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ABSTRACT 
 

Schizophrenia is characterized by the presence of several symptoms including 
social withdrawal, cognitive impairments and psychosis. Additionally, other less 
known traits are observed such as olfactory deficiencies, locomotor dysfunction 
and circadian and sleep disruption. It is unclear what are the factors involved in the 
progression and onset of these symptoms. Schizophrenia shows high heritability 
and several genes, among those that have been associated with this disorder, are 
related to calcium (Ca2+) signalling pathways. Genetically modified animal models 
of schizophrenia have started to be used to uncover the molecular and 
physiological mechanisms underlying the disease. However much remains to be 
elucidated. In this thesis the fruit fly, Drosophila was used to model some aspects 
of the classical and non-classical symptoms of schizophrenia, including olfaction, 
social interactions, locomotion, sleep and circadian locomotor rhythms. 
Characterisation of the previously proposed Drosophila schizophrenia model 
based on the Dystrobrevin binding protein-1 (DTNBP1), Dysbindin (Dysb) mutant, 
was used as a proof of principle. The results were compared to characterisation of 
two new genes associated with schizophrenia: the Rab-3 interacting molecule-1 
(RIMS1) and the calcium channel subunit α1B (CACNA1B) called Rim and 
cacophony (cac) respectively in flies.   
 
Manipulating the expression of these genes had different contributions to 
behaviours that were reminiscent of some schizophrenia behavioural symptoms. 
Olfactory performance was assessed using single-fly video tracking exposed to an 
aversive odorant and social interactions were assessed by using a social space 
paradigm to measure the clustering of the flies. Both, olfaction and social 
behaviours were reduced in the Dysb and Rim mutants. Moreover, the effect of 
Rim on social behaviour was explained by a dysfunction in the olfactory system, 
accompanied by reduced terminal area and impaired Ca2+ handling of the 
projections sent by the antennal lobe projection neurons (AL PNs) reaching the 
lateral horn (LH). Rim and cac manipulations differentially contributed to learning 
and memory which was assessed by an aversive olfactory conditioning assay. Rim 
knock-down in the mushroom body spared memory, while cac knock-down 
impaired short- and intermediate-time memory. The memory defect of cac mutants 
was explained by impaired Ca2+ handling namely reduced Ca2+ influx upon a 
depolarizing stimulus. Using the Drosophila Activity Monitoring (DAM) Rim and cac 
mutants were shown to display circadian rhythm and sleep deficits. The changes 
observed in the Rim mutant were accompanied by impaired day/night remodelling 
of the small-LNvs (s-LNvs) dorsal terminals and impaired day/night PDF 
neuropeptide release.  
 
The results of this thesis add more information to the role of synaptic proteins 
related to Ca2+ signalling in schizophrenia-like pathology. Moreover, this work 
demonstrates the suitability of Drosophila genetic models to help understand the 
molecular and physiological basis of schizophrenia. 
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Chapter 1: Introduction 

 

Several animal models have been used to start to understand the molecular and 

neural circuit mechanisms that underlie schizophrenia (Jones et al., 2011). 

However, much remains to be elucidated and there is an urge for new model 

systems and approaches to address the complexity of this disorder. In this thesis, 

I have used the highly genetically tractable model, the fruit fly, Drosophila 

melanogaster, to model some of the most recent genetic changes associated with 

schizophrenia-related symptoms. This introduction section gives an overview of 

schizophrenia, its symptoms and a brief discussion about the environmental and 

genetic factors underlying the aetiology of this disorder. Additionally, I summarise 

the animal models currently used and introduce Drosophila as an experimental 

system and how it can be used to explore schizophrenia endophenotypes. Finally, 

the aims and motivations of this work are described at the end of this chapter. 

 

1.1 Schizophrenia: historical review, morbidity and traits 
Schizophrenia is a neuropsychiatric disorder characterized by the presence of 

several symptoms including hallucination, delusion, disorganized thinking, 

abnormal motor skills and a diverse array of additional symptoms making it a 

heterogenous disorder that has been difficult to diagnose (Berrios, 1985; Cornblatt 

et al., 1985; Dollfus and Lyne, 2017). This disorder was first documented in 1919 

by Kraepelin as dementia praecox, because it is a condition whose first episodes 

of symptoms are presented principally during late adolescence (Jablensky, 2010; 

Selemon and Zecevic, 2015). However, the term schizophrenia was later 

established, and it is still used to this day. It is estimated that schizophrenia affects 

around 1% of the global population and its prevalence is higher in males than 

females (Evensen et al., 2016; Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014).  

The direct costs associated with this disorder are related to medical attention (e.g. 

hospitalization, drug treatment, lab testing, care, etc), however, due to the nature 

of this disorder, there are indirect and intangible costs (e.g. loss of work, criminality, 
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addiction, effects on friends and family) (Andrew et al., 2012; Evensen et al., 2016). 

The indirect costs are associated with the loss of productivity and social 

repercussions, while the intangible effects are related to other non-financial cost, 

side-effect of drug treatment and comorbidity with other pathologies like stress and 

anxiety, which are commonly observed in schizophrenia patients (Tajima-Pozo et 

al., 2015).  

1.2 Schizophrenia classical symptoms  
Schizophrenia is diagnosed by a number of symptoms that vary in their occurrence 

and intensity across subjects, still, there are core features that are present in most 

cases (Tuathaigh et al., 2013). Many classifications have been proposed for these 

traits, however, the model proposed by Crow in 1980 is the most refereed (Crow, 

1980). Crow proposed a model in which patients with schizophrenia have positive 

symptoms and negative symptoms (Crow, 1985, 1980). By this definition, positive 

symptoms are behaviours that are exacerbated and not observed in healthy 

people, while negative symptoms are those functions that are absent or 

undermined in patients.  

1.2.1 Positive symptoms 
Positive symptoms of schizophrenia include delusions and hallucinations. 

Delusions are false perceptions of the reality, fixed ideas that do not change when 

conflicting evidence is presented. Although there are many types of delusions, the 

most common is persecutory delusion. In this case, the person has the belief that 

they are being focused on by others, leading to an overreaction to mundane, daily 

life situations. Hallucinations, on the other hand, are bizarre beliefs, sensory 

representations of the reality without an external stimulus being present. Although 

hallucinations can be related to any sensory system, the most common are the 

auditory (e.g. voices inside one’s head) and visual (Lally and MacCabe, 2015; 

Pogue-Geile and Harrow, 1984).  

Although it was believed that these symptoms arise from different mechanisms, 

new evidence suggest the opposite. A recent novel theory proposes, both, 

delusions and hallucinations could be the product of sensorial overreaction 

(Fletcher and Frith, 2009). Models using Bayesian frameworks from cognitive 

neuroscience, have proposed that there is a failure in the error-driven updating 

system in schizophrenia. According to this, schizophrenia patients would have a 
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strongly fixed model of reality. Conflicting new information that is not in line with 

this belief, instead of updating the model, could trigger a response signalling the 

information is abnormal.  

1.2.2 Negative symptoms 
The negative symptoms of schizophrenia are diverse, and include social 

withdrawal, avolition and anhedonia, among others. Social withdrawal is a common 

feature and can be presented at different levels as a lack of interest in social 

activities or defective interactions in social groups (Dollfus and Lyne, 2017; Riehle 

and Lincoln, 2017).   

Commonly, deficiencies in social interactions are accompanied by blunted affect, 

lack of empathy and in some cases, impaired speech communication, also known 

as alogia. Interestingly, these symptoms have a strong correlate in term of neuronal 

activity. It has been suggested that reduced empathy and impaired effectiveness 

arise from impaired facial and body recognition (Marosi et al., 2019; Riehle and 

Lincoln, 2017). This is schizophrenic individuals have troubles evaluating the 

emotional component of faces and body postures. Nonetheless, recent studies 

have unveiled that this might arise from impaired sensory processing as 

schizophrenic patients have reduced activity in brain areas participating in early 

visual recognition (Campanella et al., 2006; Darke et al., 2013; Holt et al., 2015).  

Avolition, on its part, is defined by a decrement in self-initiated activities and deficits 

in goal-directed action performance. A special case is anhedonia, which is defined 

as the impaired ability to find pleasure in activities or stimuli that have a rewarding 

positive component. Although not enclosed in this category, similar emotional and 

affective disorders have been linked to these symptoms such as depression and 

anxiety (Németh et al., 2017; Spina et al., 1994). 

1.2.3 Cognitive and memory impairments 
Early descriptions indicate that some cognitive functions are impaired in patients 

with schizophrenia. Cognitive deficits in schizophrenia span a range of cognitive 

functions including language, executive function, verbal memory, spatial memory, 

among others (Hoff et al., 1999; Takano, 2018). Decreased cognitive performance 

has been observed in approximately 98% first-episode schizophrenia patients and 

follow up reports indicate that these impairments can be observed up to the five 

years later, even on medication (Hoff et al., 1999). 
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The nature of this cognitive disfunction has started to be studied, involving structure 

and functional changes of several brain areas. Studies using magnetic resonance 

imaging (MRI) suggested that schizophrenia patients show less hippocampal 

volume and decreased cortical thickness (Cannon et al., 2014; Kuperberg et al., 

2010; Steen et al., 2004). Although this cortical thinning is present in almost every 

area (grey matter loss, i.e. where most of the cell bodies sit in the brain), the most 

significant changes were found in the prefrontal cortex (PFC) and the temporal 

lobe, where hippocampus is located (Cannon et al., 2014). While the PFC is related 

to executive functions, the temporal lobe, where the hippocampus is located, is 

related to memory formation and storage (Selemon and Zecevic, 2015).  

 

1.3 Non-classical symptoms of schizophrenia  

1.3.1 Olfactory dysfunction  
Olfactory dysfunctions are well-described in schizophrenia patients. They are 

observed at a functional and structural level and are receiving increasing attention 

as a prodromal symptom/marker of frontal and temporal-limbic disorders related 

with this disorder (Kiparizoska and Ikuta, 2017; Moberg and Turetsky, 2003; 

Nguyen et al., 2010). The major functional changes observed are related to acuity 

(i.e. detection threshold), identification and discrimination of odorants. Studies 

using positron emission tomography (PET) scans, have unveiled impairments in 

experiencing of pleasant odours in schizophrenia patients (Crespo-Facorro et al., 

2001; Kiparizoska and Ikuta, 2017). Concordantly, appraisal of odour pleasantness 

is compromised in schizophrenia patients and interestingly, more accentuated in 

males (Robabeh et al., 2015). Also, smell identification is reduced in schizophrenia, 

similar to patients with temporal lobe epilepsy, a disorder related with 

neurotransmission dysregulation (Kohler et al., 2001). As in other neuropsychiatric 

and neurodegenerative disorders, olfactory acuity is also blunted in schizophrenia 

patients (Cavaco et al., 2015; Ham et al., 2016; Lelan et al., 2011; Nguyen et al., 

2010) including changes in threshold for odour detection (Ugur et al., 2005).  

It is important to notice that most of the studies indicate that these functional 

changes are not explained by external factors such as medications or smoking 

status, thus supporting the idea of an internal primary olfactory dysfunction 

(Moberg and Turetsky, 2003). Moreover, it has been suggested that genetic 
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components associated with schizophrenia can explain part of this dysfunction, 

placing olfactory deficiencies as a promising endophenotype of this disorder 

(Robabeh et al., 2015; Ugur et al., 2005).  

In some cases, these abnormalities can be accompanied by structural changes in 

olfactory processing centres. It was shown that patients with schizophrenia have 

reduced size of cortical brain region such as the ventromedial temporal lobe that 

receive direct inputs from olfactory afferents (Turetsky et al., 2003). Moreover, 

changes in the olfactory bulb were also found, with a 23% reduction in the volume 

of this structure (Turetsky et al., 2000).  

Most of the current knowledge on olfactory dysfunction in schizophrenia arrives 

from clinical descriptions, however, there is a lack of information regarding the 

cellular and molecular basis of these observations (Rupp, 2010). In summary, 

olfactory dysfunction arises as a promising new in road into schizophrenia research 

elucidating pathophysiology of this disorder. 

1.3.2 Circadian rhythm and sleep disruption 
Circadian rhythms are daily behavioural and physiology rhythms that occur and 

reappear approximately every 24 hours (h). In humans, sleep-wake cycles are an 

important output of the circadian clock and both, sleep and circadian disruptions 

are observed in up to 80% of schizophrenia cases (Monti et al., 2017). Recent 

studies have indicated that these disturbances seem to be highly variable among 

subjects, ranging from insomnia to increased day and night time sleep (Wulff et al., 

2012). Changes in the motor patterns of daily activity are also observed with non-

24 h periods as well as sleep phase advances and delays (Cosgrave et al., 2018). 

Sleep latency (i.e. the time to enter in sleep) and the number of awakening (i.e. 

times when the sleep state is disrupted) episodes are also increased in 

schizophrenia, highly affecting sleep quality and resting levels in these individuals 

(Ferrarelli et al., 2007; Monti et al., 2017).  

