradation by citalopram could be possible by a hypothetical 

improvement of polyubiquitylation (upregulation of Ubc) or activation of Ups50 (a deubiquitylating 

enzyme) that could potentially counteract ERAD deficiency by ATXN3 dysfunction [69, 108], although the 

function of Usp50 has not been extensively characterized yet. Several potassium voltage-gated channels 

also seem to be modulated by citalopram treatment. Indeed, studies have indicated that there is a 

potassium channel dysfunction in models of MJD [109, 110], so citalopram might act in favor of the 

regulation of these channels to restore existing defects in the disease. The presence of Bok (Bcl-2 related 

ovarian killer), a pro-apoptotic factor, among the genes differentially expressed upon citalopram chronic 
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treatment, might indicate a role for this compound in the induction of apoptosis, as it has already been 

demonstrated [111].  

 The effect of SSRI treatment on PQC auxiliary pathways is also interesting (Table 3.2.2). A 

significant regulation in the antioxidant response seems to happen following citalopram treatment, since 

a higher number of genes were found to be altered. This is not at all indicative of a minor relevance of 

the other pathways, since we were looking at a specific point in time, after a long chronic treatment. The 

responses elicited in the beginning of the drug administration might differ a little from the ones prevailing 

at the end.  

 The antioxidant response provides organisms with an effective line of defense against 

environmental insults and stressors, namely oxidative stress [112]. It has been suggested that mutant 

ATXN3 contributes to a decrease in antioxidant capacity and increased oxidative stress susceptibility, 

ultimately leading to neuronal cell death in MJD. This occurs through ATNX3 regulation of FOXO4 pathway 

via the superoxide dismutase 2 (SOD2), which is disturbed upon expression of the mutant protein [113]. 

Additionally, other studies have reported an increase in mitochondrial DNA damage, activation of 

apoptotic pathways, as well as a reduction in antioxidant enzyme activity [114-116]. In fact, a decreased 

antioxidant capacity was observed in MJD patients, resultant of increased ROS generation and decreased 

levels of superoxide dismutase and glutathione peroxidase [65], along with a reduction in thiol levels 

(glutathione and thioredoxins) and higher levels of DNA damage [66]. Citalopram treatment seemed to 

be able to revert this reduction in antioxidant activity by increasing the expression of some of these 

enzymes (superoxide dismutase, glutathione peroxidase and thioredoxin reductase - see Table 3.2.2). 

Undeniably, therapeutic strategies that were shown to modulate the antioxidant response, in animal 

models of MJD, have had a positive effect on motor function [117, 118]. In this way, the modulation of 

the serotonergic signaling by this SSRI and its positive effects on the motor function and pathology of MJD 

models, previously observed in our lab, could be, in part, a result of its capacity to act on the antioxidant 

response.  

 Modulation of the UPR by citalopram in MJD context happens, although to a lesser extent than 

for other PQC accessory responses. ATXN3 protein may also contribute for an impaired UPR [119] and 

ERAD mechanism. Interestingly, citalopram altered the expression of Edem3, a gene described as being 

able to accelerate the degradation of misfolded glycoproteins, through ERAD [70]. Although this particular 

gene was downregulated, upregulation of Cebpb gene might indicate an activation of the UPR [120]. On 

the other hand, a very specific type of HSR could possibly be modulated through citalopram chronic 

treatment by upregulation of Hsf4 gene. As above mentioned, its expression is usually cell-type specific, 
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but it was also found in the brain, and could be both an activator or repressor of heat shock genes by 

alternative splicing, although more often associated to the repression of heat shock genes expression [67, 

121]. Transcriptomic analysis alone is not sufficient to infer on the exact status of the HSR but is a strong 

indication it is being modulated by citalopram. About these results, we must not disregard that 

uncontrolled activation of the HSR might be detrimental since it could elicit cellular dysfunction in certain 

neurodegenerative conditions [122].     

 As evidenced in chapter 3.1 of this thesis, we hypothesized that citalopram action, in MJD, might 

involve the restoration of the expression of the 5-HT1A serotonin receptor, its downstream transduction 

pathways and a final effector of those, the CREB transcription factor. We thought that if this were to be 

true, and CREB was to be playing a significant role in the mechanism of action of citalopram in MJD, 

some molecules involved in responses triggered by citalopram, as the ones associated to the PQC 

network, would be CREB targets. Effectively, some genes involved in the PQC machinery are CREB 

targets, as evidenced in the results (Table 3.2.3), which gives some support to our hypothesis. 

Furthermore, CREB involvement in proteostasis processes have already been described [123, 124]. 

However, more experimental evidence needs to be gathered to assure the veracity of our assumptions. 

 

5. Conclusions  

 The disruption of protein cellular dynamics is a well-established feature in polyQ disorders, namely 

MJD. In this study we show that serotonergic signaling modulation, through the SSRI citalopram, can alter 

the expression of several genes related to the PQC network, with higher impact on a subset related to 

protein degradation pathways and, to a lesser extent, on protein folding/conformational 

maintenance-related genes. Citalopram chronic treatment also seems to regulate the antioxidant 

response in the CMVMJD135 (MJD) mouse model. Likewise, the results point towards a possible role of 

the CREB transcription factor in the gene expression changes brought by citalopram. Although more 

research is needed to confirm these findings, essential clues on how this antidepressant offsets MJD 

animal models’ phenotypes have been revealed.  

 

Final considerations  

 Observations made in this chapter could be completed by performing additional experiments, to 

test our hypothesis. Some assays are listed below:  

- Confirm the changes in mRNA expression of PQC components, by qRT-PCR, in an independent cohort 

of animals (male and/or female mice striatum and other brain regions relevant for the disease); 
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- Confirm the impact of these changes at the protein level by Western blot; 

- Explore the function of TPR domain-containing proteins in MJD models; 

- Verify the dependence of the effect of citalopram treatment upon key regulators of the antioxidant 

response, using, for example, C. elegans mutant strains or by performing RNAi assays in 

citalopram-treated transgenic worms.  
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Table S3.2.1 List of the DEGs found among all RNA-seq comparison analyzed belonging to the different PQC 

accessory pathways. Up- or downregulated genes (in red and green, respectively) are shown in each comparison, listed in 

decreasing order of fold change (Log2 FC). DEGs - differentially expressed genes; RNA-seq - RNA-sequencing; PQC - protein 

quality control; HSR - heat shock response; UPR - unfolded protein response. 

PQC 

pathway 
Comparison Gene Description 

Fold Change 

(Log2 FC) 

CREB 

target? 

HSR 

Tg vs Tg cit Hsf4 Heat shock transcription factor 4 1.09 Yes 

WT vs Tg cit 

Pfdn2 Prefoldin 2 1.27 Yes 

Bag1 BCL2-associated athanogene 1 1.23 No 

Cryab Crystallin, alpha B 1.02 No 

Bag4 BCL2-associated athanogene 4 -1.01 Yes 

UPR 

Tg vs Tg cit 

Cebpb 
CCAAT/enhancer binding protein 

(C/EBP), beta 
1.76 Yes 

Edem3 
ER degradation enhancer, mannosidase 

alpha-like 3 
-1.00 No 

WT vs Tg cit 

Cebpb 
CCAAT/enhancer binding protein 

(C/EBP), beta 
1.94 Yes 

Pfdn2 Prefoldin 2 1.27 Yes 

Atf4 Activating transcription factor 4 1.15 Yes 

Edem3 
ER degradation enhancer, mannosidase 

alpha-like 3 
-1.25 No 

Uggt2 
UDP-glucose glycoprotein 

glucosyltransferase 2 
-1.08 No 

Ddit3 DNA-damage inducible transcript 3 1.02 Yes 

Antioxidant 

response 

WT vs Tg Krt1 Keratin 1 1.15 No 

Tg vs Tg cit 

Gpx3 Glutathione peroxidase 3 3.38 No 

Ngb Neuroglobin 2.91 Yes 

Txnrd3 Thioredoxin reductase 3 1.78 Yes 

Mt1 Metallothionein 1 1.02 Yes 

Sod3 Superoxide dismutase 3, extracellular 1.00 No 

Sesn3 Sestrin 3 -1.61 No 

WT vs Tg cit 

Gpx3 Glutathione peroxidase 3 2.38 No 

Mt1 Metallothionein 1 1.62 Yes 

Glrx5 Glutaredoxin 5 1.52 No 

Mt2 Metallothionein 2 1.48 No 

Krt1 Keratin 1 1.28 No 
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Ucp2 
Uncoupling protein 2 (mitochondrial, 

proton carrier) 1.26 
No 

Fth1 Ferritin heavy polypeptide 1 1.19 Yes 

Sod3 Superoxide dismutase 3, extracellular 1.18 No 

Ehd2 EH-domain containing 2 1.17 No 

Gpx8 Glutathione peroxidase 8 (putative) 1.17 Yes 

Gpx1 Glutathione peroxidase 1 1.14 No 

Cyba Cytochrome b-245, alpha polypeptide 1.10 No 

Prdx5 Peroxiredoxin 5 1.06 No 

Txnl4a Thioredoxin-like 4A 1.04 Yes 

Txndc17 Thioredoxin domain containing 17 1.04 No 

Gpx4 Glutathione peroxidase 4 1.03 Yes 

Sesn3 Sestrin 3 -1.98 No 

Ercc6 

Excision repair cross-complementing 

rodent repair deficiency, complementation 

group 6 -1.14 

No 

Apc Adenomatosis polyposis coli -1.11 No 

Aox1 Aldehyde oxidase 1 -1.06 No 

Als2 Amyotrophic lateral sclerosis 2 (juvenile) -1.02 Yes 

Atr Ataxia telangiectasia and Rad3 related -1.01 No 
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Abstract 

 There is an increased need to find effective therapies for neurodegenerative disorders. 

Machado-Joseph disease (MJD), a dominantly inherited neurodegenerative disorder, is one example of 

those lacking a disease-modifying treatment.  

 Our previous work demonstrated that acting on serotonergic signaling could be a new therapeutic 

approach for MJD. By using a repurposing strategy, we found that treatment with the antidepressant 

citalopram, a selective serotonin reuptake inhibitor (SSRI), rescued neuronal dysfunction and drastically 

improved ataxin-3 (ATXN3) aggregation in C. elegans and mouse models of MJD. Similar to the 

pharmacological inhibition, genetic ablation of the serotonin transporter SERT/MOD-5 in the MJD 

C. elegans model restored locomotor behavior and strikingly decreased mutant ATXN3 aggregation.  

 Here, to further uncover the molecular determinants underlying serotonergic signaling-mediated 

suppression of proteotoxicity, we took a genetic approach and performed a transcriptomic analysis of a 

genetic C. elegans model mimicking citalopram action, by mod-5 (SERT) transporter ablation in mutant 

ATXN3 animals.  

 Transcriptomic analysis showed that AT3q130 (Q130) mutant ATXN3 animals have a completely 

altered transcriptomic profile that becomes strikingly similar to WT animals, upon mod-5 ablation. Indeed, 

mod-5 deletion can revert the transcriptomic changes of Q130 animals, since alterations in gene 

expression (up- or downregulation) in those animals assumed the exact opposite direction in the absence 

of the serotonin transporter, which suggests that mod-5 acts as a genetic modifier of this abnormal gene 

expression in Q130 animals. Enrichment analyses revealed that this could be the result of the activation 

of general defense responses, such as those prompted by biotic stress, also involving protein quality 

control (PQC) mechanisms, namely autophagy and lysosomal pathways, among others. The response 

profile obtained with serotonin modulation shares similarities with those existing in long-lived C. elegans 

mutant strains, such as an increased gene expression of PQC genes (namely lysosomal- and 

autophagy-related components and heat shock proteins). The results also pointed towards a possible 

participation of the CREB transcription factor in some of these responses, although more studies are 

needed to confirm this preliminary observation.  

  Overall, our results demonstrate that serotonergic signaling modulation induce a rebalance of 

mutant ATXN3-induced transcriptomic changes and generates protective responses, supporting the use 

of drugs targeting this signaling as a promising therapeutic approach for MJD.   
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1. Introduction 

Machado-Joseph disease (MJD) or spinocerebellar ataxia type 3 (SCA3) is a dominantly inherited, 

late-onset, progressive and fatal neurogenerative disorder [1, 2]. It is considered the most common form 

of spinocerebellar ataxia worldwide [3, 4] and its etiology is based on the expansion of the 

cytosine-adenosine-guanine (CAG) repeat within the coding region of the ataxin-3 (ATXN3) gene product 

[5]. The expanded CAG tract in ATXN3 makes the protein more prone to misfold and to aggregate into 

neuronal inclusions that are mostly observed in affected areas of the brain [6, 7]. Presently, there is no 

disease-modifying treatment available for this pathology.  

 By performing an in vivo screen of FDA-approved small molecules, we previously identified the 

antidepressant citalopram, a serotonin selective reuptake inhibitor (SSRI), as a compound able to rescue 

mutant ATXN3-mediated neuronal dysfunction in both a Caenorhabditis elegans (C. elegans) and a mouse 

model of MJD [8]. SSRIs are known to enhance serotonergic transmission, by targeting the serotonin 

transporter (SERT/MOD-5), present in the pre-synaptic neurons, thus blocking the reuptake of serotonin 

(5-HT) from the extracellular space, making it more available in the synaptic cleft [9]. In line with this, we 

also demonstrated that genetic ablation of MOD-5 by itself rescued ATXN3-mediated motor dysfunction 

and aggregation in C. elegans, confirming the beneficial effect of pharmacological inhibition of 5-HT 

recapture [8]. These results evidenced that the modulation of the serotonergic signaling, through 

serotonin recapture inhibition, modifies proteotoxicity and constitutes a promising therapeutic approach 

for MJD. Studies from others also revealed that antidepressants, namely SSRIs, show neuroprotective 

properties [10, 11], including in the context of neurodegenerative disorders [12, 13]. Interestingly, Tatum 

and colleagues demonstrated that the stimulation of serotonin release from one C. elegans neuron is able 

to suppress protein misfolding in peripheral tissues, through the transient induction of molecular 

chaperones [14]. Another report showed that aggregation-prone proteins (polyglutamine, polyQ) bind to 

mitochondria in C. elegans neurons triggering a generalized unfolded-protein response of the 

mitochondria (UPRmt) in the worms’ intestine [15]. Noticeable is that serotonin release is necessary for 

this signal propagation to restore protein homeostasis (a.k.a. proteostasis) [15]. In line with these reports, 

we verified that the absence of MOD-5, and consequent increase in extracellular serotonin, in MJD worms 

was able to markedly decrease aggregation [8], but how this is achieved at the molecular level remains 

to be elucidated.   

In MJD models, modifiers of mutant ATXN3-mediated pathogenesis have been described. For 

instance, knockout of calpain-1, a calcium-dependent cysteine protease, in YACMJD84.2 mice partially 

rescued disease-associated features, such as body weight loss and decreased survival, but did not impact 
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on aggregation [16]. Interestingly, a genome-wide screening for modifiers of ATXN3 neurodegeneration 

in Drosophila revealed that a significant proportion of the modifiers affected protein misfolding, and 

included two major classes: chaperones and ubiquitin pathway components [17]. Other modifier genes 

found had molecular functions related to: (i) nuclear export; (ii) protein transcription and translation 

regulation; (iii) polyA binding protein; (iv) insulin signaling; and (v) fatty acid oxidation [17]. Citalopram 

also impacts on those pathways, as explored in chapters 3.1 and 3.2. Since mod-5 ablation mimics 

citalopram/SSRI treatment (inhibition of the 5-HT recapture), proving to be even superior at rescuing the 

mutant ATXN3-mediated phenotypes, it is possible to use this genetic approach to understand the 

molecular details of the mode of action of this group of drugs as modifiers of ATXN3 pathogenesis.  

The objective of this work is centered on understanding if the enhancement of serotonergic 

transmission by SERT/MOD-5 ablation can trigger similar transcriptional changes and cellular responses 

as observed upon serotonin reuptake inhibition by citalopram, and to gain further insight into the 

molecular mechanisms underlying this using a simpler organism. To achieve this goal, we made use of 

a previously generated C. elegans model of ATXN3 pathogenesis (Q130) [18] in which we ablated the 

SERT transporter - MOD-5, and performed transcriptomic analysis by RNA-sequencing (RNA-seq). The 

results showed that MOD-5 absence strikingly restores the transcriptomic profile of mutant ATXN3 worms 

to resemble WT animals, likely by triggering specific defense responses that also contribute to the 

maintenance of proteostasis. Several responses related to biotic stress, the autophagic mechanism, the 

lysosome, among others, were found differentially expressed upon mod-5 knockout in Q130 animals. 

Expression changes in known polyQ aggregation regulators were also observed and our preliminary results 

show that cAMP response element-binding protein (CREB) transcription factor could play a role in 

mediating the observed mod-5 -dependent changes in Q130 worms.   

This study unveils mod-5 as a modifier of mutant ATXN3-induced transcriptional changes, 

revealing genes and mechanisms that may constitute the framework of this beneficial therapeutic 

modulation of serotonergic signaling.  

 

2. Materials and methods 

2.1 C. elegans strains and generation of double mutants  

 Nematode Bristol N2 (wild-type, WT), MT9772 (mod-5) [19] strains and Escherichia coli (OP50) 

food source were obtained from the Caenorhabditis genetics center (CGC, University of Minnesota, USA). 

The C. elegans model of MJD, AT3q130 or Q130 (MAC001/AM685), was generated by our research 

group as previously described [18]. All the strains used in this work are listed in Table 4.1.  
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  Standard methods were used for culturing and monitoring nematodes, unless otherwise noted 

[20]. Worms were grown on nematode growth medium (NGM) plates seeded with OP50, at 20 °C. OP50 

was grown overnight (for approximately 16 h), at 37 °C and at 180 revolutions per minute (rpm), in Luria 

Broth (LB) media. Synchronized populations were obtained either by collecting eggs laid by adult 

hermaphrodite worms within a 2-3 h period, or by subjecting a young adult population to an alkaline 

hypochlorite solution (containing 0.25 M NaOH, 20 % household bleach (with ≈ 2.5 % NaClO), completed 

with H2O) for 7 min. 

 The double mutant strain mod-5; AT30q130 (mod-5; Q130) was previously generated by crossing 

the two independent strains AT3q130 and mod-5 (Table 4.1). Briefly, mod-5 male worms were obtained 

through heat shock treatment consisting in the incubation of five L4 stage mod-5 worms, at 30 °C for 

8 h, then maintained at 20 °C for three to four days, and plates were screened for male presence. Then, 

thirteen mod-5 males and three L4 hermaphrodites Q130 worms were placed in a 60 mm NGM seeded 

plate, at 15 °C for two days. Each hermaphrodite worm was isolated in a NGM seeded plate and 

maintained at 20 °C. Three days later, from their progeny, three to five hermaphrodite fluorescent worms 

(ATXN3 is expressed in fusion with the YFP in the Q130 strain) were isolated and placed back at 20 °C 

for 72 h. Next, from the progeny of isolated fluorescent worms, twenty-four to thirty-two fluorescent worms 

were isolated and screened by PCR to verify the presence of mod-5 mutation.  

