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ABSTRACT 

 

The most frequent genetic cause of C9FTD/ALS is a hexanucleotide repeat 

expansion in the C9ORF72 gene. This mutation produces dipeptide repeats (DPR) 

that are neurotoxic and form inclusion bodies. Recent studies suggest that DPR 

production led to the phosphorylation of the translation initiation factor eIF2α and 

hence blocking protein synthesis. This molecular event is a convergent point of 

several stress signals, a pathway known as integrated stress response (ISR). 

Studies in fly and cellular models indicated that inhibition of the ISR protects against 

C9ORF72 pathogenesis. Recently, a compound with promising translational 

potential known as dibenzoylmethane (DBM) has been identified, which reverses the 

translational attenuation mediated by eIF2α phosphorylation. This molecule provided 

neuroprotection to prion-infected mice and Tau transgenic animals. Therefore, the 

aim of this project was to investigate the role of oral delivery of DBM in the 

neurodegeneration associated to the accumulation of DPR in C9ORF72-mediated 

FTD/ALS in a mouse model. To this purpose, newborn pups were injected with AAV 

encoding AAV-2R or the expanded AAV-66R by intracerebroventricular injection. At 

two months of age, mice were orally treated with 0.5% of DBM mixture in powdered 

food ad libitum until the end of the experiment (eighth months later). At the third and 

sixth month of age, several behavioral tests were performed to investigate the impact 

of DBM treatment in the progression of C9ORF72-mediated FTD/ALS. Then, to 

determine the consequences of DBM treatment in the C9ORF72-mediated FTD/ALS 

mice model, different histopathological and biochemical analysis were performed. 

Finally, to assess the molecular changes generated by the AAV injection and define 
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the possibly mechanisms explaining the protective effects of DBM, we performed 

unbiased quantitative proteomics of brain tissue of C9ORF72-FTD/ALS mice. 

We found that AAV-66R mice showed memory impairment at 6 months 

compared to controls, as revealed by the novel object recognition (NOR) and novel 

object location (NOL) tests. DBM administration was sufficient to prevent such 

impairment in our C9FTD/ALS mouse model. Additionally, AAV-66R mice developed 

inclusions of poly(GA) and poly(GR) in the hippocampus and brain cortex, but rarely 

in cerebellum. Moreover, an increase in the expression of GFAP and Iba1, markers 

of astrogliosis and microgliosis respectively, were found in AAV-66R mice. However, 

DBM did not significatively decrease the expression of these markers. Regarding to 

the expression of downstream targets of eIF2α phosphorylation, DBM administration 

did not reduce markers of stress including Chop, Atf3, Trb3, in addition to Bip and 

Xbp1s, by real time PCR. Finally, by proteomics analysis indicate that the main 

pathways altered by DBM in C9ORF72-mediated FTD/ALS mice were related to 

cytoskeleton organization and metabolic processes. 

Overall, the results obtained in this PhD thesis suggest a protector effect of 

DBM in the pathogenesis of C9ORF72 highlighting a possible novel therapeutic 

strategy to treat C9FTD/ALS. 
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RESUMEN 

 

La causa genética más frecuente de C9FTD/ALS es la expansión repetida de 

hexanucleótidos en el gen C9ORF72. Esta mutación produce repeticiones de 

dipéptidos (DPR) que son neurotóxicas y forman cuerpos de inclusión. Estudios 

recientes sugieren que la producción de DPR condujo a la fosforilación del factor de 

iniciación de la traducción eIF2α y, por tanto, a la inhibición de la síntesis de 

proteínas. Este evento molecular es un punto convergente de varias señales de 

estrés, una vía conocida como respuesta integrada al estrés (ISR). Estudios en 

modelos celulares y de moscas indicaron que la inhibición del ISR protege contra la 

patogénesis de C9ORF72. Recientemente, se ha identificado un compuesto con un 

potencial prometedor conocido como dibenzoilmetano (DBM), que muestra el 

potencial de atenuación de la traducción inversa mediada por la fosforilación de 

eIF2α. Esta molécula proporcionó neuroprotección a ratones infectados por priones 

y animales transgénicos Tau. Por lo tanto, el objetivo de este proyecto fue investigar 

el impacto de la administración oral de DBM en la toxicidad asociada a la 

acumulación de DPR en FTD/ALS mediada por C9ORF72. Con este fin, se inyectó 

a los ratones recién nacidos con AAV que codifica AAV-2R o el AAV-66R expandido 

mediante inyección intracerebroventricular. A los dos meses de edad, los ratones 

se trataron por vía oral con 0,5% de mezcla de DBM en alimento en polvo ad libitum 

hasta el final del experimento (ocho meses). Al tercer y sexto mes de edad, se 

realizaron varias pruebas de comportamiento para investigar el impacto del 

tratamiento con DBM en la progresión de FTD/ALS mediada por C9ORF72. Luego, 

para determinar las consecuencias del tratamiento con DBM en el modelo de 
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ratones FTD/ALS mediado por C9ORF72, se realizaron diferentes análisis 

histopatológicos y bioquímicos. Finalmente, con el fin de determinar los cambios 

moleculares generados por la inyección de AAV y definir los posibles mecanismos 

que explican los efectos protectores de DBM, realizamos proteómica cuantitativa 

del tejido cerebral de ratones C9ORF72-FTD/ALS. 

Encontramos que los ratones AAV-66R mostraron deterioro de la memoria a 

los 6 meses en comparación con los controles, como lo revelaron las pruebas NOR 

y NOL. La administración de DBM fue suficiente para prevenir tal deterioro en 

nuestro modelo de enfermedad de ratón C9ORF72-FTD/ALS. Además, los ratones 

AAV-66R mostraron inclusiones de poli(GA) y poli(GR) en el hipocampo y la corteza, 

pero raramente en el cerebelo. Además, se encontró un aumento en la expresión 

de GFAP e Iba1, marcadores de astrogliosis y microgliosis respectivamente, en 

ratones AAV-66R. Sin embargo, DBM no disminuyó significativamente la expresión 

de estos marcadores. Con respecto a la expresión de blancos rio abajo de la 

fosforilación de eIF2α, como Chop, Atf3, Trb3, además de Bip y Xbp1s, no 

encontramos diferencias en el nivel de expresión medido por PCR en tiempo real. 

Finalmente, mediante análisis proteómico encontramos que los principales términos 

alterados por DBM en ratones FTD/ALS mediados por C9ORF72 fueron la 

organización del citoesqueleto y los procesos metabólicos. 

En general, los resultados obtenidos en esta tesis doctoral sugieren un efecto 

protector luego de la administración farmacológica de DBM en la progresión de la 

patología destacando una posible nueva estrategia terapéutica en el tratamiento de 

C9FTD/ALS. 
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1. INTRODUCTION 

 

1.1  Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS). 

FTD and ALS are two related neurodegenerative disorders that are 

characterized by motor and behavioral impairment, respectively. Importantly, FTD 

and ALS are clinically, pathologically and genetically overlapped, forming part of a 

spectrum of diseases (Burrell et al. 2016). FTD, also known as frontotemporal lobar 

degeneration (FTLD), is a heterogenic disorder involving a progressive neuronal 

atrophy of the frontal and/or anterior temporal lobes. Patients develop personality 

and behavioral changes, as well as gradual impairment of language skills. FTD is 

the second most common form of dementia after Alzheimer’s disease (Van 

Langenhove et al. 2012). On the other hand, ALS is a neurodegenerative disorder 

that affects both upper and lower motor neurons of the brain and spinal cord 

(Hardiman et al. 2017). ALS is characterized by progressive muscle weakness 

culminating in the inability to coordinate movements and death due to respiratory 

failure, commonly within 3 years of symptoms onset (Rowland and Shneider 2001; 

Pasinelli and Brown 2006).  

At the histopathological level, FTD and ALS display common molecular 

features, highlighting the accumulation of cytoplasmic TAR DNA-binding protein 43 

(TDP-43) inclusions as a central pathological hallmark (Chen-Plotkin et al. 2010). 

TDP-43 is a nuclear protein that is mislocalizated in FTD and ALS, accumulating in 

the cytosol and ultimately impacting nuclear RNA processing and prompting the 

sequestration of RNA binding proteins and other interactors in the cytoplasm 
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(Renton et al. 2011; DeJesus-Hernandez et al. 2011). Mutations in microtubule-

associated protein Tau (MAPT), granulin (GRN) and in the chromosome 9 open 

reading frame 72 gene (C9ORF72) have been widely associated with FTD and ALS, 

leading to abnormal protein aggregation and neurodegeneration.  

Currently, it is known that the hexanucleotide repeat expansion GGGGCC 

(G4C2) in C9ORF72 gene of the chromosome 9p21 is the most frequent genetic 

cause of both FTD and ALS (here referred to as C9FTD/ALS) (DeJesus-Hernandez 

et al. 2011; Renton et al. 2011). This landmark discovery has impacted the 

understanding of these disorders and confirmed a causal link in their etiologies, 

hence opening new areas in the field to search for new potential therapeutic target. 

Mutations in C9ORF72 result on an equal probability of developing FTD or ALS (Ling 

et al. 2013). The G4C2 repeat expansion is located in a non-coding region of the 

C9ORF72 gene and is present in around 5-20% of sporadic FTD and ALS patients, 

and in 40% of familial cases of FTD and ALS (Majounie et al. 2012). It is well known 

that C9ALS/FTD patients can harbor hundreds to thousands of G4C2 repeats, 

however the minimum repeat number necessary to cause the disease has not been 

well defined yet. A recent meta-analysis report demonstrated that only 24 to 30 

repeats are enough to cause ALS, increasing the number of cases that can be 

explained by this repeat expansion (Iacoangeli et al. 2019). The C9ORF72 gene 

consist in 11 exons with three alternatively transcript variants reported (DeJesus-

Hernandez et al. 2011). These transcripts generate two isoforms of the protein: 

variant 1 encoding the short form (C9ORF72-S), a protein with 222 amino acids of 
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24 kDa, and variants 2 and 3 encoding the long form (C9ORF72-L), a 481-amino 

acid protein of 54 kDa (Renton et al. 2011; DeJesus-Hernandez et al. 2011).    

Due to its intronic location, in normal conditions, the repeat expansion should 

be spliced out from the mature mRNA, however, it can be retained in a truncated 

transcript or as immature mRNA which can serve as templates for a non-canonical 

form of translation known as repeat associated non-AUG (RAN) translation (Zu et 

al. 2013; Ash et al. 2013; Mori et al. 2013a). 

Extensive research in the past 10 years has proposed three main hypothesis 

to explain how C9ORF72 repeat expansion leads to C9ALS/FTD: one based on loss-

of-function due to reduced C9ORF72 protein content (Waite et al. 2014; Xiao et al. 

2015; Viodé et al. 2018),  and the other two associated to gain-of-function 

mechanisms. The first is attributed to the generation of nuclear RNA foci and 

sequestration of RNA-binding proteins (DeJesus-Hernandez et al. 2011); the 

second, to the translation of different dipeptide repeats (DPR) from these RNAs by 

repeat-associated non-ATG (RAN) translation in both sense and antisense 

directions, generating five different DPR: glycine-alanine (poly(GA)) and glycine-

arginine (poly(GR)) from sense G4C2 repeats, proline-arginine (poly(PR)) and 

proline-alanine (poly(PA)) from antisense G2C4 repeats, and glycine-proline 

(poly(GP)) peptides from both sense and antisense transcripts (Zu et al. 2013; Ash 

et al. 2013; Mori et al. 2013a) (Figure 1A). 

DPR form neuronal inclusions throughout the central nervous system (CNS) 

of C9FTD/ALS patients, and are considered as a histopathological hallmark of the 

disease (Mori et al. 2013b; Ash et al. 2013). Studies in flies and human derived cells, 
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suggest that poly(GA) as well as arginine-rich peptides, poly(GR) and poly(PR) may 

be the main drivers of neuronal toxicity (Mizielinska et al. 2014; Kramer et al. 2018; 

Freibaum and Taylor 2017; Zhang et al. 2014). These DPR present different physico-

chemical characteristics, where the poly(GA) DPR are uncharged and have a high 

tendency to form aggregates; and poly(GR) and poly(PR) are both highly charged 

and polar. On the other hand, poly(GP) and poly(PA) are uncharged and apparently 

nontoxic (Freibaum and Taylor 2017). 

 Importantly, recent reports suggest that proteostasis dysfunction stand as a main 

cellular event triggered by C9ORF72 genetic alterations (Kramer et al. 2018; Hetz 

and Saxena 2017; Ruegsegger and Saxena 2016; Prudencio et al. 2015; Zhang et 

al. 2014; Torres et al. 2021). Thus, in addition to generate abnormal protein 

aggregates with toxic properties, mutations in C9ORF72 may also alter the 

equilibrium of the neuronal proteome resulting in synaptic and neuronal dysfunction 

due to disruption of the proteostasis machinery, which encompass all cellular 

processes involved with synthesis, folding, trafficking and degradation of proteins 

(Taylor et al. 2016; Dafinca et al. 2016; Shahheydari et al. 2017; Elliott et al. 2020).  
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Figure 1. Mechanisms of C9ORF72 related toxicity. 1) Haploinsufficiency. The 

GGGGCC repeat expansion is located between exon 1a and 1b in the C9ORF72 gene. 

This mutation can lead the downregulation of C9ORF72 protein, causing 

haploinsufficiency. 2) RNA toxicity. Repeat expanded GGGGCC RNAs are retained in 

the nucleus where can form secondary structures as hairpins and G-quadruplexes that 

binds RBP (RNA binding proteins) to form insoluble nuclear foci. 3) DPR toxicity. These 

repeats expanded GGGGCC RNA can be translated by RAN translation generating five 

different DPR: poly-GA and poly-GR from sense strand, poly-PA, poly-PR from anti-

sense strand and poly-GP from both strands. 



 

18 
 

1.2  Proteostasis disturbances in FTD and ALS 

 

The development of genetic models of FTD/ALS has enabled dissection of 

different stages during disease course at the histological, cellular, and molecular 

level. Most of the field has relied in the use of mutant Tau transgenic mice as 

experimental FTD model and mutant SOD1 transgenic mice as experimental ALS 

model, with limited translational potential due to the low frequency of these mutations 

in patients (Wei et al. 2017). The recent development of new mouse models to study 

C9ORF72 pathogenesis is expected to accelerate the understanding of the 

molecular mechanisms and the future development of experimental treatments 

(Chew et al. 2015). Although multiple pathways are proposed to drive FTD and ALS, 

protein homeostasis or proteostasis unbalance, arise as significant pathogenic 

process (Hetz and Saxena 2017). Relevant to this question, the endoplasmic 

reticulum (ER) is a major compartment involved in protein folding and quality control 

that is dramatically affected in FTD and ALS neurons and motoneurons, respectively. 

