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Abstract 
 

 

Neurodegenerative disorders are characterized by high levels of oxidative stress. 

It is accepted that oxidative stress levels impact on neurodegeneration onset and 

progression. Ascorbate is a powerful antioxidant acting inside the cells to 

counteract reactive oxygen species accumulation and consequently reduce 

oxidative damage. In humans, ascorbate supplementation prevented onset of 

neurodegenerative disorders. Ascorbate bioavailability is maintained through 

recycling, which is mediated by glial cells, while its activity is especially important 

in neurons. In neurons and glia, ascorbate transport is mediated by the 

transporter SVCT2. SVCT2 activity was shown to be compromised in a 

neurodisorder context. To study the impact of SVCT2 activity on 

neurodegeneration, we modulated this transporter using Drosophila 

melanogaster as a model system. The levels of SVCT2 were modulated in 

homeostatic conditions and in a fly model of Alzheimer´s disease. Our work 

shows for the first time that SVCT2 downregulation can trigger 

neurodegeneration-associated phenotypes and highlights SVCT2 up-regulation 

as a therapeutic venue. 
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1.1 Drosophila melanogaster as a model for scientific research 

 

Drosophila melanogaster are small flies from the family Drosophilidae, commonly known 

as fruit flies. Drosophila has proven to be a powerful model organism in biological 

research for its numerous advantages in the laboratory, namely its rapid life cycle, of 

approximately ten days at 25ºC (Ong et al., 2015) (Figure 1). Interestingly, the life cycle 

length can be modulated by changing the growth conditions, in particular the temperature 

(Gompel and Chyb, 2013). Flies rapid life cycle allows fast generation of large number 

of progeny and reduces substantially the cost of experiments.  

 

Figure 1 - Drosophila life cycle at 25ºC. Drosophila development at 25ºC takes approximately 
10 days and is divided into various stages: embryo, larva (first instar, second instar and third 
instar), pupa and adult (Adapted from Ong et al., 2015). 

 

Although the fly genome has a reduced size, when compared to vertebrate systems, the 

two have generally conserved developmental pathways. The reduced genome 

complexity allows easier interpretations of gain and loss-of-function studies. Besides its 

amenability in genetic screens (Beckingham et al., 2005), studies in flies enable 

functional analysis of genes (Matthews et al., 2005). Drosophila is often used in 
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functional genetic screens to identify genes and pathways involved in human disease 

(Beckingham et al., 2005; Matthews et al., 2005), since nearly 75% of human genes 

known to be associated with disease have a Drosophila ortholog (Reiter et al., 2001).  

 

1.2 Drosophila as a model for neurodegeneration 

 

Drosophila has only recently started to be explored as a model for human brain diseases, 

although similarities with the vertebrate brain were demonstrated long ago by the 

neuroanatomist Ramón y Cajal, as illustrated in Figure 2 (Cajal and Sanchez, 1915).  

 

Figure 2 – Drawings of 

Ramon y Cajal illustrating 

the similarity between fly 

and vertebrate visual 

systems. (A) The retina (I – 

III), lamina (IV and V) and 

medulla (VI – VIII) and lobula 

region (L) of the fly visual 

system. a, b. photoreceptor; c, 

lamina monopolar neuron; h, 

transmedullary neuron (B) 

Arabic numbers indicate region 

of the vertebrate retina that 

has similarities to the 

corresponding layers marked 

with Roman numerals in the fly 

panel (Adapted from Cajal and 

Sanchez, 1915). 

 

Although less complex than the vertebrate brain, the fly central nervous system is also 

composed by neurons and glia and is equally protected by a blood-brain barrier (BBB) 

(Edwards and Meinertzhagen, 2010; Sanes and Zipursky, 2010). Biologically the 

B 
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architecture of the fly nervous system is similar to that of mammals with areas that 

separate specialized functions such as vision, olfaction, learning and memory (McGurk 

et al., 2015). With a well-organized brain it allows the study of complex behaviours such 

as learning and memory, functions known to be impaired in neurodegenerative disorders.  

The first Drosophila transgenic lines used to model human neurodegenerative disorders 

were generated in 1998. These first fly models mimicked spinocerebellar ataxia 3 (SCA3) 

(Warrick et al., 1998) and Huntington´s disease (HD) (Jackson et al., 1998). SCA3 fly 

model expressed the truncated form of the human MJD1 gene with an expanded 

polyglutamine repeat (gene known to be defective in the most common dominantly 

inherited SCA3 worldwide). HD fly model expressed the human huntingtin gene, 

containing 120 glutamines (the most toxic form known to form intranuclear aggregates), 

in the eye. These Drosophila models recapitulated both cellular and molecularly the 

pathology markers observed in other well-established animal models (Marsh and 

Thompson, 2004; Marsh et al., 2000). Since then, several models of human 

neurodegenerative disorders have been developed in Drosophila. These entail 

expression of wild-type or disease-linked alleles of human genes in fly neurons (brain, 

retina or motor neurons) to explore the mechanisms that underlie toxic gain-of-function 

phenotypes (for review see Marsh and Thompson, 2006). The use of Drosophila as a 

model to study neurodegeneration has rapidly emerged and demonstrated its value in 

the identification of novel pathways, helping us to understand the molecular basis 

underlying these diseases (for a review see Hannan et al., 2016; Konsolaki, 2013) 

A subset of human neurodegenerative disorders is caused by abnormal protein 

conformation resulting in protein accumulation and consequent aggregation 

(Brettschneider et al., 2015). Protein aggregates tend to correlate with disease 

progression (Kopito and Ron, 2000; Wanker, 2000). These disorders, or proteinopathies, 

include HD, Parkinson’s disease (PD), Alzheimer’s disease (AD) and other tauopathies 

(Temussi et al., 2003; Thompson and Barrow, 2002). Proteinopathies have in common 



FMUP 
 IMPACT OF SVCT2 MODULATION ON NEURODEGENERATION: A FLY-BASED APPROACH 

 

22 
 

the fact that their neuropathology is progressive. As described for human disease 

samples, Drosophila models of these diseases also present protein inclusions (Warrick 

et al., 1998) and neurodegeneration in the fly is also progressive. (Feany and Bender, 

2000; Marsh and Thompson, 2004). Such similarities make Drosophila suitable to model 

human proteinopathies. 

In Drosophila, different models of AD have emerged. AD in humans is characterised by 

the extracellular accumulation of amyloid-beta (Aβ) (De Strooper and Karran, 2016) and 

intraneuronal accumulation of neurofibrillary tangles (NFTs) composed of 

hyperphosphorylated protein Tau (Avila et al., 2004). To mimic the accumulation of Aβ 

in humans, the AD fly model relies on the expression of human Aβ42 (hAβ42) peptides in 

neurons. In this model, hAβ peptides accumulate in the fly brain during aging and form 

amyloid deposits. These flies show age dependent short-term memory, climbing 

impairment, premature death and an age-dependent neurodegeneration, in the brain and 

retina (Finelli et al., 2004; Iijima et al., 2004).  

Accumulation of Tau protein is also a feature of AD, and some Drosophila models also 

mimic Tau accumulation. These models are based on the expression of the wild-type 

form of human Tau in flies CNS. These flies show Tau accumulation in the brain. The 

behaviour phenotype of these flies is similar to the behaviour demonstrated by flies 

expressing hAβ42. Both models mimic the phenotypes observed in humans and 

demonstrate increased susceptibility to oxidative damage (Ott et al., 2016). 
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1.3 Oxidative stress and neurodegeneration 
 

Another important characteristic often associated with neurodegeneration in humans is 

the increase of reactive oxygen species levels, leading to oxidative stress (for review see 

Rao and Balachandran, 2002). Oxidative stress results from an imbalance in aerobic 

metabolism that threats cellular homeostasis, particularly in the central nervous system 

(CNS). High levels of reactive oxygen species (ROS) oxidize lipids, proteins and DNA, 

leading to tissue damage and cell death. Neurons have increased levels of oxidative 

metabolism and consequently are more sensible to changes in ROS levels (Bell, 2013). 

However, it is still debatable if oxidative stress is a cause or consequence of 

neurodegeneration. Vertebrate models of neurodegeneration display high levels of ROS 

(Schagger and Ohm, 1995) and are less capable of dealing with oxidative insults than 

control animals (DuBoff et al., 2012) 

To counteract the deleterious effects of ROS, organisms have developed several 

antioxidants (Birben et al., 2012). These can be divided in two categories: enzymatic and 

non-enzymatic antioxidants. The major enzymatic antioxidants are catalase, superoxide 

dismutase (SOD) and glutathione (GSH). Non-enzymatic antioxidants include vitamins, 

such as vitamin C and E (Birben et al., 2012). 

In healthy humans, diet supplementation with antioxidants was shown to decrease the 

probability of developing a neurodegenerative disease, namely AD and PD (Engelhart et 

al., 2002; Morris et al., 1998; Zandi et al., 2004). However, in clinical trials performed in 

patients with AD, treatment with antioxidants has yielded conflicting results. Some 

studies showed a rescue of the neurodegeneration after treatment (Douaud et al., 2013; 

Gutzmann and Hadler, 1998). Other studies showed that antioxidant supplementation 

did not impact on AD progression (Baum et al., 2008; Petersen et al., 2005). 