 

Table 4.1 C. elegans strains used in this study.  

ID number Strain name Genotype Observations 

N2 (Bristol) WT WT Obtained from CGC 

MAC001/ 

AM685 
AT3q130 or Q130 rmls263[Prgef-1::AT3v1-1q130::yfp] II  

MT9772 mod-5 mod-5(n3314) I Obtained from CGC 

MAC074 
mod-5; AT3q130 

(mod-5; Q130) 

mod-5(n3314) I; rmls263[Prgef-1::AT3v1-

1q130::yfp] II 

Resulting from the cross between 

MAC001 and MT9772 

       

The presence of the mutation was confirmed by PCR (see primers used in Table 4.2). In 

summary, worm lysis was carried by placing 20 worms in 20 μL of lysis buffer (50 mM KCl, 10 mM 

Tris-base pH = 8.3, 2.5 mM MgCl2, 0.45 % Nonidet P-40 (IGEPAL), 0.45 % Tween 20, 0.01 % (w/v) 

gelatin), supplemented with 0.1 mg/mL of Proteinase K (20 mg/mL) before use, and by maintaining 

them at -80 °C, for at least 30 min. In a thermocycler, worms were then heated at 65 °C for 1 h, and 

lysis was completed by an inactivation of Proteinase K at 95 °C for 15 min. From the lysis, 1.5 μL were 
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used and added to the mix containing Promega PCR Master Mix (Cat. No. M7505, Promega, Madison, 

WI, USA) and primers with a final concentration of 0.2 μM, according to the manufacturer’s guidelines 

(primers used are described in Table 4.2). The following cycling parameters were used: denaturation at 

95 °C for 5 min (1 cycle); denaturation at 95 °C (1 min), annealing at 60.4 °C (1 min) and extension at 

72 °C for 2 min and 30 s during 35 cycles, and a final extension for 10 min at 72 °C. Following PCR 

amplification, total PCR product was run in a 1.5 % agarose electrophoresis gel. The PCR was designed 

with three primers (Table 4.2) allowing distinction between the PCR products of WT (one band of 332 

bp), heterozygous (two bands: 332 and 416 bp) and homozygous mod-5 worms (one band of 416 bp).  

 

Table 4.2 Primers used for mod-5 mutation screening.  

Gene 

(Sequence) 
Forward primer (5’- 3’) Reverse primer (5’- 3’) 1 Reverse primer (5’- 3’) 2 

mod-5 

(Y54E10BR.7) 
GTTCAAAATTTCGGCGAATC CACAAGGCAGGCTAATTTCA CAACTCGGCCTTCTTTTGTC 

 

2.2 Worm preparation for RNA extraction 

 C. elegans strains were grown in NGM plates, seeded with inactivated OP50. Briefly, bacteria 

suspended in LB medium was centrifuged at 4000 x g, for 30 min at 4 °C, in 50 mL centrifuge tubes. 

Then, supernatants were discarded, and the pellets were submitted to three cycles of freeze (in liquid 

nitrogen) - thaw (in a water bath at 37 °C). Bacteria pellets were immersed in liquid nitrogen one last 

time and stored at -80 °C until further use. To seed the plates, an inactivated pellet of OP50 was 

resuspended in 5 mL of S-Basal solution, supplemented with 1 % penicillin-streptomycin (P4333, 

Sigma-Aldrich, St. Louis, MO, USA) and 1 % nystatin (N6261, Sigma-Aldrich, St. Louis, MO, USA), to avoid 

pellet contaminations. Dimethyl sulfoxide (DMSO, D8418, Sigma-Aldrich, St. Louis, MO, USA), at a final 

concentration of 1 %, was also added at the time, since it was the vehicle of drugs tested at the same 

time, but not analyzed in this chapter. Previous experiments demonstrated that 1 % DMSO is not toxic for 

nematodes [18, 21] and does not affect animal’s development [8]. Ninety mm NGM plates were seeded 

with 750 μL of inactivated bacterial mixture and left to dry in an airflow chamber for 1 h.   

 Eggs from each strain, retrieved by bleaching of adult worms by hypochlorite treatment (see 

section 2.1), were resuspended in S-Basal medium and the number of eggs/μL were counted. A volume 

containing approximately 750 eggs of N2 and mod-5, and 1000 eggs of Q130 and mod-5; Q130 animals 

was pipetted into each plate. Three plates per condition were prepared for each biological replicate.  
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Plates were maintained at 20 °C, for 4 days. After that, day 2 adult worms were washed with M9 

solution and transferred to 15 mL centrifuge tubes. After having settled down by gravity at the bottom of 

the tube, worms were washed at least three times more in M9, to remove all the bacteria. Worms were 

then transferred to 1.5 mL centrifuge tubes and after settling down, the excess of M9 buffer was removed. 

TRIzol™ reagent (Cat. No. 15596018, Invitrogen™, Waltham, MA, USA) was added to each sample 

(500 μL). The samples were immediately flash frozen in liquid nitrogen and stored at -80 °C.   

 

2.3 RNA extraction 

 The tubes containing worm pellets were placed in dry ice to allow slow thawing. New tubes with 

caps were prepared and the thawed TRIzol™ worm solution transferred to them. Glass beads 

(acid-washed, G8772, Sigma-Aldrich, St. Louis, MO, USA) were added to disrupt the animals in a 1:1 

proportion relatively to the worm pellet. The disruption was achieved by placing the tubes with worms and 

beads in a FastPrep-24™ classic bead beating grinder and lysis system (116004500, MP Biomedicals™, 

Irvine, CA, USA) and performing 6 cycles of 30 s agitation plus 1 min on ice. The worms’ body wall 

disruption was determined by using a stereo microscope. After letting the beads deposit at the bottom of 

the tubes, the supernatant was removed to a new 1.5 mL centrifuge tube. Chloroform (C2432, 

Sigma-Aldrich, St. Louis, MO, USA) was added to the samples (150 μL) and those were homogenized in 

a vortex mixer during 15 s, at 4 °C, and let be seated at room temperature (RT) for 3 min. Samples were 

then centrifuged at 12000 rpm for 15 min, at 4 °C. The aqueous (superior transparent) phase was 

retrieved and transferred to a gDNA Eliminator spin column, from the Qiagen RNeasy® Plus Mini kit (Cat. 

No. 74136, Qiagen, Hilden, Germany). From this step, the Qiagen RNeasy® Plus Mini kit was used 

according to the manufacturer’s instruction. The protocol for “Purification of Total RNA from Animal 

Tissues”, from page 25, step n.º 4, of the Qiagen RNeasy® Plus Mini Handbook (September 2020), 

available online (RNeasy Plus Mini Handbook - QIAGEN), was followed. In step n.º 5, 350 μL of 70 % 

ethanol were used. The optional step n.º 10 of the protocol was performed. 

 

2.4 Transcriptomic analysis by RNA-sequencing 

 Total RNA extracted from N2 (WT), mod-5, Q130 and the double mutant mod-5; Q130 strains 

was assessed for quality using Experion™ RNA StdSens kit (#7007103, Bio-Rad, Hercules, CA, USA), in 

accordance with manufacturer’s instructions. Only samples with an RNA quality indicator (RQI) above 8.7 

were used for further analyses. RNA samples were sent to the Clinical Genomics Center of the Oklahoma 

https://www.qiagen.com/us/resources/resourcedetail?id=16b8f578-d192-4613-ae32-8e02e0b0fa77&lang=en
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Medical Research Foundation (OMRF), in Oklahoma City (Oklahoma 73104), USA, for RNA-sequencing 

(RNA-seq).  

 From total RNA, mRNA was enriched using polyT beads and libraries were constructed using 

NEBnext® Ultra™ II Directional RNA library Prep kit for Illumina® (E7760, New England BioLabs, Ipswich, 

MA, USA), as suggested by the facility. Sequencing data was produced on NextSeq 500 (Illumina®, San 

Diego, CA, USA) in a 75-bp single-read sequencing mode (SR75) with at least 20 million reads per sample. 

All RNA-seq experiments were performed in biological triplicates.  

RNA-seq results were mapped to WS220 using RNA STAR [22] and differential expression 

analyses were done using EdgeR. Gene expression fold changes (log2 Fold Change, log2 FC) were obtained, 

and raw p-value and adjusted p-value (FDR) determined, this last one through Benjamini-Hochberg 

procedure. Differentially expressed genes (DEGs) were acquired considering the following filters: raw 

p-value ≤ 0.001 and adjusted p-value (FDR) ≤ 0.05.  

A list of DEGs was obtained for the following comparisons: WT (N2) versus (vs) Q130, Q130 vs 

mod-5; Q130, WT vs mod-5 and WT vs mod-5; Q130.  

 

2.5 Transcriptomic data: gene, phenotype and tissue enrichment analyses 

Gene Enrichment Analysis (GEA), Phenotype Enrichment Analysis (PEA) and Tissue Enrichment 

Analysis (TEA) were performed using DEGs in the Gene Set Enrichment analysis tool [23, 24] of 

WormBase (version: WS278) [25], using standard settings. A list of WormBase gene IDs were introduced 

into the platform and a q value threshold of 0.1 used (default setting). These enrichment analyses allow 

a unified approach to enrichment testing in C. elegans, facilitating the biological interpretation of 

genome-wide experiments. 

Other platforms and software to perform enrichment analyses were tried, but we were stopped 

by the fact that the majority of those did not allow the direct input of nematode data (namely WormBase 

accession numbers and official C. elegans gene symbols) or could only recognize a small number of 

genes of the total dataset. In fact, some needed to be first converted to mouse and/or human 

homologues. First, when we tried this approach, the conversion rate was almost always under 30 %. 

Second, the conversion among species is not linear, so one C. elegans gene can have several 

mouse/human ortholog genes and the other way around is also true. We thought this could be misleading 

and decided to use WormBase Enrichment Suite to conduct our analysis. 

 Before performing enrichment and other analyses, DEGs were screened for cuticle and 

development (vitellogenins) genes using the Database for Annotation, Visualization and Integrated 
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Discovery (DAVID) version 6.8 [26, 27] (data not shown), and 49 genes in total were removed from DEGs 

lists. The expression of these genes is extremely variable during development [28, 29] and as ATXN3 

expression can provoke a slight developmental delay, genes from those categories are always present in 

transcriptomic analyses, so they were removed to avoid misleading interpretation of the results.  

Heatmaps were created using Morpheus: versatile matrix visualization and analysis software 

(Broad Institute, Cambridge, MA, USA) [30].  

 

2.6 Transcriptomic data analysis: protein quality control (PQC); suppressors and enhancers of polyQ 

aggregation and CREB targets 

 To evaluate the presence of gene alterations in the transcriptomic data related to the PQC 

network, aggregation modulators, and cAMP response element-binding protein (CREB) targets, lists of 

genes described to belong to these categories were constructed based on literature reports. 

The general PQC list was based on the report of Walther and collaborators in 2015 [31]. This list 

was divided into three core branches of the PQC: synthesis, folding and conformational maintenance, 

and degradation. A list of genes whose silencing suppress polyQ aggregation was elaborated based on 

the study of Silva et. al. in 2011 [32] and a list of genes that lead to increased polyQ aggregation (upon 

silencing) was based in the report of Nollen and co-workers [33]. Finally, data described by Lakhina and 

colleagues, in 2015, was used to construct a list of CREB targets, conjugating basal and CREB-dependent 

targets [34].  

Whenever the gene identification (ID) was not contemplating WormBase IDs, the gene symbols 

were converted in those using the Database for Annotation, Visualization and Integrated Discovery (DAVID) 

version 6.8 [26, 27]. Final lists of each one of the categories described were then matched against our 

transcriptomic C. elegans data.  

 

3. Results 

3.1 C. elegans serotonin transporter ablation restores the transcriptomic profile of mutant 

ATXN3-expressing worms resembling WT animals  

 In previous work, we observed that the ablation of the serotonin transporter mod-5 was able to 

markedly improve locomotion and decrease aggregation in a MJD C. elegans model [8]. Here, we wanted 

to understand what type of alterations and cellular responses, at the transcriptomic level, would be 

triggered by this modulation of the serotonergic system in the MJD context. For that, we performed 

RNA-seq in adult nematodes (day 2 of adulthood) in a C. elegans model of MJD proteotoxicity - AT3q130 
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strain (Q130) - harboring a deletion of the serotonin transporter mod-5  [19] (mod-5; Q130). Different 

comparisons were studied: (i) WT versus mutant ATXN3 (WT vs Q130), to assess alterations caused by 

mutant ATXN3 expression; (ii) mutant ATXN3 versus double mutant ATXN3 worms with deletion of mod-5  

transporter (Q130 vs mod-5; Q130) to determine changes triggered by mod-5-dependent serotonergic 

modulation in MJD background; (iii) WT vs mod-5 mutant worms (WT vs mod-5), to assess the magnitude 

of transcriptomic changes upon serotonergic modulation in a WT background; and (iv) WT versus double 

mutant worms (WT vs mod-5; Q130) to understand how different are double mutants from control.  

First, we observed that the transcriptome profile of the Q130 strain is unmistakably different from 

the others, that are clustered more closely to each other in a multidimensional scaling analysis (MDS) 

(Figure 4.1). Interestingly, the deletion of mod-5 in mutant ATXN3 background reverts this profile making 

it more similar to WT, where the mod-5; Q130 strain appears closer to the WT strain in the plot (Figure 

4.1). 

When analyzing the expression changes in each comparison, clearly a higher number of altered 

transcripts were observed in WT vs Q130 and Q130 vs mod-5; Q130 comparisons (Figure 4.2A and B), 

than when the WT strain is compared to either mod-5 or the double mutant strains (Figure 4.2C and D, 

respectively). The distribution of DEGs is also represented in Figure 4.2E, evidencing the number of 

specific genes for each individual comparison and shared genes among comparisons. The highest 

number of shared DEGs among comparisons was observed between WT vs Q130 and Q130 vs mod-5; 

Q130 comparisons, where 409 genes were found (Figure 4.2E). This was further confirmed by the 

number of up- and downregulated DEGs found in each comparison (Figure 4.2F), which was higher in 

the above referred comparisons.  

In WT vs Q130, 239 and 423 genes were found to be up- and downregulated, respectively. While 

in the double mutant comparison (Q130 vs mod-5; Q130) 435 and 325 genes were up- and 

downregulated, respectively. A lot less genes were found to be altered when comparing WT vs mod-5 and 

WT vs mod-5; Q130: 31 and 41, and 54 and 77 genes were up- and downregulated in each one of these 

comparisons, respectively (Figure 4.2F). This was a striking indication that the transcriptome of mutant 

ATXN3 worms was strongly different from WT and from the double mutant mod-5; Q130 animals, while 

mod-5 and mod-5; Q130 strains were not that different from control animals. Moreover, it seemed that 

Q130 vs mod-5; Q130 double mutant was almost mirroring the results from WT compared to mutant 

ATXN3 worms, i.e., the genes that were downregulated in the ATXN3 mutant vs WT comparison were 

upregulated in the double mutant vs Q130 comparison and vice-versa (Figure 4.2). In fact, after 
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verification, all the 409 genes, which were common only to these two comparisons, were in opposite 

directions (Figure 4.2E and F; Supplementary Figure S4.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Deletion of mod-5 in Q130 worms alters their transcriptome to become more similar to WT. 

Multidimensional scaling (MDS) plot, where proximity between samples indicates similarity. Wild-type (WT) corresponds to N2 

strain; mutant ATXN3 strain corresponds to Q130; double mutant harboring mod-5 deletion in ATXN3 background corresponds 

to mod-5; Q130 strain and serotonin transporter deletion corresponds to mod-5 strain. n = 3 for each strain.  

Taken together, these results besides demonstrating that Q130 worms had an altered 

transcriptome profile, revealed that mod-5-dependent serotonergic signaling modulation was impacting 

on Q130 worms, reverting their transcriptome to closely resemble WT (since only a small number of 

genes have altered expression between WT and mod-5; Q130). Furthermore, when taking into 

consideration the locomotor and aggregation positive effects previously observed in mod-5; Q130 strain 

[8] together with those on transcriptomic profile presented in this thesis, it highly suggests that mod-5 

transporter ablation alters the expression of a considerable set of genes that will translate in a remarkable 

improvement of the phenotype of ATXN3 mutant worms and establishes mod-5 as a genetic modifier of 

MJD pathogenesis in C. elegans.  
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Figure 4.2 Substantial and contrasting changes in transcript expression are observed in WT vs Q130 and 

Q130 vs mod-5; Q130 comparisons. A) - D) Representation of the relationship between average expression (Log CPM, 

counts per million) and fold change (Log2 fold change). Red dots indicate upregulated and blue dots indicate downregulated 

genes, called as differentially expressed at p-value ≤ 0.001 and FDR ≤ 0.05, in each comparison: A) WT vs Q130, B) Q130 

vs mod-5; Q130, C) WT vs mod-5 and D) WT vs mod-5; Q130. E) Venn diagram representing the distribution of the 

differentially expressed genes (DEGs) in each comparison; the total number of DEGs in each comparison is listed between 

brackets (). F) Number of up- (black bars) and downregulated (grey bars) genes found in each comparison.   
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3.2 Serotonin signaling modulation triggers protective responses in ATXN3 mutant animals 

 The transcriptome analysis of mutant Q130 and double mutant mod-5; Q130 animals revealed 

that the serotonin transporter mod-5 ablation is changing the gene expression profile of ATXN3 mutant 

worms. To elucidate which pathways and/or biological processes underlie these profound changes in the 

transcriptome profile, enrichment analyses were performed using the WormBase Gene Set Enrichment 

analysis tool [23, 24].  

 As depicted in Figure 4.3, which represents the Gene Enrichment Analysis (GEA) performed, the 

most altered gene ontology (GO) terms of Q130 worms (vs WT) were related to defense responses 

(involving the response to biotic stimulus and immune system). Also, alterations in genes related to the 

lytic vacuole were observed, which could be linked to the autophagy mechanism, and to alterations in 

enzymatic activity, namely of peptidases and hydrolases (Figure 4.3A). These could be underlying 

ATXN3-mediated pathogenesis. On the other hand, the ablation of the mod-5 transporter seemed to also 

alter the same kind of responses, besides triggering more specific responses (which did not appear in 

the WT vs Q130 comparison) such as the response to topologically incorrect proteins, among others 

(Figure 4.3B). When WT animals were compared to double mutant mod-5; Q130 animals, defense 

responses were most represented, followed by the immune response, and responses relative to folding 

of the proteins (Figure 4.3C), although, overall, those changes were not as significant as in the other 

comparisons studied (Figure 4.3A, B). The lower significance might further indicate that in mod-5; Q130 

animals transcriptome alterations were reverted to a great extent and that this strain resembled more WT 

worms. Moreover, when analyzing WT vs mod-5 comparison (Fig. 4.3D), identical responses were 

obtained with the same significance range (only missing extracellular space and peptidase activity), which 

suggests that such responses might be specifically modulated by mod-5 ablation and consequent impact 

on serotonergic signaling, independently of mutant ATXN3 expression.           