Disturbance of ER proteostasis is counteracted by the activation of the 

unfolded protein response (UPR), a signal transduction platform that mediates the 

engagement of adaptive programs to restore cell function (Walter and Ron 2011). 

Upon failure to mitigate ER stress, the UPR turns its signaling into an apoptotic 

phase to eliminate irreversibly damaged cells (Tabas and Ron 2011). Importantly, 

the occurrence of ER stress has been extensively reported in FTD and ALS patients, 

and in cellular models of C9ORF72-FTD/ALS (Medinas et al. 2017; Torres et al. 

2021).  
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1.3  ER stress and UPR signaling 

 

Multiple pathways have been proposed to drive ALS and FTD pathology, however 

proteostasis unbalance arises as significant altered process (Hetz and Saxena 2017; 

Ling et al. 2013). The major compartment involved in protein folding and quality 

control is the ER, and the function of the secretory pathway is severely affected in 

ALS and FTD (Kanekura et al. 2016; Gami-Patel et al. 2021; Prudencio et al. 2015; 

Kramer et al. 2018; Zhang et al. 2014).   

At the ER nearly one third of the total proteome is synthetized and folded, which 

is increased in specialized secretory cells (Braakman and Bulleid 2011). Under 

physiological conditions, protein maturation is strictly mediated by ER chaperones 

and foldases, which bind and assist the correct folding of proteins preventing their 

aggregation. Nevertheless, different stress conditions alter the folding balance at the 

ER, resulting in rising levels of misfolded proteins, a condition referred to as “ER 

stress”. These insults include the expression mutant ER cargo that chronically 

misfold, altered ER calcium balance (essential cofactor of ER chaperones), redox 

unbalance (necessary to form disulfide bounds), disrupted chaperone function, 

among other perturbations. Equilibrated proteostasis requires the dynamic 

coordination of efficient folding of newly synthesized proteins and quality control and 

degradation mechanisms to reduce the load of unfolded/misfolded proteins and 

prevent abnormal protein aggregation (Walter and Ron 2011). Under ER stress, cells 

activate a dynamic signaling network known as the unfolded protein response (UPR) 

(Hetz et al. 2020). The UPR has an important function in stress adaptation and cell 



 

20 
 

survival; however, under chronic or irreversible ER stress a switch to pro-apoptotic 

signaling can lead to the elimination of damaged cells (Urra et al. 2013). Therefore, 

the UPR stands as a central controlled of cell fate under proteostasis stress. The 

UPR triggers initial adaptive responses through various mechanisms, including 

transcriptional and translational regulation that increase the folding capacity of the 

ER, among other effectors (Walter and Ron 2011).  

The UPR is orchestrated by three type-I transmembrane ER proteins, including 

inositol-requiring protein 1α (IRE1α), protein kinase RNA-like ER kinase (PERK) and 

activating transcription-6 (ATF6) (Hetz and Papa 2018) (Figure 2). Under resting 

conditions, these transducers are maintained inactive by their association with the 

ER chaperone BiP (also known as GRP78) at the ER lumen (Preissler and Ron 

2019). When misfolded proteins accumulate, BiP dissociates from these sensors 

triggering the UPR to preferentially bind misfolded proteins. Alternatively, IRE1 and 

PERK may sense ER stress by a direct bind to misfolded proteins, resulting in their 

oligomerization and activation (Gardner et al. 2013). IRE1α catalyzes the 

unconventional splicing of mRNA encoding the transcription factor X-box binding 

protein-1 (XBP1), resulting in the production of a potent transcription factor known 

as XBP1s (for the spliced form) that transactivates the expression of a variety of 

proteostasis effectors (Park et al. 2021). PERK is a kinase that phosphorylates the 

translation initiation factor eIF2α, inhibiting global protein synthesis (Harding et al. 

2000b). This event also triggers the alternative translation of the mRNA encoding 

the transcription factor ATF4. Subsequently, ATF4 translocate to the nucleus, which 
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increases the expression of CHOP and ATF3 and TRB3 (Ohoka et al. 2005; Liu et 

al. 2016b).  

The preferential translation of ATF4 involves two upstream ORFs (uORFs): 

uORF1 and uORF2. uORF1 is a positive-acting element that facilitates ribosome 

scanning and re-initiation at the next coding region, uORF2, which is an inhibitory 

element that blocks ATF4 expression in non-stressed cells. However, in stress 

conditions, efficiency of ribosomes is affected by the decrease in eIF2-GTP levels, 

increasing the time required for scanning ribosomes to restart translation, allowing 

the ribosomes to scan through the inhibitory uORF2 and reinitiate at the ATF4-

coding region (Vattem and Wek 2004). 

During stress conditions, phosphorylation of eIF2 and the accompanying 

reduction in the levels of eIF2-GTP increase the time required for the scanning 

ribosomes to become competent to reinitiate translation. This delayed reinitiation 

allows for ribosomes to scan through the inhibitory uORF2 and instead reinitiate at 

the ATF4-coding region. 

Under ER stress, ATF6 is translocated to the Golgi apparatus and subsequently 

cleaved to release a cytosolic fragment containing an active transcription factor 

ATF6f (Haze et al. 1999). Together XBP1s, ATF4, and ATF6f engage transcriptional 

reprogramming inducing genes to improve the protein folding capacity, improve 

protein quality control and the degradation of misfolded proteins. 

Over the past decade, genetic and pharmacological manipulation of ER stress 

have been used to understand the causal link between ER proteostasis and 
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neurodegeneration (Hetz et al. 2019; Maly and Papa 2014). These studies have 

exposed a multifaceted scenario wherein distinct signaling components of the UPR 

have specific, and sometimes even opposite effects on the disease pathophysiology 

depending on the disease type, the cell type affected and the stage of the disease 

(Hetz and Saxena 2017; Scheper and Hoozemans 2015; Smith and Mallucci 2016). 
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Figure 2. Unfolded protein response (UPR) and Integrated stress response (ISR) 

signaling and its contribution to proteostasis control and neurodegeneration.  
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1.4  ER stress and UPR signaling in C9FTD/ALS pathology 

 

Maintaining cellular proteostasis becomes a greater challenge in diseases 

displaying mutant misfolded proteins which are chronically expressed throughout the 

life of an individual, such as ALS and FTD (Saxena and Caroni 2011). Accordantly, 

the occurrence of ER stress has been extensively reported in postmortem tissue 

derived from ALS patients and in most cellular and animal models of the disease 

(Hetz and Mollereau 2014; Saxena and Caroni 2011). ER stress has been proposed 

as the earliest molecular alteration detected during the asymptomatic phase of 

experimental ALS even before muscle denervation is observed (Saxena et al. 2009). 

Regarding C9ORF72 pathology, the accumulation of DPR induce the ER stress 

response as reported in several studies using cellular models and human tissue  

(Kramer et al. 2018; Dafinca et al. 2016; Zhang et al. 2014; Kanekura et al. 2016). 

Recent reports using cell culture, primary cortical neurons and iPSC-derived 

human neurons suggested that C9ORF72 pathogenesis involves the occurrence of 

chronic and maladaptive ER stress as shown by sustained levels of PERK signaling 

(Zhang et al. 2014; Zhang et al. 2018b; Kramer et al. 2018; Wang et al. 2019). 

Moreover, gene expression studies of human brain tissue from patients affected by 

C9-ALS indicated deregulated UPR as a major pathological signature in cerebellum 

and frontal cortex (Prudencio et al. 2015). Additionally, C9-ALS iPSC-derived 

motoneurons treated with the ER stress agent tunicamycin showed a dose 

dependent increase in cell death compared to controls, suggesting altered ER 

proteostasis (Haeusler et al. 2014). Remarkably, an elegant study used an unbiased 
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genome wide CRISPR screening coupled to RNA sequencing to define modifiers of 

DPR toxicity. This screening revealed that ER-related proteins (such as ATF4) and 

secretory pathway components are highly altered by the accumulation of poly(PR50) 

and where among the major cluster of regulators of DPR toxicity (Kramer et al. 2018).  

Increasing evidence highlights the role of PERK-eIF2α in C9FTD/ALS 

pathogenesis in different models (further discussed in the next section) (Cheng et 

al. 2018; Green et al. 2017; Kanekura et al. 2016; Kramer et al. 2018; Sonobe et al. 

2018; Westergard et al. 2019). Moreover, increased levels of caspase-3 and ER 

stress markers such as BIP, phosphorylated PERK and CHOP (a major ER stress 

proapoptotic factor), but not XBP1s and ATF6 (adaptive components), were 

detected in primary neurons overexpressing poly(GA50) (Zhang et al. 2014), 

suggesting the induction of pro-apoptotic and degenerative programs. Importantly, 

recent results suggest that TDP-43 promotes stress granule formation and increased 

eIF2α phosphorylation, enhancing RAN translation and triggering the production of 

more DPR that contribute to neurodegeneration (Cheng et al. 2018). Overall, these 

findings highlight the role of PERK-eIF2α in C9FTD/ALS. Although C9ORF72 

mutations are the main known cause of FTD and ALS, the possible therapeutic 

potential of targeting proteostasis with small molecules have not been 

explored in preclinical mouse models, representing a major need to move forward 

novel therapeutic strategies into the clinic.   
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1.5  Integrated Stress Response in C9FTD/ALS pathology  

 

 As previously commented, PERK is one of the three UPR stress sensor that 

signals through protein translation inhibition and the expression of ATF4. 

Translational initiation involves the formation of a ternary complex, consisting of 

eIF2, initiator methionine transfer RNA and guanosine triphosphate (GTP), supplied 

by eIF2B, that loads the mRNA to be translated into the ribosome (Pakos‐Zebrucka 

et al. 2016).  

In addition to PERK, other three sensing kinases are capable to phosphorylate 

the subunit α of eIF2, a pathway known as the integrated stress response (ISR) 

(Costa-Mattioli and Walter 2020). Each of these kinases respond to different cellular 

stimuli: GCN2 senses amino acid starvation (Deval et al. 2009); PKR detects viral 

RNA under infection (Rojas et al. 2010) and HRI senses to heme deficiency, (Chen 

2007). HRI is also a key effector of the mitochondrial UPR, controlling many genes 

involved in bioenergetics and mitochondrial fitness (Anderson and Haynes 2020). 

When eIF2α is phosphorylated, it binds to eIF2B, preventing it from loading GTP into 

the ternary complex. This event quickly reduces the load of proteins entering the ER, 

having an important pro-survival effect (Harding et al. 2000a) (Figure 2). However, 

a small subset of mRNAs can overcome this suppression through non-canonical 

translation initiation by using internal ribosome entry site (IRES) elements, upstream 

open reading frames (uORFs) or non-AUG initiation codons (Vattem and Wek 2004; 

Palam et al. 2011), as is the case of RAN translation. 
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Under normal physiology, eIF2α phosphorylation is considered neuroprotective, 

where the reduction of protein synthesis is accompanied by increased translation of 

selective mRNAs involved in cell survival. However, chronic stress and global protein 

synthesis inhibition can turn into a deleterious event leading to apoptosis and altered 

synaptic function (Pakos‐Zebrucka et al. 2016; Costa-Mattioli and Walter 2020). The 

control of protein synthesis is a central process regulating neuronal physiology. In 

fact, studies in models of Prion disease, Parkinson´s disease and FTD have 

demonstrated that sustained phosphorylation of eIF2α due to PERK hyperactivation 

negatively affects the synthesis of synaptic proteins, impacting brain function and 

neuronal plasticity on a negative manner (Moreno et al. 2013; Moreno et al. 2012; 

Mercado et al. 2018). These biological activities are shared with other kinases of the 

ISR pathway, as reported in functional studies aimed at manipulating PKR and 

GCN2 levels in the context of synaptic plasticity and AD (Ma et al. 2013; Duran-

Aniotz et al. 2014). Moreover, another report suggested that ATF4, induces axonal 

degeneration in AD models, propagating damaging signals on a cell-

nonautonomous manner (Baleriola et al. 2014). 

Importantly, cellular stresses that triggers ISR activation enhance RAN translation 

in cells and neurons (Cheng et al. 2018; Green et al. 2017; Westergard et al. 2019; 

Sonobe et al. 2018), suggesting a feed-forward loop between DPR production and 

the stress generated by the accumulation of these abnormal peptides (Figure 3). 

ISR activation has been widely associated to DPR accumulation in cells and flies 

models (Kramer et al. 2018; Westergard et al. 2019; Zhang et al. 2018a). In this 

context, a study reported that a small molecule that inhibits ISR, known as ISRIB 
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(Sidrauski et al. 2013) decreases the toxicity generated by poly(PR20) (Kramer et al. 

2018). Additionally, another report showed that ISR activation by sodium arsenite 

induced G4C2 repeat foci in C9orf72 patient fibroblasts (Glineburg et al. 2021). 

Moreover, administration of ISRIB or the PERK inhibitor GSK2606414 to a fly model 

of C9ORF72 pathogenesis provided strong neuroprotection (Zhang et al. 2018a). 

Similar results were provided in iPSC-derived motoneurons from C9ORF72 positive 

ALS patients (Zhang et al. 2018a), suggesting that inhibition of the pathway at 

different levels might have beneficial effects. These results are in line with others 

findings indicating that the administration of PERK/eIF2α inhibitors reduce RAN 

translation and DPR accumulation (Cheng et al. 2018; Westergard et al. 2019). It 

was recently reported that RAN translation is not only mediated by phosphorylation 

of eIF2α through PERK activation, but also by PKR (Zu et al. 2020). Importantly, 

PKR inhibition dramatically decreases DPR accumulation in vitro and in vivo, and its 

inhibition improved behavior in a C9ORF72 ALS/FTD BAC transgenic mice (Zu et 

al. 2020).  

Conversely, other study have suggested that inhibition of eIF2α phosphatases, 

where sustained eIF2α phosphorylation is induced, was protective in SOD1 mouse 

models (Jiang et al. 2014). However, another study showed that this inhibition 

accelerates the disease in a SOD1 mice (Vieira et al. 2015). The discrepancies in 

these reports could be possible attributable to factors like the timing of administration 

drug in the course of the disease, among others.  