Drosophila has the same antioxidants as humans and is equally susceptible to variations 

in their levels (Ernst et al., 2013; Pallauf et al., 2013). An increase in antioxidant levels 
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in Drosophila is mostly achieved by two ways: 1) by up-regulating genes that encode for 

antioxidants (Mockett et al., 1999; Parkes et al., 1998) or 2) by antioxidant 

supplementation on the diet. An increase in antioxidant levels, by any of the methods 

above was shown to extend Drosophila lifespan under normal and hyperoxia conditions 

(Bahadorani et al., 2008). On the other hand, a decrease in antioxidant levels renders 

flies hypersensitive to oxidative stress and significantly shortens their lifespan (Phillips 

et al., 1989). It was already shown that Drosophila models of neurodegeneration that 

lack even one antioxidant have enhanced neurodegeneration (DuBoff et al., 2012). This 

suggests that, as in humans, oxidative stress mediates Drosophila neurodegeneration. 

In agreement, increasing antioxidant mechanisms genetically or by supplementation is 

sufficient to rescue some neurodegenerative phenotypes in Drosophila, such as brain 

tissue loss (Dias-Santagata et al., 2007). 

 

1.4 The ascorbate pathway as a therapeutic venue  
 

One antioxidant with promising results in human neurodegenerative diseases, 

particularly in AD is ascorbate (Engelhart et al., 2002; Zandi et al., 2004). Ascorbate is 

the reduced form of vitamin C and is known to play an essential role in the maintenance 

of cell and tissue homeostasis in numerous organisms (reviewed in Moores, 2013). 

When it acts as an antioxidant it gains one electron being oxidized to dehydro-ascorbate 

(DHA) (Linster and Van Schaftingen, 2007) (Figure 3). 
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Figure 3 - The two redox states of vitamin C: ascorbate, fully reduced form and DHA, fully 

oxidized form (Adapted from Linster and Van Schaftingen, 2007). 

 

Besides their structural difference the two forms of vitamin C differ in the transporters 

used to mediate their uptake into the cells. While DHA enters the cell via glucose 

transporters (GLUT), namely GLUT 1 and 3, ascorbate uptake is mediated by sodium-

dependent vitamin C transporters (SVCT) (May, 2012). The activity of SVCT is 

dependent on sodium (NA+), as the name suggests, but also energy-dependent, to 

maintain intracellular ascorbate levels against its concentration gradient (Daruwala et al., 

1999).  

Humans have 2 ascorbate transporters, SVCT1 and SVCT2, coded by SLC23A1 and 

SLC23A2 genes, respectively (Welch et al., 1995). SVCT1 is expressed in epithelial cells 

of intestine, kidney and liver and it shares 65% of homology with rat SVCT2 (Daruwala 

et al., 1999). SVCT2 is highly expressed in the brain, both in neurons and glial cells, and 

in the retina (Burzle et al., 2013; Portugal et al., 2017). SVCT2 is also expressed in the 

meninges and choroid plexus (Tsukaguchi et al., 1999), where it is assumed to mediate 

the transport of ascorbate into cerebrospinal fluid (CSF) compartments. The constant Km 

(substrate concentration at which reaction rate is half of the maximum velocity) value is 

higher for hSVCT1 than for hSVCT2 (Daruwala et al., 1999), meaning that hSVCT2 is 

saturated faster than hSVCT1. 
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Most animals can produce ascorbate from glucose, in the kidney or liver (Linster and 

Van Schaftingen, 2007). However a few, like humans and guinea pigs, lack the functional 

gene encoding for L-gulono-y-lactone oxidase (GULO), the enzyme responsible for the 

last step in ascorbate biosynthesis (Nishikimi et al., 1994) (Figure 4). 

 

Figure 4 - Final steps of ascorbate synthesis in animals. The last step of ascorbate synthesis 

is catalysed by L-gulonolactone oxidase (GULO) (Adapted from Linster and Van Schaftingen, 

2007). 

 

Animals lacking GULO must obtain ascorbate from the diet, mostly from fruits and 

vegetables, and this external uptake must associate with an efficient capacity of cellular 

ascorbate uptake and recycling (Nishikimi et al., 1994). For these animals, ascorbate is 

an essential nutrient, whose restriction can lead to scurvy, highlighting ascorbate 

importance in cell and tissue homeostasis (Kishimoto et al., 2013).  

Homozygous null mice for SVCT2 (SVCT2-/-) dye shortly after birth, with respiratory 

failure, intracerebral haemorrhage and almost undetectable ascorbate levels in the brain 

(Sotiriou et al., 2002). The lethality of SVCT2 knockout is a consequence of defects in 

neuronal differentiation and maturation (Qiu et al., 2007). The importance of perinatal 

levels of ascorbate inside the cells is also confirmed by the higher requirement of SVCT2 

during fetal development (Kratzing et al., 1985). In fact, it is during this developmental 

period that the organism shows increased levels of oxidative stress.  

L-GULO 
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SVCT2 levels respond to the redox state of the cell (May and Qu, 2004). In an oxidative 

stress context, SVCT2 mRNA expression in cells increases, first in neurons and then in 

glial cells (Berger et al., 2003). Glial cells seem to be less susceptible than neurons to 

oxidative stress for the fact that they have more GSH (Iwata-Ichikawa et al., 1999).  

Inside the neurons, to counterpoise redox imbalance, ascorbate loses one electron being 

oxidized to DHA. DHA is then exported from the neurons via GLUTs (GLUT 1 or 3) and 

uptaken by astrocytes, where its transport happens via GLUT 1. Glial cells are 

responsible for the recycling mechanism of ascorbate in the brain and guarantee its 

homeostatic levels and bioavailability (Covarrubias-Pinto et al., 2015). After an oxidative 

insult, astrocytes increase the expression of antioxidant enzymes, such as GSH. DHA is 

then reduced back to ascorbate at the expense of GSH oxidation. In response to a 

stimulus, as synaptic activity, astrocytes release ascorbate into the extracellular space 

where it contributes to neuronal antioxidant protection as described above (Covarrubias-

Pinto et al., 2015; Macco et al., 2013) (Figure 5). 

 

Figure 5 - Ascorbate uptake by SVCT2 in neurons during synaptic activity, after astrocyte-

mediated recycling. Example of ascorbate role as an antioxidant and neuromodulator during 

synaptic activity (Adapted from Covarrubias-Pinto et al., 2015). 
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1.5 SVCT2 modulation in neurodegeneration therapeutics 
 

SVCT2 is constantly cycling between intracellular compartments and the plasma 

membrane (Acuna et al., 2013; Portugal et al., 2017). When the extracellular 

concentration of ascorbate increases, SVCT2 translocates to the plasma membrane to 

mediate ascorbate transport into the cells (Acuna et al., 2013).  

In neurodegenerative conditions, ROS levels are increased (Rao and Balachandran, 

2002). To counteract ROS impact, ascorbate supplementation was proposed as a 

therapeutic approach. In fact, in normal cells, supplementation with ascorbate is enough 

to produce an adequate ascorbic acid uptake (Acuna et al., 2013). However, in cells 

expressing mutant Htt (the mutant protein characteristic of HD) there is a failure in 

neuronal ascorbate uptake by SVCT2 (Acuna et al., 2013). This is due to a failure in 

SVCT2 translocation to the membrane, and consequent reduction in SVCT2 levels at 

the cell membrane. The expression of mHtt results in loss of normal protein function, 

which results in a decrease in vesicular motility. This leads to disruption of SVCT2 

translocation to the plasma membrane (Acuna et al., 2013), and its retention within 

vesicular intracellular compartments. The reduction in SVCT2 levels at the plasma 

membrane is accompanied by a decrease in ascorbate uptake (Acuna et al., 2013).  

The impairment of neuronal ascorbic acid uptake is linked to an increase of redox 

imbalance observed in neurodegenerative diseases. Therefore, it is proposed that 

SVCT2 up-regulation at the cell membrane would have a positive impact on 

neurodegeneration progression (Acuna et al., 2013). To address the impact of SVCT2 

modulation in neurodegeneration we have modulated SVCT2 levels in homeostatic 

and disease conditions, namely AD, using the fly nervous system as a model.  
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Objectives 
 

 

In this project we aimed to understand the link between SVCT2 modulation and its direct 

impact on ascorbate bioavailability, and neurodegeneration. We developed a Drosophila 

model to address the following questions:   

 

Objective 1: Is SVCT2 downregulation sufficient to trigger neurodegeneration-

associated phenotypes in Drosophila? 

 

Objective 2: Is SVCT2 up-regulation sufficient to ameliorate neurodegenerative 

phenotypes in fly models of Alzheimer´s disease? 
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3.1 Drosophila melanogaster strains and maintenance 

 

Fly stocks were maintained on standard culture medium (To 7.5L: 62.5g agar, 500g corn 

flour, 62.5 g soy flour, 112.5 g yeast, 125 g malt extract, 210 mL molasses, 6.25 g 

Nipagin, 5 mL phosphoric acid and 45.5 mL propionic acid, in autoclaved water), at 18ºC. 

Fly crosses were performed on an enriched medium (To 7.5 L: 56.3 g agar, 375 g wheat 

flour, 750 g yeast, 750 g sugar, 6.25 g Nipagin + ethanol, 37.5mL propionic acid, in 

autoclaved water with liquid yeast). Fly crosses were maintained in bottles or vials at 

25ºC, or 29ºC whenever experiments required highest expression levels of GAL4 protein. 