Interestingly, mod-5 ablation completely reverted the direction of gene expression in defense 

responses that are downregulated in Q130 strain (Figure 4.4A). Moreover, it increased the expression of 

genes related to the lytic vacuole (Figure 4.4B), modulated responses directly related to protein 

conformation/misfolding and auxiliary pathways to protein quality control (PQC) machinery, as the 

unfolded protein response - UPR (Figure 4.4C), and increased the expression of genes belonging to the 

autophagic mechanism (Figure 4.4D). Lytic vacuole and autophagy processes are important for 

proteostasis and protein clearance in the context of ATXN3-mediated pathogenesis. Additionally, the 

modulation of responses directly related to protein conformation/misfolding could help explain the 

improvements in aggregation and neuronal dysfunction previously observed in mod-5; Q130 strain [8]. 
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Figure 4.3 Organism defense responses are altered in ATXN3 animals and upon serotonin transporter 

ablation. Gene Enrichment Analysis (GEA) of the differentially expressed genes (DEGs) in each comparison. A) WT vs Q130, 

B) Q130 vs mod-5; Q130, C) WT vs mod-5; Q130, and D) WT vs mod-5, using Enrichment Analysis tool from WormBase [23, 

24]. 
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Figure 4.4 Modulation of different responses by serotonin transporter mod-5 ablation. Heatmaps showing the 

gene expression alterations (Log2 FC - fold change) between WT vs Q130 and Q130 vs mod-5; Q130 comparisons. Serotonin 

transporter ablation seems to activate or, at least, modulate some responses that are altered in Q130 MJD model: A) Response 

to biotic stimulus, B) Lytic vacuole; other responses seem to be triggered by mod-5 alone such as: C) Response to topologically 

incorrect protein and inositol-requiring enzyme 1 (IRE1)-mediated unfolded protein response (UPR) (this last category 

corresponding to genes hsp-70 and hsp16.41); and D) Process utilizing autophagic mechanism. Heatmaps were created 

using Morpheus online tool [30].   

 

The Worm Phenotype Ontology is a hierarchically structured and controlled set of terms to classify 

and organize phenotype descriptions associated with C. elegans genes [35], that is at the base of 

Phenotype Enrichment Analysis (PEA) of WormBase Gene Set Enrichment analysis tool [23, 24]. 
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Performing this analysis would tell us if DEGs in the different comparisons studied are associated to 

specific phenotypes. Relatively to this analysis, as expected, the Q130 strain displayed a wide range of 

alterations compared to WT (Figure 4.5A). Those ranged from development to several neuron-associated 

alterations, including axon trajectory and fasciculation, cord commissures and neurite morphology. 

Curiously, it seems that gene expression changes related to those seen when C. elegans larvae enter 

dauer arrest is associated to Q130 animals, under conditions that usually do not favor this transition 

(dauer constitutive phenotypes). Relatively to the double mutant mod-5; Q130, the MJD model 

transcriptome was altered by serotonergic signaling modulation in terms of molting (associated to animals 

exhibiting variations in timing and/or ability to molt), larval physiology, accumulation of vacuoles in the 

intestine, hypersensitivity to cadmium and dauer metabolism (Figure 4.5B). When comparing WT to 

mod-5; Q130, some variations were exhibited by worms compared to a given control (nematode 

phenotype) and the only specific difference obtained was related to cadmium hypersensitivity (Figure 

4.5C). Within this category are five genes: hsp-16.41, F44E5.4 (a cytoplasmic hsp-70), B0024.4 

(uncharacterized protein), hsp16.2, and pud-4 (pud stands for protein up-regulated in daf-2(loss-of-

function)). These have been described to be cadmium-responsive genes and to have strong, medium 

and/or weak (only B0024.4 gene) protective effect against cadmium toxicity and their inhibition resulted 

in an increased sensitivity to this metal toxicity [36].  

 The last analysis performed using WormBase Gene Set Enrichment analysis tool [23, 24] 

consisted in Tissue Enrichment Analysis (TEA), which relies on C. elegans cell and anatomy ontology that 

considers five major aspects: cell lineage, position, cell type, organ and function [37]. This analysis 

allowed to perceive possible differences in C. elegans tissues, based on the DEGs of the comparisons 

tested.  Results revealed that ATXN3 proteotoxicity impacted on accessory cells, which refers to cells that 

extend long processes around sensory neuron endings and have a support role very similar to “glia-like” 

cells. The main alterations were related to neuronal support cells, including sheath, socked and even GLR 

cells [38] (Figure 4.6A). On the other hand, mod-5 deletion in the mutant ATXN3 background, besides 

having an impact on accessory cells, also led to alterations in the intestine and muscular system. Of note, 

the PVD neuron was also influenced by this modulation of the serotonin signaling pathway (Figure 4.6B). 

It is classified as a sensory neuron that responds to harsh touch (mechanosensation) [39] and to cold 

temperatures (thermosensation) [40]. No results were obtained for WT vs mod-5; Q130 and WT vs mod-5 

comparisons, indicating that the double mutant mod-5; Q130 is not different from WT at the tissue level, 

i.e., that mod-5 ablation rescued ATXN3-mediated phenotype of Q130 worms, and that mod-5 mutant 

has no major differences, at this level, when compared to control.  



Chapter 4 - Serotonin transporter ablation restores the transcriptomic profile and induces protective responses in a C. elegans MJD model 
 

 

227 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Alterations in worm phenotype triggered by ATXN3-mediated proteotoxicity and serotonin 

signaling modulation. Phenotype Enrichment Analysis (PEA) of the differentially expressed genes (DEGs) in each 

comparison. A) WT vs Q130, B) Q130 vs mod-5; Q130, and C) WT vs mod-5; Q130, using Enrichment Analysis tool from 

WormBase [23, 24]. 
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Figure 4.6 Alterations in worm tissues triggered by ATXN3-mediated proteotoxicity and serotonin signaling 

modulation. Tissue Enrichment Analysis (TEA) of the differentially expressed genes (DEGs) in each comparison. A) WT vs 

Q130, and B) Q130 vs mod-5; Q130, using Enrichment Analysis tool from WormBase [23, 24]. 
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3.3 Alterations in proteome homeostasis-related genes are induced by mod-5 serotonin 

transporter ablation in a C. elegans model of MJD 

 Following the observation that mechanisms related to proteostasis, namely autophagy, lytic 

vacuole, protein misfolding and auxiliary responses of PQC machinery (namely the UPR) could be 

underlying the improvements observed, we conducted an analysis to evaluate more specifically which 

branches and players of the PQC network could be altered. Based on the literature (see section 2.6 from 

materials and methods of this chapter), we elaborated a list of PQC genes that we compared with our 

data.  

A total of 660 genes reported to participate in the PQC were found, in the literature, and further 

divided into the three main PQC modules: protein synthesis (209 genes), folding and conformational 

maintenance (233 genes) and degradation (218 genes). From this gene list, we found in our data a total 

of 31 that were differentially expressed, corresponding to 3.10 % of the total of DEGs (Figure 4.7A). In 

spite of the low number of DEGs within this class, the highest percentage (2 %) of them belonged to the 

folding and conformational maintenance module of the PQC.  

Relatively to the comparisons studied, 2.38 % of the genes found to be differentially expressed in 

the WT vs Q130 comparison encode for PQC components, most of them acting in pathways related to 

protein degradation (Figure 4.7B). Deletion of mod-5 resulted in 2.82 % of DEGs involved in the 

maintenance of protein homeostasis. However, we observed a shift in the most represented PQC 

category, which in this case was the folding and conformational maintenance module with 2.3 % (Figure 

4.7C). This change in the most represented PQC module between comparisons suggests a role of 

serotonergic signaling modulation in the maintenance of the correct protein folding state in the ATXN3 

background, potentially associated with the reduced protein aggregation seen in this strain.     

In the ATXN3 strain, a major part of the PQC components was found to be downregulated, 

independently of the category they belong to, as listed in Table 4.3. The opposite was observed in the 

double mutant strain, in which a higher number of upregulated genes was found. In the folding and 

maintenance part of the PQC, several genes displayed increased expression (abnormal gut 

esterase - ges-1, cysteine protease related - cpr-1, ShK domain and peroxidase domain containing protein 

- skpo-1, and glutathione peroxidase - gpx-3) and could be possibly related to the lysosome and other 

stress triggered responses in the mod-5; Q130 strain. Intriguingly, heat shock proteins were 

downregulated. This is consistent with an adaptation to the decreased aggregation observed in the double 

mutant at this stage but does not explain how this decreased aggregation arose. In the degradation part 

of the PQC, genes encoding ubiquitin ligase components were the major category found. These were 
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mostly downregulated in WT vs Q130 comparison, and some of them were then found to be upregulated 

when the Q130 strain was compared to the double mutant mod-5; Q130 (Table 4.3).   

 

Figure 4.7 Representativity of the protein quality control (PQC) machinery in the C. elegans transcriptomic 

analysis. Percentage (%) of PQC components in A) the total of differentially expressed genes (DEGs) and the DEGs of B) 

Wild-type (WT) vs Q130 strain, and C) Q130 vs the double mutant mod-5; Q130, with information for each PQC module 

(synthesis, folding/conformational maintenance, and degradation). 
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Table 4.3 List of the DEGs found in the different PQC categories, according to the main comparisons 

performed. DEGs - differentially expressed genes; PQC - proteostasis quality control; FC - fold change.  

   Log2 FC 

PQC branch Gene Description WT vs Q130 
Q130 vs  

mod-5; Q130 

CREB 

target? 

Synthesis 

 

Y65B4A.6 Hypothetical protein -0.66 0.55 No 

ceh-58 C. elegans Homeobox -0.56  No 

ceh-91 C. elegans Homeobox  -0.50 No 

Folding and 

conformational 

maintenance 

 

ges-1 Abnormal Gut Esterase -1.49 1.39 No 

hex-1 HEXosaminidase -1.29  Yes 

F41C3.5 

Uncharacterized serine 

carboxypeptidase 

F41C3.5 

-1.28 1.66 No 

cpr-1 
Gut-specific cysteine 

proteinase 
-1.16 1.66 No 

skpo-1 Peroxidase skpo-1 -0.74 0.84 No 

vha-16 Vacuolar H ATPase 0.39  No 

tatn-1 
Tyrosine 

AminoTraNsferase 
 0.46 No 

hsp-70 Heat Shock Protein  -0.71 Yes 

hsp-16.41 Heat shock protein  -0.89 Yes 

hsp-16.2 Heat Shock Protein  -0.92 Yes 

gsto-1 
Glutathione transferase 

omega-1 
 -0.75 No 

gpx-3 Glutathione peroxidase 3  0.68 No 

fkb-4 
Peptidyl-prolyl cis-trans 

isomerase 
 -1.27 Yes 

F57F5.1 Hypothetical protein  0.56 No 

F44E5.5 Hypothetical protein  -0.58 No 

F44E5.4 Hypothetical protein  -0.72 Yes 

F32H5.1 Hypothetical protein  0.42 No 

cpr-8 
Cysteine PRotease 

related 
 0.89 No 

cpr-4 
Cathepsin B-like cysteine 

proteinase 4 
 0.37 No 
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Degradation 

skr-8 

SKp1 Related (ubiquitin 

ligase complex 

component) 

-0.74  Yes 

skr-9 

SKp1 Related (ubiquitin 

ligase complex 

component) 

-0.58  Yes 

skr-7 

SKp1 Related (ubiquitin 

ligase complex 

component) 

-0.57 0.45 Yes 

skr-13 

SKp1 Related (ubiquitin 

ligase complex 

component) 

-0.57  Yes 

skr-10 

SKp1 Related (ubiquitin 

ligase complex 

component) 

-0.53  Yes 

skr-14 

SKp1 Related (ubiquitin 

ligase complex 

component) 

-0.44 0.39 No 

rfp-1 
E3 ubiquitin-protein 

ligase 
0.64  No 

 

3.4 Serotonin transporter mod-5 ablation in ATXN3 background alters the expression level 

of polyQ aggregation regulators   

 To verify the impact of serotonergic signaling modulation in the expression of regulators of polyQ 

aggregation, we determined if genes, previously described to modify the aggregation of polyQ-containing 

proteins were altered in our transcriptomic data. Behind this assumption is the reduction in ATXN3 

aggregation previously observed in the mod-5; Q130 double mutant [8].  

We found that four genes described to suppress polyQ aggregation when silenced by RNAi, and 

downregulation of which enhanced the functional characteristics of the PQC [32] were differentially 

expressed in our analysis. Two of them (Y37D8A.16 and ttr-14) were upregulated in the Q130 strain and 

downregulated when mod-5 mutation is present in this strain (Table 4.4). This is in accordance with the 

aggregation phenotype observed in Q130 animals, which is reversed in the double-mutant.  

On the other hand, genes that when suppressed caused a premature appearance of polyQ 

aggregation were also found within the DEGs list, five in total (Table 4.4) [33]. Only one gene (act-4) 

encoding an actin isoform was upregulated in the Q130 strain. This observation suggest that some 
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mechanisms might still be triggered in Q130 animals in an attempt to surpass aggregation. However, the 

downregulation of act-4 and the other four genes in mod-5; Q130 double mutant is counterintuitive.  

These results further support the idea that serotonergic modulation in ATXN3 animals is able to 

modulate polyQ aggregation, by still unknown mechanisms including the modulation of the expression 

levels of proteostasis regulators.   

 

Table 4.4 List of known regulators of polyQ aggregation showing differential expression in our dataset.  

FC – fold change.  

   Log2 FC 

Impact on 

aggregation 

after 

silencing 

Gene Description WT vs Q130 
Q130 vs  

mod-5; Q130 

CREB 

target? 

Suppression 

Y37D8A.16 Hypothetical protein 0.60 -0.50 Yes 

ttr-14 
TransThyretin-Related family 

domain 
1.51 -1.27 Yes 

tps-2 
Trehalose 6-Phosphate 

Synthase 
 -0.38 No 

fbxb-11 F-box B protein -0.63  No 

Increase 

noah-2 

NOmpA Homolog (Drosophila 

nompA: no mechanoreceptor 

potential A) 

 -0.88 Yes 

let-4 
Leucine-rich repeat-containing 

protein let-4 
 -0.82 Yes 

gei-13 Gex-3-interacting protein 13  -0.80 Yes 

bus-8 Hypothetical protein  -1.23 Yes 

act-4 Actin-4 0.39 -0.40 Yes 
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3.5 CREB role in mod-5 ablation-induced proteostasis in ATXN3 mutant animals  

As evidenced in chapter 3.1 of this thesis, the inhibition of serotonin transporter SERT/mod-5, 

by citalopram, led to serotonin signaling modulation that could possibly culminate in cAMP response 

element-binding protein (CREB) transcription program induction. Indeed, the reversion of 

ATXN3-mediated locomotor defects in the Q130 strain prompted by serotonin reuptake inhibition was 

attenuated when CREB was mutated, which indicated at least a partial dependence on this transcription 

factor for 5-HT modulation to have an effect. Moreover, CREB induction could be implicated in the 

proteostasis state of cells, in this context, as explored in chapter 3.2. To determine if the genetic ablation 

of mod-5 could also require CREB to generate the improvements observed in the MJD C. elegans model, 

we determined the number of DEG-targets of this transcription factor.   

 Based on the work of Lakhina and colleagues [34], we gathered a list of potential CREB basal 

and CREB memory-induced target genes in C. elegans. Then, we compared this list against our 

transcriptomic data. More than a quarter of the altered genes in the transcriptomic analysis are CREB 

targets (Figure 4.8A). About the same percentage of the CREB targets were observed in WT vs Q130 

(Figure 4.8B) and Q130 vs mod-5; Q130 comparisons (Figure 4.8C), suggesting that CREB might play a 

role in the mechanism behind the recovery triggered by serotonin transporter ablation. 

Additionally, we observed that some PQC genes are indeed CREB targets, namely heat shock 

proteins and ubiquitin-related components (see Table 4.3). Interestingly, half of the RNA-seq overlapping 

genes, whose silencing caused suppression of polyQ aggregation, and all genes whose silencing caused 

enhancement of polyQ aggregation that were found to be altered in our data are CREB targets (Table 

4.4).  

Although more experiments are necessary to confirm the involvement of CREB in mod-5 

ablation-dependent serotonergic signaling, the results are compatible with the hypothesis that this 

transcription factor could be intervening in the reversal of MJD animal models’ phenotypes, though yet to 

determine mechanisms.  
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Figure 4.8 Representativity of the CREB targets in the transcriptomic analysis. Percentage (%) of CREB targets in 

A) the total of differentially expressed genes (DEGs) and the DEGs of B) Wild-type (WT) vs Q130 strain and C) Q130 vs the 

double mutant mod-5; Q130 strain. 
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4. Discussion 

 In this study we describe the effects of serotonergic signaling modulation, through serotonin 

reuptake inhibition by ablation of mod-5/SERT transporter, on the transcriptome of a C. elegans MJD 

model. We observed that serotonin modulation strikingly reverted the transcriptomic profile of Q130 

animals, making them more WT alike. Our results showed that these transcriptomic alterations involved 

protective- and proteome homeostasis-related responses in mod-5; Q130 worms, for a subset of which 

the CREB transcription factor might play a role.    

 The first impressive finding is that mod-5 deletion could drastically alter the transcriptomic profile 

of the Q130 C. elegans MJD model making it molecularly more similar to WT. In this way, all the genes 

that were altered in the Q130 strain, common to the mod-5; Q130 double mutant, were perfectly mirroring 

each other, i.e., if one gene was increased in Q130 strain it would be decreased in the mod-5; Q130 

animals and vice-versa. This complete shift in the Q130 transcriptome is interesting since expanded 

ATXN3 has been shown to lead to transcriptional dysregulation [41, 42], and here, we found that the 

transcriptional alterations induced by mutant ATXN3 were counteracted by modulation of the serotonin 

signaling pathway. However, this was not observed in mice (chapter 3), perhaps due to an increase in 

organism complexity.    