Overall, accumulating evidence indicates that strategies to reduce eIF2α 

phosphorylation or its downstream effects may have neuroprotective consequences 
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in the context of C9ALS/FTD pathogenesis. Therefore, restoration in protein 

synthesis could have the following neuroprotective effects: 1) improvement in 

synaptic function, 2) reduction of DPR production and 3) reduction of ER stress-

mediated apoptosis. For the above-mentioned, it is important to define the 

therapeutic potential of the ISR in ALS/FTD. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3. Feed-forward loop mechanism proposed by the literature to 

explain relationship between RAN translation and phosphorylation of 

eIF2α. DPR production can induce stress through ISR activation or ER stress. 

This stress caused by the repeat expansions can trigger a positive feed-forward 

loop that drives RAN translation while impairing global translation through eIF2α 

phosphorylation and subsequent production of additional DPR through ISR, 

thereby promoting neurodegeneration. 
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1.6  Pharmacological targeting of PERK/eIF2α pathway 

 

Recent drug discovery efforts to target the PERK/eIF2α pathway have 

identified a subset of small molecules as possible candidates. The PERK inhibitor, 

GSK2606414, showed high bioavailability following oral administration, besides 

potency and high selectivity (Atkins et al. 2013; Axten et al. 2012) (Figure 4). Oral 

administration provided strong neuroprotection in prion-infected animals and 

models of FTD mediated by the expression of mutant Tau (Moreno et al. 2013; 

Radford et al. 2015). In a recent study from our laboratory we showed that oral 

treatment with GSK2606414 provided protection to nigral-dopaminergic neurons 

against a Parkinson’s disease-inducing neurotoxin (Mercado et al. 2018). Despite 

its neuroprotective activity, GSK2606414 has serious side effects, provoking 

pancreatic toxicity (Moreno et al. 2013; Halliday et al. 2015). On the other hand, 

ISRIB, was identified as a highly selective drug to inhibit ATF4 expression (Sidrauski 

et al. 2013) (Figure 4) through the stabilization of eIF2B (Sekine et al. 2015; 

Sidrauski et al. 2015; Tsai et al. 2018; Zyryanova et al. 2017). ISRIB has low toxicity, 

in addition to cross the blood-brain barrier (BBB) (Sidrauski et al. 2013). This 

molecule blocks the downstream events following eIF2α phosphorylation, and was 

shown to improve synaptic plasticity in wild-type animals (Sidrauski et al. 2013), and 

protecting against experimental models of Prion infection (Halliday et al. 2015) and 

traumatic brain injury (Chou et al. 2017). Besides, as it was mentioned before, ISRIB 

was protective in cells and fly models of C9ORF72  (Zhang et al. 2018a; Kramer et 

al. 2018). ISRIB served as a fundamental tool to validate the role of ISR as a 

prominent target for disease intervention, however this molecule shows poor 
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solubility, hence limiting its translational potential. Nevertheless, accumulating 

evidence indicates that strategies to reduce eIF2α phosphorylation may have 

therapeutic applications in the context of neurodegenerative diseases. 

 

 

 

 

 

 

 

Figure 4. Small molecules to target PERK-eIF2α axis. 
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To solve the issue of the low solubility of ISRIB, a recent study identified 

small molecules with the potential to block eIF2α-P activity (Halliday et al. 2017). In 

those lines, our collaborator, Dr Giovanna Mallucci (University of Cambridge, UK) 

performed a phenotypic screen and discovered two compounds from a NINDS small 

molecule library that reversed translational attenuation triggered by eIF2α 

phosphorylation (Figure 4). The screening approach consisted of two consecutive 

steps: first, they tested the ability of 1040 compounds to prevent ER stress-induced 

developmental delay in C. elegans, leading to the identification of 20 compounds; 

second, using UPR-reporter cell lines, they validated five compounds that partially 

reduced CHOP expression under ER stress. Finally, two compounds were 

selected for further preclinical studies based on their clinical potential: 

dibenzoylmethane (DBM) and trazodone (Figure 4). Importantly, the site of action 

of DBM was similar to ISRIB since it reduces ATF4 levels without affecting the 

phosphorylation of eIF2α. Those small molecules showed impressive therapeutic 

potential when applied to models of Tau-mediated FTD and Prion disease (Halliday 

et al. 2017) providing neuroprotection, reversing memory deficits, and delaying 

disease progression. Furthermore, analysis of the bioavailability and 

pharmacokinetics of DBM indicated a remarkable BBB penetration and 

favorable stability (Halliday et al. 2017).  

The discovery of DBM as possible drug to target the ISR opens the possibility 

of a major new avenue to restore the functionality of the proteostasis network in 

FTD/ALS to potentiate synaptic function and neuronal survival. Thus, fine-tuning 

eIF2α phosphorylation for therapeutics requires further investigation in preclinical 
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models of FTD/ALS-C9ORF72 to understand in more detail possible side effects 

and determine the optimal administration regimen. This challenge represents the 

major subject of the current PhD thesis. 
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2. HYPOTHESIS 

 

Oral administration of dibenzoylmethane (DBM), decreases dipeptide repeats (DPR) 

accumulation, prevents neuronal loss, and slows progression in a mouse model of 

C9ORF72-mediated FTD/ALS. 

 

3. AIMS 

 

3.1.    General aim 

To investigate the impact of DBM administration in the neurodegeneration 

associated to the accumulation of DPR in a mouse model of C9ORF72-FTD/ALS. 

 

3.2.    Specific aims 

1) To investigate the effects of oral DBM treatment in a mouse model of C9ORF72-

FTD/ALS at behavioral level. 

 

2) To determine the consequences of DBM oral administration on histopathological 

and biochemical features in C9ORF72-FTD/ALS mice. 

 

3) To determine proteomic changes mediated by DBM treatment in the hippocampus 

of C9ORF72-FTD/ALS mice. 
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4. Materials and methods 

 

4.1   Mice 

 

Experiments were carried out on wild type mice C57BL/ 6J strain. Animals 

were kept in cycles of 12:12 hours light / dark, at an ambient temperature of 22 ± 2 

°C, with free access to food and water. Animal care and experiments were performed 

according to procedures approved by the Bioethics Committee of the Faculty of 

Medicine of the University of Chile (approved protocol CBA # 18214-MED-UCH). 

 

4.2   Neonatal viral injections 

 

Adeno-associated virus (AAV) packaged into serotype 9 type capsid, 

containing 2 or 66 repeats of G4C2 (AAV-2R and AAV-66R, respectively), were 

intracerebroventricular (ICV) injected in newborn C57BL/6J wild type mice to achieve 

efficient transduction in neurons of the central nervous system. Viral vectors for this 

study were provided by Dr. Leonard Petrucelli (Mayo Clinic, Jacksonville FL, USA). 

Newborn mice were cryo-anesthetized on ice for a few minutes until no movements 

were observed. A 32-gauge needle (BD Biosciences) was inserted at 30-degreee 

angle, between lambda and the eye pup, and sunk to a depth of approximately two 

millimeters. Four microliters with 0.02% Fast Green (1E5 genomes/ul) of each virus 

were manually injected in the corresponding pups in the cerebral ventricle. Finally, 

pups were placed on a heat pad until they recovered movements and placed back 
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in their cages. Animals were weaned at 21 days of age and then subjected to 

cognitive and motor studies at 3 and 6 months of age. Finally, they were sacrificed 

at 8 months for biochemical and histopathological analyzes.  

 

4.3   Pharmacological treatment 

 

Food powdered was generated by grinding food pellets with a grinder and 

filtered to separate larger particles. Then, powdered chow was mixed with the drug 

into a Ziploc bag by hand, shaking, inverting, and rotating it for 5 minutes until 

obtained a homogenized solution. Finally, the mixed solution was placed in a powder 

feeder jar into the cage (Braintree Scientific, Inc.). 

To determine target engagement of GSK2606414, wild type mice were fed with 

powdered food containing 100 mg/kg/d GSK2606414 or vehicle ad libitum for 7 days. 

GSK2606414 was provided by Dr. Jeffrey Axten. To determine target engagement 

of DBM (Sigma), wild type mice were fed with powdered chow containing 0.5% 

dibenzoylmethane (DBM) or vehicle ad libitum for 7 days. 

To perform DBM (Sigma) treatment in the animals injected with the AAV-2R or 

AAV-66R., mice were fed with powdered chow containing 0.5% dibenzoylmethane 

(DBM) or vehicle ad libitum from month 2 till the end of the experiment. 
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4.4   Behavioral tests 

 

In order to determine the progression of the C9ORF72 FTD/ALS disease, a 

battery of motor and behavioral tests was performed. This battery includes open field 

assay, novel object recognition test (NOR), novel object location test (NOL), rotarod 

test, hanging wire test and Barnes maze. All behavioral equipment was cleaned with 

35% ethanol between each mouse. 14–16 mice were used per group as this gives 

adequate statistical power to detect changes in behavior.  

 

4.4.1  Open Field Test  

 

Open Field Test is used to measure both motor and cognitive deficits of the 

mouse. The apparatus consists in a 40x40 cm square box of polymethylmethacrylate 

(PMMA) with a video recorder on the top. Mice were placed in the center of the box 

and could explore freely the arena for fifteen minutes. Mice were recorded and 

movements were tracked and analyzed by AnyMaze program (Stoelting, Co.) This 

program divides the box into 16 equal quadrants, of which 4 form the center, 4 the 

corners and a total of 8 form the periphery. This test was performed to evaluate 

motor deficits and anxiety behaviors. The distance traveled in the center zone versus 

the total distance traveled were plotted. 
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4.4.2  Novel Object Recognition (NOR) 

 

NOR task is used to evaluate the rodent’s ability to recognize a novel object. 

NOR is performed in two consecutive days: on the first day, mice were allowed to 

freely explore two identical objects in an open field arena. Because of the innate 

mouse curiosity, mice will explore both objects equally. Interaction time with each 

object was determined. The test was performed for 5 minutes or until the interaction 

time of both objects reach 20 seconds. On the second day, 24 hours later, one of 

the identical objects is replaced for a novel object and interaction time with both 

objects is recorded. As same than day one, the task was performed for 5 minutes or 

until the interaction time of both objects reach 20 seconds. Normal mouse spent 

more time in the novel object because of innate mouse curiosity, however mice with 

memory problems will not be able to discriminate between the familiar and novel 

object. The percentage of time spent on the novel object is calculated using the 

following formula: (t new object/(t new object + t old object))*100%. Objects were 

randomly assigned to reduce object and place preference effects. Animals that did 

not interact with any object (0%) or those that interacted with only one object (100%), 

were excluded from the analysis. 
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4.4.3  Novel location recognition (NOL) 

 

NOL test is a long-term spatial memory test, that is used to evaluate memory 

hippocampus dependent in rodents. A protocol similar to NOR was used. Unlike 

NOR, in the NOL test the location of one of the objects is changed on the second 

day of the test. The percentage of time spent on the changed object is calculated 

using the following formula: (t new location object/(t new location object + t old 

object))*100%. Animals that did not interact with any object (0%) or those that 

interacted with only one object (100%), were excluded from the analysis. 

 

4.4.4  Hanging wire test 

 

This test was performed to monitor muscle strength and coordination. The 

test is based in the mouse latency to fall from a metal wire stretched between two 

supports at a height of 35 cm. Each mouse was carried by the tail to the middle of 

the cable where it instinctively grabs it with the front legs. This test records the 

number of falls of the mouse for 2 minutes. 

 

4.4.5  Rotarod test 

 

Rotarod test was performed at three and six months of age. In this test the 

rodent is placed in a horizontally oriented rotating cylinder, suspended above the 

floor of the device, low enough not to injure the animal, but high enough to avoid 
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inducing fall. Rodents will naturally try to stay on the rotating cylinder and avoid 

falling to the ground (Jones & Roberts, 1968). This test is generally used to evaluate 

the motor capacity of the mouse, but applying a modified protocol (Chew et al. 2015), 

it is possible to study the motor and cognitive capacity of the mouse. This test was 

carried out for four consecutive days, where the first day the mouse is briefly trained 

to become familiar with the machine, this is done at a basal rate of 4 revolutions per 

minute (rpm) until the mouse is hold onto cylinder. Then the test is performed where 

the time the mouse is in the device is measured with an increasing speed from 4 to 

40 rpm over a period of 5 minutes. Three attempts per mouse were made each day. 

Then the average of the three attempts of each day was graphed. 

 

4.4.6  Barnes maze 

 

Barnes maze is a circular maze with holes around its borders, designed to 

evaluate spatial learning and memory acquisition. It basically consists in teaching 

mice to find the hole corresponding to target location, which consists in a hidden 

dark box not visible from the platform. When mice find the target location and hide 

in the box, the test is completed. This protocol is repeated four times during 3 

minutes for 5 consecutive days. 
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4.5  Tissue preparation 

 

Mice were euthanized at 8 months old by inhalation of carbon dioxide (CO2) 

and perfused transcardially with 0.9% NaCl solution. Mice brains were removed and 

split in two hemispheres: right for biochemical analysis and left for histopathological 

analysis. 

For biochemical assays, different brain tissues were collected: frontal cortex, 

cortex, hippocampus, cerebellum, in addition to muscle (gastrocnemius and tibialis 

anterior), sciatic nerve, lumbar spinal cord and pancreas, which were stored at -80 

°C. Additionally, blood glucose levels and brain weight were measured. A total of 63 

mice were used in this experiment. 

Left hemisphere was fixed at 4% PFA for histological analyzes to determine 

C9ORF72 FTD/ALS features: DPR inclusions, neuronal loss, and gliosis. Left 

hemisphere was dehydrated through a battery of alcohols (two hours in alcohol at 

80, 90, 95, 95, 100 and 100% each one), xylene (six hours in xylene 100%) and the 

end, brains were put in paraffin (six hours) before being included in paraffin. Then 5 

µm thick sections were serially cut into a microtome (microm HM 325, Thermo Fisher 

scientific) and 4 sections were mounted on a positively charged slide having 75 µm 

between each section. Finally, slides were dry at 37 °C overnight. 
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4.6  Immunohistochemistry 

 

The slides containing the paraffin-embedded sections were deparaffinized and 

rehydrated in xylene (2x5 minute) and a battery of alcohols (100, 95, 90, 80, 70%) 

for 1 minute for each concentration and then washed in water (1 minute). The 

endogenous peroxidase was then blocked with a 0.3% H2O2 solution (Merck, 

Germany) in PBS solution. After that slides were washed in PBS (3 x 5 minutes) and 

antigen exposure was performed in a steam chamber (30 minutes) with citrate buffer 

(pH 6.0). After washing twice with PBS, sections were blocked using a blocking 

solution (5% BSA, 0.3% Triton in PBS) (45 minutes) or the M.O.M. (mouse-on-

mouse) (BMK-2202, Vectastain) (1 hour) depending on primary antibody host. 