The fly strains used in this study are described in Table 1. Standard genetic techniques, 

and fly lines carrying balancers on the 2nd and 3rd chromosomes were used to generate 

the different genetic backgrounds analysed in this work.  

 

3.2 Generation of pUAST-hSVCT2 transgenic flies 

 

3.2.1 Bacteria transformation and plasmid DNA purification 

The EX-Z1804-M32 plasmid (Genecopoeia) containing human SVCT2 cDNA (with N-

termini eCFP tag) was used to transform DH5 alpha Escherichia coli (DH5α E. coli) 

competent cells, according to standard protocols. Briefly, a mix of EX-Z1804-M32 DNA 

(10 ng) and bacteria cells was incubated on ice for 30 minutes (min), followed by heat-

shock at 42°C for 30 seconds (sec), and incubation on ice for 2 min. Sterile Luria-Bertani 

(LB) liquid medium was added to the mixture and cells were left to recover at 37°C for 1 

hour (h) with agitation. The bacteria were plated on LB-agar plates with ampicillin (100 

µg/mL) and left to grow at 37°C overnight (ON). Isolated colonies were picked using a 

sterile toothpick and inoculated in liquid LB medium with ampicillin (100 µg/mL). Bacteria 

cultures were grown ON at 37ºC. Extraction and purification of EX-Z1804-M32 plasmid 



FMUP 
 IMPACT OF SVCT2 MODULATION ON NEURODEGENERATION: A FLY-BASED APPROACH 

 

34 
 

DNA was performed using NZY Miniprep Kit, according to manufacturer instructions. 

DNA was eluted in distilled water (dH2O), and concentration determined using Nanodrop. 

 

3.2.2 Cloning of hSVCT2 cDNA into pUAST vector 
 

The coding region of hSVCT2 was PCR amplified followed by directional cloning into 

pUAST vector. EcoR1 (5’) and BglII (3’) restriction sites were selected, since these are 

unique in the vector and absent in hSVCT2 sequence (Figure 6). PCR amplification of 

hSVCT2 coding region, from pEZ-M32 plasmid, was done according to following: 

plasmid DNA (7 ng/µL), a mix containing primers with EcoRI and BglII restriction sites, 

at a final concentration of 0.4 µM each (Thermo Fisher, Table 2), in a mixture with 10x 

PCR buffer (Roche Diagnostics), 10 mM dNTP mixture, 0,01 µM DNA polymerase 

(Expand High FidelityPLUS Sigma-Aldrich, St. Louis, USA) and dH20. The PCR reaction 

was performed with the following cycling parameters: 2 min at 94°C; 30 cycles of 30 sec 

at 94°C, 30 sec at 68°C, 1.1 min at 72°C and a final extension of 7 min at 72°C. The 

PCR product was purified using High Pure PCR product purification kit (Roche) 

according to manufacturer instructions. DNA was eluted in dH2O, and concentration 

determined using Nanodrop (35ng/µL). 

Prior to ligation reaction, the purified PCR product (1.3 Kb) and pUAST vector (8.5 Kb) 

were digested with BglII and EcoRI restriction enzymes (Roche), according to standard 

conditions, at 37ºC, for 2 h. Digested DNA was run on an agarose gel and purified using 

High Pure PCR product purification kit according to manufacturer instructions. DNA 

ligation followed a 6:1 ratio of hSVCT2 (16.3 ng) and pUAST (4.5 ng), respectively, in a 

mixture with DNA ligase (Roche) for 4h at room temperature (RT). The entire ligation 

reaction volume was used to transform DH5α competent cells as previously described. 
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pUAST-hSVCT2 DNA was purified using QIAGEN Plasmid Midi Kit according to 

manufacturer instructions. The selected clone was verified by DNA sequencing (GATC 

Biotech) using the primers hSVCT2_A_FW and hSVCT2_B_FW (Table 2).  

 

 

 

 

Figure 6 - Schematic representation of pUAST–hSVCT2 vector (From Benchling.com). 

 

 

3.2.3 Generation of transgenic flies 

 

50 µg of pUAST-hSVCT2 DNA were used for Drosophila germline transformation. The 

PhiC31 system (Bischof et al., 2007) was used to obtain 2 independent fly transgenic 

lines expressing pUAST-hSVCT2, on the second and third chromosomes. The PhiC31 

landing sites selected were 51C1 (DDSC #24482) and 86F8 (BDSC #24749), 

respectively. Transgenes were generated through outsourcing at BestGene (BestGene 

Inc., USA).  
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3.3 The GAL4/UAS system 
 

The GAL4/UAS system was used to drive expression of transgenes in a tissue specific 

manner. The GAL4/UAS system is one of the most important genetic tools available in 

Drosophila: it enables spatial and temporal control of gene expression, allowing for loss 

and gain-of-function studies of a gene of interest (Caygill and Brand, 2016).  

GAL4 was first identified in the yeast Saccharomyces cerevisiae (Laughon and 

Gesteland, 1984) and encodes the transcription activator protein GAL4 that binds to the 

Upstream Activation Sequence (UAS) to activate transcription of downstream genes. In 

Drosophila, GAL4 expression stimulates the transcription of a gene of interest that is 

downstream of the UAS sequence. To activate transcription, a Drosophila transgenic 

strain carrying the gene of interest, cloned downstream of the UAS, is crossed with a 

Drosophila transgenic line that expresses the GAL4 protein – (also named driver) – in a 

known temporal and spatial pattern. The offspring of this cross will express the gene of 

interest in all GAL4 expressing tissues, in consequence of transcriptional activation 

mediated by GAL4 binding to UAS region (Fischer et al., 1988) (Figure 7). In the absence 

of GAL4 there is no expression of the gene of interest. 

One particularity of GAL4 is that its activity is temperature dependent, which enables a 

wide range of expression levels. Minimal GAL4 activity is detected at 16ºC, and its 

transcriptional activity increases when temperature is raised up to 29ºC. At 29ºC maximal 

GAL4 activity is achieved without side effects on flies fertility and viability (Duffy, 2002). 

Different GAL4 lines are available to drive expression in different tissues. The GAL-4 

lines used in this study were GMR-GAL4, Elav-GAL4 and Repo-GAL4, which drive 

expression in the fly retina, neurons and glia cells, respectively. The GMR, Elav and 

Repo promoters were used to drive the expression of GAL4, and induce DmSVCT2 RNAi 

or hSVCT2 expression. 

 

https://en.wikipedia.org/wiki/Transcription_activator
https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/Gal4_transcription_factor
https://en.wikipedia.org/wiki/Upstream_Activation_Sequence
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Figure 7 - The GAL4/UAS system. Schematic cross between transgenic flies expressing GAL4 

and a gene of interest downstream of UAS. The transgene is expressed only when GAL4 binds 

to UAS, allowing for temporal and spatial control (From Jeibmann and Paulus, 2009). 

 

3.4 Oxidative stress assay 

 

To evaluate resistance to oxidative stress, approximately 80 flies (40 males + 40 

females) were analysed per genotype. Females and males of each genotype were 

separated and allowed to age until 10 days old. Prior to H2O2 exposure flies were 

transferred to an empty vial for 6h, for starvation. After this time, a filter paper was placed 

on the bottom of the empty vial containing 5% hydrogen peroxide (H2O2) (Merck) in 10% 

sucrose (Merck). Flies were exposed to hydrogen peroxide (H2O2), for 5 days. Flies were 

changed to a new vial every day, with a fresh mixture of the medium and the dead flies 

were counted each day. Flies were maintained at 25ªC for the duration of the assay. 

Control flies were exposed to 10% sucrose solution only. 

 

3.5 Lifespan assay 

 

To assay flies longevity approximately 200 flies (100 males + 100 females) were used 

per genotype. Flies of each genotype were allowed to mate for 2 days, immediately after 

eclosion. At the third day, flies were separated by gender to fresh vials. A maximum of 

20 flies were placed per vial. Flies were transferred to fresh food every 2-3 days, and the 
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number of dead flies was scored at each time point. Flies were maintained at 29ªC for 

the duration of the assay, to ensure the highest expression levels of transgenes.  

 

3.6 Climbing assay 

 

To assay climbing ability a minimum of 60 flies (30 males + 30 females) per genotype 

was analysed. Flies were allowed to mate for 2 days, immediately after eclosion. At the 

third day, flies were separated by gender to fresh vials and changed every 2-3 days. 

Flies were aged for 8 days before testing. A countercurrent apparatus, as described by 

Inagaki et al (2010), was used to test climbing performance (Figure 8). Thirty flies were 

placed into the first chamber of the apparatus and were given 10 min for acclimation to 

the new tube, after which were tapped to the bottom, then given 10 sec to climb a 

distance of 8 cm. Flies that successfully climbed that distance, or beyond, in 10 sec were 

shifted to the next chamber and again allowed to climb. This procedure was repeated 5 

times and the number of flies in each chamber was scored. Flies were maintained at 

25ªC for the duration of the behavioural assay. Data collection for this and all next 

behavioural assays were performed blindly. 