  Overall, the transcriptomic data analysis showed that several protective and proteostasis-related 

responses, including several genes belonging to folding and conformational maintenance and degradation 

modules of the PQC machinery, had decreased expression in Q130 worms, but were upregulated in 

mod-5; Q130 animals. This suggests that proteome dyshomeostasis is accompanied by ATXN3 

proteotoxicity and that the enhancement of the serotonin signaling is beneficial in the reversion of this 

state. One of the things that seemed to be mediated by mod-5 serotonin transporter ablation was the 

upregulation of genes playing a role in defense responses, namely responses associated to biotic stresses. 

ATXN3 proteotoxicity led to a decrease in the expression of genes encoding proteins belonging to these 

types of responses, which was increased upon mod-5 deletion in mutant ATXN3 animals. In fact, it has 

been shown that C. elegans that grow in contact with pathogens display increased resistance to posterior 

exposure to pathogens, along with an increase in lifespan and augmented resistance to heat shock [43]; 

so, if the biotic stress responses were increased in our double mutant animals, a possible increase in the 

heat shock response, for instance, could also be triggered. In the case of mod-5; Q130 double mutants, 

the heat shock response failed to be activated, since heat shock proteins were downregulated, but this 

could be instead indicative of a reversion of the proteotoxic stress and that the activation of this response 

is no longer needed. In fact, we cannot disregard that this kind of responses could have been triggered 
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at a different time point in life, and that gene expression data should be complemented with verification 

of protein level.  

Lysosome function and autophagy could also play a role in mod-5-mediated effects on ATXN3 

worms, since several genes involved in these processes were altered (mostly upregulated) upon mod-5 

ablation. For instance, cpr-1 and other genes encoding cysteine proteases (orthologs of the human 

cathepsins) are a class of intracellular enzymes important for protein turnover within the lysosome [44], 

and were shown to be involved in the degradation of polyQ proteins and to regulate amyloid beta levels 

and neuronal deficits in models of Alzheimer’s disease [45-47]. Lytic vacuoles or lysosomes are crucial 

for cellular degradation, helping to maintain cell homeostasis. Recently, a study showed that in worms 

the expression of lysosome genes was increased in long-lived mutant strains and that the functions of 

daf-16/FOXO and skn-1/NRF2 transcription factors were crucial for this upregulation to take place. 

Moreover, an altered lysosome function affected clearance of aggregation-prone proteins and lifespan in 

those mutants [48]. Autophagy also plays a role in the degradation of protein aggregates (aggrephagy) 

[49], being important for a decreased toxicity of those in C. elegans models of MJD [50], and also relevant 

in human context, since dysregulated autophagy has been observed in postmortem brain of MJD patients 

[51]. In line with this, hormetic stressors and heat shock factor 1 (HSF-1) overexpression have been 

shown to lead to autophagy activation contributing to stress resistance and hormesis [52]. Indeed, HSF-1 

activation has proven to be effective in the suppression of ATXN3 phenotypes in C. elegans [18]. Those 

mechanisms seem to be modulated and important in response to serotonin signaling modulation in MJD. 

Additional responses seem to be regulated upon mod-5 serotonin transporter ablation. Although not much 

altered in the Q130 strain, responses to misfolded proteins were modulated in the mod-5; Q130 double 

mutants (response to topologically incorrect protein and IRE-1-mediated UPR). This is in accordance with 

previous published results that demonstrated that serotonin is an important mediator in the activation of 

generalized UPR in C. elegans [15]. Interestingly, in the work by Hetz and collaborators the inhibition of 

the IRE-1 axis led to cytoprotection and to an upregulation of autophagy, showing, for the first time, that 

the UPR can have a negative regulatory effect on autophagy [53]. Possibly, the same type of negative 

regulatory effect could have happened through mod-5 modulation since genes in this category (Figure 

4.4C) were downregulated. Other PQC auxiliary pathways might account for the mod-5-mediated positive 

impact on Q130 worms. A gene involved in the oxidative stress response, tatn-1, was also upregulated 

[54] in double mutants; this gene has been shown to regulate dauer decision and to be a modulator of 

the daf-2 insulin/IGF-1-like (IGFR) signaling pathway [55]. Increased expression of antioxidant 

enzyme-encoding genes was also verified, such as glutathione peroxidase, reinforcing the importance of 
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the antioxidant response in the mod-5 ablation-dependent mechanism. This further supports the 

relevance of serotonergic signaling modulation in MJD, since antioxidant capacity has been shown to be 

decreased in serum from MJD patients [56].  

Interestingly, phenotype enrichment analysis also pointed that dauer constitutive phenotype could 

be triggered independently of the canonical cues (population density, food availability and high 

temperature), suggesting that the mechanisms that lead to dauer state are disconcerted in the presence 

of mutant ATXN3, or possibly partially induced to promote stress-resistance without properly shifting into 

a dauer state. Among the pathways that regulate dauer arrest are the guanylyl cyclase, the TGFβ-like, the 

insulin-like and the steroid hormone pathways [57]. Dauer formation has been associated with increased 

autophagy [58], which could provide an explanation for the dauer constitutive state attributed to the Q130 

strain in the analysis performed. In addition, our results showed that a dauer-like metabolism phenotype 

was also promoted by mod-5 mutation in ATXN3 background. In the dauer state, the larvae do not feed, 

and their metabolism depends on internal food reservoirs. Dauers do not undergo a shift toward aerobic 

respiration [59] and have high mRNA expression of the heat shock protein Hsp90 [60], elevated 

superoxide dismutase [61, 62] and catalase [62]. Expression profiles of C. elegans dauer larvae and daf-2 

(a long-lived inducing-mutation) adults have been studied and showed that a cohort of longevity genes 

have similar expression in both. These include HSP20/α-crystallin gene family, detoxification genes (the 

cytochrome P450s - CYPs, the short chain dehydrogenase/reductases - SRDs, and 

UDP-glucuronosyltransferases - UGTs), transthyretin-related proteins (TRP), as well as metabolism, 

oxidoreductase activity and electron transport genes [63, 64]. Some changes in the expression of genes 

belonging to these categories are observed in our RNA-seq data (data not shown) and would require 

further studies.  

Double mutants were also predicted to be hypersensitive to cadmium (a toxic environmental 

pollutant), meaning that they would respond to it at a lower concentration or shorter exposure. 

Interestingly, genes found in this category (hsp-16.41, F44E5.4 (a cytoplasmic hsp-70), and hsp16.2) 

are associated to proteotoxic stress response and are important for the folding and stability of proteins. 

Besides the genes reported in the results, this response could be associated with alterations seen in 

genes associated with metal detoxification: metallothioneins (mtl-1, mtl-2), cadmium responsive cdr-1 

gene, toxin-regulated targets of MAPK ttm-1 gene or even glutathione and phytochelatins (PCs) genes 

[36, 65]. This is in accordance with some of the changes that we see in our data. For instance, ges-1 is 

also a cadmium-responsive gene, and glutathione genes were also differentially expressed, see Table 4.3. 

Interestingly, among the DEGs from our mouse RNA-seq we observed an increase in the metallothionein 
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1 (Mt1) gene and in glutathione Gpx3 gene upon treatment, see chapter 3.2, Table 3.3.2. However, a 

proper confirmation of the presence of these phenotypes in the studied strains will be needed.  

Still regarding the PQC network, some genes have been described as regulators of polyQ 

aggregation. We observed an upregulation of some of these genes described to suppress aggregation, 

when silenced, in the Q130 strain that were downregulated in mod-5; Q130 double mutant strain. This 

indicates that the modulation of these regulators upon mod-5 deletion might contribute for the beneficial 

effects observed in MJD background. Additionally, when looking at genes whose reported silencing 

resulted in the premature appearance of aggregates, one was increased in Q130 strain (act-4) while those 

found in the double mutant were all decreased. While suggesting that some mechanisms might still be 

activated to surpass aggregation in Q130 animals, the downregulation of these genes in the double-

mutant is counterintuitive but could reflect the decreased state of aggregation observed in those animals 

and therefore the uselessness of activating certain mechanisms in those conditions. Further assays would 

be necessary to further conclude if those specific genes are or not major contributors to aggregation in 

Q130 strain and involved in the reduction of aggregation in the mod-5; Q130 worms.      

 Interestingly, a significant number of CREB targets was found in the analyses performed which 

indicates that, at least in part, CREB could be an important factor downstream of serotonergic signaling 

enhancement by mod-5 ablation. In support of this, gene enrichment analysis showed two terms possibly 

related to transcription in WT vs Q130: regulatory region nucleic acid and RNA polymerase II transcription 

regulatory region sequence-specific DNA binding, suggesting a possible contribution of transcriptional 

impairment in the Q130 strain. Transcription dysregulation in the presence of expanded ATXN3 has been 

described before [41]. Moreover, an interaction between ATXN3 and major acetyltransferases 

cAMP-response-element binding protein (CBP) and p300 (CREB cofactors) has been reported [66] and 

the incorporation of those factors in ATXN3 nuclear inclusions could account for these transcriptional 

alterations [67]. Still, more studies are needed to clarify the role of CREB downstream of serotonin 

signaling modulation of pathogenesis in MJD. 

Phenotype enrichment analysis suggested that Q130 animals would likely present several 

neuronal abnormalities (in axon trajectory, cord commissures, axon fasciculation and neurite 

morphology), as expected, due to mutant ATXN3-induced proteotoxicity. Additionally, when analyzing 

tissue enrichment data, the MJD strain differed in the expression of genes mostly associated to accessory 

cells, namely in amphid and cephalic sheath cells. Amphid sheath cells are part of the specific sensory 

organ called sensilla in association with neuronal terminals, playing a role in mechanosensation, 

chemotaxis, osmotaxis and dauer pheromone sensation [68, 69]. Cephalic sheath cells are part of the 
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cephalic sensilium and play a role in isolating the nerve ring, as well as in its assembly and 

morphogenesis, providing important substrates for early axon guidance [70]. Regarding the mod-5; Q130 

strain, phenotype enrichment revealed lack of neuronal defects that were present when comparing WT 

vs Q130 animals, suggesting a beneficial effect of serotonin modulation. Regarding tissue expression, 

alterations in the expression of genes associated with intestinal tissues were dominant, and might be 

related to upregulation of the autophagy and lysosome pathways, since it was reported that these 

processes in the intestine are essential for host defense [71], and our results evidenced that responses 

against biotic stimulus were enhanced in the double mutant strain. Accessory cells and other tissues 

(muscle, for instance) were altered upon serotonin modulation in the organism, which suggests that 

improvements in the conditions of those tissues/cells could be triggered. Specifically, alteration in the 

expression of genes associated with the PVD neuron were found, suggestive of changes in its function 

(mechano- and thermosensation) [39, 40]. Additional phenotype characterization studies will be needed 

to understand the full extension of the alterations triggered by mod-5 serotonin transporter ablation 

regarding tissue and/or cell specificities.  

  

5. Conclusions 

MJD is a complex disorder in which many aspects need clarification to provide elevated chances 

of obtaining a disease-modifying therapy. In this study, we attempted to gain insight on how serotonergic 

signaling enhancement, through serotonin transporter ablation, is effective in offsetting MJD animal 

models’ phenotypes, as it was observed, in previous work, with the antidepressant citalopram.  

The enhancement of serotonergic signaling is a clear modifier of ATNX3 proteotoxicity by 

triggering a set of general defense responses, that might increase the capacity of the organism to better 

cope with polyQ expansion-derived complications. Such responses include responses activated upon 

biotic stimuli/stresses, lysosome and autophagy processes, as well as other PQC-related pathways. The 

response profile obtained with serotonin modulation seem to be very close to those existing in long-lived 

C. elegans mutant strains. As hypothesized in previous chapters, the CREB transcription factor could play 

a role in the activation of these diverse responses, although more studies are needed to support this idea.  

 

Acknowledgments  

 We would like to thank the members of the Maciel laboratory for critical analysis of the data and 

discussion on the manuscript, as well as for sharing reagents. We are thankful for the strains that were 



Chapter 4 - Serotonin transporter ablation restores the transcriptomic profile and induces protective responses in a C. elegans MJD model 
 

 

241 

provided by the Caenorhabditis genetics center (CGC), which is funded by NIH Office of Research 

Infrastructure Programs (P40 OD010440). 

 

Funding  

  This work was funded by National funds, through the Foundation for Science and Technology 

(FCT) - project UIDB/50026/2020 and UIDP/50026/2020; and by FEDER, through the Competitiveness 

Internationalization Operational Programme (POCI) under the scope of the projects: POCI-01-0145-

FEDER-031987, NORTE-01-0145-FEDER-000013 and NORTE-01-0145-FEDER-000023, supported by 

North Portugal Regional Operational Programme (NORTE 2020), under the PORTUGAL 2020 Partnership 

Agreement, through the European Regional Development Fund (ERDF). This work was also funded 

through National Ataxia Foundation (NAF), USA. Stéphanie Oliveira was supported by a doctoral 

programme fellowship (Inter-University Doctoral Programme in Ageing and Chronic Disease from FCT - 

PD/BD/127818/2016).     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 - Serotonin transporter ablation restores the transcriptomic profile and induces protective responses in a C. elegans MJD model 
 

 

242 

References 

1. Coutinho, P. and Andrade, C., Autosomal dominant system degeneration in Portuguese families 
of the Azores Islands. A new genetic disorder involving cerebellar, pyramidal, extrapyramidal and 
spinal cord motor functions. Neurology, 1978. 28(7): p. 703-
709.https://doi.org/10.1212/WNL.28.7.703. 

2. Bettencourt, C. and Lima, M., Machado-Joseph Disease: from first descriptions to new 
perspectives. Orphanet Journal of Rare Diseases, 2011. 6(1): p. 
35.https://doi.org/10.1186/1750-1172-6-35. 

3. Bird, T.D., Hereditary Ataxia Overview. GeneReviews®, ed. A.H. Adam MP, Pagon RA, et al., 
editors. 1998 Oct 28 [Updated 2019 Jul 25], University of Washington, Seattle; 1993-
2020.https://www.ncbi.nlm.nih.gov/books/NBK1138/. 

4. Schöls, L., Bauer, P., Schmidt, T., Schulte, T., et al., Autosomal dominant cerebellar ataxias: 
clinical features, genetics, and pathogenesis. The Lancet Neurology, 2004. 3(5): p. 291-
304.https://doi.org/10.1016/S1474-4422(04)00737-9. 

5. Kawaguchi, Y., Okamoto, T., Taniwaki, M., Aizawa, M., et al., CAG expansions in a novel gene for 
Machado-Joseph disease at chromosome 14q32.1. Nature Genetics, 1994. 8(3): p. 221-
228.https://doi.org/10.1038/ng1194-221. 

6. Bevivino, A.E. and Loll, P.J., An expanded glutamine repeat destabilizes native ataxin-3 structure 
and mediates formation of parallel β-fibrils. Proceedings of the National Academy of Sciences, 
2001. 98(21): p. 11955-11960.https://doi.org/10.1073/pnas.211305198. 

7. Paulson, H.L., Perez, M.K., Trottier, Y., Trojanowski, J.Q., et al., Intranuclear Inclusions of 
Expanded Polyglutamine Protein in Spinocerebellar Ataxia Type 3. Neuron, 1997. 19(2): p. 333-
344.https://doi.org/10.1016/S0896-6273(00)80943-5. 

8. Teixeira-Castro, A., Jalles, A., Esteves, S., Kang, S., et al., Serotonergic signalling suppresses 
ataxin 3 aggregation and neurotoxicity in animal models of Machado-Joseph disease. Brain, 
2015. 138(11): p. 3221-3237.https://doi.org/10.1093/brain/awv262. 

9. Nutt, D.J., Forshall, S., Bell, C., Rich, A., et al., Mechanisms of action of selective serotonin 
reuptake inhibitors in the treatment of psychiatric disorders. European 
Neuropsychopharmacology, 1999. 9: p. S81-S86.https://doi.org/10.1016/S0924-
977X(99)00030-9. 

10. Chilmonczyk, Z., Bojarski, A.J., Pilc, A., and Sylte, I., Serotonin transporter and receptor ligands 
with antidepressant activity as neuroprotective and proapoptotic agents. Pharmacological 
Reports, 2017. 69(3): p. 469-478.https://doi.org/10.1016/j.pharep.2017.01.011. 

11. Taler, M., Miron, O., Gil-Ad, I., and Weizman, A., Neuroprotective and procognitive effects of 
sertraline: In vitro and in vivo studies. Neuroscience Letters, 2013. 550: p. 93-
97.https://doi.org/10.1016/j.neulet.2013.06.033. 

https://doi.org/10.1212/WNL.28.7.703
https://doi.org/10.1186/1750-1172-6-35
https://www.ncbi.nlm.nih.gov/books/NBK1138/
https://doi.org/10.1016/S1474-4422(04)00737-9
https://doi.org/10.1038/ng1194-221
https://doi.org/10.1073/pnas.211305198
https://doi.org/10.1016/S0896-6273(00)80943-5
https://doi.org/10.1093/brain/awv262
https://doi.org/10.1016/S0924-977X(99)00030-9
https://doi.org/10.1016/S0924-977X(99)00030-9
https://doi.org/10.1016/j.pharep.2017.01.011
https://doi.org/10.1016/j.neulet.2013.06.033


Chapter 4 - Serotonin transporter ablation restores the transcriptomic profile and induces protective responses in a C. elegans MJD model 
 

 

243 

12. Kim, H.-J., Kim, W., and Kong, S.-Y., Antidepressants for neuro-regeneration: from depression to 
Alzheimer’s disease. Archives of Pharmacal Research, 2013. 36(11): p. 1279-
1290.https://doi.org/10.1007/s12272-013-0238-8. 

13. Jamwal, S. and Kumar, P., Antidepressants for neuroprotection in Huntington's disease: A review. 
European Journal of Pharmacology, 2015. 769: p. 33-
42.https://doi.org/10.1016/j.ejphar.2015.10.033. 

14. Tatum, Marcus C., Ooi, Felicia K., Chikka, Madhusudana R., Chauve, L., et al., Neuronal 
Serotonin Release Triggers the Heat Shock Response in C. elegans in the Absence of 
Temperature Increase. Current Biology, 2015. 25(2): p. 163-
174.https://doi.org/10.1016/j.cub.2014.11.040. 

15. Berendzen, K.M., Durieux, J., Shao, L.-W., Tian, Y., et al., Neuroendocrine Coordination of 
Mitochondrial Stress Signaling and Proteostasis. Cell, 2016. 166(6): p. 1553-
1563.e10.https://doi.org/10.1016/j.cell.2016.08.042. 

16. Weber, J.J., Haas, E., Maringer, Y., Hauser, S., et al., Calpain-1 ablation partially rescues disease-
associated hallmarks in models of Machado-Joseph disease. Human Molecular Genetics, 2020. 
29(6): p. 892-906.https://doi.org/10.1093/hmg/ddaa010. 