Finally, sections were incubated at room temperature in a humid chamber overnight, 

with the corresponding primary antibody. 

Before to incubate with the secondary antibody, sections were washed thrice with 

PBS. The ABC Vectastain kit for mice (1:1000) (pk-6100, Vectastain) + blocking 

solution (1:66.67) was then used for secondary antibodies for one hour, followed by 

half an hour with solution A + B (1:50) in PBS. For rabbit ABC Vectastain kit (1: 200) 

(pk-4001, Vectastain) was incubated for half an hour, followed by another half hour 

with solution A + B (1: 100). The sections were then washed in PBS (3 x 5 minutes). 

Immunoreactivity was visualized with the 3,3′-diaminobenzidine (DAB) chromogen 

solution and stained with hematoxylin (Scyteck) when necessary. Finally, the 

samples were dehydrated in a battery of alcohols (70, 80, 95, 100%) for 1 minute for 

each concentration and xylene (2 x 5 minutes) and covered with Entellan (Merck, 
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Germany) and left to dry until the next day. The primary antibodies used were: anti-

NeuN (1: 400) (# MAB377, Millipore); anti-Poly (GA) (1: 1500) (# TIP-C9-P01, 

CosmoBio); anti-Poly (GR) (1: 32000) (# TIP-C9-P01, CosmoBio); anti-GFAP (1: 

200) (# ab7260, Abcam), anti-Iba1 (1: 500) (# 019-19741, Wako). 

 

4.7  Gliosis 

 

To quantify activation of microglia and astrocytes, immunostains were performed 

with antibodies for Iba1 and GFAP, respectively. Images were taken in the 

hippocampus with an optical microscope (Leica DM500) at a magnification of 10X. 

Two sections were taken per mouse to have a technical duplicate. The quantification 

was carried out in the hippocampus region with ImageJ program (NIH, Bethesda, 

United States) by determining the percentage of positive signal per each area. 

 

4.8  DPR inclusions: poly(GA) and poly(GR) 

 

In order to quantify DPR expression, inmunohistochemistry of poly(GA) and 

poly(GR) were performed. To this purpose, images of cortex (motor and 

somatosensorial) and hippocampus (CA1) were taken with optical microscope 

(Leica DM500) at a magnification of 20X. Two sections per mouse were used as a 

technical duplicate. Quantification was carried out manually, counting the positive 

cells for the signal of both poly dipeptides. 
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4.9  Neuronal quantification 

 

Anti-NeuN immunohistochemistry was performed to quantify neurons. The entire 

motor and somatosensorial cortex were digitally acquired in an optical microscope 

(Leica DM500) at 10X magnification. Two sections were taken per mouse to have a 

technical duplicate. The quantifications were carried out using the ImageJ program 

(NIH, Bethesda, United States). 

 

4.10  RNA extraction and RT-PCR 

 

RNA was extracted from the cortex, cerebellum, and hippocampus. Tissues 

were homogenized in TEN buffer solution (10mM Tris-HCl, 1mM EDTA, 100mM 

NaCl, pH 8.0) with protease and phosphatase inhibitors (Sigma Aldrich). Then 50 µl 

of the homogenate was taken and an extraction was made with the TRIzol reagent 

(Life technologies) according to the supplier's instructions. The remaining volume 

was stored at -80 °C for backup. The yield of obtained RNA was obtained using a 

NanoDrop spectrophotometer (Biotek). Following this, 1 µg of RNA was used to 

obtain the cDNA by a reverse transcriptase polymerase chain reaction (RT-PCR) 

using a high-capacity reverse transcription kit (# 4368813, Applied Biosystems) 

according to manufacturer's instructions. 
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4.11  PCR 

 

For each polymerase chain reaction (PCR), cDNA was incubated with Go Taq 

Master Mix (M7123, Promega, United States), according to the manufacturer's 

instructions. Reactions were carried out in thermocyclers (Biorad), to amplify regions 

present in the Actin, with the following thermal profile: 95 °C for 5 min; 27 cycles of 

amplification of 95 °C for 15 s, 58 °C for 15 s, 72 °C for 15 s; 1 final amplification 

cycle of 72 °C for 5 min. 

To identify viral transduction of AAVs containing 2 and 66 repeats of the G4C2 

hexanucleotide, primers were designed to amplify regions upstream of the 

sequences containing the repeats. The thermal profile for this PCR was: 1 

denaturation cycle of 95 ° C for 5 min; 28 cycles of amplification of 95 ° C for 30 s, 

60 ° C for 30 s, 72 ° C for 30 s; 1 final amplification cycle of 72 ° C for 10 min. PCR 

products were analyzed by 2% agarose gel electrophoresis with Sybr Safe 

(Invitrogen, United States) at 100 volts (V). 

 

4.12  Real time PCR 

 

Real time PCR reactions were performed using the EvaGreen reagent 

(Biodyne, United States) following the supplier's instructions. Real time PCRs were 

performed in the Stratagene Mx3000P system (Agilent Technologies). The thermal 

profile used for real-time PCR was: 1 denaturation cycle of 95 °C for 10 min; 40 

cycles of amplification of 95 °C for 10 s, 58 °C for 15 s, 72 °C for 20 s; 1 final 
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amplification cycle of 95 °C for 15 s, 25 °C for 1 s, 70 °C for 15 s and 95 °C for 1 s. 

Relative amounts of mRNA were calculated from comparative threshold values of 

40 cycles using Actin mRNA as internal expression control.  

All the quantifications were plotted as mRNA relative levels. The values were 

calculated by method “∆Ct”, determining the potency in base 2 of the delta between 

the housekeeping gene and gene of interest by the following formula: ∆Ct= 2(Ct 

(housekeeping gene) - Ct (gene of interest)). 

 

 

 

 

 

 

 

 

 

 

 

 Table 1. List of primer used in real time-PCR used. F: Forward; R: Reverse. 
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5. Statistical analyses 

 

 Statistical analyses were performed using Prism V7 software (GraphPad 

Software Inc., USA). Data were analyzed using one-way ANOVA and Tukey’s post 

hoc test for multiple variables. All data in bar charts shows mean ± standard deviation 

(SD). Statistical differences were considered significant for values of p<0.05. The p-

values are displayed as follows: *p<0.05, **p<0.01 and ***p<0.001.  
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6. RESULTS 

 

6.1  Characterization of C9ORF72-mediated FTD/ALS mouse model. 

Several mouse models of C9ORF72 have been reported, but the AAV model 

that consisted in the overexpression of 66 GGGGCC repeats (AAV-66R) in the CNS, 

recapitulates the disease at phenotypic and behavioral level at 6 months (Chew et 

al. 2015). To reproduce this model in the laboratory, we performed 

intracerebroventricular injections to deliver AAV encoding 2 or 66 tandem repeats 

(AAV-2R or AAV-66R, respectively) to the CNS of mice at neonatal state (0-2 days). 

Accordantly, using both rotarod and New Object Recognition (NOR) tests we could 

reproduce behavioral and motor phenotypes as previously reported by Chew et al. 

2015 as we observed motor and cognitive impairment in animals injected with AAV-

66R when compared to controls following 6 months of infection (Figure 7A and B). 

At the same time window, we also found the accumulation of poly(GA) and poly(GR) 

peptides in neurons in hippocampus, cerebellum and frontal cortex (Figure 7C). 

Several studies suggest that C9ORF72 pathogenesis involves the occurrence of ER 

stress (Kramer et al. 2018; Wang et al. 2019; Zhang et al. 2014; Zhang et al. 2018a) 

although this has not been demonstrated in mouse models. To test this hypothesis, 

following six months of AAV delivery, animals were euthanized, and brains were 

dissected in frontal cortex, cerebellum, and hippocampus to evaluate UPR and ISR 

triggering. We evaluated mRNA expression of Atf4, Atf3, Chop, Trb3 and Xbp1s, in 

frontal cortex by real time PCR. A significant increase in the mRNA expression levels 

of Xpb1 was observed in AAV-66R mice compared to AAV-2R (Figure 7D).  
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Figure 7. Characterization of C9orf72-mediated ALS/FTD. (A) New object recognition 

test (NOR) of mice injected with AAV-2R or AAV-66R at 6 months old. (B) Rotarod 

performance of WT mice injected with AAV-2R or AAV-66R at 6 months old. (C) 

Immunostaining of poly-GR and poly-GA inclusions from frontal cortex, hippocampus, 

and cerebellum of 6-month-old mice injected with AAV-66R at neonatal stage. (D) 

Determination of ER stress levels in the brain: RT-PCR for Atf4, Atf3, Chop, Trb3 and 

Xbp1s from dissected frontal cortex of 6-month-old WT mice injected with AAV-2R or 

AAV-66R at neonatal stage. Each dot represents one animal. NT= non-treated. Data was 

normalized with Actin mRNA levels. Data are presented as mean ± S.D. *, p < 0.05. **; p 

< 0.01; ***, p < 0.001, one-way ANOVA followed by Tukey's multiple comparisons test. 
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These results suggest the incidence of UPR activation in C9ORF72 

pathogenesis. Importantly, these results are the first demonstration of ER stress in 

a mouse model of C9ORF72. 

 

 

6.2  Efficacy after oral delivery of small molecules to inhibit PERK/eIF2α 

signaling under experimental ER stress. 

The activation PERK/eIF2α axis has been widely reported in different 

invertebrate C9ORF72 models (Zhang et al. 2014; Kramer et al. 2018; Wang et al. 

2019; Prudencio et al. 2015; Westergard et al. 2019; Green et al. 2017), but not in 

mammalian models. Hence, we aimed to inhibit this signaling branch using small 

molecules in the viral-based model of C9ORF72 pathogenesis in mice. To this 

purpose, we first evaluated the efficacy of two drugs in wild type mice: GSK2606414, 

a PERK inhibitor, and DBM, an inhibitor of downstream signaling of eIF2α 

phosphorylation. 

Searching for strategies to reduce the toxicity produced by the oral gavage 

administration of GSK2606414 (Radford et al. 2015; Halliday et al. 2015; Mercado 

et al. 2018), by the advice of Dr. Jeffrey Axten, we decided to administrate the drug 

mixed in food powdered ad libitum. This new route of administration is by far less 

stressful and invasive for animals compared to a twice-a-day oral gavage protocol, 

as classically used to deliver this compound in previous publications (Halliday et al. 

2015; Radford et al. 2015; Mercado et al. 2018).  
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We first determined the concentration of the drug after oral delivery in blood 

and different tissues: frontal cortex, cerebellum, hippocampus, and spinal cord. To 

this aim, mice were treated with 100 mg/kg/day of GSK2606414 delivered in mixed 

powdered food for seven days. After this period, animals were euthanized, and their 

brains were dissected (Figure 8A). The quantification of the drug in blood and CNS 

tissues was performed by protein precipitation followed by HPLC-MS/MS analysis 

with the collaboration of Dr. Jeffrey Axten at GlaxoSmithKline (GSK). Significant 

levels of GSK2606414 were found in all samples by the new administration regimen 

with mean concentrations of 4.83 µg/ml in blood and 1.34, 1.70, 1.89 and 1.66 µg/g 

in frontal cortex, spinal cord, cerebellum, and hippocampus, respectively (Figure 

8B). These values were different of those previously reported by our group in 

Mercado et al., 2018, where mice were treated for three weeks by oral gavage with 

GSK2606414 (100 mg/kg/day). They reported higher values of the drug in serum 

and brain tissue, 4.15 µg/mL, and 5.20 µg/g, respectively.  

Next, we measured the activity of this small molecule following experimental 

ER stress triggering in vivo. To accomplish this, wild type mice were pretreated with 

GSK2606414 for seven days and then exposed to tunicamycin (inhibitor of N-

glycosylation), a classical activator of ER stress by intraperitoneal injection (5 mg/kg) 

(Figure 8A). After 24 hours of tunicamycin treatment, animals were euthanized, and 

their brains were dissected. Mice were weighted every day of the experiment and at 

the end, blood glucose levels were measured. To determine the incidence of ER 

stress and the engage of the pathway by GSK2606414, we evaluate mRNA 

expression levels of downstream PERK targets: Chop, Atf3, Trb3, Atf4 and also 
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Xbp1s in frontal cortex by real time PCR (Figure 8B and C). Our results indicate 

that GSK2606414 administration decrease expression of UPR markers in the brain 

when compared to animals treated only with tunicamycin, suggesting that our 

regimen successfully attenuated ER stress triggering in brain tissue.  

As previously reported in the gavage administration by Mercado et al., 2018, 

oral administration of GSK2606414 by powdered food also led to decreased body 

weight compared to non-treated mice (Figure 8F). This body weight drop was 

accompanied by a decrease in blood glucose levels (Figure 8E). It is important to 

mention that mice that were fed with vehicle and treated with tunicamycin at day 7 

lost 4.6% of body weight in one day and animals fed with GSK2606414 treated with 

tunicamycin lost 6.8% of body weight which could be attributed to a combined toxicity 

of both drugs. In addition, two of four mice of this group died minutes before 

scheduled time of euthanasia and the other two presented signs of morbidity, 

suggesting that the combination of the two drugs is lethal to mice.  

Taken together, our results demonstrate that although GSK2606414 is active 

in the brain and blocks efficiently the PERK pathway in a pharmacological model of 

ER stress in vivo, GSK2606414 administration triggers serious side effects possibly 

due to pancreatic dysfunction. 
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Figure 8. Food powdered administration effects of GSK2606414 in wild type mice 

under experimental ER stress. (A) Schematic representation of experimental design to 

test the efficacy of GSK2606414 administration on a pharmacological paradigm of ER 

stress. (B) Mice were treated with GSK2606414 (100 mg/kg/day) or vehicle for 7 days and 

the concentration of the drug in blood, frontal cortex, cerebellum, hippocampus, and spinal 

cord was determined by HPLC-MS/MS (n = 3). (C) Real time PCR analysis to monitor of 

Chop, Atf3, Trb3 mRNA levels in frontal cortex of animals treated with GSK2606414 followed 

by injection of tunicamycin (Tm). (D) Real time PCR analysis to monitor Bip and Xbp1s 

mRNA levels in frontal cortex of animals treated with GSK2606414 followed by injection of 

tunicamycin (Tm). Data was normalized with Actin mRNA levels. (E) Glucose in blood was 

determinate and expressed as [mg/dL]. (F) Body weight was measured over time during 

treatment (N= 3-4). All data are presented as mean ± S.D. *, p < 0.05. **; p < 0.01; ***, p < 

0.001, one-way ANOVA followed by Tukey's multiple comparisons test. 
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To overcome the toxicity of PERK inhibitors, we tested the efficacy of a 

different compound termed DBM, a drug that as was mentioned before, reverses p-

eIF2α-mediated translational attenuation (Halliday et al. 2017). The experimental 

strategy to determine the DBM efficacy under experimental ER stress was the same 

used with PERK inhibitor GSK2606414. Mice were pre-treated for 1 week with DBM 

through the food (0.5% ad libitum) and then were exposed to tunicamycin (Figure 

9A). Following twenty-four hours, brains were dissected and mRNA expression 

levels of Chop, Atf3, Trb3, in addition to Bip and Xbp1s were measured by real time 

PCR (Figure 9B). ATF4 target gene Chop was decreased in the frontal cortex of 

animals pretreated with DBM but not in those treated with the vehicle, while Atf3 and 

Bip showed a trend of reduced expression (p value= 0.076 and 0.059, respectively). 