 

Figure 8 - Image of the countercurrent apparatus used in our climbing ability assays. 
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3.7 Brain mass histology  
 

Brain vacuolization was analysed as a measure of neurodegeneration. The protocol used 

was adapted from JoVE (Sunderhaus and Kretzschmar, 2016). Flies with 30 days old 

were anesthetized and put into a histology collar, by their necks, with the heads facing 

the same direction. Flies were then fixed with Carnoy´s fixative (composed of acetic acid, 

ethanol and chloroform in a proportion of 1:3:6) at RT for 4h. Next, tissue was dehydrated 

in ethanol (100%) for 30 min, 2 times, and then 1h, for dehydration, prior to incubation 

with methylbenzoate (Merck), ON at RT. In the next day, the collars were transferred to 

a mixture of methylbenzoate and low-melting paraffin (ThermoFisher) (1:1), for 30 min, 

at 65ºC. Lastly, 5 subsequent washes of low-melting paraffin were made, 30 min each, 

at 65ºC. The collar was immersed in low-melting paraffin, to form a block, and left ON at 

RT to allow solidification. In the following day, the collar was removed from the paraffin 

block and fly heads were attached to the paraffin block.  

The heads on the paraffin block were cut in horizontal sections with a microtome, in 

sections of 7µm. Tissue sections were stained with haematoxylin and eosin (HE), 

following standard protocol and observed under a light microscope (Olympus BX3-CBH). 

Brain vacuoles were quantified using ImageJ software (https://imagej.nih.gov/ij/). At least 

4 brains per genotype were analysed. 

 

3.8 Statistical analysis 

 

All data was organized and analysed using Microsoft excel and Graphpad Prism 6. 

Statistical tests are listed in the Figures legends. Significance is defined as p<0.01 and 

error bars are shown as standard error of the mean (SEM). No outliers were found in any 

data and no animals or data were excluded from statistical analysis. 

 

https://imagej.nih.gov/ij/
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Table 1 - List of fly strains generated and used in this study. 

Name Genotype Source 

Wild-type Oregon-R In-house 

GMR-GAL4 GMR-G4;; In-house 

Elav-GAL4 P{w[+mW.hs]=GawB}elav[C115];; BDSC (#458) 

Elav>CD8GFP 
P{w[+mW.hs]=GawB}elav[C115] 

P{w[+mC]=UASCD8::GFP.L}Ptp4E[LL4];; 
BDSC (#5146) 

Repo-GAL4 w1118; P{w[+m*]=GAL4repo/TM3, Sb[1] BDSC (#7415) 

Balancers w1118;Sp/CyO; MKRS/TM6B, Tb In-house 

UAS-SVCT2i w1118;; P{GD1815}v33220/ TM6B VDRC (#33220) 

UAS-hSVCT2 (II) w;P{UAS-hSVCT2} This study 

UAS-hSVCT2 (III) w;;P{UAS-hSVCT2} This study 

UAS-Aβ42 P{UAS-APP.Abeta42.E693G.VTR}4 BDSC (#33773) 

Elav>SVCT2i 
P{w[+mW.hs]=GawB}elav[C115];; 

P{GD1815}v33220 
This study 

Elav>CD8GFP;SVCT2i 

P{w[+mW.hs]=GawB}elav[C115], 

P{w[+mC]=UASCD8::GFP.L}Ptp4E[LL4];; 

P{GD1815}v33220 

This study 

Repo>SVCT2i w1118; P{w[+m*]=gal4}galrepo/P{GD1815}v33220 This study 

Elav;Repo>SVCT2 i 
P{w[+mW.hs]=GawB}elav[C115];; 

P{w[+m*]=GAL4}repo/P{GD1815}v33220 
This study 

Elav>hSVCT2 P{w[+mW.hs]=GawB}elav[C115];; P{UAS-hSVCT2} This study 

Repo>hSVCT2 w1118; P{w[+m*]=GAL4}repo P{UAS-hSVCT2} This study 

Elav CD8GFP>Aβ42 

P{w[+mW.hs]=GawB}elav[C115] 

P{w[+mC]=UASCD8::GFP.L}Ptp4E[LL4]; P{UAS-

APP.Abeta42.E693G.VTR}4 

This study 

Elav>Aβ42 
P{w[+mW.hs]=GawB}elav[C115]; P{UAS-

APP.Abeta42.E693G.VTR}4 
This study 

 

 

 

 

 

 

 

 

http://flybase.org/reports/FBst0459990.html
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Table 2 - Sequence of the primers used in this study 

Primer Name Sequence (5´ to 3´) 

hSVCT2_EcoR1_FW 5’ - GGA AGG AAT TCG AAC CAT GAT GGG TAT TGG 

- 3’ 

hSVCT2_BglII_RW 5’ - GAG CTA AGA TCT TGT CTT CTC AGG AAC GTA 

CC- 3’ 

hSVCT2_A_FW 5’ - GTG ATA AAT GGA GGC G - 3’ 

hSVCT2_B_FW  5’ - TGA CTA CTA CGC CTC TGC - 3’ 
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4.1 Drosophila CG6293 codes for the fly homolog of SVCT2 

 

Our working hypothesis relies on the assumption that the transport of vitamin C in 

Drosophila is mediated by the same mechanisms as in humans. Accordingly, we took a 

bioinformatics approach and scanned the fly genome for a homolog of the human vitamin 

C transporter – SVCT2. 

Using the sequence of the human SVCT2 protein, we performed a BLAST search to 

identify potential homologs in Drosophila. According to our analysis the coding gene 

6293 (CG6293) of Drosophila shows the highest homology (Figure 9).  

 

Figure 9 - Sequence alignment between human SVCT2 and Drosophila CG6293 (From 

DRSC Integrative Ortholog Prediction Tool). 

 

According to the DIOPT (DRSC Integrative Ortholog Predicition Tool), CG6293 is the 

closest homolog to human SVCT2, with a DIOPT score of 13, exhibiting a 44% identity 

and 64% similarity at amino acid level. This result was further confirmed by analysis of 

Flybase (http://flybase.org/reports/FBgn0037807). 

CG6293 is located in the third chromosome of Drosophila melanogaster and is predicted 

to localise in the cellular membrane. Its molecular function is described as 

http://flybase.org/reports/FBgn0037807
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transmembrane transporter activity and its predicted to have the same biological function 

of SVCT2, i.e. transport of vitamin C into the cell 

(http://flybase.org/reports/FBgn0037807#families_domains_molecular_function).  

CG6293 is a protein coding gene with 2 annotated transcripts, differing in the length of 

the 3’UTR region (Figure 10), coding for only 1 polypeptide with a predicted molecular 

weight (MW) of 62,4 KDa. Work from Aradska et al (2015) showed that CG6293 protein 

is expressed in adult fly heads (Aradska et al., 2015). 

 

 

Figure 10 - Representation of the 2 annotated transcripts of CG6293 (From 

http://flybase.org/reports/FBtr0337051) 

 

Although CG6293 shows highest homology with human SVCT2 it also has high similarity 

with human SVCT1 protein, which is encoded by SLC23A1. SVCT1 is responsible for 

the transport of ascorbate into cells in all tissues except the brain, as described 

previously. Human SVCT1 and SVCT2 differ in their capacity to transport ascorbate into 

the cells. SVCT1 exhibits a higher maximal velocity (Vmax) value than SVCT2 (Daruwala 

et al., 1999), meaning SVCT2 is more easily saturated than SVCT1. Consequently, 

SVCT2 is a low capacity/high affinity carrier, whereas SVCT1 is a high capacity/low 

affinity carrier. 

Therefore, our analysis suggests that Drosophila melanogaster has one single gene, 

CG6293, that codes for a protein whose predicted function is ascorbate transmembrane 

transporter and exhibits high homology to human ascorbate transporters SVCT2 and 

http://flybase.org/reports/FBgn0037807#families_domains_molecular_function
http://flybase.org/reports/FBtr0337051
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SVCT1. For simplification, from now on we will refer to Drosophila CG6293 as 

DmSVCT2. 

 

4.2. SVCT2 modulation impacts on flies antioxidant response 

 

We next asked if DmSVCT2 biological function is similar to hSVCT2. In humans, SVCT2 

is responsible for cellular uptake of ascorbate (Sotiriou et al., 2002). Reduced expression 

of hSVCT2 leads to defective ascorbate intake that is associated with reduced ability to 

cope with oxidative stress (Qiu et al., 2007). This strongly supports a protective role for 

hSVCT2 in the brain during acute ROS generation. Accordingly, we tested if flies with 

reduced levels of DmSVCT2 have an impaired response to acute oxidative stress.  

We analysed the survival rate of flies for a period of 5 days upon exposure to H2O2. H2O2 

acts as a powerful oxidant inside the cells. We performed this experiment in mature 10 

day old flies, to ensure equal fitness levels in all samples. Downregulation of DmSVCT2 

expression was achieved using an RNAi transgene (DmSVCT2i) coupled to GAL4/UAS 

system. The lines Elav-GAL4 and Repo-GAL4 were used to promote DmSVCT2 

downregulation in neurons (Elav>DmSVCT2i) and glial (Repo> DmSVCT2i) cells, 

respectively. Oregon-R flies were used as control strain. 

To ensure that the lethality observed was due to pro-oxidant activity of H2O2, flies from 

the genotypes under test were exposed to sucrose alone. Flies exposed to sucrose, for 

the 5 days, had a survival rate of 100% (data not shown). When control flies were 

exposed to H2O2 their survival rate was maintained until the second day of exposure. 