17. Bilen, J. and Bonini, N.M., Genome-Wide Screen for Modifiers of Ataxin-3 Neurodegeneration in 
Drosophila. PLOS Genetics, 2007. 3(10): p. 
e177.https://doi.org/10.1371/journal.pgen.0030177. 

18. Teixeira-Castro, A., Ailion, M., Jalles, A., Brignull, H.R., et al., Neuron-specific proteotoxicity of 
mutant ataxin-3 in C. elegans : rescue by the DAF-16 and HSF-1 pathways. Human Molecular 
Genetics, 2011. 20(15): p. 2996-3009.https://doi.org/10.1093/hmg/ddr203. 

19. Ranganathan, R., Sawin, E.R., Trent, C., and Horvitz, H.R., Mutations in the Caenorhabditis 
elegans Serotonin Reuptake Transporter MOD-5 Reveal Serotonin-Dependent and -Independent 
Activities of Fluoxetine. The Journal of Neuroscience, 2001. 21(16): p. 5871-
5884.https://doi.org/10.1523/JNEUROSCI.21-16-05871.2001. 

20. Brenner, S., The Genetics of Caenorhabditis elegans. Genetics, 1974. 77(1): p. 71-
94.https://www.genetics.org/content/77/1/71.short. 

21. Voisine, C., Varma, H., Walker, N., Bates, E.A., et al., Identification of Potential Therapeutic Drugs 
for Huntington's Disease using Caenorhabditis elegans. PLOS ONE, 2007. 2(6): p. 
e504.https://doi.org/10.1371/journal.pone.0000504. 

22. Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., et al., STAR: ultrafast universal RNA-seq 
aligner. Bioinformatics, 2013. 29(1): p. 15-21.https://doi.org/10.1093/bioinformatics/bts635. 

23. Angeles-Albores, D., N. Lee, R.Y., Chan, J., and Sternberg, P.W., Tissue enrichment analysis for 
C. elegans genomics. BMC Bioinformatics, 2016. 17(1): p. 
366.https://doi.org/10.1186/s12859-016-1229-9. 

https://doi.org/10.1007/s12272-013-0238-8
https://doi.org/10.1016/j.ejphar.2015.10.033
https://doi.org/10.1016/j.cub.2014.11.040
https://doi.org/10.1016/j.cell.2016.08.042
https://doi.org/10.1093/hmg/ddaa010
https://doi.org/10.1371/journal.pgen.0030177
https://doi.org/10.1093/hmg/ddr203
https://doi.org/10.1523/JNEUROSCI.21-16-05871.2001
https://www.genetics.org/content/77/1/71.short
https://doi.org/10.1371/journal.pone.0000504
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/s12859-016-1229-9


Chapter 4 - Serotonin transporter ablation restores the transcriptomic profile and induces protective responses in a C. elegans MJD model 
 

 

244 

24. Angeles-Albores, D., Lee, R.Y.N., Chan, J., and Sternberg, P.W., Two new functions in the 
WormBase Enrichment Suite. microPublication Biology, 
2018.https://doi.org/10.17912/W25Q2N. 

25. Harris, T.W., Arnaboldi, V., Cain, S., Chan, J., et al., WormBase: a modern Model Organism 
Information Resource. Nucleic Acids Research, 2019. 48(D1): p. D762-
D767.https://doi.org/10.1093/nar/gkz920. 

26. Huang da, W., Sherman, B.T., and Lempicki, R.A., Systematic and integrative analysis of large 
gene lists using DAVID bioinformatics resources. Nature Protocols, 2009. 4(1): p. 44-
57.https://doi.org/10.1038/nprot.2008.211. 

27. Huang, D.W., Sherman, B.T., and Lempicki, R.A., Bioinformatics enrichment tools: paths toward 
the comprehensive functional analysis of large gene lists. Nucleic Acids Research, 2008. 37(1): 
p. 1-13.https://doi.org/10.1093/nar/gkn923. 

28. Hill, A.A., Hunter, C.P., Tsung, B.T., Tucker-Kellogg, G., et al., Genomic Analysis of Gene 
Expression in C. elegans. Science, 2000. 290(5492): p. 809-
812.https://doi.org/10.1126/science.290.5492.809. 

29. Johnstone, I.L. and Barry, J.D., Temporal reiteration of a precise gene expression pattern during 
nematode development. The EMBO Journal, 1996. 15(14): p. 3633-
3639.https://doi.org/10.1002/j.1460-2075.1996.tb00732.x. 

30. Broad Institute. CLUE MORPHEUS. 2020  [Last accessed 2020 November]; Morpheus: versatile 
matrix visualization and analysis software ]. Available from: https://clue.io/morpheus. 

31. Walther, Dirk M., Kasturi, P., Zheng, M., Pinkert, S., et al., Widespread Proteome Remodeling 
and Aggregation in Aging C. elegans. Cell, 2015. 161(4): p. 919-
932.https://doi.org/10.1016/j.cell.2015.03.032. 

32. Silva, M.C., Fox, S., Beam, M., Thakkar, H., et al., A Genetic Screening Strategy Identifies Novel 
Regulators of the Proteostasis Network. PLOS Genetics, 2011. 7(12): p. 
e1002438.https://doi.org/10.1371/journal.pgen.1002438. 

33. Nollen, E.A.A., Garcia, S.M., van Haaften, G., Kim, S., et al., Genome-wide RNA interference 
screen identifies previously undescribed regulators of polyglutamine aggregation. Proceedings of 
the National Academy of Sciences of the United States of America, 2004. 101(17): p. 6403-
6408.https://doi.org/10.1073/pnas.0307697101. 

34. Lakhina, V., Arey, Rachel N., Kaletsky, R., Kauffman, A., et al., Genome-wide Functional Analysis 
of CREB/Long-Term Memory-Dependent Transcription Reveals Distinct Basal and Memory Gene 
Expression Programs. Neuron, 2015. 85(2): p. 330-
345.https://doi.org/10.1016/j.neuron.2014.12.029. 

35. Schindelman, G., Fernandes, J.S., Bastiani, C.A., Yook, K., et al., Worm Phenotype Ontology: 
Integrating phenotype data within and beyond the C. elegans community. BMC Bioinformatics, 
2011. 12(1): p. 32.https://doi.org/10.1186/1471-2105-12-32. 

https://doi.org/10.17912/W25Q2N
https://doi.org/10.1093/nar/gkz920
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1126/science.290.5492.809
https://doi.org/10.1002/j.1460-2075.1996.tb00732.x
https://clue.io/morpheus
https://doi.org/10.1016/j.cell.2015.03.032
https://doi.org/10.1371/journal.pgen.1002438
https://doi.org/10.1073/pnas.0307697101
https://doi.org/10.1016/j.neuron.2014.12.029
https://doi.org/10.1186/1471-2105-12-32


Chapter 4 - Serotonin transporter ablation restores the transcriptomic profile and induces protective responses in a C. elegans MJD model 
 

 

245 

36. Cui, Y., McBride, S.J., Boyd, W.A., Alper, S., et al., Toxicogenomic analysis of Caenorhabditis 
elegans reveals novel genes and pathways involved in the resistance to cadmium toxicity. 
Genome Biology, 2007. 8(6): p. R122.https://doi.org/10.1186/gb-2007-8-6-r122. 

37. Lee, R.Y.N. and Sternberg, P.W., Building a Cell and Anatomy Ontology of Caenorhabditis 
elegans. Comparative and Functional Genomics, 2003. 4: p. 
482457.https://doi.org/10.1002/cfg.248. 

38. Tang, Y., Illes, P., and Verkhratsky, A., Glial-neuronal Sensory Organs: Evolutionary Journey from 
Caenorhabditis elegans to Mammals. Neuroscience Bulletin, 2020: p. 1-
4.https://doi.org/10.1007/s12264-020-00464-z. 

39. Way, J.C. and Chalfie, M., The mec-3 gene of Caenorhabditis elegans requires its own product 
for maintained expression and is expressed in three neuronal cell types. Genes & Development, 
1989. 3(12a): p. 1823-1833.https://doi.org/10.1101/gad.3.12a.1823. 

40. Chatzigeorgiou, M., Yoo, S., Watson, J.D., Lee, W.-H., et al., Specific roles for DEG/ENaC and 
TRP channels in touch and thermosensation in C. elegans nociceptors. Nature Neuroscience, 
2010. 13(7): p. 861-868.https://doi.org/10.1038/nn.2581. 

41. Chou, A.-H., Yeh, T.-H., Ouyang, P., Chen, Y.-L., et al., Polyglutamine-expanded ataxin-3 causes 
cerebellar dysfunction of SCA3 transgenic mice by inducing transcriptional dysregulation. 
Neurobiology of Disease, 2008. 31(1): p. 89-101.https://doi.org/10.1016/j.nbd.2008.03.011. 

42. Evert, B.O., Vogt, I.R., Vieira-Saecker, A.M., Ozimek, L., et al., Gene Expression Profiling in Ataxin-
3 Expressing Cell Lines Reveals Distinct Effects of Normal and Mutant Ataxin-3. Journal of 
Neuropathology & Experimental Neurology, 2003. 62(10): p. 1006-
1018.https://doi.org/10.1093/jnen/62.10.1006. 

43. Leroy, M., Mosser, T., Manière, X., Alvarez, D.F., et al., Pathogen-induced Caenorhabditis elegans 
developmental plasticity has a hormetic effect on the resistance to biotic and abiotic stresses. 
BMC Evolutionary Biology, 2012. 12(1): p. 187.https://doi.org/10.1186/1471-2148-12-187. 

44. Turk, V., Turk, B., and Turk, D., Lysosomal cysteine proteases: facts and opportunities. The 
EMBO Journal, 2001. 20(17): p. 4629-4633.https://doi.org/10.1093/emboj/20.17.4629. 

45. Bhutani, N., Piccirillo, R., Hourez, R., Venkatraman, P., et al., Cathepsins L and Z Are Critical in 
Degrading Polyglutamine-containing Proteins within Lysosomes. Journal of Biological Chemistry, 
2012. 287(21): p. 17471-17482.https://doi.org/10.1074/jbc.M112.352781. 

46. Mueller-Steiner, S., Zhou, Y., Arai, H., Roberson, E.D., et al., Antiamyloidogenic and 
Neuroprotective Functions of Cathepsin B: Implications for Alzheimer's Disease. Neuron, 2006. 
51(6): p. 703-714.https://doi.org/10.1016/j.neuron.2006.07.027. 

47. Sun, B., Zhou, Y., Halabisky, B., Lo, I., et al., Cystatin C-Cathepsin B Axis Regulates Amyloid Beta 
Levels and Associated Neuronal Deficits in an Animal Model of Alzheimer's Disease. Neuron, 
2008. 60(2): p. 247-257.https://doi.org/10.1016/j.neuron.2008.10.001. 

https://doi.org/10.1186/gb-2007-8-6-r122
https://doi.org/10.1002/cfg.248
https://doi.org/10.1007/s12264-020-00464-z
https://doi.org/10.1101/gad.3.12a.1823
https://doi.org/10.1038/nn.2581
https://doi.org/10.1016/j.nbd.2008.03.011
https://doi.org/10.1093/jnen/62.10.1006
https://doi.org/10.1186/1471-2148-12-187
https://doi.org/10.1093/emboj/20.17.4629
https://doi.org/10.1074/jbc.M112.352781
https://doi.org/10.1016/j.neuron.2006.07.027
https://doi.org/10.1016/j.neuron.2008.10.001


Chapter 4 - Serotonin transporter ablation restores the transcriptomic profile and induces protective responses in a C. elegans MJD model 
 

 

246 

48. Sun, Y., Li, M., Zhao, D., Li, X., et al., Lysosome activity is modulated by multiple longevity 
pathways and is important for lifespan extension in C. elegans. eLife, 2020. 9: p. 
e55745.https://doi.org/10.7554/eLife.55745. 

49. Rogov, V., Dötsch, V., Johansen, T., and Kirkin, V., Interactions between Autophagy Receptors 
and Ubiquitin-like Proteins Form the Molecular Basis for Selective Autophagy. Molecular Cell, 
2014. 53(2): p. 167-178.https://doi.org/10.1016/j.molcel.2013.12.014. 

50. Khan, L.A., Yamanaka, T., and Nukina, N., Genetic impairment of autophagy intensifies expanded 
polyglutamine toxicity in Caenorhabditis elegans. Biochemical and Biophysical Research 
Communications, 2008. 368(3): p. 729-735.https://doi.org/10.1016/j.bbrc.2008.01.150. 

51. Sittler, A., Muriel, M.P., Marinello, M., Brice, A., et al., Deregulation of autophagy in postmortem 
brains of Machado-Joseph disease patients. Neuropathology, 2018. 38(2): p. 113-
124.https://doi.org/10.1111/neup.12433. 

52. Kumsta, C., Chang, J.T., Schmalz, J., and Hansen, M., Hormetic heat stress and HSF-1 induce 
autophagy to improve survival and proteostasis in C. elegans. Nature Communications, 2017. 
8(1): p. 14337.https://doi.org/10.1038/ncomms14337. 

53. Hetz, C., Thielen, P., Matus, S., Nassif, M., et al., XBP-1 deficiency in the nervous system protects 
against amyotrophic lateral sclerosis by increasing autophagy. Genes & Development, 2009. 
23(19): p. 2294-2306.https://doi.org/10.1101/gad.1830709. 

54. Ipson, B.R., Green, R.A., Wilson, J.T., Watson, J.N., et al., Tyrosine aminotransferase is involved 
in the oxidative stress response by metabolizing meta-tyrosine in Caenorhabditis elegans. Journal 
of Biological Chemistry, 2019. 294(24): p. 9536-
9554.https://doi.org/10.1074/jbc.RA118.004426. 

55. Ferguson, A.A., Roy, S., Kormanik, K.N., Kim, Y., et al., TATN-1 Mutations Reveal a Novel Role 
for Tyrosine as a Metabolic Signal That Influences Developmental Decisions and Longevity in 
Caenorhabditis elegans. PLOS Genetics, 2013. 9(12): p. 
e1004020.https://doi.org/10.1371/journal.pgen.1004020. 

56. de Assis, A.M., Saute, J.A.M., Longoni, A., Haas, C.B., et al., Peripheral Oxidative Stress 
Biomarkers in Spinocerebellar Ataxia Type 3/Machado–Joseph Disease. Frontiers in Neurology, 
2017. 8(485).https://doi.org/10.3389/fneur.2017.00485. 

57. Hu, P.J., Dauer, in WormBook. 2007, The C. elegans Research Community. p. 1-
19.https://doi.org/10.1895/wormbook.1.144.1. 

58. Meléndez, A., Tallóczy, Z., Seaman, M., Eskelinen, E.-L., et al., Autophagy Genes Are Essential 
for Dauer Development and Life-Span Extension in C. elegans. Science, 2003. 301(5638): p. 
1387-1391.https://doi.org/10.1126/science.1087782. 

59. Wadsworth, W.G. and Riddle, D.L., Developmental regulation of energy metabolism in 
Caenorhabditis elegans. Developmental Biology, 1989. 132(1): p. 167-
173.https://doi.org/10.1016/0012-1606(89)90214-5. 

https://doi.org/10.7554/eLife.55745
https://doi.org/10.1016/j.molcel.2013.12.014
https://doi.org/10.1016/j.bbrc.2008.01.150
https://doi.org/10.1111/neup.12433
https://doi.org/10.1038/ncomms14337
https://doi.org/10.1101/gad.1830709
https://doi.org/10.1074/jbc.RA118.004426
https://doi.org/10.1371/journal.pgen.1004020
https://doi.org/10.3389/fneur.2017.00485
https://doi.org/10.1895/wormbook.1.144.1
https://doi.org/10.1126/science.1087782
https://doi.org/10.1016/0012-1606(89)90214-5


Chapter 4 - Serotonin transporter ablation restores the transcriptomic profile and induces protective responses in a C. elegans MJD model 
 

 

247 

60. Dalley, B.K. and Golomb, M., Gene expression in the Caenorhabditis elegans dauer larva: 
Developmental regulation of Hsp90 and other genes. Developmental Biology, 1992. 151(1): p. 
80-90.https://doi.org/10.1016/0012-1606(92)90215-3. 

61. Larsen, P.L., Aging and resistance to oxidative damage in Caenorhabditis elegans. Proceedings 
of the National Academy of Sciences, 1993. 90(19): p. 8905-
8909.https://doi.org/10.1073/pnas.90.19.8905. 

62. Vanfleteren, J.R. and De Vreese, A., The gerontogenes age-1 and daf-2 determine metabolic rate 
potential in aging Caenorhabditis elegans. The FASEB Journal, 1995. 9(13): p. 1355-
1361.https://doi.org/10.1096/fasebj.9.13.7557026. 

63. McElwee, J.J., Schuster, E., Blanc, E., Thomas, J.H., et al., Shared Transcriptional Signature in 
Caenorhabditis elegans Dauer Larvae and Long-lived daf-2 Mutants Implicates Detoxification 
System in Longevity Assurance. Journal of Biological Chemistry, 2004. 279(43): p. 44533-
44543.https://doi.org/10.1074/jbc.M406207200. 

64. Murphy, C.T., McCarroll, S.A., Bargmann, C.I., Fraser, A., et al., Genes that act downstream of 
DAF-16 to influence the lifespan of Caenorhabditis elegans. Nature, 2003. 424(6946): p. 277-
283.https://doi.org/10.1038/nature01789. 

65. Vatamaniuk, O.K., Bucher, E.A., Ward, J.T., and Rea, P.A., A New Pathway for Heavy Metal 
Detoxification in Animals: Phytochelatin synthase is required for cadmium tolerance in 
Caenorhabditis elegans. Journal of Biological Chemistry, 2001. 276(24): p. 20817-
20820.https://doi.org/10.1074/jbc.C100152200. 

66. Li, F., Macfarlan, T., Pittman, R.N., and Chakravarti, D., Ataxin-3 Is a Histone-binding Protein with 
Two Independent Transcriptional Corepressor Activities. Journal of Biological Chemistry, 2002. 
277(47): p. 45004-45012.https://doi.org/10.1074/jbc.M205259200. 

67. McCampbell, A., Taylor, J.P., Taye, A.A., Robitschek, J., et al., CREB-binding protein 
sequestration by expanded polyglutamine. Human Molecular Genetics, 2000. 9(14): p. 2197-
2202.https://doi.org/10.1093/hmg/9.14.2197. 

68. Bargmann, C., Chemosensation in C. elegans (October 25, 2006), in Wormbook, The C. elegans 
Research Community, Editor. 2006.https://doi.org/10.1895/wormbook.1.123.1. 

69. Altun, Z. and Hall, D., Nervous system, neuronal support cells, in WormAtlas. 
2010.https://doi.org/10.3908/wormatlas.1.19. 