Importantly, these disturbances may contribute to the severity of positive and 

negative symptoms, proposing a causal link between sleep disturbance and 

psychosis (Chan et al., 2017; Cohrs, 2008). Many of these disturbances can be 

observed in a prodromal stage of the disorder, furthermore, recent studies using 

healthy participants have proposed sleep deprivation as a model to obtain 

psychosis-like phenotypes in humans (Meyhofer et al., 2017).  
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Sleep architecture is composed of four main stages; a rapid eye movement (REM) 

phase and three stages in a phase called non-rapid eye movement (NREM), N1, 

N2 and N3, progressing from light sleep phases to more stable deep sleep stages. 

These phases are characterized and defined by the difference in the frequency of 

the electrical oscillations that can be seen in electroencephalogram (EEG) 

recordings. During REM phase, electrical waves from 15–60 Hertz (Hz), called beta 

waves, can be observed, like those observed in the awake state. In N1, is 

characterized by 4–8 Hz waves (theta waves), that can also be observed in N2. 

Finally, during stage N3 is possible to observe slow wave at 0.5–2 Hz, known as 

delta waves (Purves et al., 2004). Both REM and NREM sleep have been found to 

be altered in schizophrenia (Keshavan et al., 1998; Poulin et al., 2003), with 

changes in the latency and duration of these phases, pointing to a problem of 

entering into deep sleep (Chan et al., 2017).  

Although the neural basis of these phenotypes are not clear, several reports 

suggest that it may arise from an imbalance in the thalamus-PFC circuitry 

(Ferrarelli and Tononi, 2017). A key signature of this imbalance is a reduction in 

the frequency of sleep spindles which are bursts of theta activity found in the N2-

NREM sleep phase. Interestingly, this has been shown to be independent of drug 

treatments status and is highly linked to genetics, therefore gaining interest of 

features of sleep pathology as another endophenotype for schizophrenia or the 

effectiveness of treatment (Cosgrave et al., 2018; Ferrarelli et al., 2007). The use 

of second-generation antipsychotic drugs to treat chronic sleep disorders in 

schizophrenia have proved to be mildly effective, however, only working in a subset 

of patients for some symptoms and also being accompanied by heterogenous 

adverse effects (Monti et al., 2017).   

1.3.3 Locomotor impairments  
Motor dysfunctions were first documented in schizophrenia as a major feature of 

this disorder, however these were later eclipsed by the later introduction of 

delusions and hallucinations as main clinical features, making locomotor 

impairments phenotypes as only secondary phenomena for the disorder (Hirjak et 

al., 2018; Manschreck et al., 1981; Walther and Strik, 2012; Wolff and O’Driscoll, 

1999). 
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Schizophrenic individuals display poor movement synchronization which can be 

accompanied by involuntary movements, known as dyskinesia, which commonly 

manifest in clumsiness and stereotypic movements (Walther and Strik, 2012). The 

dyskinesia observed in patients is found in up to 12-13% of patients with first-

episode schizophrenia with the prevalence increasing with age (Cortese et al., 

2005; Ismail et al., 2001; Peralta et al., 2010). Parkinsonism is also observed in 

schizophrenia, in up to 27% of cases, were the more prevalent signs are muscle 

rigidity and bradykinesia which is defined by the characteristic slowness of 

movements (Honer et al., 2005).  

Additionally, up to 90% of first-episode schizophrenia patients display several 

features associated with neurological signs (NSS) (Browne et al., 2000). These are 

defined and characterized by poor coordination, impaired sequential motor skills 

and reduced sensory integration (Dazzan and Murray, 2002). Interestingly, NSS 

are insensitive to drug treatments and they are prevalent in up to 98% of the 

chronically medicated cases (Ismail et al., 2001).  

Recent studies have shown that these motor defects are highly correlated with the 

negative symptoms. Therefore, these traits are regaining attention as clinical 

markers of this disorder (Walther and Strik, 2012). Nonetheless, chronic 

medication as in Parkinson’s disease, has also been shown to contribute to the 

display of these motor symptoms (Hirjak et al., 2018; Manschreck et al., 1981). 

Hence, there is a need for animal models that help untangle the confounding 

effects of drugs from the basal locomotor phenotypes observed in schizophrenia.  

1.4 Neuronal networks and treatments 
Several hypotheses have been proposed on the neuronal mechanism underlying 

schizophrenia. One of these ideas is the integrative dopamine hypothesis, 

supported by the extensive use of anti-psychotic drugs, like haloperidol and 

chlorpromazine, targeting this system throughout the years. Specifically, 

antagonists of the dopaminergic receptor D2, a G-coupled inhibitory receptor 

localised to presynaptic terminals of dopaminergic neurons. This hypothesis puts 

the dopaminergic system as the centre piece of a loop that also involves the 

glutamatergic and GABAergic systems (Goto and Grace, 2007). In this model, the 

loss of GABAergic parvalbumin cortical neurons directly affects pyramidal neuron 

activity, making them hyperactive/dysrhythmic. This would finally lead to a 
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hyperactivation of dopaminergic neurons in the ventral tegmental area (VTA). The 

later event being thought to be responsible for some of the positive symptoms 

(Grace, 2017, 2016). It has been shown that the dopaminergic neurons in VTA 

show basal increased spontaneous firing in schizophrenia, but the molecular 

mechanism(s) underlying this process is(are) still unknown (Owen et al. 2004). 

Nevertheless, one of the main caveats of this hypothesis is that it fails to explain 

the negative symptoms of the disorder. 

Early observations on the mechanisms of action of the hallucinogenic drug lysergic 

acid diethylamide (LSD), suggested that the 5-hydroxytryptamine (5-HT; serotonin) 

might be involved in schizophrenia (Blelch et al., 1988; Eggers, 2013). LSD binds 

to most of the serotonergic receptors, except 5-HT3 and 5-HT4 receptors, causing 

psychedelic hallucinations that mimic those observed in schizophrenia (Meltzer, 

2017; Stahl, 2018). Moreover, the serotonergic system has a well-known role in 

the regulation of mood and affect in humans. Therefore, several studies have 

supported a serotonergic involvement in the modulation of negative symptoms of 

schizophrenia (Spina et al., 1994). Drug treatments targeting 5-HT receptors, 

prevent the loss of grey matter observed in schizophrenia and improve cognitive 

and negative symptoms of schizophrenia patients, further agreeing with this notion 

(Meltzer, 2017; Štrac et al., 2016). However, the circuits involved in this regulation 

are not known. But it has been proposed that overactivation or expression of the 

excitatory G-coupled serotonin receptor,  5-HT2, in cortical glutamatergic neurons 

could drive the symptoms explained by the dopaminergic deficits (Stahl, 2018). 

Therefore, serotonin could be upstream within the same pathway as dopamine in 

schizophrenia pathology.  

Schizophrenia remains poorly treated. The first generation of anti-psychotic drugs, 

named typical anti-psychotics, were able to treat the positive symptoms of some 

patients efficiently, however, due to their mechanism of action, namely D2 

antagonists, a number of side effects have been observed (Lally and MacCabe, 

2015; Meltzer, 2017). These so-called off-target effects have been named extra-

pyramidal effects and are most commonly associated with locomotor problems 

such as dyskinesia and Parkinsonism. Also, the negative symptoms are 

recalcitrant to these typical treatments. Follow up studies have shown that positive 

symptoms can be decreased within a year, whereas negative symptoms persist 



 
 

25 

over five years even when treatment is applied. Additionally, they also fail to 

improve cognitive impairment in patients (Hoff et al., 1999). 

In current clinical practice, atypical treatments that co-target the dopaminergic and 

serotonergic system are being used, these include clozapine, 

risperidone/escitalopram and fluoxetine, which have been shown to be effective in 

treating both the positive and negative symptoms (Kahn et al., 2015; Lally and 

MacCabe, 2015; Spina et al., 1994). Nonetheless, the efficacy of these treatments 

is still low, and little is known about how they act.    

1.5 Aetiology of schizophrenia  
Schizophrenia is a complex condition, associated with genetic and environmental 

factors (Selemon and Zecevic, 2015). As mentioned before, its aetiology is still not 

clear. Strong evidence supports the notion that neurodevelopmental impairments 

are an important part underlying the disorder (Insel, 2010). To understand the 

progression and onset of schizophrenia, many studies focusing on the factor that 

affect normal neurodevelopment have been conducted. Different elements have 

been linked to higher risk of schizophrenia through neurodevelopment and are 

divided into environmental and genetic factors (Schizophrenia Working Group of 

the Psychiatric Genomics Consortium, 2014).  

1.5.1 Environmental factors 
The nervous system is continuously developing in humans since gestation, through 

childhood and into early phases of adolescence (Selemon and Zecevic, 2015). 

Environmental factors affect this process and shape, through multiple 

mechanisms, the neuronal network that underlie some of the schizophrenia-related 

behaviours. In the context of this disorder, environmental factors have been found 

to play an important role in every step of neurodevelopment.   

During gestation, maternal exposure to different environmental cues have been 

associated with an increased risk of schizophrenia later in new-born. For instance, 

a link between maternal infections and schizophrenia has been proposed (Brown, 

2012). Studies that have been conducted in different birth cohorts have shown that 

maternal infection in early to mid-term pregnancy with the parasite Toxoplasma 

gondii, is associated with a two-fold increase in the risk for schizophrenia in 

humans (Brown, 2012). Supporting this notion, similar results are found in animal 

models of maternal immune activation (MIA) (Bauman et al., 2019). In non-human 
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primates, MIA offspring showed increased striatal dopamine, similar to what is 

observed in patients with schizophrenia (Bauman et al., 2019).   

Maternal malnutrition has also been associated with schizophrenia (Xu et al., 

2009). Evidence from studies conducted after famine periods have shown that the 

population risk for schizophrenia can increase up to two-times under these 

conditions. For instance, studies carried out in the Dutch population that suffered 

a time-limited famine between 1944 and 1945 after the Nazi blockade was 

analysed. An association was found between maternal food deprivation during the 

first trimester (under 4700 kJ average daily ration) and an increase of 

schizophrenia hospitalizations in their corresponding birth cohorts (Susser, 2011). 

Similar results were found in a Chinese population that underwent a period famine 

between the years 1959 and 1961 due to the bad weather that affected agriculture 

and the economic crisis. These studies not only report a decrease in the birth rate 

over this period, but also the they had an increased risk of developing 

schizophrenia later in life of about 2% or more (St Clair et al., 2005; Xu et al., 2009).  

At postnatal stages, several environmental factors can modulate the risk for 

schizophrenia. For instance, some social and cultural changes in adolescence 

have been associated with increased risk of schizophrenia in later life stages. 

Recent findings suggest that migration processes and the minority status of groups 

are associated with an increase in schizophrenia risk. Meta-analysis from studies 

published in the topic between the years 1977 and 2003 revealed convergent 

evidence of increased risk of schizophrenia (around 2.7 to 4.5 times) in first- and 

second-generation migrants (Selten et al., 2019). New evidence suggest that this 

effect could be related to social exclusion derived from the migrant status and 

dependent on the economic status of host country (Van Der Ven and Selten, 2018).  

1.5.2 Genetic factors: genome-wide and family-based association studies 
As introduced before, the genetic component contributing to this schizophrenia is 

another hallmark of this disorder. Schizophrenia shows high heritability, in the 

range of 65-80%, and is inherited in a non-Mendelian fashion, suggesting that it 

cannot be associated with changes in a single gene, making its aetiology complex 

(Harrison, 2015; Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014). Over the years, a number linkage-association studies have 

identified risk alleles in families and some of them have subsequently been also 
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associated in an unbiased fashion with schizophrenia in different populations by 

genome-wide association studies (GWAS) (Harrison, 2015; Ripke et al., 2013) 

1.5.2.1 Synaptic hypothesis of schizophrenia  

Throughout the years, a number of genes encoding for synaptic proteins have been 

found to be associated with schizophrenia, which lead to the proposal that a 

synaptic imbalance may be a major contribution to the pathology of schizophrenia.  

(Ganapathiraju et al. 2016; Harrison 2015; Ripke et al. 2013). Moreover, changes 

in the expression of some of these proteins have been found in post mortem 

samples, further agreeing with this notion (Matosin et al., 2016; Talbot et al., 2004; 

Wang et al., 2017). These include known components of presynaptic terminals 

(e.g. the dopamine transporter, calcium channels, active zone proteins, etc) and 

molecules associated with the postsynaptic regions like N-methyl-D-aspartate 

(NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

ionotropic glutamate receptors (Harrison, 2015).  