From day 2 until the end of the experiment (day 5) their survival rate decreased from 

100% to 21%. Their median survival (time when only 50% of flies are alive) was reached 

at the day 4 of the experiment. At the last day of exposure, only 21% of control flies had 

survived. 
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Flies with DmSVCT2 downregulation in neurons behave as control flies, until the second 

day of H2O2 exposure. However, median survival of Elav>DmSVCT2i flies was reached 

at day 3 of the experiment in contrary to control flies with a median survival of 4 days, 

resulting in a significantly reduction of 25% in comparison to control flies. At the last day 

of the experiment only 19% Elav>DmSVCT2i flies had survived compared to 21% of 

control flies.  

Flies with DmSVCT2 downregulation in glial cells behave differently from control flies, 

starting at day one of H2O2 exposure. Rapidly after exposure to H2O2, Repo>DmSVCT2i 

flies show a decrease of their survival by 7% compared to control flies. Their median 

survival is 25% less than control flies. These flies survival at the end of the experiment 

reached 3%, while control flies survival rate was 21%.  

Despite this behaviour, we were not able to detect significant differences between 

survival rate after SVCT2 downregulation in glial or neurons, and in both conditions the 

median survival rate is of 3 days after exposure to H2O2.  

 

0 2 4 6

0

2 5

5 0

7 5

1 0 0

S
u

rv
iv

a
l 

(%
)

D a y s

C o n tro l

E lav> D m S V C T 2 i

R e p o > D m S V C T 2 i

* * * *
* * * *

 

Figure 11 - Downregulation of DmSVCT2 reduces flies ability to cope with oxidative stress. 

Flies were exposed to 5% H2O2 for 5 days and their survival rate measured. The following 

genotypes were analysed: control (Oregon-R) (black), Elav>DmSVCT2i (red) and 

Repo>DmSVCT2i (green). The black dashed line represents the median survival. The results 

were analysed using the Gehan-Breslow-Wilcoxon test (****; p<0.00001). There is no statistical 

difference between the experimental groups. 
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These results show that downregulation of DmSVCT2 in neurons or glial cells reduces 

flies resistance to oxidative stress, as illustrated by the impact on the survival rate. In 

conclusion, DmSVCT2 activity in neurons and glia is required to sustain proper response 

to oxidative stress in the fly brain. 

Since we could not detect significant changes between the response in neurons and glial 

cells, we next asked whether DmSVCT2 downregulation in both cell types, 

simultaneously, would significantly affect flies survival upon a pro-oxidative stimulus. 

When SVCT2 downregulation happens both in neurons and in glial cells the result is not 

a sum of the previous ones, and the survival curve is very similar to downregulation in 

neurons only (Figure 12). 
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Figure 12 - Downregulation of DmSVCT2 in glia and neurons simultaneously does not 

enhance significantly the sensitivity to oxidative stress. Flies were exposed to 5% H2O2 for 

5 days and their survival rate measured. The following genotypes were analysed: control (Oregon-

R) (black), Elav>DmSVCT2i (red), Repo>DmSVCT2i (green) and Elav;Repo>DmSVCT2i 

(dashed orange). The black dashed line represents the median survival. The results were 

analysed using the Gehan-Breslow-Wilcoxon test (**; p<0.001). There is no statistical difference 

between the experimental groups. 
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Having established that DmSVCT2 downregulation decreases flies ability to respond to 

acute oxidative stress, we next asked if overexpression of SVCT2 in neurons or glial 

cells would enhance flies resistance to a pro-oxidant stimulus. Accordingly, we 

expressed the human isoform of SVCT2 under the control of a UAS promoter (UAS-

hSVCT2) in flies with normal levels of endogenous DmSVCT2. 

In this experiment, control flies (Oregon-R) behave as previously described. Their 

median survival was reached at day 4. Flies with up-regulation of SVCT2 in neurons or 

glia had a survival rate very similar to control flies. Their survival curve had the same 

pattern and their median survival was of 4 days, the same as control flies. In conclusion, 

up-regulation of SVCT2 in neurons or glial cells does not appear to increase flies 

resistance to acute oxidative stress. 
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Figure 13 - Overexpression of hSVCT2 in neurons or glia does not enhance flies ability to 

cope with oxidative stress. Flies were exposed to 5% H2O2 for 5 days and their survival rate 

measured. The following genotypes were analysed: control (Oregon-R) (black), Elav>hSVCT2 

(red) and Repo>hSVCT2 (green). The black dashed line represents the median survival. The 

results were analysed using the Gehan-Breslow-Wilcoxon test (n.s, not significant). There is no 

statistical difference between the experimental groups. 
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4.3 Impact of SVCT2 modulation on neurodegeneration onset 

 

From studies in vertebrates it is predicted that SVCT2 downregulation or loss of function 

may lead to or enhance neurodegeneration (Acuna et al., 2013; Olajide et al., 2017; Tian 

et al., 2016; Warner et al., 2015). To test this hypothesis, we assessed hallmarks of 

neurodegeneration in Drosophila upon DmSVCT2 downregulation using an RNAi. The 

hallmarks of neurodegeneration commonly assessed in Drosophila are: retina 

degeneration, lifespan reduction, climbing ability impairment and brain tissue loss, 

represented by brain vacuolization (Lu and Vogel, 2009). We studied these well-

established hallmarks to demonstrate a link between deficient ascorbate transport, 

mediated by SVCT2, and neurodegeneration. In this study, we aim to demonstrate the 

impact of the ascorbate transporter, SVCT2 on neurodegeneration onset. 

 

4.3.1 DmSVCT2 downregulation does not induce degeneration of 

photoreceptor neurons 

 

To address if SVCT2 expression levels are associated with neurodegeneration we 

evaluated one hallmark of neurodegeneration, the retina morphology. 

The adult fly retina is composed of approximately 800 identical unit eyes, termed 

ommatidia, which are arranged in a precise hexagonal array (Bonini and Fortini, 2003). 

Since the architecture of the fly retina is very regular, the smallest modification in cell 

patterning is detected. Fly models of neurodegeneration can display progressive 

degeneration of the retina (Greeve et al., 2004), a reduced eye, with a roughened shape 

and a disorganized ommatidial field, in comparison to the wild-type control eye. 

Elav and GMR-GAL4 were used to promote downregulation of DmSVCT2 in flies. These 

drivers are expressed in the retina photoreceptors. Additionally, Repo-GAL4, which is 

expressed in glial cells and does not affect retina directly was also studied. These 
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phenotypes were compared to Oregon-R flies, with the same age, here used as control. 

We evaluated the eye phenotype of flies at day 1 after eclosion, and day 50 for all 

genotypes, in flies cultured at 25 and 29ºC.  

We could observe that in the retina of control flies (Oregon-R) ommatidia were distributed 

in a precise way throughout the eye. Our analysis shows that downregulation of SVCT2 

either in glial or photoreceptor cells does not affect eye morphology, in flies raised at 

25ºC or 29ºC (Figure 14). The phenotype of the flies was evaluated until day 50 after 

eclosion and no alterations were observed over time (data not shown). These results 

suggest that DmSVCT2 downregulation does not induce photoreceptor 

neurodegeneration, at least at macroscopic levels. 

 

Figure 14 - Downregulation of DmSVCT2 in neurons or glia cells, does not impact on retina 

morphology. Representative images of the eyes of 1-day-old flies of Control (Oregon-R) (A), 

GMR>DmSVCT2i (C), Elav>DmSVCT2i (E) and Repo>DmSVCT2i (G) grown at 25ºC and 29ºC 

(B, D, F, H). 
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4.3.2 Downregulation of DmSVCT2 in neurons reduces flies lifespan  

 

Another hallmark of neurodegeneration in flies is a decrease in their lifespan. The impact 

of ascorbate levels in flies lifespan, under normal conditions has been documented (Bilen 

and Bonini, 2005). Reduced ascorbate levels in the diet decreases otherwise normal flies 

lifespan (Bahadorani et al., 2008). However, the impact of ascorbate transporter - 

DmSVCT2 in flies lifespan has not been assessed. Accordingly, we measured lifespan 

of flies upon downregulation of DmSVCT2 in neurons and compared it with control flies 

(Elav>Oregon-R). Both genotypes were maintained at 29ºC to increase RNAi transgene 

expression. 

At the beginning of the lifespan experiment, flies with DmSVCT2i had immediately 

reduced survival rate comparing to control flies. The median survival of Elav> DmSVCT2i  

flies was reduced by 21% when compared to control.  
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Figure 15 - Downregulation of DmSVCT2 in neurons reduces flies lifespan. Evaluation of the 

lifespan of flies raised at 29ºC. The black dashed line represents the median survival. The 

following genotypes were analysed: control (Elav>Oregon-R) (black) and Elav>DmSVCT2i (red). 

The results were analysed using the Gehan-Breslow-Wilcoxon test (****, p<0.00001). 
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To exclude that this effect was due to the GAL-4 (Elav-G4), the genotype Elav>Oregon-

R was used as a control. Also, to rule out the possibility that the effect observed was a 

consequence of the RNAi transgenic insertion we analysed the lifespan of flies with one 

copy of DmSVCT2 RNAi in an otherwise wild-type (Oregon-R) background. We could 

not detect differences relative to flies used as control (data not shown). 

In conclusion, downregulation of SVCT2 in neurons reduces flies lifespan. Since a 

reduced lifespan is strongly associated with neurodegeneration, this result highlights that 

reduced SVCT2 expression in neurons may correlate with neurodegeneration onset.  

To further confirm this hypothesis, we next analysed 2 other hallmarks of 

neurodegeneration, the climbing ability, which reflects flies degeneration of motor 

neurons and brain vacuolization, which occurs in consequence of neuronal death and 

massive cell loss. 