70. Wadsworth, W.G., Bhatt, H., and Hedgecock, E.M., Neuroglia and Pioneer Neurons Express UNC-
6 to Provide Global and Local Netrin Cues for Guiding Migrations in C. elegans. Neuron, 1996. 
16(1): p. 35-46.https://doi.org/10.1016/S0896-6273(00)80021-5. 

71. Curt, A., Zhang, J., Minnerly, J., and Jia, K., Intestinal autophagy activity is essential for host 
defense against Salmonella typhimurium infection in Caenorhabditis elegans. Developmental & 
Comparative Immunology, 2014. 45(2): p. 214-
218.https://doi.org/10.1016/j.dci.2014.03.009. 

 

https://doi.org/10.1016/0012-1606(92)90215-3
https://doi.org/10.1073/pnas.90.19.8905
https://doi.org/10.1096/fasebj.9.13.7557026
https://doi.org/10.1074/jbc.M406207200
https://doi.org/10.1038/nature01789
https://doi.org/10.1074/jbc.C100152200
https://doi.org/10.1074/jbc.M205259200
https://doi.org/10.1093/hmg/9.14.2197
https://doi.org/10.1895/wormbook.1.123.1
https://doi.org/10.3908/wormatlas.1.19
https://doi.org/10.1016/S0896-6273(00)80021-5
https://doi.org/10.1016/j.dci.2014.03.009


 

248 

 

 

 

 

   

Supplementary data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 - Serotonin transporter ablation restores the transcriptomic profile and induces protective responses in a C. elegans MJD model 
 

 

249 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.1 Contrasting alterations in the expression of the common genes between WT vs Q130 and Q130 

vs mod-5; Q130 comparisons. Genes common only to the WT vs Q130 and the Q130 vs mod-5; Q130 comparisons are 

displayed in a heatmap. Fold changes (Log2 FC) values were used. Each row represents a gene (some are numbered in the 

left side of the heatmap), in a total of 409 genes. Whenever a gene is downregulated (Log2 FC < 0) in the WT vs Q130 

comparison, the same gene is upregulated (Log2 FC > 0) in the Q130 vs mod-5; Q130 one and vice-versa (Heatmap created 

using GraphPad Prism 8 software, version 8.0.1 (GraphPad Software, San Diego, CA, USA)).  
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Nowadays, neurological diseases, such as Machado-Joseph disease (MJD), are the primary cause 

of disability worldwide and researchers are eager to find effective therapeutic approaches to treat them 

[1]. There is an increased perception that pathologies affecting gait and balance are among the most 

determinant for an impaired quality of life and increased mortality [2, 3]. The need to find novel 

therapeutic strategies able to modify disease progression and to prevent its associated incapacity is 

urgent. Although MJD has a defined genetic cause, its heterogeneity in symptomatology, reflecting a brain 

multisystem dysfunction, and the complexity of the cellular mechanisms affected by the altered gene 

product represent a challenge to the development of disease-modifying treatments. In fact, besides the 

classic ataxia and motor signs, MJD patients present other symptoms such as sleep disorders, 

depression, anxiety, chronic pain, cramps, among others. The presence of neuronal ataxin-3 (ATXN3) 

protein aggregates and neuronal loss in several brain areas, such as the cerebellar dentate nucleus, 

substantia nigra, red and pontine nucleus and spinal cord, are also hallmarks of the disease [4]. The 

mutation of the ATXN3 gene is thought to trigger an avalanche of cellular abnormalities, including 

impaired proteostasis, mitochondrial dysfunction and oxidative stress, defective calcium homeostasis, 

transcription alterations, and even defective axonal transport, underlying ATXN3-mediated 

neurodegeneration [5]. Currently, there is no specific treatment for MJD and only treatment of symptoms 

is targeted with available therapies, following recommendations that are mainly derived from studies in 

other neurodegenerative disorders. The challenge resides in finding a disease-modifying treatment that 

tackles all aspects of the pathology without having major side effects.  

In this work, we strengthened previous observations that the use of citalopram and consequent 

modulation of the serotonergic system is a promising new therapeutic approach to be considered for the 

treatment of MJD. Importantly, the early initiation and chronic treatment duration seem to be key to obtain 

the best results (chapter 2). To better understand how citalopram is leading to the phenotypic and 

pathological ameliorations in MJD animal models, we performed a transcriptomic analysis in both mouse 

and C. elegans MJD models (chapter 3.1, 3.2 and 4).  

In this chapter, the main findings, strengths, and limitations of the work developed throughout 

the years will be discussed. A special focus on the aims of the thesis will be made and suggestion for 

further research will be put forward.   

 

5.1 Citalopram as a valid therapeutic approach: preclinical trials’ design and lessons  

  In chapter 2, we aimed at predicting the therapeutic potential of citalopram in the clinical context, 

that is, if the beneficial effects would still be relevant in a post-symptomatic phase of the disease. This 
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sometimes disregarded aspect in preclinical trials is important because, although genetic testing is 

available for MJD, most patients are only diagnosed after the appearance of the first symptoms. Preclinical 

trials are challenging; however, ensuring that those are adequately planned, have a correct design, are 

properly executed, and accurately reported potentiates their reproducibility and translation to the clinic.  

Animal model. One crucial aspect in the planning of a preclinical trial is to ensure that we have the best 

animal model possible to answer our question. Having this in mind, there are three conditions commonly 

used to validate a mouse model: (i) construct validity, which is related to the biological features that cause 

the human disorder and should be present in the model; (ii) face validity, which refers to the analogy to 

the symptoms of the human disease, comprising the endophenotypes (behavioral symptoms, 

pathological, physiological, and chemical abnormalities) that can be modulated in animals; (iii) predictive 

validity, which refers to the specificity of treatment responses that should be similar between animal 

models and humans. This last one is, of course, limited by the intrinsic differences between other animal 

species and humans regarding disease mechanism(s) and drug pharmacokinetics (absorption, 

distribution, metabolism and excretion) [6]. Hence, it is essential to have a model of the disease that 

satisfies all these criteria, with a well characterized phenotype and pathological features. Measuring 

outcomes of clinical relevance, such as the identification of translatable biomarkers, is indispensable. 

Nevertheless, there is no perfect model. Different models of the same disorder may have different genetic 

backgrounds and therefore be variable in the manifestation of phenotypes and pathology, respond 

differently in terms of pharmacokinetics and pharmacodynamics to the same compound, and might also 

differ in responses among sexes (male versus female) due to their inherent differences in biology. Thus, 

preclinical testing in more than one mouse model and using two genders can contribute to an increase 

in the confidence that a protective therapy would be translatable. 

The CMVMJD135 mouse model used in this thesis is among the most extensively characterized 

transgenic mouse models for this disorder, at the phenotypic and pathological levels. It expresses mutant 

human ATXN3 at near endogenous levels, exhibiting the aggregation pattern that is an MJD hallmark, 

and manifests MJD-like motor symptoms that appear in a gradual form and progress over time, which 

recapitulates what happens in the human disease [7]. Furthermore, some compounds tested in human 

clinical trials with MJD patients, such as lithium carbonate [8] and valproic acid [9], were tested in the 

CMVMJD135 mouse model being the results concordant with the clinical trials. Lithium had no overall 

impact in CMVMJD135 mouse phenotype [10], while valproic acid had some effects [11], as observed in 

MJD patients. Thus, it has a high construct, face, and predictive validity, making it a powerful model to 

address the questions raised in this thesis. Indeed, before conducting the experiments contained in 
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chapter 2, this model had already been tested in a slight different paradigm with citalopram [12] and in 

several preclinical trials in the lab maintaining the phenotype and characteristics as first described [7, 10-

14]. 

Experimental design. Another critical aspect to assure the validity of the results obtained in a 

preclinical stage is the experimental design. Currently, for ethical (3Rs policy [15, 16] and European 

Union legislation (2010/63/EU) regulating animal use in life sciences) and logistical reasons, the number 

of animals used should be reduced as much as possible. To achieve that without compromising the 

validity of the results obtained, sample size should be estimated according to the anticipated magnitude 

of a specific biological effect, to the inherent variability of the target population and to the parameters 

being tested. The number of animals needs to be sufficient for a significant difference to be detected 

according to the parameters referred above and to the statistical power required to ensure robust results. 

The minimum number of animals needed for the CMVMJD135 model had previously been estimated [12] 

for the different measures tested in the present work. The use of littermate control animals, evaluation of 

both sexes, randomization and blinded assessment should also be considered when designing and 

conducting a preclinical assay. Littermate male and female mice should ideally be assessed in the same 

experiment, to exclude sex-specific drug effects and randomly assigned to each group (control and 

treatment). Controls needed should always be included into the study design, as a reference value, and 

researchers measuring the outcomes should be blinded to the genotype and treatment. In the work 

presented (chapter 2), only male mice were used due to logistic reasons in the animal housing, this 

constituting a limitation, but proper controls were used throughout the study. One of the strong points of 

the CMVMJD135 model is that the phenotype is highly comparable between males and females. Although 

not assessed in the same experiment, CMVMJD135 female mice were also tested with citalopram and a 

positive therapeutic effect was observed (Neves-Carvalho et al., personal communication). Since then, 

several independent preclinical trials were conducted in this mouse model, in both sexes, by independent 

experimenters and the beneficial therapeutic effect of citalopram was robust and always observed. In the 

present work, drug (citalopram) and placebo treatments were alternately allocated to animals. 

Researchers were blind to treatment and whenever possible also to genotype, although as the animals 

age, MJD-like symptoms progress and the genotype becomes obvious to the experimenter.  

Defining the dosages. One of the possible causes of clinical trial failure is the improper translation of 

drug dosage tested in preclinical trials to humans. Many times, a compound found to work well in mice 

is ineffective when it reaches the clinical stage. To address this issue, in 2007, Reagan-Show and 

collaborators proposed the body surface area (BSA) normalization method for dose translation from 
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animal to human studies. This method correlates well among several mammalian species and includes 

in the analysis several parameters of biology, such as basal metabolism, oxygen utilization, caloric 

expenditure, blood volume, circulating plasma proteins and renal function [17]. According to this method, 

the dosage of citalopram used in this study (8 mg/kg/day, already described as non-toxic and effective 

in mice with the same genetic background [18]) corresponds to a 38 mg/day dose in a 60 kg person. 

The most common dose of citalopram used in adults for treatment of depression is 20 mg/day, but it 

may start at a lower dose and be increased to a maximum dose of 40 mg/day. The citalopram dose 

defined in our studies is therefore within the recommended range, although some revision in dosing for 

older adults has been made [19]. More recently, the use of the BSA method has been questioned, and 

the inclusion of other parameters (physiologic, pharmacokinetic and toxicology data) for interspecies 

scaling has been suggested [20]. This is particularly relevant for new drugs and compounds for which 

there is no toxicity data available. As citalopram is already widely used in the clinic, its safety profile in 

humans is well established. 

Data handling and ARRIVE guidelines. A preclinical assay should be carefully planned, the 

methodology used and data obtained comprehensively described. Readouts, time points of assessment 

and completion of the study should be defined in advance, according to the objective of the research. 

After readouts are defined, the method of statistical analysis should be chosen accordingly. Exclusion 

criteria should also be established prior to the study. Any data removed before the analysis should be 

acknowledged. Avoiding omission, insufficient and/or inadequate reporting of animal experimental data 

is essential as it may add to the reasons why preclinical experiments are not successfully reproduced or 

later fail when translated to clinic. To improve the reporting of animal experiments, the ARRIVE (Animals 

in Research: Reporting In Vivo Experiments) guidelines were created [21]. They consist in a checklist of 

information (updated recently) to include in publications aiming at describing in vivo experiments that 

would allow others not only to reproduce but also inspect the work satisfactorily, evaluating its 

methodological rigor [22]. For the studies described in this work, which are published or in preparation, 

complete details of assay methodologies used, assessments performed, information on the animal model 

used and specific characteristics (genetic background, CAG repeat length), exclusion criteria, and 

statistical analysis were provided according to the guidelines. An additional concern regarding reporting 

of experiments by researchers is the view that successful proven hypotheses are more likely to be 

published than the ones who fail to be proven, the so-called negative results. It is vital that negative results 

are also published in open-access journals. Underreporting negative results will introduce a significant 
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bias, which consequently can misinform researchers and more resources will be wasted on research that 

remain unpublished and not available to the scientific community [23].  

Reproducibility and validation. A key aspect for science is that results obtained should be replicated 

by different researchers and, if possible, in independent laboratories thus corroborating the findings and 

increasing the confidence for potential translation. Regarding the CMVMJD135 model, it has a robust 

phenotype, replicated by different experimenters in our and in independent foreign laboratories [24-26]. 

Reproducibility and validation of treatments are also of major importance. The therapeutic effect of 

citalopram has been observed in the CMVMJD135 mouse model, by different experimenters in two 

different animal facilities, accounting for the robustness of the findings (Neves-Carvalho, A. et al., personal 

communication; Oliveira, S. et al., unpublished results). Furthermore, citalopram treatment was validated 

in an independent laboratory, in a different MJD model (YACMJD84.2), in which a reduction in ATXN3 

aggregation was observed upon treatment [27], giving further strength to the idea that this therapeutic 

approach, validated in chapter 2, is a undeniable candidate for translation. 

Citalopram as a therapeutic approach. In this work, we found that the post-symptomatic treatment 

of MJD mice with the SSRI citalopram still attenuated motor dysfunction and loss of balance, even in a 

cohort of mice with increased symptoms severity and faster disease progression. Although not having a 

strong impact in neuropathology, this is still relevant since, as previously referred, lack of gait and balance 

are determinant for an impaired quality of life. The use of this antidepressant beyond the treatment of 

depression could attenuate the progressive decline in motor abilities of MJD patients. Importantly, with 

this work, we found that citalopram could be relevant in a clinical context. Most of the preclinical trials 

reported in the literature, for MJD, do not evaluate the therapeutic potential of pre- and post-symptomatic 

pharmacological treatment initiation. Assessment of other therapeutic strategies using genetic 

approaches in MJD have been made in both conditions, but using different mouse models (lentiviral-based 

and transgenic mice) [28]. Even when looking at other neurodegenerative disorders, where both 

paradigms are also relevant, studies performing pre- and post-symptomatic treatment initiation are not 

generally found in the literature. Still, some examples exist regarding amyotrophic lateral sclerosis (ALS) 

[29, 30] or even SCA17 [31], with improvements observed in both pre- and post-symptomatic treatments, 

using valproic acid and arimoclomol for ALS, and using granulocyte-colony stimulating factor (G-CSF) for 

SCA17. To the best of our knowledge, citalopram is the first pharmacological approach tested in a 

preclinical setting in MJD, in both pre- and post-symptomatic paradigms in the same mouse model, with 

encouraging improvements. As citalopram has a safe profile it could be used as a prophylactic treatment 

for mutation carriers (as genetic testing is available) or after disease onset. Although it might not seem 



Chapter 5 - General discussion and future perspectives 
 

 

256 

always necessary to test therapeutic approaches pre-symptomatically in neurodegenerative disorders 

(especially in diseases in which diagnosis is only made after symptom onset), we cannot disregard that it 

might give us clues about the disease pathological mechanisms and/or responses triggered by the 

therapeutic intervention tested. In the case of citalopram, early initiation of treatment seems to be key to 

prevent aggregation and neuronal loss. A different timing in citalopram treatment initiation showed a 

differential impact on ATXN3 aggregation. The pre-symptomatic treatment led to a striking decrease in 

ATXN3 aggregation in several areas of the brain, while in the post-symptomatic treatment only tendencies 

towards a decrease were observed. This suggest that citalopram may act preferentially in the prevention 

and/or stalling of the aggregation formation process, and less so by disaggregation or degradation of 

ATXN3 inclusions already formed. Also, our RNA-seq results exploring proteostasis upon citalopram 

pre-symptomatic treatment in CMVMJD135 mouse model (chapter 3.1) showed that genes encoding 

proteins involved in protein degradation and conformational maintenance are differentially expressed 

upon treatment. The activation of these pathways might contribute to prevent aggregate formation along 

disease progression, making the cell more prone to cope with the upcoming burden. However, when 

treatment is initiated later and after symptom onset, it might not be sufficient to avoid aggregation 

formation at the same extent, due to shortcoming of proteostasis resources. It has been shown, for 

instance, that chaperones and other proteins (as proteasome subunits) can be recruited into the 

aggregates [32], disturbing the recuperation of misfolded protein and degradation of proteins. Another 

point that highly influences disease severity and progression is CAG repeat number. In this work, we also 

generated a CMVMJD135 cohort of mice with increased disease severity by increasing the mean CAG 

repeat number by 10 (CMVMJD135hi). As described in patients [33], the mean CAG repeat number is 

directly proportional to symptom severity and disease progression and inversely correlates with the age 

at onset of symptoms in this mouse model. Indeed, clinical anticipation was observed in this model by 

four to a maximum of sixteen weeks, as well as a significant aggravation of motor symptomatology. 

Despite citalopram treatment being started after symptom onset, improvements in locomotor behavior 

and a delay of the disease progression were observed. This type of study, closer to what happens in a 

clinical setting, is essential and means that in practice, even in more severe cases, patients would still 

benefit from citalopram treatment. Overall, the results support a novel use for citalopram in the context 

of MJD and brings a new perspective into the design of future clinical trials for this disorder.  
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5.2 RNA-sequencing as a tool to explore cellular mechanisms: general and technical 

considerations  

 Finding new therapies is essential, however understanding how they modulate cellular responses 

is necessary to: (i) better understand the mechanism of disease-associated pathogenicity; (ii) find new 

possible targets and/or target pathways; and (iii) be able to finetune the therapeutic strategy to make it 

more directed and to increase efficacy. When the target of the therapeutic approach is known (as in 

citalopram’s case, which is the serotonin (5-HT) transporter (SERT)), it is still essential to understand how 

the beneficial therapeutic effects are mediated i.e., what is the mode of action. What are the cellular 

changes triggered by the action on this target? How are the outcomes observed (e.g., improvement in 

motor behavior and pathology) triggered? Is it a group of downstream cellular effects or a specific one 

that is being relevant for the drug to be effective in disease context? Being able to answer to these 

questions is key to better understand the disease itself and to develop a more targeted and holistic 

therapeutic approach. With citalopram, we know that 5-HT reuptake is blocked and that the levels of this 

neurotransmitter increase at the synaptic cleft [34]. However, what happens downstream of these events 

is much less clear, even more in a pathological context such as in MJD. Gene profiling technologies, such 

as RNA-sequencing (RNA-seq) can be a good tool to provide insight on the cellular state in a specific 

condition and later associate the changes observed with a behavioral phenotype. In chapters 3.1, 3.2 

and 4, we aimed at unraveling the cellular alterations prompted by citalopram in MJD by means of 

transcriptomic analysis, in two different MJD animal models. 