There are several genes for whose function is not completely known but they are 

strongly associated with this disorder. For instance, the gene Disrupted-in-

schizophrenia 1 (DISC1) (Niwa et al. 2016; Owen et al. 2004), which encodes the 

pre and postsynaptic protein DISC-1, who by sequence homology is thought to be 

a scaffolding protein (Farrell et al., 2015). While, the Dystrobrevin-binding protein 

1 (DTNBP1) gene which encoding for the Dysbindin-1 protein has several 

suggested neuronal roles including neurotransmission and synaptic plasticity 

(Chen et al., 2008; Feng et al., 2008). Lastly Neuregulin-1 (NRG1) is another risk 

gene that encode a protein of the same name that has been suggested to be 

involved in the neuronal specialization, growth and synapse formation (Harrison 

and Law, 2006; Owen et al., 2004).  

1.5.2.2 Calcium channels 

The most over-represented genes associated with schizophrenia are related to 

Calcium (Ca2+) channels and calcium signalling pathways (Schizophrenia Working 

Group of the Psychiatric Genomics Consortium, 2014). Within these genes, 

voltage-gated Ca2+ channels (VGCCs) genes have been found to be enriched.  

VGCCs are major mediators of calcium influx in excitable cells in response to 

membrane depolarization. They are composed by a Cava1 subunit, plus ancillary 

Cavβ and Cavα2δ subunits, from which the Cava1 is determinant to define the 
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VGCC type. Based on their properties, the VGCCs can be divided in L-, P-/Q-, N-, 

R- and T-type. They all have different localizations, which is briefly summarize in 

Table 1.1. 

 
Table 1.1 Calcium channels types * 
Channel 
Type 

Pore 
subunit 

Gene 
name Localization 

 
Function 

L-Type 

Cav1.1 CACNA1S Skeletal Muscle Neurotransmission, 
cell cycle, 
muscular 
contraction, 
cardiac action 
potential, gene 
expression, and 
protein modulation 

Cav1.2 CACNA1C 
Heart, neurons 
(somatodendritic) and 
endocrine cells 

Cav1.3 CACNA1D Heart, endocrine cells and 
neurons (somatodendritic) 

Cav1.4 CACNA1F Retina 
P/Q-
Type Cav2.1 CACNA1A Neurons and endocrine 

cells Fast-synaptic 
neurotransmitter 
release 

N-Type Cav2.2 CACNA1B Neurons and endocrine 
cells 

R-Type Cav2.3 CACNA1E Cardiac, endocrine cells 
and neurons  

T-Type 

Cav3.1 CACNA1G Neurons and cardiac  Low voltage 
activated channels. 
Role in cellular 
excitability and 
development 

Cav3.2 CACNA1H Cardiac, kidney and liver 

Cav3.3 CACNA1I Neurons 

*Modified from (Striessnig et al., 2014). 

 

The Ca2+ channel subunit a1C (CACNA1C) gene, important in neuronal 

depolarization, was associated with schizophrenia (Curtis et al., 2011; Ripke et al., 

2013). Moreover, recent studies have shown that more polymorphisms within this 

gene are associated with schizophrenia in different populations (Eckart et al., 2016; 

Zhang et al., 2017). These and other genes were also associated with bipolar 

disorder, another neuropsychiatric disorder that shares many of the negative 

symptoms of schizophrenia (Green et al., 2010; Moskvina et al., 2009; Ripke et al., 

2013).  

A recently published GWAS have identified about 108 new loci associated with this 

disorder (Harrison, 2015; Ripke et al., 2013; Schizophrenia Working Group of the 

Psychiatric Genomics Consortium, 2014). Interestingly, some of these loci are 

related with genes highly expressed in the brain and which mediate 

neurotransmission (Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014). Furthermore, most of the genes found were clustered by gene 
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ontology within the group of Ca2+ signalling genes (Schizophrenia Working Group 

of the Psychiatric Genomics Consortium, 2014). Among the new associations, the 

gene CACNA1I encoding the Cav3.3 channel important in synaptic plasticity 

(Leresche and Lambert, 2017), and the Rab-3 interactor molecule 1 (RIM1) gene, 

appeared highlighted (Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014). Overall, this broaden the evidence supporting the notion that a 

synaptic calcium imbalance might contribute to the molecular underpinning of 

schizophrenia. 

1.6 Animal models of schizophrenia 
Most of what we know about the pathophysiology of schizophrenia arise from 

studies in animal models. It has been proposed that a valuable animal model 

should have validity in three main categories; traits, construct and predictive value 

(Jones et al., 2011). Therefore, animal models should be able to recapitulate some 

of the traits observed in schizophrenia, in terms of positive, negative and cognitive 

symptoms, among others, in order to be useful. For negative and cognitive 

symptoms, behavioural tasks can be easily assessed for instance by evaluation of 

social interactions or by measuring associative memory (Carpenter and Koenig, 

2008). However, positive symptoms are a special case, as psychosis or 

hallucinations are tricky to model, and are perhaps specific to human or require 

language to diagnose. To overcome these issues, researchers have used different 

approaches to trace indirect outputs of psychosis. The most commonly used is to 

measure pre-pulse inhibition (PPI), which assesses the normal reduction in 

responses to startle with subsequent stimuli, a characteristic form of brain plasticity 

analogous to habituation (Blundell et al., 2010; Clapcote et al., 2007; Jones et al., 

2011). In the case of rats, an acoustic stimulus, ranging from 4 to 16 decibels, is 

used to generate a startle response, which is followed by a second stimulus with 

the same characteristic. In healthy animals, the startle response generated by the 

second pulse is significatively reduced compared to the first stimulus presentation, 

whereas in schizophrenia models the difference in the startle response between 

the first and the second is unchanged. As discussed previously, the schizophrenia 

positive symptoms might arise because of a highly rigid model of perceived reality, 

that cannot be easily updated by new information or error-based information 
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(Fletcher and Frith, 2009). Hence, PPI has been proposed as a useful proxy to 

analyse positive symptoms. 

In addition, animals models should be able to replicate some of the neuronal and 

physiological landmarks of schizophrenia, for instance, changes in the main 

neurotransmission system related with this disorder and structural changes 

(Grace, 2017, 2016). Finally, a valuable animal model should be able to have a 

predictive value, this is, give more information about what we currently know.   

Several organisms, mostly mammalian models, have been used to explore this 

disorder and fulfil these criteria. Here I summarise the rat and mouse models of 

schizophrenia and their behavioural and physiological characteristics.  

1.6.1 Drug-induced models 
Drug-induced animal models of schizophrenia were the first to be described and 

some of them are still used nowadays. They recapitulate some of the positive 

symptoms of this disorder, however, some of them do not show traits related to 

negative symptoms (Carpenter and Koenig, 2008).  

Chronic amphetamine exposure is one of them. It started to be used based on the 

observations previously described on LSD, and the potential to cause psychosis. 

Animals treated with chronic amphetamine also display long-lasting PPI and 

hyperexcitation to acute amphetamine challenges (Tenn et al., 2005). However, 

this manipulation fails to impair social interactions and cognitive function (Sams-

Dodd, 1998). On the other hand, the model obtained by chronic administration of 

phencyclidine (PCP), an NMDA receptor antagonist, does display these features 

(Jones et al., 2011). For instance, rats under chronic PCP, unlike the amphetamine 

model, do display impaired social interactions. In addition, reduced PPI is also 

found in the chronic PCP rat model, although this effect disappear as soon the PCP 

administrations is reduced (Egerton et al., 2008; Mansbach and Geyer, 1989; 

Sams-Dodd, 1995).  

Finally, treatments to induce schizophrenia traits in animals can also be obtained 

at the gestational stage, like in the methylazoxymethanol (MAM) model. Due to its 

role in DNA replication, MAM model is characterized by neurodevelopmental 

defects (Carpenter and Koenig, 2008; Jones et al., 2011). Moreover, animals 

generated by this treatment display disrupted PPI, impaired social interactions and 

reduced cognitive abilities. These traits are accompanied by changes in the PFC 
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structure and hyperdopaminergia, currently one of the most complete drug-induced 

models (Grace, 2017). 

1.6.2 Genetic models 
With the introduction of linkage-association studies, GWAS and new technologies 

in transgenic manipulation, genetic animal models of schizophrenia started to 

appear. Many of the genetic animal models have been proven to be useful, giving 

interesting information about the genetic component of schizophrenia (Tuathaigh 

et al., 2013). One common feature of these models is that they are all based on a 

knock-out of the responsible gene, which is almost certainly not the case for human 

SNPs etc associated with schizophrenia. As there are considerably more genetic 

models than drug-induced ones, I summarised some of the main genetic rodent 

models based on the genes described in section 1.5.2 (Table 1.2).  

 
Table 1.2 Genetic models of schizophrenia and behavioural features 
Gene Pre-pulse 

inhibition Social interaction Cognitive phenotypes 

DISC1  
Disrupted 
(Hikida et al., 
2007) 

Impaired (Pletnikov et 
al., 2008)  

Impaired working memory 
(Pletnikov et al., 2008)  

DTBNP1  
Increased 
(Papaleo et 
al., 2012)  

Impaired (Feng et al., 
2008; Hattori et al., 
2008) 

Impaired spatial memory 
(Papaleo et al., 2012) 

NRG1 * 
Disrupted 
(Savonenko 
et al., 2008) 

Impaired/Normal 
(Savonenko et al., 2008) 

Impaired contextual fear 
conditioning (Harrison and 
Law, 2006; Savonenko et 
al., 2008) 

NMDA NRI 
+* 

Disrupted 
(Fradley et al., 
2005) 

Impaired (Mohn et al., 
1999) Normal (Ramsey, 2009) 

+NMDA NRI: NMDA receptor subunit 1. * NKO not viable. Data presented for 

hypomorphic mutants. 

 

1.7 Drosophila melanogaster as animal model 
Drosophila, with more than 100 years of research, has proven to be a particularly 

useful model for understanding biology and especially genetics. Many biological 

questions have been addressed using this model and discoveries have yielded the 

award of at least five Nobel prizes. There are several benefits of working with 

Drosophila, for instance, its lower maintenance cost, the wide range of genetic 

tools available, simple and highly tractable neural circuits and short generation 
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time. Under standard conditions of temperature and humidity, Drosophila embryos 

takes around 10 days to generate an adult fly and a single male-female cross can 

generate ~100 offspring (Vosshall, 2007).  

One of the main features of Drosophila as animal model is its highly tractable and 

well annotated genome. The Drosophila chromosomal arrangement consist of four 

pairs of chromosomes; one pair of XX or XY sex chromosomes and three 

autosomal chromosomes, usually referred as X(Y), II, III and IV, respectively. 

Moreover, the Drosophila genome is non-duplicated containing around 14,000 

genes compared to the 25,000 genes in mammals (Hales et al., 2015; Roberts, 

2006), with many orthologs of the same gene and therefore displaying genetic 

redundancy. Despite this difference, it is estimated that approximately 75% of 

known human disease-associated genes have close orthologues in the fly (Alphen 

and Swinderen, 2013).  

The human brain has around 80 billion neurons and each of them can stablish 

connections with around 10,000 neurons. Drosophila brain, instead, comprise 

around 90,000 neurons, that connect with approximately 1000 neurons, making 

this brain complex enough to show memory, sleep, courtship and addictive 

behaviours mediated by simplified and tractable neural circuits. Although the whole 

fly nervous system is simpler than mammals, each Drosophila neuron is very 

similar to a mammalian neuron with many of the same characteristics including 

action potentials and chemical neurotransmission and express many of the same 

ion channels, receptors, neuropeptides, neurotransmitters and pumps.   

1.7.1 Genetic tools 
Drosophila has a highly characterized and manipulatable genome. Throughout the 

years, a number of systems have been used to manipulate genes and their 

expression. Here, I introduce the two main tools that I have exploited in this thesis: 

the GAL4/UAS system and P-element mutagenesis. 

1.7.1 GAL4/UAS binary system 
The GAL4/UAS system was first introduced to Drosophila research by Drs Andrea 

Brand and Norbert Perrimon in 1993 (Brand and Perrimon, 1993). By using 

components of the galactose-induced expression system from yeast, the 

GAL4/UAS system allows the spatial-specific expression of transgenes in 

Drosophila. The mechanisms behind its function involves two elements, the trans-
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activating GAL4 protein and the cis-acting DNA responsive sequence named 

Upstream Activating Sequences (UAS) (Fig. 1.1). The GAL4 protein is a 

transcription factor, that binds to the UAS site and promotes the transcription of 

genes placed downstream of its sequence. These components are not normally 

expressed in the Drosophila genome, therefore, transgenic manipulations using 

this system do not usually interact with any of the fly’s endogenous transcription 

activity, so only drives transgenes artificially introduced into the fly genome (Duffy, 

2002). In order to get transgenic expression, both elements (e.g. GAL4 and UAS) 

must be present in the same fly (e.g. in heterozygote offspring, who got one GAL4 

chromosome from one homozygous parent and the other UAS chromosome from 

the other homozygous parent), otherwise they are inert on their own. Given that 

the UAS sequence is a DNA sequence present in all cells, the spatial specificity is 

given by the promoter sequences upstream of the GAL4 sequence. This is either 

achieved by fusing the GAL4 sequence downstream of promotors known to drive 

expression in specific tissues or cells or by randomly inserting Gal4 into the 

genome and screening with UAS-GFP expression in the required cells of interest. 