Unexpectedly, as we observed in GSK2606414 experiments, expression of Xbp1s 

was decreased both in frontal cortex (Figure 9C) and hippocampus (Figure 9D). 

Previous in vitro and fly models of C9ORF72 pathogenesis reported that 

blocking PERK/eIF2α signaling with small molecules like ISRIB or GSK2606414 had 

neuroprotective effects. Although these inhibitors have great efficacy in preclinical 

models of Tau-mediated degeneration, their translational potential is limited due to 

their low solubility or pancreatic toxicity, respectively. Hence, the use of small 

molecules with clinical potential is essential in the search for new possible treatments 

for such devastating diseases. In this context, DBM, which restores protein synthesis 

and prevents increased ATF4 translation, promoted impressive neuroprotector 

effects. DBM was able to rescue memory deficits in different models, with good 

pharmacokinetic properties and without side effects (Halliday et al. 2017).  
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Figure 9. Oral administration of DBM decreases mRNA levels of Chop under 

experimental ER stress in vivo. (A) Schematic representation of experimental design 

to test the efficacy of DBM administration on a pharmacological paradigm of ER stress. 

(B) Real time PCR analysis to monitor Chop, Atf3, Trb3, Bip and Gadd34 mRNA levels 

in frontal cortex of animals treated with DBM followed by injection of tunicamycin (Tm).  

(C-D) Real time PCR analysis to monitor mRNA of levels Xbp1s in frontal cortex in C, 

and in hippocampus in D of animals treated with DBM followed by injection of tunicamycin 

(Tm). All data was normalized with Actin mRNA levels. Data are presented as mean ± 

S.D. *, p < 0.05. **; p < 0.01; ***, p < 0.001, one-way ANOVA followed by Tukey's multiple 

comparisons test. 
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Finally, since we confirmed the efficacy of oral administration of DBM to inhibit 

the ISR on a model of ER stress in the brain, we selected this drug as a candidate 

for further studies to modulate the pathogenesis in AAV-C9ORF72-mediated 

FTD/ALS model.  

 

 

6.3  Pharmacological treatment with DBM in C9ORF72-mediated FTD/ALS 

model. 

To accomplish the first aim of this thesis, we followed the experimental 

strategy depicted in Figure 6. This strategy consisted in four experimental groups 

defined as AAV-2R/vehicle (n= 14), AAV-66R/vehicle (n=17), AAV-2R/DBM (n=17), 

and AAV-66R/DBM (n=15) (Figure 5). First, newborn pups were injected with AAV 

encoding AAV-2R or the expanded AAV-66R by intracerebroventricular injection. At 

two months of age, mice were orally treated with 0.5% of DBM mixture in powdered 

food ad libitum until the end of the experiment (eighth months later). At the third and 

sixth month of age, several behavioral tests were performed to evaluate disease 

progression. It is important to mention that three mice of our cohort were excluded 

from further analysis due to hydrocephaly, possible attributed to side effects of ICV 

injection. 
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AAV Treatment Males Females Total 

2R Vehicle 7 7 14 

66R Vehicle 8 9 17 

2R DBM 7 10 17 

66R DBM 8 7 15 

NT Vehicle 6 5 11 

Figure 5. Experimental groups and treatments performed in this study. NT: non-

treated. 
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To first characterize behavioral alterations following DBM treatment in AAV-

2R and AAV-66R mice, we subjected mice to a different motor and memory tests: 

Open field assay, NOR, NOL, Hanging wire test and Rotarod test at 3 and 6 months 

and Barnes maze only at 6 months of age (Figure 6).  

 

 

 

 

Figure 6. Experimental design of pharmacological treatment with DBM in C9ORF72 

mice. Functional tests were performed at 3 and 6 months old and histopathological and 

biochemical analysis were performed after the euthanasia.  
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6.4  DBM administration prevents memory impairment on a mouse model of 

C9ORF72-mediated FTD/ALS. 

NOR and NOL tests have been widely used in the study of the neurobiological 

mechanisms underlying memory formation (Vogel-Ciernia and Wood 2014).  Those 

assays evaluate the capacity of animals to discriminate between familiar and novel 

objects or the displacement of objects in different quadrants. Both tasks rely on a 

rodent’s innate preference for novelty. NOR test has been widely used in assessing 

non-spatial object memory in rodents. This memory is dependent of perirhinal cortex 

and hippocampus. On the other hand, NOL provides information about spatial 

memory acquisition and is associated to hippocampus-dependent memory 

formation. 

To determine whether AAV-66R mice displayed memory impairment, NOL 

and NOR tests were performed at 3 and 6 months. No significant differences were 

found in both tests comparing AAV-2R/vehicle and AAV-66R/vehicle mice at 3 

months (Figure 10B and 11B), suggesting no further impairment in memory at this 

time window of disease progression. However, following 6 months of infection, AAV-

66R mice showed disrupted cognitive performance when compared to AAV-2R in 

both tests (Figure 10C and 11C). Interestingly, AAV-66R mice treated with DBM 

presented a strong protection showing behavior similar to controls, both in NOL and 

NOR tests at 6 months, these results indicate that DBM was able to block AAV-66R-

mediated cognitive disruption. Representation of NOR and NOL test are showed in 

Figure 10A and 11A. 
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Figure 10.  Memory performance evaluation at 3 and 6 months by novel object 

recognition (NOR) in C9ORF72-FTD/ALS mice. A) Representation of Novel object 

recognition (NOR) test. B) and C) NOR test performed at 3 and 6 months in mice injected 

with AAV-2R or AAV-66R, pharmacologically treated with DBM or vehicle to evaluate 

memory impairment. The percentage of exploration time of the new object on the second 

day of the test was graphed, where 50% of exploration is highlighted with a segmented 

line. Dots represents each animal (N=14-17). Data are presented as mean ± S.D. *, 

p<0.05. **; p<0.01; ***, p<0.001, one-way ANOVA followed by Tukey's multiple 

comparisons test.  
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Figure 11.  Spatial memory evaluation by novel object location (NOL) in C9ORF72-

FTD/ALS mice. A) Representation of NOL test. B) and C) NOL test was performed at 3 

and 6 months in mice injected with AAV-2R or AAV-66R, pharmacologically treated with 

DBM or vehicle to evaluate memory impairment. The percentage of exploration time of 

the new object on the second day of the test was graphed, where 50% of exploration is 

highlighted with a segmented line. Dots represents each animal (N=14-17). Data are 

presented as mean ± S.D. *, p<0.05. **; p<0.01; ***, p<0.001, one-way ANOVA followed 

by Tukey's multiple comparisons test.  
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Barnes maze is used to evaluate spatial learning and memory in rats and 

mice. It represents an alternative to the classical Morris Water maze, decreasing 

stress responses that can interfere with assessment of spatial learning as it is a dry 

maze (Harrison et al. 2009). Despite the impairment in hippocampus-dependent 

spatial memory acquisition found in AAV-66R/vehicle mice measured by NOL, no 

significant differences were found in Barnes Maze test (Figure 12B and C). This 

negative result could be explained to the fact that this model is not aggressive 

enough to show differences in an intensive and repetitive test as Barnes maze, 

unlike that NOL, where the test is performed just for 5 minutes in the acquisition day 

and 5 minutes in the test day 24 hours later. A representation of Barnes maze test 

is depicted in Figure 12A. 

 

 

 

 



 

63 
 

 

 

 

 

 

 

 

 

 

 

Figure 12. Spatial learning and memory evaluation by Barnes maze in C9ORF72-

FTD/ALS mice. A) Representation of Barnes maze test. B) and C) NOL test was 

performed at 6 months in mice injected with AAV-2R or AAV-66R, pharmacologically 

treated with DBM or vehicle to evaluate memory impairment. The number of errors and 

primary latency was plotted. Data are presented as mean ± S.D. (N=14-17). *, p<0.05. 

**; p<0.01; ***, p<0.001, one-way ANOVA followed by Tukey's multiple comparisons test.  
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6.5  AAV-66R mice do not display motor deficits or anxiety-like behavior. 

To determine whether AAV-66R mice displays motor impairment and anxiety-

like behavior, as reported by Chew et al. 2015, we evaluated these features using 

the rotarod, hanging wire and open field tests following 3 and 6 months of infection. 

Rotarod test has been widely used to evaluate motor coordination and balance. The 

test consisted in placing the mouse in an accelerated rod and measuring the latency 

to fall for each animal (Figure 13A). Using the rotarod test, we observed that AAV-

66R/vehicle mice did not display motor impairment  (Figure 13B and C) compared 

to controls neither at 3 nor 6 months, in contrast with data reported by Chew et al. 

2015, where a decrease in the motor performance in AAV-66R mice compared to 

controls at 6 months was found. We observed equivalent results in Hanging wire 

test, as no significant differences were found following 3 or 6 months (Figure 14B 

and C). This test consisted in hanging mice in a horizontal wire and recording the 

number of times they fall for 2 minutes (Figure 14A). Thus, in our hands the AAV-

66R recapitulates features of FTD rather than ALS. 

To evaluate anxiety-like behavior and locomotor activity, the open field test 

was performed. This test consists in placing mice in an open square arena and 

recording their behavior (Figure 15). When mice spend more time in the corners, it 

is considered to develop an anxiety-like behavior, and when the measured distance 

traveled is lower than controls, it is associated to motor deficits. By this test, no 

significant differences were found between groups at 3 and 6 months of age (Figure 

15B and C).  
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Figure 13. Motor skill learning evaluation by rotarod test in C9ORF72-FTD/ALS 

mice. A) Representation of rotarod apparatus. B) and C) Rotarod test was performed at 

3 and 6 months in mice injected with AAV-2R or AAV-66R, pharmacologically treated 

with DBM or vehicle to evaluate memory impairment. The latency to fall was measured 

in seconds (s). The test was performed for 4 consecutive days, with three attempts per 

day, from 4 to 40 rpm in 5 minutes per attempt. (N=14-17). Data are presented as mean 

± S.D. *, p<0.05. **; p<0.01; ***, p<0.001, one-way ANOVA followed by Tukey's multiple 

comparisons test.  
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Figure 14.  Motor function evaluation by Hanging wire test in C9ORF72-FTD/ALS 

mice. A) Representation of Hanging wire test. B) and C) Hanging wire test was 

performed at 3 and 6 months in mice injected with AAV-2R or AAV-66R, 

pharmacologically treated with DBM or vehicle. The number of falls in 2 minutes (min) 

was graphed. Dots represents each animal (N=14-17). Data are presented as mean ± 

S.D. One-way ANOVA followed by Tukey's multiple comparisons test.  



 

67 
 

 

 

    

 

 

 

 

Figure 15. Exploratory and locomotor activity determination measured by open 

field test in C9ORF72-FTD/ALS mice. A) Representation of open field apparatus. B) 

and C) Open field test was performed at 3 and 6 months in mice injected with AAV-2R 

or AAV-66R, pharmacologically treated with DBM or vehicle to evaluate memory 

impairment. The ratio between center and total distance was plotted. Dots represents 

each animal (N=14-17). Data are presented as mean ± S.D. *, p<0.05. **; p<0.01; ***, 

p<0.001, one-way ANOVA followed by Tukey's multiple comparisons test.  
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6.6  AAV-66R/vehicle males showed body weight decrease at six months 

old. 

In order to determine if AAV-66R expression or the pharmacological treatment 

induces body weight changes, mice were weighted periodically at 3, 6 and 8 months 

of age (Figure 16). No significant changes were found at 3 months among the 

different groups (Figure 16A), however at 6 months, AAV-66R/vehicle males 

showed a significant body weight decrease (11%) compared to AAV-2R/vehicle 

males (Figure 16B). DBM administration prevented the reduction in body weight 

triggered by AAV-66R expression. These results are different of those reported by 

Chew et al. 2015, where they found the same percentage in body weight loss, but in 

females. Additionally, no differences between groups were found at 8 months 

(Figure 16C). Overall, our studies indicate no high alterations in body weight in any 

of the groups analyzed, except for males at 6 months, suggesting that AAV or DBM 

administration did not have negative effects in body weight. 

 

 

 

 

 

 

 



 

69 
 

 

 

 

 

 

 

 

Figure 16. Body weight of C9orf72-FTD/ALS mice at 3-, 6- and 8-month-old. (A) At 3 

months old, mice carrying 2 or 66 repeats (2R and 66R, respectively) treated with DBM 

or vehicle were weighted to evaluate possible differences caused by the repeat 

expansion or pharmacological treatment. (B) At 6 months of age, mice carrying 2 or 66 

repeats (2R and 66R, respectively) treated with DBM or vehicle were weighted to 

evaluate possible differences caused by the repeat expansion or pharmacological 

treatment. (C) At 8 months of age, mice carrying 2 or 66 repeats (2R and 66R, 

respectively) treated with DBM or vehicle were weighted to evaluate possible differences 

caused by the repeat expansion or pharmacological treatment. (N=14-17). Data are 

presented as mean ± S.D. *, p<0.05, one-way ANOVA followed by Tukey's multiple 

comparisons test. 
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6.7  AAV-66R mice do not display significant brain weight decrease and 

blood glucose fluctuations at eight months old of age. 

A trend of decreased brain weight was found in AAV-66R/vehicle females 

compared to controls (p= 0.0960) (Figure 17A). These results were in line with those 

reported by Chew et al. 2015, where a significant decrease in total brain weight of 

AAV-66R female mice is reported, suggesting brain atrophy. Additionally, no 

significant differences were found in blood glucose levels among groups, suggesting 

that DBM does not trigger pancreatic side effects as observed in GSK2606414 

treatment (Figure 17B). However, this hypothesis must be confirmed by histological 

analysis of pancreas. 
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Figure 17. Mice expressing 66 repeats do not develop a significant decrease in 

brain weight and DBM does not cause fluctuations in blood glucose levels. (A) 

Brains of mice carrying AAV-2R and AAV-66R were weighted after euthanasia and 

expressed as milligrams (mg). (B) Glucose in blood levels of AAV-2R and AAV-66R mice 

were measured after euthanasia and expressed as milligrams per deciliter (mg/dL). Data 

are presented as mean ± S.D, one-way ANOVA followed by Tukey's multiple 

comparisons test. 
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6.8  ISR markers are not increased in the brain of C9ORF72-mediated 

FTD/ALS mice. 