 RNA-seq is a relatively recent methodology that allows transcriptome profiling using 

deep-sequencing approach. It is a multi-step technique, which starts with RNA extraction and ends with 

bioinformatic analysis of the data generated. Basically, a sample of RNA (total or fractionated) is converted 

into a library of complementary DNA (cDNA) fragments with an adaptor to one or both ends of the strands. 

Each strand is then sequenced (with or without amplification) in a high-throughput fashion to obtain 

shorter sequences from one end or both ends (single and pair-end sequencing, respectively). After the 

sequencing step, the reads can be aligned to a reference genome or transcripts, or de novo assembled 

without the genomic sequence. Counts of reads are mapped to each gene. A genome-scale transcription 

map is then generated and consists of both the structure of the transcripts and/or the level of expression. 

Expression levels of different genes, for transcriptome sequencing, are defined by counting the number 

of reads mapped to a particular gene, then normalizing the read counts by the length of the gene model 

and the total number of mapped reads in the sample. After, the results can be analyzed using 

bioinformatical tools to further infer on the expression changes revealed by the technique [35, 36]. Several 
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parameters are important to assure that the technique is performed in the best conditions and trustable 

results are generated.  

RNA quality. The quality of RNA used is very important for successful cDNA library preparation. Ensuring 

that RNA of high purity (with no contaminants) and high integrity (since it is easily degraded) is extracted 

from samples is crucial. RNA quality control is normally assessed with commercially available kits, based 

on microfluidic capillary electrophoresis, such as Bioanalyzer RNA assay (Agilent Technologies, USA) or 

Experion™ RNA kit (Bio-Rad, USA). In the RNA-seq analyses presented in chapter 3.1 and 4, RNA control 

quality was assessed. Although all the precautions in RNA sample extraction were taken, RNA quality 

from CMVMJD135 mouse samples was sufficient, but not optimal, to follow with RNA-seq experiments. 

This lower RNA quality might be explained by a less efficient conservation of the samples after tissue 

collection and/or degradation during tissue processing. To ensure data quality, we are currently validating 

RNA-seq findings in an independent set of animals for the genes of interest. In comparison, RNA quality 

from C. elegans samples was extremely high. One of the reasons for this, might be due to the immediate 

conservation of C. elegans in TRIzol™ reagent, right after worm collection and until the tissue 

homogenization step from RNA extraction was performed. This reagent maintains the integrity of the RNA 

through a high inhibition of RNase activity and helps in the disruption of cell components during the 

homogenization of the tissue. The nature of the two tissues and the immediate conservation of C. elegans 

in TRIzol™ are the main differences between the RNA extraction protocols performed in C. elegans and 

in mice. Future mice tissue collections for RNA will include tissue preservation in TRIzol™ and the RNA 

quality tested.  

RNA-seq methodological aspects. RNA-seq comprises several steps in a complex data processing 

scheme. Inevitably, questions arise as to the most correct and cost-efficient way of performing this type 

of experiments. In the RNA-seq performed, strand-specific library preparation kits were used to generate 

accurate and reliable profiles of expression, allowing to know which strand (sense or antisense) 

corresponds to the original mRNA. Without this, a biased estimate of transcription can occur [37]. 

Different strategies were used to prepare libraries: paired-end (enabling sequencing of both ends of a 

cDNA fragment) was used for mouse RNA-seq, while single-end (only one end is sequenced) was used 

for C. elegans RNA-seq. Paired-end reads facilitate alignment to the reference genome, making it easier 

to detect genomic rearrangements, repetitive sequence elements, gene fusions and novel transcripts. 

However, being more expansive, it can impact in the number of samples sequenced. With a lower number 

of biological replicates, the power of the experiment to find differential expression will decrease. Moreover, 

it has been shown that increasing sample size is more potent to increase power than sequencing depth 
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(particularly when it reaches 20 million reads, which is the case in our C. elegans RNA-seq experiment) 

[38]. Although using paired-end reads can be more precise, using single-end reads with additional 

replicates may be more desirable than using paired-end reads with less replicates [39]. Based on this 

and in the fact that we had already performed mouse RNA-seq analysis with paired-end reads, we thought 

that increasing our replicates for the C. elegans analysis would be a better option. 

RNA-seq analysis challenges.  In this work, all the data obtained including gene differential expression 

analysis was acquired by specialized persons in facilities where the experiments were conducted. One 

limitation in our mouse RNA-seq was that false discovery rate (FDR), a correction for multiple comparison, 

was not considered for differential gene expression. When FDR was applied, no differentially expressed 

genes (DEGs) were retrieved in WT vs Tg comparison and a substantial decrease in these was observed 

in the remaining comparisons analyzed. For this reason, we decided to only consider p-value and fold 

change parameters to obtain DEGs and to add an independent validation of the hits by RT-qPCR. The 

following enrichment analysis was performed by us and consisted in the biological interpretation of the 

list of DEGs of a total of several hundred to several thousands of genes. This can be challenging as there 

are several tools to conduct those analyses [40], but generally, classification schemes such as the Gene 

Ontology (GO) consortium [41] and Ingenuity Pathway Analysis (IPA) [42] are often used to identify 

functional categories. The determination that the list of DEGs contains an overrepresentation for one or 

more biological functions/pathways can certainly help to find mechanisms underlying disease and/or 

drug-mediated therapeutic effect. Several databases and online tools were tested (for mouse data: 

Panther Classification System [43], ConsensusPath DB [44, 45], iRegulon [46], DAVID database [40, 

47], and Ingenuity Pathway Analysis (IPA) [42]; for C. elegans data: g:Profiler [48], WormCat [49] and 

WormBase Enrichment suite [50, 51]) and results obtained were quite similar (data not shown). The 

Ingenuity Pathway Analysis (IPA) software was chosen to pursue with CVMMJD135 mouse data analysis, 

since more parameters were analyzed at the same time. With IPA, it was possible to perform at once a 

canonical pathway analysis, but also to obtain regulator effects, upstream regulators and generate 

mechanistic networks, among other analyses. However, when we attempted to analyze C. elegans data 

with IPA we noticed that only few genes (not more than 10 %) were mapped and recognized by it. This 

was probably due to the fact that IPA uses HomoloGene, a tool of the National Center for Biotechnology 

Information (NCBI) [52], for automated detection of homologs and it was not optimal for the C. elegans 

transcriptome. Other tools were used to convert C. elegans genes into orthologs, like Biomart tool, from 

Ensembl database [53], and Ortholist 2 compendium of C. elegans - human orthologs [54]. Unfortunately, 

this only increased the mapping of the genes up to 30 %, which we thought to be insufficient and 
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potentially misleading. Consequently, we searched for C. elegans specific tools in the literature and opted 

to use the WormBase Enrichment suite. With this tool, we were able not only to perform a GO enrichment 

analysis (which recapitulated most of the analyses performed by g:Profiler (except the analysis for DNA 

regulatory motifs presence) and WormCat, having highly similar results), but also to obtain information 

about phenotype and tissue specificities which was not possible with the other tools. Still, some genes 

lack proper annotation, which is an inherent limitation in this kind of analyses. Also, of note, all DEGs 

were analyzed together and not split in up- or downregulated DEGs in the enrichment analyses performed. 

Although there is no consensus in the literature on “the most correct” manner to do it, a report suggested 

that a separate approach should be considered. This would ultimately increase the power of 

disease-associated pathway detection, leading to the identification of more pertinent pathways to explain 

phenotypic differences [55]. A separated analysis could be considered to verify if any significant 

differences are found using this method.  

General limitations. When performing any kind of cellular measurement, we must be aware of the 

biological context that will be revealed by the results. For instance, when measuring steady-state levels of 

mRNA, we are unaware of mRNA stability or turnover rates and those eventually determine protein 

abundance. Therefore, the sole expression of genes can be a poor or misleading predictor of protein 

levels [56]. Another aspect to keep in mind is that gene expression is highly tissue specific [57], differing 

also within the same tissue [58], reflecting the expression of an heterogeneous cell population. In chapters 

3.1 and 4, a mouse specific region of the brain (striatum) and a population of whole worms were analyzed 

by RNA-seq, respectively. Therefore, it is essential to consider the different kind of samples used, when 

analyzing and contextualizing the results.  

Advances.  Over the last decade, RNA-seq has become a widely used tool for transcriptome analysis. 

New RNA-seq technologies have been developed and allow to study different parts of RNA biology; from 

single-cell RNA-seq (scRNAseq), which allows to compare the transcriptome of individual cells, to spatial 

transcriptomics which has been in development and will allow to study the transcriptome along with its 

spatial information (reviewed in [59]). So, nowadays, RNA-seq methods provide experimenters with 

detailed data regarding tissues or specific cells, but without accounting for localization within the tissue, 

making difficult to relate cellular environment to gene expression. Within our project, the use of those 

advanced techniques would provide answers to specific questions. For instance, is the transcriptome of 

cells containing ataxin-3 aggregates different from those cells without aggregates? Or why are cells from 

one brain region more susceptible to neuronal loss while the adjacent region is spared? Are there 

transcriptomic differences that could help explain this? Are there differences in specific 5-HT receptors 
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and 5-HT signaling? These questions could be addressed using recent and in development RNA-seq 

technology and could bring new perspectives, not only for MJD but for other neurogenerative disorders.  

 

5.3 Serotonergic signaling in MJD: a new perspective 

 Despite the greater understanding of the pathological mechanisms underlying polyQ diseases, 

including MJD, all aspects are not fully elucidated yet and new pieces have been added to this complex 

puzzle.  

The idea that there could be some serotonergic dysfunction in the brain of patients with 

neurodegenerative disorders can be found in the literature. In Alzheimer’s disease (AD), a reduction in 

5-HT transporter binding (using PET radiotracers) in nondepressed AD patients was observed, suggesting 

that 5-HT defects could contribute to disease pathology and not only to emotional state of the patients 

[60]. In Parkinson’s disease (PD), serotonergic transmission was found to be decreased in patients, by 

means of a 5-HT1AR binding decrease using PET radiotracers, correlating with the severity of tremors [61]. 

In Huntington’s disease (HD), postmortem analyses found that there is a reduced number of 

serotonin-containing cells in the dorsal raphe nuclei, indicating that changes in the serotonergic system 

are also present in this polyQ disorder [62]. Several years ago, the serotonergic hypothesis of cerebellar 

ataxia was described by Trouillas, already indicating that the serotonergic system could be defective in 

patients with cerebellar ataxia, presenting low 5-hydroxyindoleacetic acid (5-HIAA) (5-HT metabolite) 

values, but also increased serotonergic turnover [63]. Alterations in the serotonergic system of patients 

with ataxia is not entirely surprising, since the serotonergic system modulates an array of diverse 

behavioral and physiological processes and it is known to be a modulator of motor function [64]. It 

regulates motor output mediated by central pattern generators that are important for locomotion [65]. 

Furthermore, serotonergic system projections are widespread across the brain and it is probable that they 

modulate motor action through simultaneous connections with multiple brain regions involved in motor 

control, namely the basal ganglia, the cerebellum and the spinal cord [66], which are affected in MJD. 

Clinical studies indicated behavioral effects of serotonergic modulation in the cerebellar system. In 

patients with cerebellar ataxia, as above referred, 5-HT metabolites were found to be decreased in the 

cerebellum and the administration of a 5-HT precursor partially reversed ataxia [63, 67]. While data from 

CMVMDJ135 symptomatic mice does not point to a 5-HT depletion nor a 5-HT turnover (5-HIAA/5-HT 

ratio) problem in the brain [12], in MJD symptomatic patients, the 5-HT precursor tryptophan was found 

to be reduced in serum samples, suggesting that 5-HT synthesis and/or release could somehow be 

altered [68]. Although these results might seem contradictory, we must acknowledge that tryptophan is 
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mostly obtained from the diet and that 95 % of the serotonin production happens in the intestine [69]. 

Therefore, tryptophan levels in patients’ serum might not be the best indicator to infer about serotonin 

state in the brain. Supporting this is the fact that ʟ-type amino acid transporter (that transport tryptophan 

and other amino acids from the blood across the blood-brain barrier - BBB) has higher affinity for amino 

acids and higher expression in the BBB than in peripheral tissues [70, 71]. Consequently, the use of 

methods to quantify 5-HT and its precursors directly in brain is needed to further add on this matter. 

Although no alterations in serotonin levels were found in our studies, RNA-seq data points to an 

alteration in serotonin signaling in MJD (chapter 3.1). Interestingly, a decreased expression of the 5-HT1AR 

was found in the CMVMJD135 transgenic mouse, indicating a possible serotonin transmission 

dysfunction, that could ultimately be implicated in the motor deficits observed in this model. Theoretically, 

if this were the case, we could expect that 5-HT1AR receptor absence would lead to some motor impairment 

in WT mice. Curiously, 5-HT1AR knockout (KO) mice are generally described as models for anxiety-like 

phenotype and no gross motor alterations are observed. Still, a (not significant) tendency toward a 

decrease in cumulative locomotor activity was seen between one 5-HT1AR KO mouse model and its 

genotype-matched WT mice, suggestive of a possible contribution of this receptor to motor-related 

functions [72]. This could account for the hypothesis that 5-HT1AR is central for locomotor behavior in 

MJD, although no anxiety-like phenotype was observed in our CMVMJD135 mouse model (Correia, J. S. 

et al., in preparation), anxiety also being difficult to assess due to motor dependency of the tests. At this 

point, we cannot exclude the fact that 5-HT1AR absence or decreased-mediated signaling could be 

compensated by other 5-HT receptors or mechanisms.  Additionally, when the expression of this receptor 

was verified by RT-qPCR in post-mortem brain tissues of MJD patients, a tendency towards a decreased 

expression relative to control was observed in the striatum, but also in the cerebellum, important areas 

for motor behavior.  From our knowledge, this is the first description of a decreased 5-HT1A R expression 

in the context of MJD and could account for a potential central role of this receptor in the disease. The 

decreased expression could alter 5-HT1AR-dependent activity and/or signaling in the brain. Supporting this 

is the observation that MJD patients are prone to manifest 5-HT1AR-associated symptoms, such as ataxia, 

insomnia, anorexia, depression, and pain, and that the use of agonists of this receptor has proven to be 

beneficial in clinical trials [73-75]. Therefore, 5-HT signaling seems to be altered in MJD and based on 

our findings, alterations in specific receptors, namely 5-HT1AR, could have a significant role in the disease. 

More studies are needed to further verify this hypothesis. 
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5.4 Serotonergic signaling modulation by citalopram in MJD: mode of action 

Selective serotonin reuptake inhibitors (SSRIs) are a class of serotonergic modulators compounds 

widely used to treat psychiatric conditions, such as depression, panic disorders, obsessive-compulsive 

disorder, eating disorders, among others. They act by blocking 5-HT recapture thus potentiating 5-HT 

signaling. Current research, including our work, suggests that the therapeutic potential of these 

compounds may go beyond psychiatric conditions and impact on conformational disorders, having a 

neuroprotective effect. Still, due to the often depressed state of patients with neurodegenerative 

conditions, one might argue that the beneficial effect of serotonergic acting compounds on 

neurodegenerative diseases might be secondary to the antidepressant effect and that motor ameliorations 

were a result of that. However, while studies show that antidepression symptoms were ameliorated in 

MJD patients in response to those compounds, this effect was reported to happen posteriorly to the 

alleviation of ataxia symptoms, which happened 2 weeks before [75]. Additionally, despite depressive 

symptoms being quite common in MJD patients, depression seems to be of a reactive nature and not 

primarily related to the disease process itself. Depression correlated with age and physical incapacitation 

in the MJD carriers, while spouses had abnormally high depressive score compared to healthy individuals, 

furthermore, individuals at 50 % risk for MJD did not show any sign of a depressive state. Moreover, in 

order to test if the common prejudice is true, the same study also showed that in comparison to a multiple 

sclerosis (MS) group far less incapacitated than the MJD one, MS patients presented higher depressive 

scores, suggesting a different pattern of associated risk factors and different nature of depressive 

symptoms [76]. 

Already, preclinical trials have evidenced that the modulation of the serotonergic system with 

SSRIs could be beneficial in neurodegenerative disorders. In AD, fluoxetine has been shown to attenuate 

impairment of spatial learning ability and prevent neurodegeneration in double transgenic AD mice. 

Moreover, this was accompanied by a decrease in amyloid-β deposition [77]. Citalopram was also 

reported to be effective in restoring short-term memory deficits, halting disease progression and inhibiting 

amyloid-β deposition in a APP/PS1 AD mouse model [78]. The same compound was described to 

decrease amyloid-β deposition in humans [18, 79]. In PD, it was also demonstrated that fluoxetine is able 

to prevent neurodegeneration, partially recovering motor function in a MPTP mouse model [80]. In polyQ 

disorders, such as Huntington’s disease (HD), SSRIs have also been reported to ameliorate 

disease-associated features. For instance, paroxetine administration to HD mutant mice increased 

survival, attenuated motor dysfunction, improved energy metabolism and delayed disease onset [81]. 

Another, SSRI, sertraline, was found to attenuate behavioral abnormalities, increase survival, upregulate 
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brain derived neurotrophic factor (BDNF) levels, as well as to preserve chaperone protein HSP70 and 

BCL-2 levels, and increase neurogenesis in the brain. However, no impact on huntingtin inclusions was 

observed [82]. Previous work in our lab was pioneer in showing the potential of SSRI for MJD treatment, 

in a preclinical stage. We demonstrated that citalopram chronic treatment of the CMVMJD135 MJD 

mouse model was able to ameliorate motor symptoms and to reduce ATXN3 inclusions [12]. These 

results suggested that the modulation of the serotonergic signaling in MJD, as others had observed in 

other neurodegenerative disorders, could be a good therapeutic option. How citalopram mediates its 

effects in MJD is not well understood and was one of the points we attempted to clarify in this thesis.  