By crossing a transgenic fly bearing the promoter-GAL4 transgene with another fly 

containing the UAS-gene-of-interest, it is possible to obtain heterozygous offspring, 

that contain the promoter of interest which drives expression of the gene-of-interest 

in the pattern required. This gene-of-interest can be DNA for a mutant or wildtype 

fly or human gene or one that encodes a fluorescent protein. In addition to this, this 

system can be used to express RNA molecules than can cause specific gene 

knock-down. This RNA-mediated know-down is known as RNA-interference 

(RNAi) and is achieved by the cleavage of the targeted messenger-RNA (mRNA) 

through an evolutionary-conserved machinery. The specificity is achieved by 

generating RNA molecules with a complementary sequence to the targeted mRNA. 

Different molecules can be generated as short-hairpin RNA (shRNA) or double 

stranded RNA (dsRNA), that will be processed first to produce small-interference 

RNA (siRNA) molecules, which are the ones that prime to the mRNA to mediate 

the cleavage (Fig 1.1) (Heigwer et al., 2018; Scialo et al., 2016).  
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Figure 1.1 The GAL4/UAS system. When males carrying an element downstream UAS 
sequence (e.g. Gene/RNAi) are mated to females bearing a GAL4 driver, the progeny will 
bear both elements of the system (bottom panel). The GAL4 binds to the UAS sequence 
promoting the expression of an element of interest, in the pattern of expression of the 
enhancer used. In this case, siRNA molecules are generated, promoting the cleavage of 
the mRNA.   
 

1.7.2 P-elements mutagenesis 
Transposable P-elements are fragments of DNA characterized by their ability to 

‘jump’ from one place in the genome to another. These elements encode for a 

transposase, an enzyme that allows its own excision from one DNA location, be 

mobilised and then to insert pseudo-randomly in to another site (Robertson et al., 

1988). The nature of the modified P-elements can vary, however, they usually carry 

an external marker gene, such as gene that turns the colour of the fly’s eye from 

white to red when the transgenes is present in the genome, allowing the researcher 

to easily check for the presence of the transgene. When P-elements insert pseudo-

randomly into the genome they may enter directly into a gene disrupting it 

expression or function (Hummel and Klämbt, 2008). In addition, it is also possible 

to express transposase and cause the P-element to become mobile and to 

generate for what is called an imprecise excision of the P-element. This is 

generated by the tendency of P-elements to jump out the genome removing 

flanking sequence to its insertion site hence P-element can be used to delete whole 
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genes, e.g. generate knock-outs, nulls, partial loss-of-function alleles or whole 

regions of a chromosome called a deficiency or Df (Metaxakis et al., 2005).    

1.8 Exploring behaviours and circuits in Drosophila   
Drosophila has been used to explore the neuronal and genetic basis of behaviour, 

both in health and disease. Although these animals have a simple brain compared 

to mammals, they display a wide repertoire of behaviours that can be homologous 

to many mammalian behaviours (Dubowy and Sehgal, 2017; Hoopfer, 2016; 

Kacsoh et al., 2019; Malik and Hodge, 2014). Here I introduce some those that will 

be assessed in this work and mention the neural circuits involved.  

1.8.1 Olfactory behaviour 
Odorants are received by the olfactory receptor neurons (ORN), located in the 

antenna and maxillary palps, which send their projection to a primary olfactory 

centre, the antennal lobe (AL). ORN projections express only one specific type of 

olfactory receptor, and they converge onto one specific glomerulus within the AL 

based on which receptor they expressed. Therefore, defined responses of each 

glomeruli to specific signals can be found. In the AL, the ORN make synapse with 

two types of neurons, the local neurons (LNs) and the AL projection neurons (AL 

PNs). The LNs modulate the information within and between glomerulus, and the 

AL PNs send the output information to secondary processing centres, such as the 

mushroom bodies (MBs) and the lateral horn (LH; Fig. 1.2) (Hubland, 2008; 

Vosshall and Laissue, 2008; Vosshall and Stocker, 2007) .  
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Figure 1.2 Olfactory processing in mammals and insects. (A) Odorants are received 
in the olfactory receptor neurons (ORNs) which send the information to a primary 
processing centre. Here, the terminals from different ORNs are clustered in glomerulus 
(GL), where they contact with projection neurons. These neurons send projections to 
secondary centres that will define a specific behavioural output (e.g. attraction/avoidance). 
(B) The organization of olfactory system of mammals and insects are presented. The 
processing relies in similar pathways, which mediates the odorant reception to higher brain 
structures. Modified from (Vosshall and Stocker, 2007) 
 

Many neuroanatomical and functional characteristics are evolutionarily conserved, 

and similarities between the fly and mammalian olfactory system can be found. For 

example, the presence of ORN in the olfactory epithelium and the convergence to 

glomerular organization within the olfactory bulb (Hildebrand and Shepherd, 1997; 

Vosshall and Stocker, 2007). Because of this, the olfactory system of Drosophila 

serves as a useful proxy to understand the olfactory processing in mammals (Fig. 

1.2). 

As in many other insects, the fly display robust odorant-evoked behaviours and 

olfactory discrimination can be easily assessed in these animals. For instance, the 

T-maze apparatus, introduces flies at a choice point in a maze with two arms 

containing two odours (or concentrations or odour v air) allowing measurement of 

olfactory avoidance (Suh et al., 2004). This is a robust test, however, require 

hundreds of flies. New assays can be used to study olfactory discriminations. We 

have recently described a new olfactory assay using single-fly video tracking to 

presentation of an olfactory stimulus (Appendix A), this has the advantage of giving 
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information about locomotion as well as olfactory performance of flies (Hidalgo et 

al., 2017).  

1.8.2 Learning and memory 
Pavlovian conditioning has been used to generate aversive and appetitive 

memories in Drosophila. Starting with seminal studies by Tim Tully and William 

Quinn in 1974, this form of conditioning has been used to untangle the molecular 

and circuit mechanisms of memory processing in Drosophila (Heisenberg, 2003; 

Tully and Quinn, 1985). Moreover, it has been used to test schizophrenia-

associated genes in this model, proposing this as proxy to model cognitive 

symptoms of this disorder (Alphen and Swinderen, 2013; Shao et al., 2011). 

Aversive olfactory conditioning is commonly used, in which an odorant is paired 

with an electric shock to form an aversive memory in flies (Malik and Hodge, 2014). 

The retention of the memories can be assess by giving the flies a choice in the T-

maze between the shock and non-shocked odour, the fly showing learning by 

avoiding the odour previously paired with shock (More detailed in 2.2.4) (Cavaliere 

et al., 2013; Higham et al., 2019; Malik et al., 2013). Alternatively, a sugar reward 

can substitute the electric shock to explore appetitive memories (Burke et al., 2012; 

Waddell, 2013).  

The MBs have proven to be fundamental for the display of learning and memory, 

as affecting MBs neurotransmission or structure, has been shown to remove or 

implant memories (Busto et al., 2016; Davis, 2004; Heisenberg, 2003). Different 

dopaminergic neurons contacting the MBs relay either reward or punishment when 

a specific olfactory projection neuron excites a MB neuron (Fig. 1.3)  (Waddell, 

2016, 2013).  
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Figure 1.3 Mushroom body and dopaminergic innervations in Drosophila. The 
olfactory information conveys into the mushroom bodies (MBs) with the information of 
shock or sugar rewards processed by dopaminergic neurons (DAN). The DAN connects 
with the MBs through two major pathways, the posterior inferiorlateral protocerebrum 
(PPL1) cluster and the protocerebral anterior medial (PAM) cluster, which mediates the 
shock (negative) and sugar/water (positive) reinforcement, respectively. 
 

1.8.3 Social interactions 
Drosophila display many social interaction behaviours. From complex behaviours 

such as courtship to most simpler ones like grouping or clustering. However, the 

most studied social behaviours in flies are aggression and mating behaviours 

(Hoopfer, 2016).  

A new form of social behaviour has been described in Drosophila, the social space 

interaction. It is based on the principle of local enhancement, an ancient and well 

conserved characteristic of animals that tends to cause individuals to group 

together with members of their own species (McNeil et al., 2015; Simon et al., 

2012). In recent years, several publications have measured this behaviour, one of 

them modelling autism-like behaviour in flies (Ueoka et al., 2018; Xie et al., 2018).  

Aggression and mating behaviours are highly dependent on the olfactory circuit. It 

has been established that pheromones, like 11-cis-vaccenyl acetate (cVA) 

or methyl laurate (ML) secreted by male and females respectively, can modulate 

these behaviours (Dweck et al., 2015; Pitts et al., 2016; Svetec and Ferveur, 2005). 

The neuronal pathways mediating social space behaviour in flies are still unknown, 
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however, it has been suggested that dopamine can be a modulator of this 

behaviour (Fernandez et al., 2017).  

1.8.4 Circadian rhythms and sleep behaviour  
Circadian rhythms have been studied in Drosophila from almost 60 years, and 

started to gain attention when the first mutants affecting these behaviours were 

discovered (Dubowy and Sehgal, 2017). Since then, considerable amount of work 

has been conducted aiming to describe the molecular and physiological 

underpinnings that underly these behaviours. This ultimately led to the award in 

2017 of a Nobel Prize to Drs Jeffrey C. Hall, Michael Rosbash and Michael W. 

Young, for their discoveries of molecular mechanisms controlling the circadian 

rhythm in flies that are conserved with humans, and which are fundamental for 

health.  

Many circadian rhythms can be monitored as the periodicity of adult emergence 

from pupal case (eclosion rhythms) or locomotor activity, the latter, being the most 

commonly used and the one used in this thesis (Dubowy and Sehgal, 2017; 

Palacios-Muñoz and Ewer, 2018). Under 12 h light: 12 h dark cycles (LD), flies 

display a typical locomotor activity that is characterized by a peak of activity at 

morning and one at the evening. An increase in the activity can be observed prior 

the lights-on and lights-off transition, which is described as anticipatory behaviour. 

This activity pattern is also characterised by a reduction in locomotion during the 

night and during the middle of the day, which is known as ‘siesta’ much more 

pronounced in male flies than in females. These rhythms can be entrained by 

external cues, such as light and temperature, but they are able to persist in the 

absence of these signals under constant conditions, following a free-running period 

close to 24 h. The main external environmental input or entraining signal is called 

‘zeitgeber’ (ZT), from the German, meaning ‘time giver’, such that when lights come 

on say at 9am in a 12 h : 12 h LD cycle this ZT0 and lights off will be ZT12 (i.e. 

9pm). When entering into constant darkness (DD) condition, flies express a 

circadian rhythm, displaying the entrained activity pattern, so will be active in 

subjective day (circadian time CT0-12), even though it is dark in the incubator and 

will be inactive in the dark phase, subjective night, CT12-24.  

The neural circuits involved in regulating circadian locomotion in flies are well 

described and defined by the activity of a central clock network. This is the so called 
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anatomical or central clock that consists of a dispersed network of groups of clock 

neurons which rhythmically express clock genes or the so-called molecular clock 

or rhythm. The central clock is composed of dorsal and ventral groups of clock 

neurons, of which the ventral lateral neurons (LNvs), are the key pacemakers of 

the circadian rhythms (Blanchardon et al., 2001; Grima et al., 2004; Nitabach et 

al., 2002). The LNvs can be divided into the small-LNvs (s-LNvs) and the large-

LNvs (l-LNvs) with the s-LNvs being the most important in maintaining the 

molecular rhythm under DD (Nitabach et al., 2002; Rieger et al., 2006). The s-LNv 

neurons send projections to the dorsal part of the brain, where they connect with 

dorsal clock neurons and to outputs of clock, for instance the central complex which 

actually controls locomotion (Fig. 1.4) (Taghert and Shafer, 2006).  

 

Figure 1.4 The distribution and projections of the ventral lateral neurons  in 
Drosophila. The ventral lateral neurons (LNvs), part of the central clock, are major 
mediators of circadian rhythms in constant conditions. The large-LNvs (l-LNvs; green) 
projects to the medulla, where visual information arrives, and the small-LNvs (s-LNvs; 
purple) projects to the dorsal part of the brain, connecting with outputs of the clock. 
 