 

4.3.3 Downregulation of DmSVCT2 in neurons impairs flies climbing 

ability 

 

In our climbing ability experiment flies were tested for their ability to climb upward. Here, 

motor function was assessed using a countercurrent apparatus that gives each fly five 

sequential opportunities to perform a negative geotaxis task (Inagaki et al., 2010). In this 

apparatus (Figure 8) flies were tapped down and given 10 seconds to climb to the upper 

tube. After this time, the upper frame was slid to the right and again tapped down. Only 

the flies that were able to climb to the upper tube were passed to next tube. This process 

was repeated 5 times, resulting in the flies being distributed throughout the six bottom 

tubes based on their climbing ability. We counted flies in each tube and grouped 

according to their performance as group 1, 2 or 3 (Figure 16). Each group represents 

severe, mild and absent climbing ability impairment, respectively. Group 1 encompasses 

flies that did not climb beyond the second tube. Group 2 represents flies that were able 
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to climb to the third or fourth tube but did not reach the subsequent tubes. Finally, group 

3 represents flies that reached tube 5 or the last, tube 6, passing all the previous tubes 

with success. A graphical representation of this group distribution is in Figure 16. Flies 

climbing ability was tested in 3 times points, at 8, 15 and 22 days-old.  

 

 

Figure 16 - Final distribution of the flies in the countercurrent apparatus represented as a 
bar graph.  

 

Control flies (Elav>Oregon-R) showed reduced motor function with age, as expected 

(Gargano et al., 2005). At 8 days-old, 60% of control flies were concentrated in group 3, 

meaning 60% of flies had no climbing impairment. At day 15 flies were distributed in 

group 1 and 2. At this age flies started to show mild climbing defects. At the last day of 

the experiment (22 days-old) 100% of flies were in group 1 meaning they are not able to 

climb further than the second tube. At this age, climbing ability was already severely 

compromised. 

Elav>DmSVCT2 flies showed severe climbing impairment starting at day 8, the first day 

of the experimental analysis. Upon SVCT2 downregulation flies were unable to climb the 

first tube in 10 sec in all 6 times the apparatus was tapped down. Consequently, 100% 

of the flies were distributed in group 1, with no flies being present in groups 2 or 3 (Figure 

17). In this flies we also noticed, during the experiment, that they displayed a supine 
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behaviour (data not shown). The supine behaviour is characterized by flies lying in their 

back, not able to reach their normal position and is associated with the aging process 

(Carey et al., 2006). These results shows that downregulation of DmSVCT2 in neurons 

severely affects flies climbing ability, even at an early age. 

 

Figure 17 – Downregulation of DmSVCT2 in neurons severely impairs flies climbing ability. 

Final distribution of the flies in the countercurrent apparatus according to the difference 

performance groups. The following genotypes were analysed: Control (Elav>Oregon-R) and 

Elav>DmSVCT2i. 

 

The use of Elav>Oregon-R as control was to ensure that the differences we observed 

were not due to the driver insertion. To also control for RNAi transgenic insertion we 

analysed the climbing behaviour of flies with only one copy of DmSVCT2i. These flies 

behaved as control ones (data not shown). 

We next asked if downregulation of DmSVCT2 in glial cells (Repo>DmSVCT2i) would 

also affect climbing ability. The climbing ability of control flies (Repo>Oregon-R) 

decreased over time, as previously observed. Initially, control flies distribute evenly 

throughout the tubes of the apparatus. By day 22, 50% of control flies displayed climbing 

impairment. By day 8, Repo>DmSVCT2i flies demonstrate worse climbing ability than 

controls. At this time only 25% of flies got to the end of the climbing apparatus in 

comparison to the 35% of control flies. By day 22 only less than 10% of flies reach the 

last tubes of the apparatus, in comparison to 20% of control flies, representing a 

reduction of more than a half. 
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Figure 18 - Downregulation of DmSVCT2 in glia reduces flies climbing ability. Final 

distribution of the flies in the countercurrent apparatus according to the difference performance 

groups. The following genotypes were analysed: Control (Repo>Oregon-R) and 

Repo>DmSVCT2i. 

 

Again, we used Repo>Oregon-R flies as control to ensure the differences observed were 

not due to the driver insertions. To control for RNAi transgenic insertion we analysed the 

climbing behaviour of flies with only one copy of DmSVCT2i. These flies behaved as 

control ones (data not shown). 

  

4.3.4 Downregulation of DmSVCT2 in neurons, but not in glia, leads 

to brain vacuolization  

 

Another hallmark of neurodegeneration in flies is brain vacuolization in consequence of 

loss of tissue. The presence of vacuoles in the brain correlates with the level of 

neurodegeneration (Wittmann et al., 2001). We analysed brain sections from control 

(Oregon-R), Elav>DmSVCT2i and Repo>DmSVCT2i flies, with 30 days-old, and counted 

the number of vacuoles per brain.  

Control flies have vacuoles but at a reduced number (average of 5 per brain), which is 

consequence of the aging process (Haddadi et al., 2014). However, Elav>DmSVCT2i 

flies at the same age have an increase of 160% in brain vacuoles when compared to 
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control (average of 13 per brain). In contrast, brains from Repo>DmSVCT2i flies had a 

number of vacuoles similar to control flies (average of 6 per brain). 

 

 

 

 

 

 

Figure 19 - Frontal brain sections of 30 day-old flies raised at 25ºC stained with hematoxylin 

and eosin. A-C) Vacuolization was not detected in Control (A) and Repo>DmSVCT2i flies (C) but 

was evident in Elav>DmSVCT2i flies (B). A’-C’) Magnification of brain sections. The arrows point 

to vacuoles. 
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Figure 20 - Downregulation of DmSVCT2 in neurons but not glia enhances brain 

vacuolization in Drosophila. Evaluation of the number of vacuoles per brain in 30 days-old flies, 

raised at 25ºC. The following genotypes were analysed: Control (Oregon-R), Elav>DmSVCT2i 

and Repo>DmSVCT2i. The results were analysed using unpaired t-test (*, p<0.01; n.s., not 

significant). 

 

Overall, our analysis of different neurodegeneration hallmarks in Drosophila shows that 

downregulation of SVCT2 in neurons leads to reduced lifespan, impairs climbing ability 

and is likely to induce neuronal cell death. These results are consistent with our 

hypothesis that a downregulation of SVCT2 is sufficient to trigger neurodegeneration. 

In contrast, when we promote downregulation of DmSVCT2 in glial cells, only climbing 

ability is impaired, with brain vacuolization of these flies does not show significative 

alterations. 
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4.4 Impact of SVCT2 modulation on neurodegeneration progression 

 

It was shown that in fly models of neurodegeneration (as tauopathies), a reduction in 

antioxidant capacity enhances the neurodegeneration-associated phenotypes (Dias-

Santagata et al., 2007). Consequently, we next asked if SVCT2 modulation would impact 

the severity of the phenotypes observed in a fly model of AD. The fly AD model used is 

characterized by the expression of the human Aβ42 fragment of APP carrying the familial 

Alzheimer's 'Arctic' mutation under the control of UAS in neurons (Table 1). Arctic 

mutations were identified in individuals with clinical features of early onset of AD 

(Nilsberth et al., 2001). This mutation consists of an amino acid replacement (Glu22Gly) 

in Aβ peptide leading to accelerated aggregation and increased formation of Aβ 

protofibrils (Johansson et al., 2006). Flies carrying the arctic mutation have increased 

susceptibility to oxidative damage and decreased lifespan (Ott et al., 2016).  

 

4.4.1 The lifespan of Elav>DmSVCT2i flies is similar to an AD fly 

model 

 

First, in order to see if a downregulation of DmSVCT2i in neurons triggers 

neurodegeneration in the same pattern as an established model of AD, we performed a 

lifespan assay comparing both. As we can see in Figure 21, Elav>DmSVCT2i flies show 

a decrease in lifespan and their survival curve is very similar to the one of the Elav> 

hAβ42 flies. In fact, their median survival is the same: 23 days. In summary, upon 

downregulation of DmSVCT2 in neurons the flies lifespan resembles that of a well-

established AD model.  
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Figure 21 - Flies with downregulation of DmSVCT2 in neurons exhibit reduced lifespan and 

display a lifespan similar pattern to a fly model of AD. The black dashed line represents the 

median survival. Evaluation of the lifespan of flies, raised at 29ºC, of: control (Elav>Oregon-R) 

(black), Elav>DmSVCT2i (red) and Elav>hAβ42 (green dashed). The results were analysed using 

the Gehan-Breslow-Wilcoxon test (***; p<0.0001, ****; p<0.00001). There is no statistical 

difference between the experimental groups. 

 

4.4.2 Downregulation of DmSVCT2 in neurons ameliorates the 

lifespan of AD flies 

 

Considering our previous results showing that downregulation of SVCT2 is sufficient to 

trigger a neurodegenerative phenotype, it would be expected that SVCT2 

downregulation in a neurodegenerative disease context would worsen the phenotypes 

observed. Accordingly, we analysed the lifespan of AD flies upon DmSVCT2 

downregulation in neurons (Figure 22). 