The RNA-seq technique allowed us to further explore citalopram-mediated effects in the context 

of MJD. After the finding that 5-HT1AR was decreased in transgenic mice, we observed that expression 

levels of this receptor were restored to WT levels upon citalopram treatment. Additionally, 5-HT2AR 

expression was also altered (decreased) upon treatment, being the only other 5-HT receptor differentially 

expressed when comparing transgenic-vehicle and transgenic-treated animals. Therefore, specific 

modulation of these receptors could contribute to the offset of the pathological effects that we observed 

upon treatment. For instance, the differential impact observed on ATXN3 aggregation upon citalopram 

treatment in different brain regions observed in the CMVMJD135 ([12], chapter 2) and YACMJD84.2 [27] 

mouse models, might indicate a distinct expression and/or activation of 5-HT receptors. Interestingly, the 

brain regions of the brainstem analyzed in both models show a decrease in ATXN3 aggregation under 

citalopram treatment (e.g., pontine nuclei (PN), facial motor nuclei (7N), substantia nigra (SN), 

reticulotegmental nucleus of the pons (RtTg), vestibular nuclei (VN)), while no alterations or tendencies 

toward a decrease were observed in the cerebellum (deep cerebellar nuclei - DCN). From the 

transcriptomic analysis performed in the striatum of CMVMJD135 mice, alterations in the expression of 

the 5-HT1A and 5-HT2A receptors upon treatment were observed. Interestingly, those receptors are mostly 

expressed in limbic and brainstem regions and barely detectable in the cerebellum [83-86]. However, 

more recently, 5-HT1ARs were found in calbindin-containing neurons, which includes the Purkinje cells in 

the cerebellum [86]. Moreover, some brainstem nuclei (as the facial nuclei) are enriched in 5-HT2AR [86]. 

This suggests not only a link between the expression of 5-HT receptors and citalopram’s effect on ATXN3 

aggregation, but that the presence of these two receptors maybe necessary to decrease aggregation in a 

certain brain region. Accordingly, previous C. elegans studies implicated homologs of the 5-HT1 and 5-HT2 

receptor families in citalopram response [12]. In our previous work, we showed that ablation of ser-1 

(ortholog of human receptors from the 5-HT2 family) compromised the beneficial action of citalopram. 

Also, ablation of ser-4, the 5-HT1AR C. elegans homolog, rescued motor neuron dysfunction and reduced 
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ATXN3 aggregation of MJD worms, in line with its role as an autoreceptor, which by negative feedback 

regulates 5-HT levels. Of note, neither ser-4 nor ser-1 were found to be differentially expressed in the 

worm transcriptomic data analyzed. However, preliminary results showed that the expression of ser-4, 

measured by RT-qPCR, in the mod-5; Q130 strain was no different from WT or Q130 animals; and, 

interestingly, mRNA expression levels of ser-1 were found to be decreased in the mod-5; Q130 strain in 

comparison to mutant ATXN3 animals (Pereira-Sousa et al., unpublished results). This is in accordance 

with the decreased mRNA expression of this receptor ortholog (5-HT2A) in the mouse RNA-seq analysis, 

upon citalopram treatment.  

The alteration in 5-HT1AR and 5-HT2AR expression upon citalopram treatment in MJD mice reveals 

that serotonergic signaling modulation could possibly remodel 5-HT receptors’ expression, certainly also 

altering their activity and downstream-associated pathways. As the mouse RNA-seq analysis was 

performed in the striatum, the effects observed on 5-HT1AR are consistent with a postsynaptic 

heteroreceptor role, since those are present in non-5-HT neurons, in 5-HT projecting areas. Elements of 

the 5-HT1AR-regulated signal transduction pathways were also found altered upon treatment, 

corresponding to players of the cyclic adenosine 3’,5’-monophosphate (cAMP), the mitogen-activated 

protein kinases (MAPK)/extracellular‐signal activated kinase (ERK), and the phosphoinositide 3-kinase 

(PI3K)-PKB/AKT pathways. Moreover, a common effector of these three main 5-HT1AR downstream 

pathways is the CREB transcription factor. This is one strong candidate to mediate the effects of 

citalopram, since neuroprotection has been associated to it [87], and several lines of investigation showed 

that CREB activity is altered by chronic antidepressant treatments [88, 89]. CREB target genes were also 

found to be altered in our transcriptomic data (both resulting from citalopram-treated MJD mice and 

mod-5 ablation in C. elegans) although confirmation of its activation is needed, by verifying its 

phosphorylation levels in the striatum, but also in other affected brain areas in MJD. This is in accordance 

with a transcriptional profiling realized in a different MJD mouse model (YACMJD84.2), which revealed 

that the CREB pathway is among the most consistently altered in a combined analysis of four brain regions 

(brainstem, cerebellum, striatum, and cortex) [90]. The authors found that the higher number of 

differentially expressed genes were detected in the brainstem and the striatum and surprisingly to a lesser 

extent in the cerebellum. When analyzing these brain regions individually, axon guidance and synaptic 

transmission pathways were most significantly altered in the striatum and strongest changes were found 

in the PI3K cascade and cholesterol biosynthesis pathways in the brainstem. Interestingly, all those 

changes occurred before the onset of motor and coordination deficits in this model [90]. Thus, citalopram 

treatment could potentially act on that particular pathway and positively modify cellular signaling through 
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it. Additionally, agonism of 5-HT1A and antagonism of 5-HT2A  receptors, conducted by aripiprazole, an 

atypical antipsychotic, was found to modulate ATXN3 abundance in animal models of the disease [91]. 

A downregulation of 5-HT2AR was also found in our RNA-seq data, only upon citalopram treatment. 

Therefore, it might be likely that citalopram exerts its beneficial effect also through other 5-HT receptors. 

Studies conducted within our research group showed that chronic and acute administration of a specific 

5-HT1AR agonist - befiradol or NLX-112 - rescued motor function and suppressed mutant ATXN3 

aggregation in the Q130 C. elegans model. The action of this drug was dependent on 5-HT1A/SER-4 

receptor [92]. At this moment, preclinical experiments are being conducted with befiradol using the 

CMVMJD135 mouse model with positive impact on animals’ motor behavior, to further assess the 

therapeutic potential of this 5-HT1AR agonist in MJD.  

Summing up, at this point, our working hypothesis is that citalopram, upon chronic treatment, 

enhances serotonergic signaling by inhibition of 5-HT recapture, altering the expression of specific 5-HT 

receptors in specific brain regions, restoring 5-HT1AR levels and decreasing 5-HT2AR expression. This would 

determine possible changes in signal transduction pathways regulated by these receptors (which need to 

be further elucidated), ultimately enabling the motor and pathological improvements observed in MJD 

animal models (Figure 5.1).   
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Figure 5.1 Model for serotonergic-signaling modulation by citalopram in MJD models. Citalopram enhances 

serotonin (5-HT) signaling by inhibition of serotonin recapture through the serotonin transporter SERT (SLC6A4 or MOD-5 in 

invertebrates). Upon chronic citalopram treatment of CMVMJD135 mice, 5-HT1A autoreceptors become desensitized, 

inactivating the negative feedback (STOP production signal) in presynaptic neurons, contributing to the increase in 5-HT 

availability at the synaptic cleft. An increase in 5-HT1AR (heteroreceptors) and a decrease in 5-HT2AR expression levels is observed 

and a subsequent alteration in signaling pathways associated with these receptors is likely. Changes in cyclic adenosine 

3’,5’-monophosphate (cAMP), the mitogen-activated protein kinases (MAPK)/extracellular‐signal activated kinase (ERK), and 

the phosphoinositide 3-kinase (PI3K)-PKB/AKT signaling, in response to 5-HT1AR, might result in cAMP response 
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element-binding protein (CREB) transcription factor activation and ultimately lead to the cellular mechanisms’ changes 

observed in MJD. Alterations in 5-HT2AR-depedent signaling might also contribute to the beneficial effects observed in MJD 

animal models upon citalopram treatment. In green upper boxes represented are responses found to be altered upon 

citalopram treatment in transcriptomic data related to proteostasis. In yellow are other possible mechanisms being reverted 

in MJD by SSRI action. TRYP - tryptophan; TPH - tryptophan 5-hydroxylase; 5-HTP - 5-hydroxy-ʟ-tryptophan; 5-AADC - aromatic 

ʟ-amino acid decarboxylase. 

 

5.4.1 Serotonergic signaling modulation by citalopram in MJD: protein homeostasis and 

neuroprotection 

The lack of impact of the post-symptomatic treatment on ataxin-3 aggregation contrasts with the 

drastic decrease in ATXN3 aggregation observed upon pre-symptomatic treatment. No alterations in 

ATXN3 protein levels were detected in the CMVMJD135 mouse model, both in pre- and post-symptomatic 

treatment, indicating that citalopram might not be primarily promoting the degradation of the mutant 

protein, but rather impacting on protein folding/aggregation. In contrast, citalopram treatment of the 

YACMJD84.2 mouse model showed a reduction in all soluble forms of ATXN3 and even a tendency toward 

reduction of insoluble forms in the brainstem and cervical spinal cord [27]. This could be model specific, 

since the YAC model carries the full-length MJD1 gene with a polyQ tract expansion and all the enhancers 

and long-range regulatory elements thought to be necessary for cell-specific expression of this gene at 

physiological levels [93]. On the other hand, the CMVMJD135 model expresses expanded human ATXN3 

under the control of the CMV promoter, which drives a strong general and constitutive expression of genes 

under its control [7]. The different regulatory regions driving ATXN3 expression might explain a differential 

impact of citalopram treatment on ATXN3 levels in these two models. 

The timing of citalopram treatment initiation (pre- or post-symptomatic) in CMVMJD135 mice also 

appears to have a differential impact on aggregation, suggesting that this SSRI may modulate specific 

protein quality control (PQC) responses, preferentially related to the prevention of aggregation formation. 

Interestingly, citalopram pre-symptomatic treatment in the YACMJDQ84.2 mice, besides inducing a 

reduction in ATXN3 aggregation, restored Hsp90β levels (a proteostasis component) in mouse brains 

[93]. Indeed, in the present work, alterations in the expression of chaperones were also observed in mice 

and, in the C. elegans results, a response to topologically incorrect proteins was found. Nevertheless, the 

transcriptomic analyses performed (which both represent a pre-symptomatic intervention) revealed that 

a high percentage of the genes differentially expressed belong, not only to the folding/conformational 

maintenance branch, but mostly to the degradation branches of the PQC network, in both mouse and 

C. elegans MJD models (chapters 3.2 and 4). Interestingly, in the transcriptomic data from C. elegans, 



Chapter 5 - General discussion and future perspectives 
 

 

269 

serotonin transporter mod-5 ablation in our MJD model, mimicking the mode of action of citalopram, 

drastically shifted the transcriptomic profile of ATXN3 mutant worms. This shift, that enhances 

serotonergic signaling, triggered protective responses in ATXN3 mutant animals, which comprised 

responses to biotic stimuli, the lytic vacuole and autophagy, as part of the degradation process. Of note, 

as it happens in our MJD mouse model, ATXN3 expression in our C. elegans ATXN3 mutant animals is 

under the control of the rgef-1 promoter that encodes for the C. elegans ortholog of the Ca2+-regulated 

Ras nucleotide exchange factor (RasGRP), widely expressed in the nervous system. This different control 

of ATXN3 expression might justify the lack of changes in ATXN3 protein levels in mutant ATXN3 worms 

upon citalopram treatment [12]. Therefore, and although no alteration on ATXN3 protein levels are found, 

citalopram probably also mediated its effect through the modulation of the degradation processes of other 

proteins/cellular components, such as through autophagy, as already reported for citalopram in a 

neuronal context [94].      

In invertebrates, it has been shown that polyQ-containing proteins bind to mitochondria in 

neurons, eliciting the unfolded protein response of the mitochondria (UPRmit) in the intestine of C. elegans, 

serotonin release being required for this signaling to occur [95]. In line with this, similar responses have 

been detected in our transcriptomic mouse data, including the UPR and the heat shock response (HSR), 

although not as expressive as the antioxidant response, which is known to be decreased in MJD patients 

[96]. When we compare the transcriptional analyses conducted in mice and worms, in terms of 

proteostasis, quite similar responses are found. The C. elegans transcriptomic data further points to the 

modulation of UPR and antioxidant responses. Consistently, citalopram was described to reduce oxidative 

stress in patients with major depression, normalizing levels of lipid peroxidation, superoxide dismutase, 

and ascorbic acid in the serum of these patients [97], strongly suggesting that the modulation of 

antioxidant defenses may be one of the mechanism underlying neuroprotective effects of citalopram in 

MJD. In support of this idea, we found alterations in players of the antioxidant response among the DEGs 

in mouse RNA-seq data, such as increased expression of superoxide dismutase (SOD3) and glutathione 

peroxidase (GPX3), this last one also increased after treatment among C. elegans RNA-seq DEGs. Data 

from MJD patients also strengthen this view, since levels of glutathione peroxidase were found to be 

decreased in symptomatic patients and were associated with disease severity, being proposed as a 

potential biomarker for the disease [96].   

Citalopram neuroprotection in MJD could also involve other mechanisms, besides aggregation 

and proteostasis, that were not extensively addressed in the present thesis work (Figure 5.1). From the 

neuropathological analysis, a restoration of the cholinergic and calbindin positive neurons was observed 
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upon citalopram treatment. The astrogliosis observed in CMVMJD135 mice was also mitigated upon 

treatment. This is indicative that the modulation of serotonin signaling by citalopram could be impacting 

on the cholinergic system, although citalopram is the most specific of the SSRIs, having low affinity for 

cholinergic and other neurotransmitter receptors [98]. It seems more likely that citalopram is generally 

attenuating neuronal loss and or maybe promoting neurogenesis, as it has been observed, for instance, 

in the hippocampus [99]. Although still a matter of debate, neurogenesis has been described in other 

brain regions than the classically described loci - hippocampus and subventricular zone. In fact, novel 

neurogenic zones have been pointed such as the cortex, hypothalamus, amygdala, striatum and 

substantia nigra, these last two being affected in MJD (reviewed in [100]). Thus, a role for citalopram in 

promoting neurogenesis in these affected regions could be suggested, but studies need to be performed 

to assess this hypothesis. Another mechanism involves the decreased calbindin staining in the Purkinje 

cells of the CMVMJD135 mice and recovery upon SSRI treatment, that could be indicative of a disturbed 

calcium signaling ultimately leading to cerebellum dysfunction and ataxia. Lastly, citalopram could be 

modifying the inflammatory profile of the brain and besides astrogliosis, changes in inflammatory 

cytokines and microglia activity could be altered upon treatment. 

Overall, chronic antidepressant treatment seems to be crucial for neuroprotection to happen at 

its fullest in MJD. This enables serotonergic signaling to be modulated (possibly through specific 5-HT 

receptors-dependent signaling pathways) and a set of general cellular defense responses to be triggered 

(as hypothesized in Figure 5.1), increasing the organism’s capacity to cope with polyQ expansion-derived 

complications.  

 

Main conclusions gathered throughout this work  

- Post-symptomatic chronic administration of citalopram in CMVMJD135 mice was still effective in 

improving motor dysfunction and retained some neuroprotective effect. 

- Serotonergic signaling was altered in MJD mice and patients, that display decreased levels of 5-HT1AR; 

these levels were restored in mice by citalopram pre-symptomatic administration.  

- The effects of citalopram could be mediated through 5-HT1AR (and perhaps 5-HT2AR) and downstream 

transduction pathways, possibly involving the CREB transcription factor.   

- In MJD models, serotonergic signaling modulation by citalopram triggered a protective response, namely 

by altering the expression of genes belonging to the PQC machinery (protein conformational maintenance, 

degradation processes and the antioxidant response).  
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 Undoubtedly, some results from this hypothesis-generating work need further validation, which is 

ongoing, but also represent the starting point to unveil the mode of action of citalopram in MJD. In the 

process, uncovered and to be uncovered differences in the serotonergic system of MJD carriers might be 

more relevant than initially thought.  

 

5.5 Serotonin signaling modulation in MJD: future perspectives 

 At the molecular level, by studying the modulation of the serotonergic signaling by inhibition of 

5-HT recapture, we found that 5-HT1AR could have a preponderant role, not only for citalopram action, but 

in the disease itself. To our knowledge no specific studies have been conducted to characterize the 

serotonergic system in MJD. Autoradiography experiments, using a specific set of 5-HT1AR radioligands, 

are being performed to understand if a general difference in the quantity and distribution of functionally 

active 5-HT1AR exists across the CMVMJD135 mouse brain, compared to control. For that, two specific 

radioligands are being used: [18F]MPPF, which is a 5-HT1AR antagonist, thought to bind to the receptor, 

independently of the functional state (i.e., active state, believed to mediate receptor activation (functional 

receptor/G protein coupling); and inactive state (non-functional/G protein uncoupled); and [18F]F15599 a 

5-HT1AR agonist which binds selectively to functional receptors [101, 102]. In this line, using PET 

radioligands to study 5-HT1AR in several human brain areas would also be interesting, to further infer on 

a possible central role for this receptor in MJD. Following this, understanding which 5-HT1AR transduction 

pathways are important for the phenotypic ameliorations and principally, to further confirm if CREB 

transcription factor is indispensable for citalopram treatment to be effective in offsetting MJD phenotype, 

is necessary. In the MJD C. elegans model, citalopram seemed to be dependent on CREB to be effective. 

Verifying CREB activation (phosphorylation state), upon treatment, through Western blot analysis in MJD 

mice brain will help to confirm this aspect. Also, as the findings exposed in this work result mainly from 

citalopram chronic exposure (29 weeks), to determine if similar molecular changes in serotonergic 

signaling and proteostasis are triggered with a shorter treatment would be useful to better understand at 

which extent could this therapeutic approach be beneficial. Recently, experiments in CMVMJD135 mice 

were conducted to compare pathological and molecular changes associated to a smaller duration chronic 

treatment (4 weeks) in symptomatic animals (beginning treatment at 30-weeks of age). Our preliminary 

results from motor performance analysis in this cohort of mice show improvements in motor coordination 

after 2 weeks of treatment (Oliveira, S. et al, in preparation). Several additional parameters will be soon 

analyzed, regarding aggregation, neuronal loss, 5-HT receptor expression, CREB activation, as well as 

evaluation of the activation of PQC-related responses. This would give us further clues on which of the 
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effects of citalopram are essential to allow MJD burden alleviation, since the first adaptations triggered by 

the treatment might differ from those observed after a long-time exposure.     

 The fact that citalopram (pre- and post-symptomatic) administration led to good results in 

preclinical trials and in different MJD mouse models, make it a strong candidate to be tested in human 

clinical trials. If successful, it could be used as a preventive measure (since genetic testing is available) 

or as a symptomatic treatment after disease diagnosis and symptom installation. Of course, there is a 

still relatively long way to go before this could happen. Setting up a clinical trial in a rare disease has 

intrinsic difficulties, such as to find a significant number of participants willing to take part in such a 

journey. Moreover, the more studied is the compound in the context to be tested, the greater are the 

chances of it to be successfully translated into clinics. In that way, building up on the results exposed in 

this thesis work is crucial to reach that ultimate stage.   

As evidenced in this work, SSRI action in the brain is multiple, and several dysfunctional aspects 

reported in MJD seem to be eased by this treatment. To further invest in deciphering the mechanisms 

associated to citalopram-mediated improvements in MJD phenotypes would augment the actual 

understanding of the disease and, more importantly, could pave the way for the scientific and medical 

community to finally have a disease-modifying therapy to offer for this disorder. 
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