Sleep studies in Drosophila are relatively new, compared to their circadian 

counterpart. The first studies defined sleep in flies as when individuals were 

inactive for longer than five minutes and displayed a state of low responsiveness 

to a sensory stimulus. These studies also shown that fly sleep, like in mammals, 

has both a circadian and homeostatic component. Flies that are sleep deprived 

show sleep rebound, so subsequently catch up on the lost sleep (Dissel and Shaw, 
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2016; Shaw et al., 2000). Both, circadian and sleep behaviours in flies have been 

proposed as a way to model the behavioural deficiencies observed in 

neuropsychiatric disorders such as in schizophrenia (Alphen and Swinderen, 

2013).   

1.9 Thesis aims and structure 
The principal aim of my PhD project was to model schizophrenia symptoms in 

Drosophila by characterising fly mutants in orthologues of schizophrenia-

associated genes. I focused on the effect of these genetic manipulations on 

locomotion, olfaction, learning and memory, circadian rhythms and sleep 

behaviours based on their known involvement in schizophrenia symptoms.   

After this introduction, Chapter 2 displays all the materials and methods used in 

the course of the thesis. Then chapters 3-5 report the behavioural characterization 

of three individual genes associated with schizophrenia: DTNBP1 (chapter 3), 

RIM1 (chapter 4) and CACNA1B (chapter 5), giving background information on 

each. Chapter 6 is an overall discussion of the role of all the genes in schizophrenia 

and the suitability of flies as a model, followed by a brief conclusion and future 

experiments. After this is an appendix of work I contributed to other related projects 

during my PhD. 
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Chapter 2: Materials and Methods  

 

2.1 Fly husbandry  
Flies were raised under a LD cycle in plastic vials and bottles containing a standard 

cornmeal yeast diet, composed of a mix of 10% yeast extract, 8% glucose, 5% all-

purpose flour, 1.1% agar, 0.6% propionic acid (to attract egg laying) and 1.2% 

nipagin (used as an anti-fungal). Flies stocks were kept at 19ºC, while flies used 

for the experiments and crosses were maintained at 25ºC. For the crosses, ~10 

virgin flies and  ~10 young males from the desired genotypes were collected using 

CO2 anaesthesia and placed in one bottle or vial. Males and females can be 

differentiated by anatomical differences (females are bigger than males and have 

an extra abdominal stripe), and primary sexual characteristics, including the 

presence of the sex comb and large black reproductive apparatus at the end of the 

abdomen in males. Newly eclosed virgin females were recognized by the lack of 

pigmentation and by the presence of meconium (the first faecal material after 

eclosion is bright green). After ~4 days, parents from a cross were transferred to a 

new vial, while the offspring continued developing in the original vial. Parental 

strains are used again to obtain a new offspring and discarded after that.  

2.1.1 Fly strains and genetics 
The strains used throughout the thesis are summarised in the Table 2.1, with 

comments on their use and source. There are several wild type strains available, 

similar in terms of biological features, but with different origins. Here I described 

the ones that I used for each mutant, being the best option given the genetic 

background of each fly. The strain w1118 was used as genetic control for the dysb1 

and RimEx98/Df, flies, both generated from w1118 flies. For the cacH18, the strain 

Canton-S (CS) was used as genetic control as was the genetic background of this 

fly. The RimEx98/Df flies were generated by crossing flies bearing the RimEx98 allele 

with flies containing the Df(3R)ED5785 (henceforth Df) chromosome deletion in the 

Rim region in the genome, and selecting the RimEx98/Df flies from the offspring for 

the experiments; these flies completely lacked Rim. The RimEx98 is a genomic 

deletion spanning 19.4 kb of the Rim gene, generated by imprecise excision of a 
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P-element. The Df(3R)ED5785 is a chromosomal deletion of the third chromosome 

that also lacks the Rim gene. Both, RimEx98 and Df were homozygotic lethal.   

For the GAL4/UAS experiments, strains containing either GAL4 or UAS were 

selected and crossed with the Canton-S white minus (CSw-) strain that was used 

as control. w-, is a mutation which gives the flies white eyes, allowing to easily 

assess the presence or absence of a transgene in the flies following the presence 

of a red eye marker on the transgene. This generated heterozygotic offspring with 

the transgene on one chromosome over a wild-type chromosome (e.g. PDF-GAL4 

flies crossed with CSw- flies generated PDF-GAL4 / + control flies). For the purpose 

of simplicity in this thesis, ‘GAL4’ and ‘UAS’ were omitted from the genotypes and 

only stated the name of the driver or the gene/RNAi downstream of UAS (e.g. 

GH146-GAL4 is referred as GH146 and UAS-eGFP is referred as eGFP). 
Table 2.1 The Drosophila strains used, characteristics and source  

Fly name Comment Source* 
Controls w1118 Wild type control Dr Jorge 

Campusano, 
Pontificia 
Universidad 
Católica de Chile 

CS Wild type control Dr Scott Waddell, 
University of 
Oxford 

CSw- Wild type control Dr Scott Waddell, 
University of 
Oxford 

P-element 
derived mutants  

dysb1 Flies bearing a P-element 
within the 3' UTR 
sequence of the dysbindin 
gene, that results in a 40% 
reduction in the Dysb 
protein level (Shao et al., 
2011) 

BDSC (17918) 
(Mullin et al., 
2015; Shao et al., 
2011) 

RimEx98/Df Flies bearing the RimEx98 

allele and Df(3R)ED5785 
allele 

BDSC (78047) 
and (9207), 
respectively. 
(Graf et al., 2012; 
Muller et al., 
2012) 

RimMI03470 Transposon insertion at 
the start of 3' UTR of the 
Rim gene  

BDSC (37056) 

cacH18 Flies bearing a point 
mutation in the cac gene 
causing incomplete cac 
products, generating a 
loss-of-function mutant 

BDSC (42245) 
(Kulkarni and 
Hall, 1987; Smith 
et al., 1998) 
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Drivers (GAL4 
elements) 

GH146-GAL4 Drives expression in a 
subset of AL PNs 

BDSC (30026) 

C309-GAL4 Drives expression in the 
MBs 

BDSC (6906) 

OK107-GAL4 Drives expression 
throughout the MBs 

Dr James Hodge, 
University of 
Bristol (Higham et 
al., 2019; Malik et 
al., 2013) 

Tim-GAL4  Drives expression 
throughout the clock as 
Gal4 is placed 
downstream of the 
timeless clock gene 
promoter  

Dr James Hodge, 
University of 
Bristol (Buhl et al., 
2019; Julienne et 
al., 2017) 

PDF-GAL4 Drives expression in LNv 
clock neurons as Gal4 is 
placed downstream of the 
PDF clock gene promoter  

Dr James Hodge, 
University of 
Bristol (Buhl et al., 
2019) 

PDF-GAL4; UAS-
tub:GFP 

Expresses a GFP-tagged 
version of tubulin in the 
LNvs 

Dr Herman 
Wijnen, University 
of Southampton 

UAS constructs UAS-eGFP Expresses the enhanced 
green fluorescent protein 
(eGFP) under UAS control 

BDSC (5431) 

UAS-GCaMP6f Expresses the genetically 
encoded improved 
version of calcium 
indicator 6f (GCaMP6f) 
under UAS control 

Dr James Hodge, 
University of 
Bristol (Higham et 
al., 2019) 

UAS-Rim-RNAi (II) Expresses a dsRNA for 
RNAi under UAS control, 
located on chromosome 2  

 BDSC (44541)  

UAS-Rim-RNAi (III) Expresses a dsRNA for 
RNAi under UAS control, 
located on chromosome 3 

BDSC (27300)  

UAS-Rim:GFP Expresses a GFP-tagged 
version of Rim under UAS 
control, located on 
chromosome 3 

BDSC (78051) 
(Graf et al., 2012) 

UAS-cac-RNAi Expresses a shRNA for 
RNAi under UAS control 

VDRC 
(KK101468)  

*BDSC: Bloomington Drosophila Stock Center; VDRC: Vienna Drosophila 

Resource Center. The stock number is provided in brackets. 

2.2 Behavioural Assays  
All the behavioural assays were conducted at 25ºC, using three to five-day old 

male flies, except for the aversive olfactory conditioning to test learning and 

memory, where both sex flies were used. For single fly assays, anaesthetic was 

required to separate the flies; I used ice-induced quiescence to avoid any potential 
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long-lasting effect of the commonly used fly anaesthesia, CO2. Any anaesthesia 

was avoided prior to memory assays. 

2.2.1 Single fly video tracking  

2.2.1.1 Odour induced locomotor activity  

Male flies of the desired genotype were collected 24 h before the start of the 

experiment and kept at 25ºC in fresh food. On the day of the experiment, animals 

were anesthetized by placing the vial in the fridge for two minutes (min) and then 

transferred to a petri dish, similar to the one used for the experiments. The flies 

were allowed to acclimatize for 45 min prior the beginning of the experiments.     

Single flies were then isolated from the group and placed in an arena where their 

behaviour was recorded for three min using a webcam connected to a computer 

running the Buritrack software (Fig. 2.1A) (Colomb et al., 2012). The arena 

consisted in a 39 millimetre (mm)-diameter and five mm-high Petri dish lid. Also, 

the arena had two three-mm openings in the walls, placed in opposite sides, that 

were covered with cotton swabs tips. The Buritrack software uses the live tracking 

of the flies to generate a spreadsheet of the position of the fly within the arena in 

each frame captured using x and y coordinates (Fig. 2.1B). This information is then 

analysed using the Centroid Trajectory Analysis application, based on R language 

which was run in R-Studio (Colomb et al., 2012). This allowed the calculation of 

the following motor parameters: basal total distance travelled, mean instantaneous 

speed and the centrophobism index. The mean instantaneous speed is an average 

of each fly’s average instantaneous speed within the three min recording period. 

The centrophobism index is obtained by comparing the preference of flies to be in 

the periphery as opposed to the centre of the arena (Hidalgo et al., 2017). 
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Figure 2.1 Single fly video tracking set up. (A) A camera, connected to a computer, was 
placed above the arena to video track the position of the fly. (B) The arena used was a 
Petri dish lid, with two openings on opposite sides, blocked by two cotton wool swabs. The 
trace that the fly made (red line) during three min is recorded. (C) A heat map of the time 
that the fly spent during the three-min recordings when the fly was exposed to the aversive 
odour, benzaldehyde (Bz). Warmer colours (red) to colder colours (blue) indicate the 
preference from more to less for the flies, respectively, while white indicates absence of 
fly or 0 preference. (D) Preference was assessed by graphing the grey intensity values 
within the arena and calculating the area under the curve (AUC) of each half. 

2.2.1.2 Olfactory assay  

The same arena was also used to assess the behavioural response to an aversive 

odorant (benzaldehyde, Bz, Sigma) (Hidalgo et al., 2017). Immediately after the 

three-min recording period of naïve locomotion, 100 µL H2O was placed in one of 

the cotton wool swab tips and 100 µL of a 1% Bz solution (in water), on the other. 

Again, locomotor activity was assessed for three-min. The Buridan tracker software 

was used to obtain the positioning of the fly during this time and the centroid 

trajectory analysis application was used to generate a heat plot of fly’s preferred 

position within the arena (Fig. 2.1C). The Fiji software (NIH, Bethesda, MD) was 

used to address the aversive response towards the odorant (Fuenzalida-Uribe and 

Campusano, 2018; Hidalgo et al., 2017; Molina-Mateo et al., 2017). Briefly, the 

heat plot was divided in half, and the pixel intensity was quantified in each half (Fig. 
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2.1D). This information was used to calculate an olfactory index (OI) according to 

the following formula:  

!"	 = 	 (&'(	)!! − &'(	+,)	(&'(	)!! + &'(	+,)
 

where; AUC means area under the curve in the pixel profile. AUCH2O= time spent 

on the water side and AUCBz= time spent on the Bz side.  

This protocol was described in a recent article that we published, were I contributed 

to setting up of the behavioural assay and conducted electrochemical recordings 

(Appendix A) (Hidalgo et al., 2017). 

2.2.2 Social space paradigm  
For this behavioural assay, a previously reported social space paradigm was used 

(McNeil et al., 2015; Simon et al., 2012). Groups of 30-40 male flies were collected 

two days post eclosion and then kept on fresh food at 25ºC for 24 h. The animals 

were then transferred into fresh food vials and allowed to acclimatize for 2 h in the 

room where the experiment would take place. Using a mouth aspirator, the flies 

were transferred into a triangular arena formed by two transparent acrylics 

separated by 0.3 centimetre (cm)-thick acrylic spacers and a ruler attached to 

measure the distance between flies (McNeil et al., 2015). To start the experiment, 

the entire setup was tapped down three times to the base of the triangle and then 

the arena was placed vertically. After 30 min, a single photo was taken to measure 

the distribution of the flies in the chamber (Fig. 2.2A).  