Control flies (Elav>Oregon-R) had a median survival of 28 days. Elav>hAβ42 flies showed 

a reduction of 21% on their median survival when compared to control. According to our 

hypothesis, a downregulation of this transporter would worsen the phenotype observed 
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in AD. However, Elav> hAβ42;DmSVCT2i flies had a median survival of 30 days in 

contrast to 23 of Elav> hAβ42 flies. This represents an increase of 35% of their survival 

rate compared to Elav> hAβ42 alone (Figure 22). Importantly, the survival rate of Elav> 

hAβ42;DmSVCT2i flies did not present any statistical difference from the control flies. 

These results suggests that downregulation of SVCT2 in neurons can rescue at least 

one hallmark of neurodegeneration in a fly model of AD.  
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Figure 22 - Downregulation of DmSVCT2 in neurons ameliorates the lifespan of a fly model 

of AD. The black dashed line represents the median survival. Evaluation of the lifespan of flies 

raised at 29ºC of the genotypes: Control (Elav>Oregon-R) (black), Elav>hAB42;DmSVCT2i (blue) 

and Elav>hAβ42 (green dashed). The results were analysed using the Gehan-Breslow-Wilcoxon 

test (***, p<0.0001; n.s., not significant). 

 

4.4.3 Downregulation of DmSVCT2 in neurons enhances climbing 

defects of AD flies 

 

We next asked if downregulation for DmSVCT2 in neurons would improve climbing ability 

of AD flies. Accordingly, we compared climbing ability, over time, of Elav> hAβ42 to Elav> 

hAβ42;DmSVCT2i flies. 
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Figure 23 - Downregulation of DmSVCT2 in neurons of AD flies enhances climbing 

impairment. Final distribution of the flies in the countercurrent apparatus according to the 

difference performance groups. The following genotypes were analysed: Elav> hAβ42 and Elav> 

hAβ42;DmSVCT2i. 

 

As we can observe from Figure 23, Elav> hAβ42 flies initially show normal climbing ability 

with 70% of flies being present in group 3. Over time these flies lose climbing ability. At 

day 15, only 20% of flies were present in group 3. At day 22 all flies were represented 

by group 1, and displayed severe climbing impairment, at this time point. In contrast, by 

day 8, Elav> hAβ42;DmSVCT2i flies display reduced climbing ability compared to AD 

flies, with less than 20% of the flies in group 3, representing a reduction of 50%. Over 

time, the reduction in climbing ability is enhanced compared to Elav> hAβ42 flies. At day 

15, only 10% of flies were in group 3, representing a reduction of 50% comparing to AD 

fly model. By day 22, almost no flies were able to reach group 3, for both genotypes. 

Most flies were in group 1 meaning they had severe climbing impairment, commonly 

associated with the aging process. In conclusion, this result shows that downregulation 

of DmSVCT2 in neurons of hAβ42 expressing flies enhances climbing defects, since early 

adult stages. 
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4.4.4 Up-regulation of SVCT2 in neurons ameliorates climbing 

defects of an AD fly model 

 

We then tested our second hypothesis, that SVCT2 up-regulation could ameliorate the 

phenotype of neurodegeneration. For this, hSVCT2 was expressed in neurons of flies 

co-expressing hAβ42 and their climbing ability was assessed and compared to flies 

expressing hAβ42 only (Figure 24). 

Figure 24 – Up-regulation of hSVCT2 in Elav>Aβ42 flies ameliorates climbing ability. Final 

distribution of the flies in the countercurrent apparatus according to the difference performance 

groups. The following genotypes were analysed: Elav> hAβ42 and Elav>hAβ42;hSVCT2. 

 

In this experiment, the AD fly model behaved as described previously (in 4.4.3). We 

observed that upon co-expression of hSVCT2, Elav> hAβ42;hSVCT2, flies display better 

climbing ability than Elav> hAβ42 flies. At day 15 both genotypes had 20% of flies in group 

3. However, Elav> hAβ42;hSVCT2 flies had 40% of flies in group 2 while Elav>hAβ42 flies 

had 20%. In comparison to the AD model, Elav> hAβ42;hSVCT2 flies had 2 times more 

flies in group 2, which demonstrates higher climbing performance. The remaining flies 

were distributed in group 1. By day 22, hAβ42 expressing flies were all found in group 1, 

and displayed severe climbing impairment. In contrast, we could still observe that 25% 

of Elav>hAβ42;hSVCT2 flies were in group 2 and the rest in group 1. This difference is 

suggestive of a significant recovery in climbing performance. This result suggests that 

up-regulation of hSVCT2 in neurons of AD flies enhances climbing performance over 

time. 
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In the present work we developed a Drosophila model to study for the first time the 

potential impact of SVCT2 modulation on neurodegeneration onset and progression. 

This is, to our knowledge, the first model organism described linking ascorbate uptake 

mechanisms to neurodegeneration. SVCT2 is responsible for ascorbate uptake in brain 

cells and its modulation is expected to impact directly on ascorbate bioavailability. 

We observed that upon DmSVCT2 downregulation in neurons flies exhibited hallmarks 

of neurodegeneration: their lifespan was reduced; their climbing ability was severely 

impaired and brain vacuolization was readily detected.  

Considering that SVCT2 mediates ascorbate transport into cells and ascorbate acts as 

an antioxidant, the phenotypes observed might be a consequence of increased oxidative 

stress. There is considerable evidence linking brain antioxidant capacity with 

neurodegenerative disorders both in humans (Schagger and Ohm, 1995) and in animal 

models (DuBoff et al., 2012). However, if oxidative stress is a cause or a consequence 

of neurodegeneration stays debatable (Schagger and Ohm, 1995).  

The role of ascorbate as an antioxidant in neurodegenerative disease prevention is 

undeniable. Clinical studies demonstrated that supplementation of ascorbate in the diet 

lowers the probability of developing AD and PD (Engelhart et al., 2002; Morris et al., 

1998; Zandi et al., 2004; Zhang et al., 2002). These studies highlight the importance of 

considering ascorbate as a prospective therapeutic for neurodegenerative diseases. 

Changes in antioxidant levels in Drosophila are normally accomplished by antioxidants 

supplementation (Bahadorani et al., 2008) or by up- or down-regulating genes that 

encode for antioxidants (Dias-Santagata et al., 2007). The influence of other antioxidants 

such as vitamin E and SOD in Drosophila has been studied, both in homeostatic 

conditions (Driver and Georgeou, 2003; Kabil et al., 2007) and in models of 

neurodegeneration (DuBoff et al., 2012). Regarding ascorbate, its supplementation 

under homeostatic conditions was shown to increase flies lifespan (Pallauf et al., 2013). 
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However, the influence of ascorbate supplementation or the increase of its cellular 

uptake in neurodegenerative conditions has not, until now, been explored.  

Importantly, brains of AD patients exhibit lower levels of ascorbate (Charlton et al., 2004). 

This reduction was correlated with cognitive impairment, a common feature of AD. 

However, the low levels of ascorbate detected in this disease context could not be solely 

explained by a decrease in ascorbate intake through the diet (Riviere et al., 1998). This 

lead to the hypothesis that ascorbate transport and uptake by brain cells might be 

impaired, in a disease context. Since the levels of intracellular ascorbate, in the brain, 

are mediated by SVCT2, studying how changes in SVCT2 levels and activity impact on 

neurodegeneration is of major importance. 

We started by addressing if Drosophila melanogaster has a SVCT2 homolog. For that, 

we took a bioinformatical approach and were able to identify CG6293 as the fly homolog 

of the human gene SLC23A1, that encodes for SVCT2. Humans have two ascorbate 

transporters: SVCT1 and 2, encoded by SLC23A1 and SLC23A2 genes, respectively. 

Besides their biochemical differences these transporters have different expression 

patterns (Savini et al., 2008). Human SVCT2 is responsible for ascorbate transport in 

the brain. Drosophila CG6293 shows high homology both to SVCT1 and SVCT2. This 

suggests that Drosophila only has one type of ascorbate transporter, in contrast to 

humans. Since our work  is focused on neurodegenerative disorders and their 

pathogenesis happens within the brain, we manipulated, using an RNAi approach, the 

fly ascorbate transporter only in the brain cells. Since no other organ was affected by our 

genetic approach, our results demonstrate the importance of this transporter in the brain. 

Through this approach, we expected to recapitulate as well as possible what would 

happen if this manipulation happened specifically in the human brain. 

As a consequence of its high metabolism, the brain is highly sensitive to oxidative 

damage, especially neurons (Bell, 2013). Therefore, and upon the identification of the fly 

DmSVCT2 we tested flies survival after exposure to H2O2, a pro-oxidant, upon 
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DmSVCT2 downregulation. Our results show that neuronal downregulation of DmSVCT2 

is associated with reduced oxidative stress resistance. This result is in line with the high 

conservation found between the proteins and the predicted function. Like in other 

systems, also in flies, downregulation of DmSVCT2 affects their resistance to oxidative 

stress. However, this effect is not immediate. During the first 2 days, flies subjected to 

oxidative stress behave as control flies. However, by day 2, their response mechanism 

was clearly insufficient, leading to premature death. A possible explanation is that in the 

beginning of H2O2 exposure the accumulation of ROS was still close to normal. It is also 

plausible that, although increased ROS levels were present during that period other 

antioxidant mechanisms could compensate for ascorbate deficiency. After increased 

exposure to H2O2, high ROS levels accumulated leading to premature death. In 

conclusion, SVCT2 in Drosophila is involved in antioxidant response as SVCT2 in 

humans. 

After establishing the link between DmSVCT2 and oxidative stress resistance, we next 

tested if overexpressing hSVCT2 in neurons would increase oxidative stress resistance. 