Phosphorylation of eIf2α is a convergent point of different intracellular stress 

signaling pathways, collectively known ISR (Pakos‐Zebrucka et al. 2016). The 

activation of this pathway has been widely reported in fly and cellular models of 

C9ORF72 toxicity (Zhang et al. 2014; Kramer et al. 2018; Wang et al. 2019; 

Prudencio et al. 2015; Westergard et al. 2019; Green et al. 2017). In order to 

determine whether ISR is activated in our C9ORF72-FTD/ALS model, we measured 

mRNA expression levels of downstream targets of eIF2α phosphorylation by real 

time PCR.  

Before measuring ISR activation in the brain, we confirmed AAV transduction 

levels of the virus in frontal cortex, hippocampus and cerebellum by conventional 

PCR. We found significant levels of viral transduction following ICV injection as it 

presented consistent levels in all brain regions measured (Figure 18). Despite that 

PCR primers were designed for a common upstream region for both AAVs 

constructs and the same concentration of viruses was injected, AAV-66R expression 

was higher than AAV-2R in all samples analyzed, which may suggest a better viral 

transduction of AAV-66R (Figure 18). 

Based on transduction levels and behavior tests results, we selected 10 

animals per group to perform the following qPCR analysis. We evaluated mRNA 

levels of Chop, Atf3, Trb3, Bip and Xbp1s in frontal cortex, hippocampus and 

cerebellum. As depicted in Figure 19, 20 and 21, no significant differences were 

found in the downstream targets of eIF2α phosphorylation.  
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Figure 18. Viral detection of AAV-C9 in mice expressing AAV-2R and AAV-66R in 

different brain tissues. Transduction measurement of AAV-2R and AAV-66R viral particles 

by conventional PCR in frontal cortex, hippocampus, and cerebellum. 
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Figure 19. AAV-66R/vehicle mice and AAV-66R/DBM did not showed significant 

differences in the mRNA expression of ISR markers in frontal cortex. (A) 

Quantification by real time PCR of Chop, Atf3 and Trb3 in C9orf72-mediated FTD/ALS 

mice treated with vehicle or DBM. (B) Quantification by real time PCR of Xbp1s and (C) 

Bip in C9orf72-mediated FTD/ALS mice treated with vehicle or DBM. Data are presented 

as mean ± S.D. *, p < 0.05. **; p < 0.01; ***; p < 0.001, one-way ANOVA followed by 

Tukey's multiple comparisons test. 



 

75 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. AAV-66R mice do not develop significant differences in the mRNA 

expression of ISR markers in hippocampus. (A) Quantification by real time PCR of 

Chop, Atf3 and Trb3 in C9orf72-mediated FTD/ALS mice treated with vehicle or DBM. 

(B) Quantification by real time PCR of Xbp1s and (C) Bip in C9orf72-mediated FTD/ALS 

mice treated with vehicle or DBM. Data are presented as mean ± S.D. *, p < 0.05. **; 

p<0.01; ***, p<0.001, one-way ANOVA followed by Tukey's multiple comparisons test. 
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Given the cognitive phenotype that we found in the AAV-C9ORF72 model and 

the protective effects observed after the treatment with DBM, we proposed as a third 

aim to elucidate possible molecular pathway that may explain such phenotypes. To 

accomplish this, the hippocampus of AAV-2R/vehicle, AAV-66R/vehicle, AAV-

2R/DBM and AAV-66R/DBM mice, were mechanically homogenized and 50 µg of 

protein of each sample were sent to Dr. Birgit Schilling laboratory at The Buck 

Institute for Research on Aging, Novato, CA, by developing a research visit during 

January to February of 2020.  

Figure 21. AAV-66R mice do not show significant differences in the mRNA 

expression of ISR markers in cerebellum. (A) Quantification by real time PCR of Chop, 

Atf3 and Trb3 in C9orf72-mediated FTD/ALS mice treated with vehicle or DBM. (B) 

Quantification by real time PCR of Xbp1s and (C) Bip in C9orf72-mediated FTD/ALS mice 

treated with vehicle or DBM. Data are presented as mean ± S.D. *, p < 0.05. **; p < 0.01; 

***, p < 0.001, one-way ANOVA followed by Tukey's multiple comparisons test. 
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6.9  AAV-66R mice develop DPR pathology in hippocampus and cortex 

 

To assess the presence of DPR inclusions due to AAV viral injection of G4C2 

repeats, immunohistochemistry was performed to detect poly(GA) and poly(GR) 

DPR in hippocampus and cortex. The total number of positive cells with inclusions 

in both tissues was quantified for each animal, and additionally all the inclusions 

were classified according to their cellular distribution in: cytoplasmic, when covered 

all the cytoplasm with a strong signal; perinuclear, when have strong signal dots 

around the nucleus; and diffuse, when the inclusions covered all the cytoplasm with 

a weak signal (Figure 22).  

 

 Figure 22. Representative images of inclusion classification. (A, B and C) 

Cytoplasmic, perinuclear and diffuse distribution of poly(GA) and poly(GR) inclusions in 

AAV-66R mice. 
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As depicted in Figures 23 and 24, representative images of poly(GA)-labelled 

cells for each experimental group at 20X magnification are showed. We found an 

important number of positive cells for poly(GA) both in hippocampus and cortex. 

However, in cerebellum, the number of positive cells was very low, for this reason 

we did not select this area for quantification.  

For hippocampus, poly(GA)-positive cells were found mainly in CA1, which 

prompted us to select this zone for the quantification; in the case of brain cortex, 

poly(GA)-positive cells were found across the region as expected. We found 

poly(GA) inclusions in all AAV-66R mice but not in AAV-2R (Figure 23 and 24). 

Interestingly, we found a trend of increased number of poly(GA)-positive cells in 

AAV-66R/DBM group when compared to AAV-66R/vehicle (Figure 23 and 24). 

Regarding cerebral regions, the higher number of positive inclusions was observed 

in cortex, followed by hippocampus and finally, cerebellum, however no clear 

differences were observed in DBM treated animals. 

 

 

 

 

 

 

 



 

79 
 

                 

 

 

 

 

Figure 23. AAV-66R mice developed poly(GA) inclusions in CA1 of hippocampus. 

(A) Quantification of poly(GA)-positive cells in hippocampus and cortex of C9orf72-

mediated FTD/ALS mice treated with vehicle or DBM. (B) Representative images of 

poly(GA)-labeled cells in the hippocampus and cortex. (C) Cellular distribution 

quantification of poly(GA)-inclusions in CA1. The number of postive cells in CA1 was 

plotted. Dots represents each animal (N=8 per group). Data are presented as mean ± 

S.D. Unpaired-t test, *, p<0.05. **; p<0.01; ***, p<0.001. Scale bar (B): 100 µm. 
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Figure 24. AAV-66R mice developed poly(GA) inclusions in cortex. (A) Quantification 

of poly(GA)-positive cells in cortex of C9orf72-mediated FTD/ALS mice treated with 

vehicle or DBM. (B) Representative images of poly(GA)-labeled cells in cortex. (C) 

Cellular distribution quantification of poly(GA)-inclusions in cortex. The number of postive 

cells in cortex was plotted. Dots represents each animal (N=8 per group). Data are 

presented as mean ± S.D. Unpaired-t test, *, p<0.05. **; p<0.01; ***, p<0.001. Scale bar 

(B): 300 µm. 
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Similar results were obtained related to poly(GR)-positive cells in C9ORF72-

mediated FTD/ALS mice. As was expected, all AAV-66R mice presented poly(GR) 

inclusions in hippocampus and cortex, but not AAV-2R mice Figures 25 and 26. 

No significant differences were found in the number of poly(GR)-positive cells 

when comparing AAV-66R/vehicle with AAV-66R/DBM groups. Both hippocampus 

and cortex showed a higher number of poly(GR)-positive cells compared to 

poly(GA)-labelled cells. Figures 25 and 26 shows poly(GR) quantifications in 

hippocampus and cortex, respectively, in addition to representative images of each 

experimental group where inclusions of poly(GR) are highlighted. As observed in 

poly(GA)-positive cells, the higher number of poly(GR)-positive cells was found in 

cortex, followed by hippocampus and finally, cerebellum. 
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Figure 25. AAV-66R mice developed poly(GR) inclusions in hippocampus. (A) 

Quantification of poly(GR)-positive cells in hippocampus of C9orf72-mediated FTD/ALS 

mice treated with vehicle or DBM. (B) Representative images of poly(GR)-labeled cells 

in the hippocampus. (C) Cellular distribution quantification of poly(GR)-inclusions in CA1. 

The number of postive cells in CA1 was plotted. Dots represents each animal (N=8 per 

group). Data are presented as mean ± S.D. Unpaired-t test, *, p<0.05. **; p<0.01; ***, 

p<0.001. Scale bar (B): 100 µm. 
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Figure 26. AAV-66R mice developed poly(GR) inclusions in cortex. (A) 

Quantification of poly(GR)-positive cells in cortex of C9orf72-mediated FTD/ALS mice 

treated with vehicle or DBM. (B) Representative images of poly(GR)-labeled cells in 

cortex. (C) Cellular distribution quantification of poly(GR)-inclusions in cortex. The 

number of postive cells in cortex was plotted. Dots represents each animal (N=8 per 

group). Data are presented as mean ± S.D. Unpaired-t test, *, p<0.05. **; p<0.01; ***, 

p<0.001. Scale bar (B): 300 µm. 
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6.10  AAV-66R mice develop astrogliosis and microgliosis.  

 

It was previously reported that C9ORF72-mediated FTD/ALS model showed an 

increase in the expression of GFAP in mice that carried 66 repeats (Chew et al. 

2015). We measured this parameter, in addition to determine microglial activation by 

the quantification of microglia marker Iba1. To this purpose, we performed 

immunohistochemistry to analyze the hippocampus of AAV-2R and AAV-66R mice. 

Additionally, we inferred if DBM treatment could impact gliosis in AAV-66R mice.  

We found that reactive astrocyte marker GFAP was distributed through the 

hippocampus in all analyzed samples. We could detect an increased number of 

GFAP positive cells in AAV-66R/vehicle when compared to AAV-2R/vehicle   (Figure 

27A). Unexpectedly, this increase was also found in the AAV-2R/DBM females but 

not in males, possible due to a sex-dependent effect of the drug (Figure 28C). 

Additionally, DBM did not significatively changed the expression of GFAP in AAV-

66R/DBM mice compared to AAV-66R/vehicle group (Figure 27A). 

Then, to determine microglial activation we detected Iba1 marker by 

immunohistochemistry in the hippocampus of the injected mice with AAV-2R or AAV-

66R. We found that AAV-66R/vehicle mice expressed higher levels of Iba1 than 

control mice AAV-2R/vehicle, showing for the first time the incidence of microgliosis 

in this model (Figure 27B).  
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As we observed in GFAP determination, we found the same trend of 

unexpected increase of Iba1 in females of the control mice group AAV-2R/DBM 

(Figure 29C). DBM treatment did not changed significatively Iba1 expression in 

AAV-66R/DBM mice compared to AAV-66R/vehicle mice (Figure 27B). 

 

 

 

 

 

 

Figure 27. Glial activation measured by GFAP and Iba1 markers expression of 

C9ORF72-FTD/ALS mice. (A) Quantification of the astrocyte marker, GFAP, in 

hippocampus of C9ORF72-mediated FTD/ALS mice treated with vehicle or DBM. (B) 

Quantification of the microglia marker, Iba1, in hippocampus of C9ORF72-mediated 

FTD/ALS mice treated with vehicle or DBM. The percentage (%) of positive cells per area 

was plotted. Dots represents each animal (N=8 per group). Data are presented as mean 

± S.D. Unpaired-t test, *, p<0.05. **; p<0.01; ***, p<0.001. 
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Figure 28. Differential GFAP expression between males and females in C9ORF72-

FTD/ALS mice. (A) Quantification of GFAP in hippocampus of C9orf72-mediated 

FTD/ALS males treated with vehicle or DBM. (B) Representative images of each 

experimental group of males mice. (C) Quantification of GFAP in hippocampus of 

C9orf72-mediated FTD/ALS females treated with vehicle or DBM. (D) Representative 

images of each experimental group of females mice. The percentage (%) of positive cells 

per area was plotted. Dots represents each animal (N=8 per group). Data are presented 

as mean ± S.D. Unpaired-t test, *, p<0.05. **; p<0.01; ***, p<0.001. Scale bar (B and D): 

300 µm. 
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Figure 29. Differential Iba1 expression between males and females in C9orf72-

FTD/ALS mice. (A) Quantification of Iba1 in hippocampus of C9orf72-mediated FTD/ALS 

males treated with vehicle or DBM. (B) Representative images of each experimental 

group of males mice. (C) Quantification of Iba1 in hippocampus of C9orf72-mediated 

FTD/ALS females treated with vehicle or DBM. (D) Representative images of each 

experimental group of females mice. The percentage (%) of positive cells per area was 

plotted. Dots represents each animal (N=8 per group). Data are presented as mean ± 

S.D. Unpaired-t test, *, p<0.05. **; p<0.01; ***, p<0.001. Scale bar (B and D): 300 µm. 
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6.11  AAV-66R mice do not develop neuron loss in cortex. 

 

Previously, it was reported that AAV-66R injection caused neurodegeneration 

in cortex at 6 months old (Chew et al. 2015). Therefore, to determine if we observed 

the same tendency in our experiment, we performed an immunohistochemistry to 

detect the neuronal marker NeuN in mice injected with AAV-2R and AAV-66R. We 

quantified the percentage of NeuN-positive signal in cortex in each experimental 

group (n=8 per group) (Figures 30A). Representative images are shown for each 

condition (Figures 30B).  

We did not found differences in the percentage of NeuN-positive signal 

between AAV-2R/vehicle and AAV-66R/vehicle mice, indicating that 

neurodegeneration was not recapitulated in our experiment using this method. 