 
Figure 2.2 Social space behaviour set up. (A) A photograph of the triangular arena with 
a group of 40 flies. In the top right is shown a label indicating the distance of 1 cm which 
was used in image processing. In the top left is shown a label indicating the genotype of 
the fly and the number of animals. (B) After image processing, the distribution of the flies 
can be assessed by the measure of the distance between each fly to its closest neighbour. 
(C) A histogram of the distance preference of the flies observed in the example given in A.  
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The Fiji software was used to calculate the distances between each fly and all the 

other flies within the arena (Fig. 2.2B) (McNeil et al., 2015; Simon et al., 2012). The 

closest neighbour of each fly was then obtained based on the distance compared 

to all the other flies. This was also used to calculate the social space index (SSI), 

as a measure of local enhancement, which is defined as the natural tendency of 

the animals of the same species to congregate and form groups (Fernandez et al., 

2017; McNeil et al., 2015). This was calculated by quantifying the number of flies 

that were within 0 to 0.5 cm to their closest neighbour (as percentage of the total) 

over the percentage of flies that prefer to stay in distances from 0.51 to 1 cm (Fig. 

2.2C).  

2.2.3 Startle-induced negative geotaxis assay 
The startle-induced negative geotaxis assay was adapted from previously 

published protocols and it is based in the natural tendency of the flies to go against 

gravity (Ali et al., 2011; Fuenzalida-Uribe et al., 2013; Sun et al., 2018). Groups of 

30-50 male flies collected were placed in 50 millilitres (mL) plastic graduated 

cylinders (height: 17 cm; diameter: 3 cm) with a mark 5 cm from the top. Flies were 

gently tapped down to the bottom of the tube and a 10 s period was allowed for the 

flies to climb to the top of the tube. A digital image was taken to quantify the number 

of flies above and below the 5-cm mark. This cycle was repeated with the same 

group of flies for 15 consecutive trials, with 30 s rest periods between each trial 

which allowed the animals to recover. An activity index was calculated which 

represents the ratio of flies above the 5-cm mark compared to the total number of 

flies, per trial.  

A climbing index was also calculated which shows the change in negative geotaxis 

response between the first and last trials and was calculated by using the following 

formula: 

(/012034	03567 = (&869:46	:;<080<=	03567	>?9	<90:/@	13 − 15)
(&869:46	:;<080<=	03567	>?9	<90:/@	1 − 3)  

 

2.2.4 Aversive olfactory conditioning 
Aversive olfactory conditioning has been used extensively in Drosophila as a mean 

to study learning and memory (Cavaliere et al., 2013; Higham et al., 2019; Julienne 

et al., 2017; Malik et al., 2013). Briefly, groups of 20-50 flies were collected and 
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kept at 25ºC and 70% relative humidity under 12hr:12hr LD cycle in the behaviour 

room overnight. This is done prior to testing to allow acclimatisation of flies to 

control conditions. Experiments were conducted using a T-maze apparatus, 

consisting on an acrylic two-choice maze connected to a constant air flow (3 

litres/min) to provide flies with either fresh air or a given odorant. This is done by 

means of an air flow passing through bubbling mineral oil or a solution of the 

odorant dissolved in mineral oil (Fig. 2.3A). The experiments were conducted under 

dim red light to prevent the confounding visual effects on olfactory memory 

formation and between ZT3 and ZT9 to avoid any confounding effect of circadian 

differences in olfactory acuity (Krishnan et al., 1999; Tanoue et al., 2004; Tully and 

Quinn, 1985). 

 
Figure 2.3 A diagram of the T-maze apparatus used for aversive olfactory 
conditioning assay. (A) During the training phase, flies were placed in a training tube 
while an odour e.g. B was presented paired with an electric shock which was provided by 
a stimulator and delivered via a copy grid lining the inside of the training tube. After that, 
flies were exposed to an odour A without shock (not shown). (B) During the test phase, 
the flies were exposed to both odours and they were free to decide to move into either 
direction, learning was demonstrated by flies avoiding the shock paired odour i.e. 
distributing in the green odour A tube. 
 

The day of the experiment, flies were transferred into a training tube lined with an 

electrifiable grid. After 90 s acclimatization, flies were exposed to either 3-octanol 

(OCT, Sigma) or 4-methylcyclohexanol (MCH, Sigma) (conditioned stimulus, CS+) 

paired with twelve 70 V DC electric shocks (unconditioned stimulus, US) over 60 s 

(Fig. 2.3A). This was followed by a 45 s rest period with fresh air. Flies were then 

exposed to the reciprocal odour (CS-), which is not paired to electric shock. 

Memory was evaluated 2 min or 1 h post-conditioning to test short-term memory 

(STM) or intermediate-term memory (ITM), respectively. For this, flies are exposed 
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to both odorants and it is recorded the number of flies that chose each tube (Fig. 

2.3B).  

 

A performance index (PI) is calculated as: 

D" = 	 (;?996;<	>/06@ − 03;?996;<	>/06@)(;?996;<	>/06@ + 	03;?996;<	>/06@) 

The OCT and MCH concentrations were carefully calibrated to allow a 50/50 

distribution of naïve flies towards the odorants. However, the CS+ odour was 

reversed in alternate groups of flies to account for innate bias toward one odorant 

and a n = 1 was calculated as the average of the PI of two alternated groups. 

Sensory motor controls were performed to assess if electric shock and odorants 

avoidance were comparable between different strains. Briefly, for olfactory acuity, 

the odorant and air were pumped through opposite arms of the T-maze and the 

flies were let to decide for 2 min. For electric shock avoidance, flies were let to 

decide between two training tubes, one of them connected to the stimulator giving 

electric shock. The flies that were correct over the total are quantified and 

responses reported as percentage of avoidance.   

2.2.5 Drosophila activity monitoring system   
Locomotor activity of the flies was quantified by using the Drosophila Activity 

Monitoring (DAM) system (DAM2, TriKinetics Inc), to assess circadian rhythms and 

sleep (Curran et al., 2019; Julienne et al., 2017). 

Flies were transferred into DAM tubes containing food at one end and a cotton 

wool plug at the other end (Fig. 2.4A) and were then loaded into DAM monitors 

(Fig. 2.4B), which contained up to 32 tubes each. These monitors contained 

infrared beams in each of the 32 channels and whenever a fly interrupted a beam, 

this was recorded and processed as a count of activity for that fly. Monitors are 

placed into incubators at 25ºC and connected to a computer running the 

DAMSystem3 data collection software (TriKinetics Inc). The host computer 

recorded the activity of the flies every min, writing the information as DAM files for 

each monitor. Flies were maintained in this system for five days under LD (with 

lights-on at 9 am and light-off at 9 pm) followed by five days in DD, to assess sleep 

and circadian rhythms, respectively. 
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Figure 2.4 Monitoring locomotor activity using the Drosophila Activity Monitoring 
system. (A) Single flies were placed in a tube that contained food at one end and a cotton 
wool plug at the other end, in the middle of the tube is an infrared beam, which when the 
fly crosses, the computer records an activity count. (B) Up to 32 of these fly containing 
tubes can be placed in a monitor that is connected to a computer. The monitor records the 
number of beam cross of each tube across 24 h periods.  
 
The raw data was first processed using the DAMFileScan software (DAM2, 

TriKinetics Inc), allowing trimming of the data to the period of interest, i.e. the first 

bin of activity on the first day in LD and the last bin of activity of the last day in DD. 

All data were then analysed in MATLAB using the sleep and circadian analysis 

MATLAB program, SCAMP (Donelson et al., 2012). Only the flies that survived 

until the last day of DD were used for the analysis.  

2.2.5.1 Circadian rhythm analysis  

Circadian locomotor rhythms are usually observed in actograms, activity plots 

where the activity of two consecutive days are plotted horizontally. For instance, 

the activity of the second day will appear in the first row next to the activity of the 

first day but also in the second row, next to the activity of the third day and so on 

(Fig. 2.5A).  
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Figure 2.5 Visualization of the circadian locomotor activity. (A) Double-plotted 
actograms are used to visualize the locomotor activity of the flies on consecutive days, 
which are plotted both horizontally and vertically i.e. the right end of day 1 line is repeated 
at the left hand beginning of the day 2 line. Grey shading indicates where lights were 
turned off and the red lines highlight the trend in the activity, indicating the free-running 
period of rhythmicity. (B) An autocorrelation analysis of the activity allows a measure of 
the strength with which the recording correlates with itself in time. It also allows to calculate 
the rhythmicity statistic, as a measure of rhythmicity strength (calculate at the third peak; 
black asterisk).  
 

To assess the rhythm strength, an autocorrelation analysis was used obtained 

using the SCAMP software (Donelson et al., 2012). In this analysis, the activity of 

each fly is compared to its own activity in time, therefore, obtaining a measure of 

how well the rhythm activity is sustained (Fig. 2.5B). From this autocorrelation it is 

possible to obtain a rhythmicity statistic (RS) value which is calculated as a ratio 

between the rhythmicity index at the third peak (height of the third peak in the 

correlogram; black asterisk in Fig. 2.5B) and the absolute value of the 95% 

confidence interval for the correlogram obtained for each fly (Levine et al., 2002a, 

2002b). By convention, RS values > 1.5 indicate strong rhythmicity characteristic 

of a normal wild type fly (Buhl et al., 2019; Julienne et al., 2017). Additionally, an 

estimated period length under free-running conditions (i.e. DD which is without 

external circadian cues) can be calculated from the distance between the 

autocorrelation peaks (i.e. lag between the peaks). Flies with RS < 1.5 were 

excluded from the period calculation (Buhl et al., 2019; Julienne et al., 2017; Levine 

et al., 2002a).   

2.2.5.2 Sleep analysis 

Sleep information can also be obtained from the locomotor activity data acquired 

through the DAM system. The SCAMP software (Donelson et al., 2012), allowed 
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identification of sleep periods, which were defined as periods of inactivity longer 

than five min. Sleep is usually visualised by plots exhibiting the mean amount of 

sleep in 30-minute bin against the time of day. This is averaged across all the days 

of the experiment, generating an averaged sleep profile (Fig. 2.6). Throughout this 

thesis, only data obtained in the last two days of LD were used, as the first three 

days were used to entrain (or synchronise) the flies to the LD cycle. From the raw 

data it is possible to obtain the total sleep amount and the sleep during the day and 

during the night.   

 
Figure 2.6 A representative sleep profile. Sleep is graphed as the amount of sleep in 
30 min bins, against the time of day. This is also averaged for a group of flies over two 
days of LD. Time is given as zeitgeber time, meaning that ZT0 is when the lights were 
switch on (09:00) and ZT12 will be when the lights were switched off. A sleep known as 
‘siesta’ is observed at the middle of the day. Data plotted as mean with SEM.  
 
2.3 Imaging  

2.3.1 Calcium imaging   
Flies were anaesthetized under CO2, decapitated and their brains were dissected 

in extracellular saline containing (in mM): 101 NaCl, 1 CaCl2, 4 MgCl2, 3 KCl, 5 D-

glucose, 1.25 NaH2PO4, and 20.7 NaHCO3 adjusted to a final pH of 7.2. Brains 

were held down using a custom-made anchor, with the dorsal part facing up for 

measuring the AL PNs terminals reaching the LH or front up for imaging the MBs. 

A 40x water-immersion lens was used, on an upright microscope (Zeiss Examiner 

Z1). Extracellular saline (3 mL/min) was used to perfuse the brains and transient 
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bath application of 100 mM potassium chloride (KCl) in extracellular solution for 12 

s was used to depolarize the neurons (Higham et al., 2019; Malik et al., 2013).   

Images were acquired with Micro-manager software at 4 frames/s with 100 ms 

exposure using a CCD camera (Zeiss Axiocam) and a 470 nm light-emitting diode 

(LED) light source (Thor Labs). The baseline fluorescence (F0) was calculated as 

the mean fluorescence during the first 20 s of recordings (80 images), prior to the 

start of KCl perfusion. The change in fluorescence relative to baseline [(F-F0)/F0, 

where F is fluorescence at any given time] was recorded, and the change in the 

peak amplitude following high KCl exposure was used as a metric of transient Ca2+ 

increase (Higham et al., 2019; Malik et al., 2013). Data were processed and 

analysed using RStudio version 1.1.463 (RStudio, Inc., Boston, MA URL 

http://www.rstudio.com/). 

2.3.2 Immunohistochemistry  
Flies were anesthetized using CO2 and brains were dissected at two day-points; 2 

h after lights on (ZT2) and 2 h after lights off (ZT14). Phosphate-buffered saline 

(PBS) containing 4% paraformaldehyde and 0.1% Triton X-100 (Sigma) was used 

to fix and permeabilise the brains for 45 min at room temperature avoiding samples 

being exposed to light. Brains were washed and blocked in 5% normal goat serum 

(NGS, Thermo Fisher Scientific) for 30 min at room temperature. Brains were 

incubated with primary antibodies in 5% NGS at 4oC for 2 days. To detect pigment 

dispersing factor (PDF) peptide a monoclonal antibody was used (1:200; 

developmental studies hybridoma bank, #PDF-C7) and green fluorescent protein 

(GFP) detection was enhanced by using an anti-GFP antibody (1:1000; Life 

Technologies # A11122). Vectashield hard set medium (Vector Laboratories) was 

used as mounting media for confocal visualization. Images were acquired using a 

Leica TCS SP8 AOBS confocal laser scanning microscope attached to a Leica 

DMi8 inverted epifluorescence microscope, which was equipped with “hybrid” 

GaAsP to improve sensitivity. A 40x oil immersion objective (40x HC PL APO CS2; 

Leica) was used and stacks of confocal images at 2 µm step size were taken.  