We expected that flies over-expressing hSVCT2 would have increased antioxidant 

capacity and consequently be less susceptible to oxidative stress. However, our results 

show that overexpression of hSVCT2 has no effect on flies survival, after exposure to 

H2O2. This suggests that SVCT2 upregulation is not sufficient to increase flies 

antioxidative capacity. This could have several explanations: 1) SVCT2 present at the 

cell membrane is already at its full transporter capacity; 2) extracellular ascorbate is at 

limited concentrations and is not sufficient to counteract oxidative response; 3) hSVCT2 

may not localise in the membrane of Drosophila cells as efficiently as in human cells. We 

favour the hypothesis 2, that more SVCT2 at the membrane would not directly represent 

an increase in ascorbate uptake into the cells, if extracellular ascorbate levels are not 

increased as well. To test this hypothesis, we should perform the experiment in a 

condition where we supply ascorbate to the flies, on the diet. This is expected to increase 
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ascorbate bioavailability and with concomitant increased transport inside the cells, it is 

expected to increase their oxidative resistance.  

Since SVCT2 over-expression was accomplished by an insertion of the human 

homologue SVCT2, another plausible explanation is that hSVCT2 might not have the 

same biological effect as DmSVCT2 in Drosophila. To clarify this, we could generate flies 

in which we knockdown DmSVCT2 and simultaneously express hSVCT2. If these flies 

behave as wild-type flies, then this insertion would rescue deficits observed upon 

downregulation of DmSVCT2. With this we could conclude that hSVCT2 suffices for all 

functions of DmSVCT2 and clearly establish that they have the same biological function, 

and share regulatory mechanisms. 

Another underlying component of neurodegenerative disorders are glial cells 

homeostasis. Glial cells are more resistant to oxidative stress than neurons (Bolanos et 

al., 1995) and their main role is to interact with neurons to maintain neuronal 

homeostasis. When activated, glial cells can lead to a pro-inflammatory stimuli 

contributing to the progression of neurodegeneration (as reviewed in Block et al., 2007). 

Previous research from Portugal et al, (2017) demonstrated that SVCT2 downregulation 

at the cell surface of mouse microglia cells, is sufficient to trigger a pro-inflammatory 

state (Portugal et al., 2017). It is believed that neuronal inflammation may be linked to 

neurodegeneration (Amor et al., 2010). For this reason, the impact of SVCT2 modulation 

in glial cells was also assessed.  

Our work shows that flies expressing DmSVCT2i in glia, and exposed to H2O2, die earlier 

than the control flies, and after 5 days of exposure no flies survived. Their behavior 

resembles that of Elav>DmSVCT2i, suggesting that it is the dysfunction between 

neurons and glia interaction that underlies the reduced oxidative resistance. This 

htpothesis is supported by the finding that when DmSVCT2 was downregulated in both 

cellular types simultaneously (neurons and glia), the result was not statistically different 

from when the SVCT2 was downregulated in only one cellular type. Different studies 
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correlating glial cells with ascorbate levels homeostasis highlight mainly the importance 

of the interaction between neurons and glial cells (Block et al., 2007; Iwata-Ichikawa et 

al., 1999). In mammals, glial cells take up and recycle ascorbate from the extracellular 

space, participating in a coupling mechanism between glia and neurons (Covarrubias-

Pinto et al., 2015). So, it is fair to conclude that alterations in any of the cellular types will 

affect this interaction. A modulation of the two cellular types simultaneously did not show 

an added effect probably because the neuron-glia interaction was already impaired. In 

conclusion, our hypothesis, that a downregulation of SVCT2 in neurons or glia would 

reduce organism ability to counteract oxidative stress holds true.  

The neuron-glia interaction and its potential impact in neurodegenerative disorders is 

accepted (Lian and Zheng, 2016). Other studies have already highlighted glia importance 

in these disorders, mainly through their role in oxidative stress response (Liu et al., 2017). 

Liu et al, (2015) established lipid droplets (LD) as a biomarker for neurodegeneration 

(Liu et al., 2015). It is known that these LD arise due to elevated levels of ROS. Elevating 

ROS alone in neurons is sufficient for glia to accumulate LD, suggesting a transfer of 

lipids from one cell to another (Liu et al., 2017). This lipid transfer alleviated the 

detrimental effect of ROS by exporting peroxidated lipids to glia, where they accumulate. 

The fact that lipids produced in neurons are transferred for glial cells exemplifies their 

increased ability to cope with stress. During ROS challenge, failure of the glia allows 

neuronal acuumulation of ROS products and neurodegeneration onset (Liu et al., 2017). 

This indicates the importance of neuron-glia feedback in maintaining neuronal 

homeostasis and in neuroprotection. 

Our study shows, for the first time, that SVCT2 downregulation in neurons is sufficient to 

trigger a neurodegenerative phenotype. Downregulation of DmSVCT2 in neurons 

reduced flies lifespan by 20%; their climbing ability was severely impaired and 

vacuolization in the brain was more than double when compared to control flies of the 

same age, most likely as a consequence of neuronal loss. Therefore, we can conclude 
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that there is a clear link between ascorbate deficiency in neurons and oxidative-induced 

neuronal death, and neurodegeneration. In these flies another behavior was also 

observed during the experimental task: the supine behavior. This behavior is 

characterized by upside-down position of the temporarily immobile flies. This behaviour 

is modulated by GABAergic neurons activity (Leal and Neckameyer, 2002). The 

occurrence of this behavioural trait can be used as a biomarkers of their health and to 

predict their time to death (Papadopoulos et al., 2002) 

Our work also shows that downregulation of DmSVCT2 in glial cells only impacts flies 

climbing ability. Upon DmSVCT2 RNAi in glial cells, the brains of these flies do not show 

an increase in vacuolization levels. This suggests that DmSVCT2 downregulation in glia 

might only have a visible impact if flies are subject to a stressful condition. This is what 

happens when we analyze flies climbing ability, since they are tapped down multiple 

times and have to respond rapidly, by climbing the tube. When we analyzed histology 

markers, to see brain vacuolization, flies were not challenged and were allowed to growth 

in homeostatic conditions. 

We next addressed the impact of SVCT2 modulation in a disease context. We promoted 

DmSVCT2 downregulation in a fly model of AD (expressing hAβ42). According to our 

results after SVCT2 downregulation, we expected an exacerbation of neurodegeneration 

hallmarks in consequence of the reduction in flies antioxidant capacity. However, when 

we promoted DmSVCT2 downregulation in the AD model, it increased substantially the 

lifespan of AD flies.  

This result can be explained by a previous study in Drosophila that demonstrated that 

ascorbate supplementation under stressful conditions (such as oxidative stress) 

shortens flies lifespan acting as a prooxidant, enhancing oxidation (Bahadorani et al., 

2008). To test this hypothesis, it would be crucial to measure flies total antioxidant 

capacity or their ROS levels. This would allow us to correlate the effects of 

downregulating DmSVCT2 in the AD fly model in study with ROS levels. 
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On the other hand, when we evaluated another neurodegeneration hallmark, the 

climbing ability, we observed that downregulation of DmSVCT2 in AD flies exacerbated 

their climbing impairment. At early stages, only 50% of the flies had intact climbing ability, 

in comparison to AD fly model. This result contrasts with the result obtained in the 

lifespan assay. This can be explained by the fact that in the climbing ability assay is 

different from lifespan for the fact that in climbing assay flies are subject to a challenge 

(tube is tapped down multiple times), while in the lifespan assay flies are under 

homeostatic conditions. Additionally, in our climbing assays the hAβ42 AD model only 

demonstrated a slight climbing impairment. This contrasts with previous studies that 

used the same model (Ott et al., 2016). Since these studies showed severe climbing 

phenotypes for hAβ42 AD model we consider that the experiment might need to be 

repeated. Also, the use of other AD models might need to be considered. The impact of 

DmSVCT2 downregulation in AD brain vacuolization also needs to be addressed to 

clearly show that SVCT2 downregulation enhances neurodegeneration progression. 

On the other hand, and in agreement with our hypothesis, over-expression of hSVCT2 

enhances AD flies climbing performance, at a late stage (22 days-old). The impact of 

hSVCT2 over-expression in other hallmarks of neurodegeneration, of AD flies, still 

remains to be addressed. We expect that an increase in flies antioxidant capacity can 

reduce the oxidative damage characteristic of AD and brain vacuolization.  

Most studies linking antioxidant proprieties in Drosophila with neurodegenerative 

diseases demonstrate that Drosophila is a suitable model for the study of the impact of 

these disorders in oxidative stress. Here, we show that Drosophila is a suitable model 

for the study of the impact of antioxidant response mechanisms on neurodegeneration.  

In conclusion, with our work we were able to demonstrate that downregulation of 

DmSVCT2 in Drosophila is sufficient to trigger neurodegenerative phenotypes. We 

showed that DmSVCT2 downregulation: 
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1) Decreases flies lifespan by 20% 

2) Severly impairs flies climbing ability 

3) Promotes brain vacuolization by more than 160% 

Also, we were able to demonstrate that an up-regulation of SVCT2 in flies ameliorates 

neuronal function in AD flies. 

In the future, it would be essential to clearly define the link between antioxidant capacity, 

ROS levels and SVCT2 modulation, to develop future therapeutic strategies based on 

SVCT2 activity and that enhance ascorbate cellular uptake. 
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