Additionally, no differences were found between AAV-2R/vehicle group and WT 

group, suggesting that neonatal injection and DBM treatment did not cause a 

significant neuronal loss in the evaluated region (Figure 30). 
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Figure 30. AAV-66R mice does not developed neuron los in cortex. (A) Quantification 

of NeuN-positive cells in cortex of C9ORF72-mediated FTD/ALS mice treated with 

vehicle or DBM. (B) Representative images of NeuN-labeled cells in cortex. The 

percentage of positive signal per area in cortex was plotted. Dots represents each animal 

(n=8 per group). Scale bar (B): 300 µm. 
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6.12  Proteomics analysis of hippocampal tissue reveals changes in 

components regulating cytoskeleton organization and metabolic 

processes induced by DBM administration in C9ORF72-mediated FTD/ALS 

mice. 

 

In order to gain insight into the mechanistic behind our results, we performed 

proteomic profiling by LC-MS/MS of hippocampus of all experimental groups (n= 5, 

females per condition). We analyzed this region because it is directly related to the 

behavioral assessments performed in our study, in addition of presenting altered 

gliosis and DPR aggregation in our model.  

First, we compared the whole proteome according to fold change values, 

contrasting AAV 66R-vehicle/AAV 2R-vehicle versus AAV 66R-DBM/AAV 66R-

vehicle groups. Interestingly, we found a global reversion of the proteome with a 

negative Spearman correlation of 0.64, corresponding to 73% of whole identified 

proteins that expression levels were altered in opposite directions (Figure 31A).  

Then, in order to identify which of these proteins significatively change its 

expression in opposite directions (q<0.05), a Venn diagram approach was used to 

display the overlap between these groups. We found an overlap of six proteins that 

changed in opposite directions: Alpha-internexin (INA), Tubulin Beta 4B (TUBB4B) 

and Vimentin (VIM), were upregulated in the model (AAV 66R-vehicle/AAV 2R-

vehicle) but downregulated by DBM (AAV 66R-DBM/AAV 66R-vehicle); and Calcium 

Dependent Secretion Activator (CADPS), GDP Dissociation Inhibitor 1 (GDI1) and 
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Neurochondrin (NCDN) were downregulated in the model (AAV 66R-vehicle/2R-

vehicle) but upregulated by DBM (AAV 66R-DBM/66R-vehicle).  

Additionally, protein-protein interaction network analysis showed that despite 

the overlapped proteins do not interact directly, all altered proteins belong to the 

same interaction cluster (Figure 31B).  

Moreover, we performed a gene set enrichment analysis in order to highlight 

main biological process significatively affected (q<0.05) (Figure 31B). Notably, our 

analysis indicated that when upregulated proteins in the model (AAV 66R-

vehicle/AAV 2R-vehicle) were compared with downregulated proteins by DBM (AAV 

66R-DBM/AAV 66R-vehicle), the top enriched term in gene ontology database was 

“Cytoskeleton organization”, in which 13 of the 24 proteins that were upregulated in 

the model (AAV 66R-vehicle/AAV 2R-vehicle)” were associated to this term. This 

analysis suggests a possible role of this biological process in the pathogenesis 

related to the G4C2 repeat expansion. Remarkably, this analysis also showed that 6 

of these 13 proteins were additionally associated to “Amyotrophic Lateral Sclerosis 

(ALS)” (top enriched term in KEGG pathway), suggesting that AAV-66R infection 

may recapitulate, at proteome level, alterations related to ALS pathogenesis (Figure 

31B). 

Moreover, when the downregulated proteins were compared in the model 

(AAV 66R-vehicle/AAV 2R-vehicle) with the upregulated by DBM (AAV 66R-

DBM/AAV 66R-vehicle), the top enriched term in gene ontology database and KEGG 

pathway were “Pyruvate metabolic process” and “Glycolysis/Gluconeogenesis”, 

respectively. Interestingly, 5 of 25 proteins that were downregulated in the model 
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(AAV 66R-vehicle/AAV 2R-vehicle) were associated to both terms, suggesting a 

strong association of these proteins to metabolic processes affected by the G4C2 

repeat expansion (Figure 31B). 

Notably, Rab2a and Gdi1 (right panel of Figure 31B), proteins that are 

upregulated in AAV-66R mice by DBM, belong to Rab subfamily of small GTPases 

and dDENN domain which plays an important role in C9ORF72 pathogenesis, hence 

indicating that DBM could modify the expression of components of this particular 

protein family. 

Overall, our results indicate that our model could recapitulate distinct 

proteomic alterations observed in ALS pathogenesis in addition of indicating putative 

biological pathways altered by this repeat expansion (Figure 31). 
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Figure 31. Differential protein expression in hippocampus of C9ORF72-mediated 

FTD/ALS mice identified by LC-MS/MS. (A) Heat map comparation of whole proteome 

changes. r= 0.64. (B) Venn diagram comparation and networking of main clusters of 

proteins that are upregulated in the model and downregulated with DBM and vice versa 

(q<0.05). 
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7. DISCUSSION 

 

FTD and ALS are related neurodegenerative disorders that now are 

considered a disease spectrum (C9FTD/ALS). The most common genetic cause of 

both diseases is the expansion of a G4C2 hexanucleotide repeat in the first intron of 

chromosome 9 open reading frame 72. Three possible pathogenic mechanisms 

have been proposed to explain how the mutation causes neurodegeneration, where 

DPR production arises as the main driver of the disease (Mizielinska et al. 2014). 

DPR form neuronal inclusions throughout the central nervous system that may 

contribute to disease pathogenesis. A close relationship between the production of 

these DPR and the activation of the ISR has been reported (Westergard et al. 2019; 

Green et al. 2017; Cheng et al. 2018; Zhang et al. 2018a). In cellular models of 

C9ORF72, ISR activation promotes non-AUG (RAN) translation, generating more 

DPR and consequently more eIF2α phosphorylation, sustaining a positive feed-

forward loop between DPR production and eIF2α phosphorylation (Green et al. 

2017; Cheng et al. 2018; Westergard et al. 2019). The identification of small 

molecules to target ISR in different neurodegenerative diseases has emerged as 

requirement in the field (Sidrauski et al. 2015; Halliday et al. 2017; Halliday et al. 

2015). However, the therapeutic potential of targeting ISR in a C9ORF72 mammal 

model has not been explored yet.  

We successfully reproduced the AAV-C9ORF72 model in mice reported by 

Chew et al. 2015 in terms of DPR inclusions, gliosis and in some behavioral 

alterations (Figure 7). We corroborate that the viral model generates poly(GA) and 
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poly(GR) inclusions through the brain of injected mice with the 66 repeats of the 

expansion. Because inclusions were also found in hippocampus, we investigated a 

potential impact in cognitive performance in those animals. Accordantly, mice 

carrying AAV-66R showed memory impairment at 6 months measured by NOR and 

NOL (Figure 10 and 11). In line with these results, a mouse model of poly(PR)50 

showed memory deficits in addition of neuronal loss and brain atrophy (Zhang et al. 

2019). However, mice expressing poly(GR)80 did not show impaired working 

memory, as measured by T-maze test (Choi et al. 2019). The discordance between 

these results could be due to differences in the number of repeats of the expansion 

and the tests used. Additionally, we found increased Xbp1s expression in AAV-66R 

mice when compared to controls, suggesting ER stress triggering in the model 

(Figure 7D). We found no significant differences in Atf4, Atf3 and Chop mRNA 

expression levels, although these results do not necessarily correlate with the protein 

levels and we cannot exclude that ISR activation is engaged in the model.  

Studies in cellular and fly models of C9ORF72 have reported the contribution 

of PERK-eIF2α activation in disease progression (Zhang et al. 2014; Zhang et al. 

2018a; Kramer et al. 2018). Therefore, we evaluated if the use of small molecules to 

inhibit the pathway could alleviate the pathogenesis in mammals. To this purpose 

we first evaluated the efficacy of PERK inhibitor GSK2606414 (Figure 8). 

Neuroprotector effects in different neurodegenerative models have been reported 

following GSK2606414 treatment (Moreno et al. 2013; Radford et al. 2015; Mercado 

et al. 2018; Kim et al. 2013) which correlated with reduced levels of p-PERK and p-

eIF2α and restoration of protein synthesis in prion disease and FTD models (Moreno 
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et al. 2013; Radford et al. 2015). Such effects were attribute to increased protein 

synthesis of synaptic proteins, thus preventing synaptic failure and cognitive 

impairment (Moreno et al. 2013). Additionally, in a model of Parkinson disease, 

GSK2606414 treatment protected nigral-dopaminergic neurons against the 

neurotoxin 6-hydroxydopamine (6-OHDA). This protection sustained normal 

dopamine levels and synaptic proteins expression, improving motor performance 

(Mercado et al. 2018). Additionally, in a Drosophila model of ALS that overexpress 

TDP-43, GSK2606414 treatment decreased levels of eIF2α-P, in addition to mitigate 

TDP-43–induced climbing dysfunction and toxicity (Kim et al. 2013). Despite such 

significant neuroprotective results in multiple neurodegenerative diseases, 

GSK2606414 treatment was shown to evoke substantial side effects associated to 

pancreatic damage. 

In order to find a possible form to decrease the toxicity, we delivered 

GSK2606414 by powdered food ad libitum instead of the previous oral gavage 

delivery. HPLC-MS/MS confirmed the presence of the drug in the brain in a similar 

concentration in all tissues (Figure 8B). We found differences in the levels of 

GSK2606414 in blood and tissues compared to results reported by Mercado et al. 

2018 (Mercado et al. 2018), where mice were treated for three weeks by oral gavage 

with GSK2606414 (100 mg/kg/day) twice a day. The differences found in the 

concentration of the drug may be related to differences in the administration 

regimens and drug metabolism. Despite differences in drug concentration in brain 

tissue, our results show a satisfactory exposure of the drug in all CNS, as such 

regimen could significantly engage the PERK pathway activation in the brain, as 
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shown by RT-PCR results. Indeed, Chop mRNA levels dropped ~100% in animals 

exposed to tunicamycin and GSK2606414, reaching the same values found in mice 

treated with DMSO (tunicamycin vehicle). Additionally, we observed that Atf3 and 

Trb3 were also significantly reduced (Figure 8C). These reduction was higher than 

the one reported by our group (Mercado et al. 2018), where the differences were not 

significant, indicating that oral administration by food powdered ad libitum is more 

effective and efficient than oral gavage in the inhibition of the pathway following 

tunicamycin treatment. Moreover, the administration of tunicamycin reported by 

Mercado was locally delivered based on stereotaxic injection in the substantia nigra 

pars compacta (SNpc) which likely contributed to the differences found in our study. 

Unexpectedly, levels of Xbp1s, the target of a different UPR sensor, were also 

decreased (Figure 8D). Mercado et al. 2018, only reported Xbp1 expression by 

conventional PCR splicing assay, which does not provide quantitative changes when 

compared to real-time quantitative PCR (Mercado et al. 2018). We observed this 

event with both under GSK2606414 and DBM treatment, inhibitors that act in the 

same pathway but at different levels (Figures 8D, 9C and D). This result suggests 

a possible crosstalk between the two arms of the UPR, IRE1 and PERK, where one 

arm could be regulating the other. Conversely, it has been demonstrated that PERK 

pathway disruption by GSK2606414 and ISRIB enhances IRE1 phosphorylation and 

XBP1s in response to ER stress in cellular models (Chang et al. 2018). Additionally, 

it was recently reported that PERK modulation by GSK2606414 and ISRIB, resulted 

in a higher expression of XBP1s in primary neurons but not in HEK293 cells (Bugallo 

et al. 2020). The discrepancies could be attributable to differences in the models 

used and the window that is analyzed. 
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Despite the impressive results obtained in the pharmacological modulation of 

PERK pathway, oral administration of GSK2606414 by powdered food led to  

decreased body weight compared to non-treated mice (Figure 8F), the same 

reported by Mercado et al. (Mercado et al. 2018). This body weight drop was 

accompanied by a decrease in blood glucose levels (Figure 8E). These results are 

in agreement with previous reports, where prion-infected mice showed weight loss, 

accompanied by a reduction of ~50% in pancreatic weight and increased blood 

glucose levels after GSK2606414 treatment (Halliday et al. 2015). This toxicity was 

also reported in models of FTD and PD (Radford et al. 2015; Mercado et al. 2018). 

The same phenomena is observed with the genetic deletion of PERK, where PERK–

/– mice showed early severe postnatal decline in endocrine and exocrine pancreatic 

function leading to hyperglycemia and reduced insulin levels in serum (Harding et 

al. 2001). These consequences occur because the pancreas is a highly secretory 

organ where UPR activation is essential to its normal physiology. Full restoration of 

protein synthesis, ~100% in vivo (Moreno et al. 2013) and ~90% in vitro (Halliday et 

al. 2015), is detrimental because certain degree of phosphorylated eIF2α is essential 

to deal with misfolded proteins. Therefore, the fine-tuning of PERK inhibition by 

GSK2606414 dosage in powdered food presents an exciting protocol to find the 

balance between the safe dosage and therapeutic outcomes in the brain.  

Moreover, the specificity GSK2606414 has been questioned. Rojas-Rivera et 

al. (Rojas-Rivera et al. 2017) reported that GSK2606414 and its second generation 

drug GSK2656157 inhibits receptor-interacting serine/threonine-protein kinase 1 

(RIPK1), a protein that plays a crucial role in apoptosis and necroptosis, at 
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concentrations that did not affect PERK activity. However, these finding were only 

obtained in cell culture and Mercado et al. (Mercado et al. 2018) did not found kinase 

activation of RIPK1 or RIPK3 in the brain of mice treated with GSK2606414. 

It is important to mention that we demonstrate for the first time that 

administration of GSK2606414 by powdered food ad libitum is an efficient route of 

drug delivery, in addition of being less invasive and less stressful for animals, 

compared to the previous protocol based on oral gavage. The differences in PERK 

inhibition compared to those reported by Mercado et al. 2018 (Mercado et al. 2018) 

are likely mediated by the substantial difference in drug administration and regimen. 

Hence, it is suggested that ad libitum availability of the compound conferred 

sustained inhibition of the pathway, as compared to acute delivery of GSK2606414 

every twelve hours by oral gavage (Mercado et al. 2018). Overall, these results 

demonstrate that GSK2606414 efficiently inhibit the PERK pathway in the brain in 

an experimental ER stress model in vivo, although it triggered side effects possibly 

due to pancreatic toxicity (Figure 8).  