2.3.2.1 Image processing  

To quantify the axonal arborization of the dorsal projections of the s-LNvs, we used 

Sholl analysis (Curran et al., 2019; Gorostiza et al., 2014; Herrero et al., 2017; 

Sholl, 1953). First, images were adjusted by brightness and contrast to obtain a 
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clear view of all the terminal branches. Then, arborization was manually traced to 

produce a ‘skeleton’ of the neuronal terminals using the simple neurite tracer plugin 

on Fiji (Fig 2.7). Using this image, 10 evenly spaced (5 µm) concentric rings centred 

at the first branching of the dorsal projections were drawn and the number of 

intersections of each projection with the rings was quantified. To assess PDF 

intensity within each PDF signal a home-made Fiji macro was used using a 

Brightness/Contrast corrected copy of the PDF channel and applying an auto 

threshold function using IsoData method to define each cluster. Scoring of both, 

axonal arborization and PDF intensity were done automatized and blind to avoid 

bias.  

 
Figure 2.7 Neurite trace of a s-LNvs dorsal terminals. (A) A representative image of a 
dorsal arborization of a s-LNv neuron at ZT2 (i.e. 11 am) visualized by expressing a GFP-
tagged version of tubulin in the LNvs (PDF; tub:GFP). (B) Each branch is traced and a 
‘skeletonised’ representation of the terminal is used to quantify the arborization using Sholl 
analysis (Sholl, 1953). Scale bars are 10 µm.  
 

2.4 Semi-quantitative Reverse Transcription Polymerase Chain Reactions 
Semi-quantitative Reverse Transcription Polymerase Chain Reactions (RT-PCR) 

were used  to assess expression of the Drosophila serotonin transporter (dSERT) 

gene in control and mutant flies adapting previously published protocols (Molina-

Mateo et al., 2017). Briefly, total RNA from about 50 adult heads was obtained 

using a TRIzol (Invitrogen, Thermo Fisher Scientific) and a chloroform-isopropanol 

extraction (Hidalgo et al., 2017; Molina-Mateo et al., 2017). RNA quantification was 

evaluated using an Epoch Multi-volume Spectrophotometer (Bio Tek Instruments). 

RNA integrity was assessed by loading 1 μl of total RNA extract (~ 800 ng) onto 

an ethidium bromide-stained 1% agarose gel with 1x Tris-acetate-EDTA (TAE) 
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buffer composed by (in mM): 40 tris base, 20 acetic acid and 1 EDTA. Two major 

bands corresponding to the 18S and 28S ribosomal RNA (rRNA), the most 

abundant RNA within a cell, should be observed at the expected 2.0 kilobases (kb) 

and at 4.1 kb. Otherwise, a single band within the expected 18S size could be 

observed, as a product of the reported 28S rRNA break in two fragments of similar 

sizes to the one of the 18S (Winnebeck et al., 2010). If a sample showed RNAs of 

lower sizes than the 18S band with no 18S band, this sample was discarded as 

the RNA might have degraded. 

Reverse transcription was carried out with 1 μg of total RNA (First strand cDNA 

synthesis kit, Thermo Scientific), using oligo-dT as primers and by following 

manufacturer’s instructions. cDNA was then amplified using GoTaq G2 Flexi DNA 

polymerase (Promega). The PCR program used was; a first cycle of 15 min at 

95°C, followed by 15 s at 95°C, 20 s at 59°C and 30 s at 72°C for 40 cycles. The 

final step was at 72°C, 30 s. The PCR products from each experiment were loaded 

onto an ethidium bromide-stained 1% agarose gel which was scanned for 

digitalization and the bands quantified using Fiji software (Molina-Mateo et al., 

2017; Shao et al., 2011). A ratio of intensities for dSERT versus a GAPDH2 control 

PCR amplicon was calculated for control and mutant animals. The primers used to 

amplify a sequence corresponded to exons 7 and 8 of the mRNA of dSERT and 

were: dSERT forward primer 5′- TGCTGGTCAACTTCCTGAAT-3′ and dSERT 

reverse primer 5′-ATGAATATGGTCAGCAGGAACA-3′. The PCR product was 200 

bp. The PCR reaction conditions for the GAPDH2 gene were as indicated above, 

with the exception that 150 ng of RNA was used. Primers for GAPDH2 were as 

follows: GAPDH2 forward primer, 5′-CGTTCATGCCACCACCGCTA-3′ and 

GAPDH2 reverse primer, 5′-CCACGTCCATCACGCCACAA-3′ amplifying a PCR 

product of 72 bp.  

2.5 High-performance liquid chromatography 
Experiments of serotonin measurements were conducted in collaboration with 

Rafaella V. Zárate (Pontificia Universidad Católica de Chile) using previously 

published protocols (Molina-Mateo et al., 2017). For each independent 

measurement, five adult Drosophila brains were dissected and homogenized in 

100 µl of 0.2 M perchloric acid (PCA) by sonication. The samples were passed 

through a Whatman PES 0.2 µm filter and endogenous serotonin tissue levels were 
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quantified using 5 µL of the sample which was injected into the high-performance 

liquid chromatography (HPLC) system (BAS, West Lafayette, IN) which was 

coupled to electrochemical detection. The HPLC mobile phase, consisted of 0.1 M 

sodium phosphate monobasic, 1.8 mM 1-octanesulfonic acid and 1 mM EDTA (pH 

2.5) which was pumped at a flow rate of 60 µl/minute which yielded a retention time 

of 22.0 min for serotonin. The potential of the amperometry detector was set at 

0.650 V. Samples were analysed by comparing the peak area of the biogenic 

amine and its elution time to a reference standard.  

2.6 Drug exposure  
The protocol for drug feeding was adapted from a previously published study 

(Hidalgo et al., 2017). Male flies (3-5 days old) were kept in fresh food vials, and 

then fed 100 µM 4-methylthioamphetamine (4-MTA) (Hidalgo et al., 2017; 

Matsumoto et al., 2014) in vehicle (5% sucrose in water) presented to them on filter 

paper circles for 45 minutes prior to the beginning of the experiment.  

2.7 Statistical analysis  
All statistical analyses were performed using GraphPad Prism (version 7.00 for 

Windows, GraphPad Software). Datasets were scrutinized for normal distribution 

in order for appropriate selection of parametric or non-parametric test use. Data is 

presented as Mean ± Standard error of the Mean (SEM). Statistical tests used for 

each comparison are detailed in figure legends. Statistical levels are denoted as 

following *p < 0.05, **p < 0.01, ***p < 0.001 and not significant (ns) p > 0.05. 
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Chapter 3: The behavioural and neurochemical 

characterization of the Drosophila dysb1 mutant 

suggests changes in serotonin signalling contribute to 

the negative symptoms of schizophrenia 

 

This chapter describe the outcomes of experiments assessing the effect of the 

dysb1 mutation, on schizophrenia-related behaviours and neurochemistry in 

Drosophila. The section 3.1 gives an introduction on Dysbindin-1 function and its 

association with schizophrenia. Aims of this chapter are presented later. Results 

of dysb1 performance on olfaction, social interaction and in basal and stimulus-

gated locomotor behaviour are presented in the Section 3.3. Furthermore, a brief 

characterization of changes in the serotonergic system in dysb1 flies is presented. 

Finally, a discussion of the results of this chapter and conclusions are presented in 

the Section 3.4 and 3.5, respectively. 

  

3.1 Introduction  

3.1.1 Dysbindin-1 association with schizophrenia  
The human Dysbindin-1 gene, called DTNBP1 has been strongly associated with 

schizophrenia (Farrell et al., 2015; Tuathaigh et al., 2013; Wang et al., 2017). Since 

its first description in an Irish family by linkage-association studies (Straub et al., 

2002), several SNPs within this gene have been found to be associated with 

schizophrenia in other populations (Ayalew et al., 2012; Fanous et al., 2005; Funke 

et al., 2004). In addition, studies in post mortem samples show that the expression 

of Dysbindin-1 is decreased by 73% to 93% in the brains of schizophrenia patients 

(Talbot et al., 2004). 

Several studies have shown that subjects carrying the schizophrenia-linked high-

risk alleles of DTNBP1 exhibit a higher incidence of negative symptoms than those 

without these alleles (DeRosse et al., 2006; Fanous et al., 2005; Fanous and 

Kendler, 2005; Wessman et al., 2009).  
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In recent years, several animal models have been used to describe Dysbindin-1 

function in neurons providing remarkable insights into schizophrenia 

pathophysiology (Wang et al., 2017). For instance, a Dysbindin-1 mutant mice 

called Sandy, Sdy was generated by a large deletion of the gene, leading to a total 

loss of Dysbindin-1 expression (Li et al., 2003). Sdy mice display some 

schizophrenia-like behaviours including decreased locomotor activity and impaired 

social behaviour, as reduced number of contacts with other animals was found 

(Hattori et al., 2008). Moreover, the same deletion in a C57BL/6J genetic 

background (referred to as Dysb-/-) led to impaired spatial learning and higher 

acoustic startle reactivity to a 120-dB stimulus. This is reminiscent of what has 

been observed in individuals diagnosed with schizophrenia, which show impaired 

pre-pulse inhibition to an acoustic startle stimulus and it has been linked to the 

psychomotor symptoms related with psychosis (Papaleo et al., 2012; Wang et al., 

2017). 

3.1.2 Dysbindin-1 role in neurons 
Dysbindin-1 protein contributes to a variety of processes, from membrane stability 

in skeletal muscle to dendritic spine formation in neurons (Chen et al., 2008; Shao 

et al., 2011; Wang et al., 2017). In humans, Dysbindin-1 protein has 3 isoforms, 

generated by alternative splicing, Dysbindin-1A, B and C, of which 1A product is 

localised in the post-synaptic density, 1B in synaptic vesicles and 1C is in both (Xu 

et al., 2015). Dysbindin-1 contains coil-coil domains and a PEST domain, thought 

to be involved in the interaction with a wide range of molecules at the pre- and 

post-synaptic terminals like Snapin and DISC1 (Kurita et al., 2016; Talbot et al., 

2006). 

Several studies have shown that the dysbindin-1 protein contributes to neuronal 

structure and synaptic function. DTNBP1 knock-down affected primary 

hippocampal neurons leading to abnormally enlarged dendritic spines (Ito et al., 

1998) and descriptions in a DTNBP1 mutant mice (Chapter 1) have shown that it 

is also required for neurotransmitter release, possibly through its interaction with 

others presynaptic molecules (Chen et al., 2008). 

3.1.3 Dysbindin-1 studies in Drosophila 
In Drosophila the dysbindin-1 protein is encoded by DTNBP1 orthologue, Dysb. 

This gene was found to be expressed in neurons and glia, where it regulates 
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synaptic functions and neurotransmitter release (Lu et al., 2014; Mullin et al., 2015; 

Shao et al., 2011). The characterization of a Drosophila Dysbindin-1 hypomorphic 

mutation (dysb1) has revealed a number of neurophysiological defects, that show 

some schizophrenia-related features (Shao et al., 2011). This mutant was 

generated by a transposon insertion in the 3’ UTR end region of the Dysb gene, 

which lead to an approximate 40% reduction in the expression of the protein (Shao 

et al., 2011). The dysb1 mutant show altered presynaptic homeostasis potentiation 

(i.e. PHP, the increase of neurotransmitter release upon blockage of postsynaptic 

receptors) at the glutamatergic neuromuscular junction (NMJ) and a reduction in 

amplitude of excitatory junctional currents.  

On the other hand, Dysb function in the neurons was shown to be essential 

(Dickman  and Davis, 2009; Shao et al., 2011). dysb1 mutants have been  shown 

to have defective short- and long-term memory, impaired olfactory habituation and 

mating preferences (Mullin et al., 2015; Shao et al., 2011). Because of this, dysb1 

has been proposed as a Drosophila model of schizophrenia (Shao et al., 2011). 

Moreover, Shao et al. (2011) demonstrated that dysb1 flies have decreased 

glutamatergic (hypoglutamatergia) transmission and increase dopaminergic 

transmission (hyperdopaminergia), both  characteristic changes observed in 

schizophrenia (Grace, 2017).  

Although these reports have provided important insights into the cellular and 

molecular function of dysbindin-1, there are still open questions regarding the 

behavioural consequences of the loss-of-function of this gene. 