Another small molecule, the ISR inhibitor ISRIB, reverses the effects of eIF2α 

phosphorylation by binding to eIF2B (Tsai et al. 2018; Zyryanova et al. 2018; 

Sidrauski et al. 2015). This molecule have demonstrated impressive neuroprotector 

effects in models of prion disease and importantly, without causing pancreatic 

toxicity (Halliday et al. 2015). Additionally, ISRIB improved synaptic plasticity in wild 

type mice (Sidrauski et al. 2013) and reversed cognitive deficits after traumatic brain 

injury (Chou et al. 2017). However, ISRIB presents solubility problems, making it 

unsuitable for its use in humans (Halliday et al. 2015). Given the toxic side effects 
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found by the food powdered administration of GSK2606414, in accordance with 

those previously reported (Moreno et al. 2013; Halliday et al. 2015; Mercado et al. 

2018; Radford et al. 2015), we evaluated the efficacy of another small molecule with 

translational potential and neuroprotector effects, in addition to presenting a good 

pharmacokinetics properties and no side effects reported (Halliday et al. 2017), the 

small molecule DBM. DBM mimics the effects of ISRIB, and it is a natural product 

found in licorice root. Our results demonstrated that the drug engaged the pathway 

in a model of experimental ER stress in vivo in wild type mice, decreasing 

significatively the mRNA levels of Chop in frontal cortex (Figure 9B). This result 

corroborated that the drug is active in the brain and efficiently modulate ISR 

signaling, as previously reported (Halliday et al. 2017).  

Initially, the aim of this project was to dissect the pathway evaluating the 

effects of GSK2606414 and ISRIB in the viral-based C9ORF72 model. However, 

because of the extensive of the pharmacological treatment (6 months) and the 

toxicity found in GSK2606414 regimen ad libitum, in addition to the low translational 

potential of ISRIB due to its insolubility, we decided to change the selected drug and 

use DBM in the study. 

 In the current study, we investigated the consequences of inhibiting the eIF2α 

effects with the small molecule DBM in the C9ORF72 model. DBM has reported to 

reverse translational attenuation and decrease ATF4 in vitro and in vivo, without 

affecting eIF2α phosphorylation (Halliday et al. 2017). In addition, DBM prevented 

neuron loss in the hippocampus, improving memory performance and increased 

lifespan in models of prion disease and tauopathy model of FTD. Importantly, these 
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effects were without produce damage to the pancreas (Halliday et al. 2017). We 

found that AAV-66R/vehicle mice presented memory impairment at 6 months 

compared to controls, as revealed by NOR and NOL tests (Figures 10 and 11). 

Interestingly, DBM preserved memory performance in AAV-66R mice similar to 

unaffected controls at 6 months. Given that DBM mimics the effects of ISRIB (i.e. 

partially restoring global protein synthesis levels and decreasing expression of ATF4 

(Halliday et al. 2017), we postulate that such improvement in memory performance 

could be attributed to this molecular mechanism. Protein synthesis restoration is 

essential to maintain neural connections (Sidrauski et al. 2013), including synaptic 

scaffold components which are crucial for normal neuronal functioning (Moreno et 

al. 2012).  

Additionally, AAV-66R mice developed inclusions of poly(GA) and poly(GR) 

in hippocampus and frontal cortex, but rarely in cerebellum  (Figures 23, 24, 25 and 

26).  Unlike that was reported by Chew et al. 2015, where authors only showed a 

semi-quantitative analysis indicating the number of inclusions as high, moderate, low 

and rare, we determined the number of positive cells per area in addition to the 

characterization of inclusion distribution per cell. We found a different distribution 

patron comparing poly(GA) and poly(GR) immunopositive cells, where in poly(GA) 

the cellular distribution was predominantly  perinuclear and in poly(GR) the cellular 

distribution was mainly cytoplasmic and diffuse. We found a higher number of 

poly(GR)-positive cells than poly(GA), different that was previously reported where 

the predominant DPR was poly(GA) (Chew et al. 2015). However it is possible that 

our poly(GA) quantification would be underestimated because puncta inclusions 
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where observed in most of the cases, and it was difficult to discern whether 

correspond to cellular inclusions or cellular debris. For this reason, puncta inclusions 

where not included in the quantification.  

Neuroinflammation is an important hallmark of ALS and FTD (Lall and Baloh 

2017), where cell morphology and increased markers of gliosis from astrocytes, 

microglia and oligodendrocytes, main glial cells in the CNS, are altered  (Glass et al. 

2010).  Activated microglia and astrocytes have been reported in patients with C9-

ALS and FTD by immunohistochemistry (Lant et al. 2014; Brettschneider et al. 2012) 

and in C9orf72 BAC transgenic mice (Liu et al. 2016a).  

 In this context, we found that AAV-66R/vehicle mice showed an increase in 

GFAP and Iba1, cellular markers of astrocytes and microglia, respectively, in 

hippocampus (Figure 27) but not in cortex. These results are different than those 

previously reported (Chew et al. 2015), where astrogliosis was found in cortex, but 

there was no information about GFAP or Iba1 expression in hippocampus or other 

brain tissue. Importantly, this is the first time that microgliosis is reported in this AAV-

C9ORF72 viral model. Moreover, AAV-66R/vehicle mice showed astrogliosis, which 

is in line with was reported previously (Chew et al. 2015) (Figure 27A). Interestingly, 

AAV-66R also developed microgliosis given by an increase in Iba1 immunopositive 

detection compared to control AAV-2R/vehicle which has not been previously 

reported. We additionally found a differential increase in GFAP and Iba1 markers 

between males and females (Figures 28 and 29). In this context, different studies 

have showed differences between males and females related to quantity and 

phenotype of microglia and astrocytes (Santos-Galindo et al. 2011; Guneykaya et 
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al. 2018; McCarthy et al. 2015; Acaz-Fonseca et al. 2015). Regarding to these 

differences, a study reported that males presented a higher density in astrocytes and 

microglia positive cells in the proximity of the wound than females, in a mouse model 

of cortical brain injury, indicating differences in neuroinflammatory responses (Acaz-

Fonseca et al. 2015). 

Whole proteomic analysis of female animals revealed that our AAV-based 

model could recapitulate some proteomic alterations found both in ALS patients and 

animal models (Figure 31). Two main hits altered in AAV-66R infected mice treated 

with DBM were members of Rab subfamily of small GTPases and dDENN domain: 

Rab2a and Gdi1(Figure 31B, right panel). Rab2a, when bound to GTP, recruit 

and/or activate a variety of effector molecules controlling cellular trafficking events, 

including autophagy (Webster et al. 2016), being involved with the regulation of 

autophagosome formation and impacting the autophagic flux in mammalian cells 

(Ding et al. 2019). Notably, autophagy is a main node of the proteostasis network 

altered in C9ORF72 pathology, being suggested as a central mechanism of 

pathogenesis in ALS/FTD (Nassif et al. 2017; Torres et al. 2021). The other hit, Gdi1 

regulates the GDP-GTP exchange reaction of members of the Rab family, thus 

regulating vesicular trafficking (Garrett et al. 1994). Interestingly, Gdi1 knock out 

animals, present cognitive impairment with impaired biogenesis and recycling of 

synaptic vesicles in the hippocampus (Bianchi et al. 2009) and its mutations are 

associated to X-linked mental retardation in humans (D’Adamo et al. 1998). 

Additionally, intermediate filaments vimentin (Vim) and alpha-internexin (Ina) were 

also impacted following DBM treatment in AAV-66R infected mice (Figure 31B). Of 
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interest, toxic PR poly-dipeptide encoded by the repeat sequences expanded in the 

C9orf72 were reported to bind mainly to intermediate filaments, thus disassembling 

Vim (Lin et al. 2016). Remarkably, Vim was shown to be protective during protein 

misfolding stress as it protects differentiated cells by binding protein aggregates and 

granules formed by RNA-binding intrinsically disordered proteins and directing their 

asymmetric partitioning (Pattabiraman et al. 2020). Additionally, it has been recently 

reported that degradation of vimentin bundles at perinucleus and dissociation of β-

tubulin network is induced by poly(PR) treatment  (Shiota et al. 2020).  

Overall, our proteomic analysis suggests at least two mechanistic bases to 

explain our behavior phenotypes following DBM treatment in C9ORF72 pathology: 

one based in the regulation of autophagy by the Rab family and other based on the 

regulation of intermediate cytoskeleton components, like Vimentin. These 

cytoskeleton effects are consistent with synaptic plasticity, where formation of 

dendritic spines is crucial for the synapse dynamics. 

Moreover, in our proteomic analysis we do not found reversion effects in 

apoptosis, chaperones, or ISR markers, components that would impact DPR 

aggregation by DBM administration, which is agreement with was found by 

biochemical and histological analysis. Therefore, according to the proteomic results 

we speculate that protective effects in cognitive tests are probable related to effects 

at the level of synaptic plasticity. In this context, proteins like “Calcium Dependent 

Secretion Activator” (CADPS) and “Neurochondrin” (NCDN) are associated to 

synaptic function. Interestingly, both proteins were downregulated in the model (AAV 
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66R-vehicle/ AAV 2R-vehicle) but upregulated by DBM treatment (AAV 66R-

DBM/AAV 66R-vehicle). 

Regulation of the protein synthesis by phosphorylation of eIF2α has been 

widely studied in memory consolidation (Trinh et al. 2012; Costa-Mattioli et al. 2005; 

Chou et al. 2017; Costa-Mattioli et al. 2007). Specifically, chronic activation of PERK 

signaling, and subsequent eIF2α-P increases cognitive decline due to reduced 

synthesis in synaptic proteins in models of prion disease (Moreno et al. 2013; 

Moreno et al. 2012). In this context, either genetic or pharmacological ISR inhibition 

have been reported to improve memory in mice (Sidrauski et al. 2013; Costa-Mattioli 

et al. 2007). A knock-in mouse model of eIF2α+/S51A, where a substitution (serine 

to alanine at the S51 phosphorylation site) prevents the phosphorylation of the 

mutated form of eIF2α, showed enhanced synaptic plasticity and memory compared 

to wild type littermates (Costa-Mattioli et al. 2007). Additionally, suppression of 

GCN2 or PKR, prevented synaptic impairment and facilitate long-term memory 

formation (Costa-Mattioli et al. 2005; Zhu et al. 2011). On the other hand, preventing 

the reduction of eIF2α phosphorylation by salubrinal, an inhibitor of eIF2α-P 

dephosphorylation, exacerbated toxicity and reduced survival in prion-diseased mice 

(Moreno et al. 2012). Therefore, in the context of neurodegenerative diseases, 

several reports have supported the concept that ISR activation is detrimental for 

memory consolidation and synaptic plasticity process and the reversal of the ISR 

activation effects by genetic or pharmacological intervention has favorable effects in 

neuronal function and memory. We did not found differences at mRNA levels of ISR 

components as measured by RT-PCR in the C9ORF72 model neither in DBM 
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treated mice in total extracts and histological analysis to detect ISR signaling in 

individual cells is required (Figure 19, 20 and 21). This can be attributed to dilution 

problems of this technique by using total brain extracts.  Finally, in contrast with the 

results reported by Chew et al. 2015, we did not found motor problems in AAV-66R 

mice, as measured by rotarod at 6 months (Figure 13). This data correlates with the 

results that we found using Hanging wire test (Figure 14) and open field assay 

(Figure 15), indicating that AAV-66R mice do not showed motor impairment in those 

tests.  The differences between our results and those reported by Chew et al. 2015 

could be attributed to altered AAV spreading following ICV injection.  

In summary, we have demonstrated that oral administration of GSK2606414 

by powdered food was highly efficient in inhibiting the PERK pathway in a model of 

experimental ER stress in vivo. This inhibition was higher than the previous reported 

by oral gavage. However, despite the promising results found, GSK2606414 

treatment presented toxic effects possible due to pancreatic injury. For this reason, 

we discard the use of this drug in a long-term treatment in mice. On the other hand, 

DBM demonstrated to inhibit the ISR in the brain on a model of ER stress in vivo. 

Given that DBM does not present side effects reported, we selected this drug as a 

candidate to treat AAV-C9ORF72-mediated FTD/ALS mice. After 4 months of 

pharmacological treatment, we found that DBM was able to preserve cognitive 

function in C9ORF72 model, sustaining that such regimen approach could present 

promising translational results in the clinic. Finally, regarding to proteomics analysis, 

we found that the main terms altered by DBM in C9ORF72-mediated FTD/ALS mice 

were cytoskeleton organization and metabolic processes. 
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8. CONCLUSIONS 

 

This thesis has revealed the preventive effects of DBM administration in a 

C9ORF72-mediated FTD/ALS mice model. The most relevant findings obtained lead 

us to conclude the following: 

• AAV-66R/vehicle mice showed memory impairment at 6 months compared to 

controls as measured by NOR and NOL tests without any further motor 

impairment as measured by rotarod, hanging wire and open field tests. 

• Food powdered DBM administration could fully prevent cognitive impairment 

observed in AAV-66R mice. 

• Expression of poly(GA) and poly(GR) DPR were found in AAV-66R mice both in 

hippocampus and cerebral cortex but DBM treatment did not significantly  altered 

the number of positive cells for inclusions. 

• Increased number of GFAP and Iba1 positive cells was found in the hippocampus 

of AAV-66R/vehicle mice compared to controls, indicative of gliosis in the 

C9ORF72-mediated FTD/ALS mice model. Of note, DBM did not significatively 

altered the proportion of GFAP nor Iba-1 positive cells in AAV-66R mice. 

• Proteomic analysis of hippocampal tissue revealed that the main biological 

pathways altered in AAV-66R mice were related to ALS. Furthermore, analysis of 

AAV-66R mice treated with DBM highlighted cytoskeleton organization and 

metabolic processes as most enriched biological terms. Those findings suggest 

possible mechanistic insights into DBM protective effect in cognitive disruption 

mediated by 66R pathology.  
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9. PERSPECTIVES 

 

As future perspectives for the data presented in this doctorate thesis, we aim 

to: 

• Validate the most significantly alterations highlighted in our 

proteomic screening. A direct validation by western blotting of proteins 

involved with cytoskeleton will grant more certainty into possible 

mechanistic behind our results that could potentially be evaluated in 

cellular models.  

• Evaluation of ISR components by western blotting and/or 

immunohistochemistry following DBM oral treatment. Our study still 

lacks important validation regarding the effect of the drug into ISR 

signaling. Besides, immunohistochemistry could further clarify a 

differential contribution of DBM treatment in distinct cellular types in the 

brain following C9ORF72 pathology. Such analysis would be better 

assessed by single cell RNA seq studies. 

• Determine the concentration of DBM that reaches the brain following 

our regimen of treatment in powdered food. Although we have 

performed such analysis for GSK2606414, we shall evaluate the 

bioavailability for DBM as well.  
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