3.2 Aims  

As introduced in Chapter 1, Dysbindin-1 mutants have been used as an animal 

model to study some of the events underlying the progression of schizophrenia. 

Therefore, building on its extensive functional characterization we used the 

Drosophila dysb1 mutant as a proof of principle model of schizophrenia-related 

behaviours in flies. This mutant also offers a good model to explore changes in 

other neuronal systems underlying schizophrenia pathophysiology, for instance, 

the serotonergic system (Chapter 1). Consequently, the aim of this chapter was to 

characterize dysb1 performance in olfactory, locomotor and social interaction 

behavioural tasks, relevant to schizophrenia symptomatology. We also aimed to 

characterize changes in the serotonergic system in these animals.  
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3.3 Results 

3.3.1 Olfactory performance and social space are impaired in dysb1  
As discussed in Chapter 1, olfactory dysfunctions are found in schizophrenia 

patients and is well-stablished now that they form part of the symptomatology of 

this disorder (Nguyen et al., 2010; Rupp, 2010). In order to test whether olfactory 

responses are affected in dysb1 mutant flies, we used single-fly video tracking of 

flies exposed to an aversive odorant, Bz. Examples of heat maps before (Fig. 3.1A, 

left panel) and after (Fig. 3.1A, right panel) the Bz exposure showed that the flies 

avoid that side of the arena. 

 

 
Figure 3.1 Olfactory acuity to an aversive stimulus is decreased in dysb1 mutants. 
(A) Heat maps showing the preference position of a fly within the behavioural arena before 
(left panel) and after (right panel) Bz exposure to the left side. (B) dysb1 mutant showed a 
decreased avoidance to the Bz compared to control flies. Two-way ANOVA followed by 
Fisher’s LSD post hoc test. n(w1118) = 34, n(dysb1) = 21 flies. 
 

The quantification of heat maps for control and dysb1 mutant flies, show that both 

strains exhibited a strong aversive reaction to 1% benzaldehyde (F1, 105 = 46.66, p 

< 0.0001, Fig. 3.1). However, dysb1 flies show a significant reduction in the 
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magnitude of the aversion to the odorant (0.192 ± 0.039, p < 0.05, Fig. 3.1), 

compared to control flies (0.302 ± 0.027). 

To assess social impairments in the dysb1 mutant, we used a social space 

paradigm which evaluates social clustering in flies. While control flies seem to form 

groups in the arena, dysb1 mutants failed to do so (Fig. 3.2A; left and right panel, 

respectively). Control flies exhibited 0.56 ± 0.039 cm distance to their closest 

neighbour as opposed to 0.74 ± 0.038 cm distribution for dysb1 flies (p < 0.001, Fig. 

3.2B). Similar observations were obtained when comparing the social space index 

suggesting social interactions are altered in dysb1 mutants (p < 0.01, Fig. 3.2C). To 

test if this observation could be explained by a defect in centrophobism, we 

measured the centrophobism index, a measure of the preference of flies to be in 

the periphery as opposed to the centre in the arena. No difference was found when 

comparing centrophobism between mutant and control flies (p = 0.71, Fig.3.2D). 

This suggests that the social space differences observed in dysb1 mutants arise 

from defects in social interactions rather than from a centrophobism defect.  

 

 
Figure 3.2 dysb1 flies showed defects in social interaction. (A) A contrast photograph 
of the social chamber shows a representative image of the preferred distribution of control 
(w1118, left panel, black bars) and mutant flies (dysb1, right panel, red bars). Clustering is 
observed in control flies, a behaviour that is reduced in dysb1 mutant flies. (B) dysb1 flies 
present an increase in social spacing compared to control flies. (C) Social space index 
(SSI), as a measure of local enhancement (i.e. clustering in of animals within groups), is 
significantly reduced in dysb1 mutant flies. (D) Centrophobism index was unchanged in the 
dysb1 mutant compared to control flies. Data was analysed with Mann-Whitney test for 
data in B and Unpaired t-test in C and D. n(w1118) = 8 and n(dysb1) = 5 groups, ~ 40 flies 
each (B-C) and  n(w1118) = 28 and n(dysb1) = 35 flies (D). 
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3.3.2 dysb1 mutants displayed reduced basal locomotor activity and 
impaired stimulus-gated locomotor activity 
Motor dysfunction can be observed in schizophrenia patients and this can range 

from impaired eye movement to Parkinsonism, however, the mechanisms 

underlying this dysfunctions are unclear (Hirjak et al., 2018; Manschreck et al., 

1981; Walther and Strik, 2012; Wolff and O’Driscoll, 1999). To further characterize 

the behavioural deficits of the dysb1 mutant, we measured basal and startle-

induced locomotion. The single-fly tracking assay was used again to measure 

locomotion in these flies before and after Bz exposure. Examples of traces of a 

single control (Fig. 3.3A, left panel) and dysb1 fly (Fig. 3.3A, right panel) evidenced 

a reduction in motor activity in mutant animals. The quantification of traces in 

different flies further supports this notion. Two-way ANOVA analysis showed an 

influence of genotype (F1, 91 = 12.16, p < 0,0001) and Bz exposure (F1, 91 = 4.911, 

p < 0.05) to the distance that the flies travelled. Under control conditions, dysb1 

flies (395.7 ± 59.3 mm) showed reduced distance travelled compared to control 

flies (811.5 ± 105.5 mm, p < 0.0001, Fig. 3.3B). Moreover, the mean of the 

instantaneous speed was also affected by the genotype and Bz exposure. dysb1 

showed reduced locomotion under basal conditions (10.25 ± 0.12 mm/s), 

compared to the control flies (11.55 ± 0.26 mm/s, p < 0.001, Fig. 3.3C). 

Interestingly, the influence of benzaldehyde could only been observed in control 

flies who exhibited a reduction in both distance travelled (811.53 ± 105.48 mm; Fig. 

3B) and mean of instantaneous speed (11.55 ± 0.23 mm/s) upon benzaldehyde 

exposure (distance travelled; 484.33 ± 61.23 mm, p < 0.001, Fig. 3.3B; speed; 

10.78 ± 0.17 mm/s, p < 0.0001, Fig. 3.3C). These parameters are not affected in 

dysb1 mutant flies exposed to the odorant (distance travelled: Controldysb1 = 395.71 

± 59.26 mm vs Bzdysb1 = 413.77 ± 43.23 mm, p = 0.9977, Fig. 3.3B; speed: 

Controldysb1 = 10.25 ± 0.12 mm/s vs Bzdysb1 = 10.02 ± 0.13 mm/s, p = 0.7361, Fig. 

3.3C). 
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Figure 3.3 Basal and induced-locomotor responses are reduced in dysb1 mutants. 
(A) Representative experiments in which tracking was carried out in single w1118 (left) and 
dysb1 (right) flies for three min, to assess basal locomotion. (B) The total distance travelled 
and the Instantaneous speed (C) were measured before (control) and after benzaldehyde 
(Bz) exposure. (D) The climbing assay was conducted in 15 consecutive trials to test 
induced-locomotor activity of flies. Linear regression is represented by solid lines. (E) The 
change in locomotor activity was quantified and calculated as a climbing index, defined as 
the ratio between activity in the last 12-15 trials and the first 1-3 trials. A decrement in 
climbing response is represented as activity values < 1. Data was analysed using two-way 
ANOVA with Tukey’s post hoc test in B or followed by a Sidak’s post hoc test in D. The 
unpaired t-test was conducted in E. n(w1118) = 23 and n(dysb1) = 22 flies in B and C. n(w1118) 
= 9 and n(dysb1) = 10 groups of flies, ~40 flies each in D and E. 
 
Startle-induced locomotor responses were assessed by using the climbing assay 

described in Chapter 2. Briefly, this assay quantifies locomotor activity by 

assessing the response of the fly to being tapped to the bottom of a tube. This 

manipulation causes a negative geotaxis response, where the flies climb up the 
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inside of a tube wall opposite to gravity. The number of flies that got to the top tube 

in a defined period of time was counted. Afterwards, an activity index is calculated 

comparing the number of flies that reach the top of the tube over the total number 

of flies assessed. The same climbing assay is repeated on the same set of flies a 

number of times (e.g. 15 trials). In the first trials, induced locomotion was not 

different in dysb1 mutants compared to controls (Trial 1w1118 = 0.326 ± 0.061 vs. 

Trial 1dysb1 = 0.174 ± 0.040, p = 0.4658). However, dysb1 flies showed reduced 

performance in latter trials (Trial 15w1118 = 0.257 ± 0.067 vs. Trial 15dysb1 = 0.037 ± 

0.015, p = 0.049, Fig. 3.3D). Comparison of the activity index of flies over 15 

consecutive trials showed that the control flies sustain their score over time, while 

dysb1 flies decrease their performance (as determined by a linear regression slope 

which was different from hypothetical zero, F test, w1118 p = 0.5055 and dysb1 p < 

0.001). To quantify this decrement, a climbing index was calculated: an index value 

of 1 indicates that performance in the first and last trials were not different, whereas 

an index value smaller than 1 indicates a reduction in performance. This analysis 

revealed a 40% reduction in the startle-induced response of dysb1 flies compared 

to control (w1118 = 1.02 ± 0.16 vs. dysb1 = 0.57 ± 0.13, p < 0.05, Fig. 3.3E).  

3.3.3 dysb1 mutants exhibit alterations in the serotonergic system 
It has been argued that negative symptoms of schizophrenia are linked to changes 

in the serotonergic system. I sought to determine if changes in this system (Fig. 

3.4A) were observed in dysb1 mutants. Quantification of serotonin levels by HPLC 

in Drosophila brains showed a reduction in the total brain content of this 

neurotransmitter in dysb1 flies compared to control flies (w1118 = 61.19 ± 3.57 

fmol/brain vs dysb1 = 40.71 ± 9.54 fmol/brain, p < 0.05, Fig. 3.4B n=4). 

Interestingly, an increase in the expression of the dSERT was also found in dysb1 

mutants compared to control flies (w1118 = 0.73 vs dysb1 = 1.39, p < 0.05, Fig. 3.4C-

D). These data support the idea that the dysb1 mutants have an imbalance in their 

serotonergic system. 
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Figure 3.4 Components of the serotonergic system were altered in dysb1 mutant. (A) 
Representation of 4-MTA action in the terminals of serotonergic neurons. The Drosophila 
serotonin transporter (dSERT) is localised to the presynaptic terminals of serotonergic 
neurons, where it mediates the reuptake of serotonin. 4-MTA, an amphetamine-derived 
releasing agent, binds to the dSERT increasing 5-HT levels in the synaptic cleft. (B) 
Quantification of brain serotonin by HPLC showed a reduction in levels of the 
neurotransmitter in dysb1 compared to control flies. (C) Semi-quantitative RT-PCR showed 
an increase in dSERT expression in dysb1 heads compared to control flies as seen in two 
independent samples. (D) Quantification of four independent experiments indicates a two-
fold increase. (E) Feeding flies 100 μM 4-MTA, caused a reduction in locomotion in control 
and mutant flies. (F) While 4-MTA induced a reduction in the activity index in control flies, 
a bigger reduction in activity was observed in dysb1 as compared to control flies. Data 
analysed with an unpaired t-test in B and D and F and two-way ANOVA followed by a 
Holm-Sidak’s post hoc test in E. n(w1118) = 5 and n(dysb1) = 5 brains in B. n(w1118) = 4 and 
n(dysb1) = 4 samples, 50 heads each in D. n(w1118) = 6 and n(dysb1) = 8 groups, ~40 flies 
each, in E and F. 
 
To further assess changes in serotonergic signalling in dysb1 mutants, flies were 

fed 4-MTA, a serotonin releasing drug targeting SERT similar to fluoxetine (used 

to treat schizophrenia as discussed in Chapter 1) (Spina et al., 1994) and then 

induced-locomotor responses were measured. 4-MTA reduced the climbing 

activity index in both dysb1 and control flies (Vehiclew1118 = 0.79 ± 0.08 vs. 4-

MTAw1118 = 0.52 ± 0.05; Vehicledysb1 = 0.41 ± 0.05 vs. 4-MTAdysb1 = 0.18 ± 0.07, p 

< 0.0157 and p < 0.0286 respectively, Fig. 3.4E). A two-way ANOVA showed a 
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genotype (F 1,24 = 32,29, p < 0.0001) and a drug effect (F1,24 = 16,30, p < 0.001). 

However, this analysis shows that these factors did not interact to explain the 

variation observed (F 1,24 = 0.0932, p = 0.7628). The reduction as a percentage of 

the control condition (vehicle) was compared for each strain with the effect of 4-

MTA being greater for dysb1 than control flies (w1118 = 34.67 ± 5.718 vs dysb1= 

71.75 ± 10.56, p = 0.007, Fig. 3.4F). 

 

3.4 Discussion  
Several animal models of schizophrenia have begun to elucidate the 

pathophysiology of the disorder (Sigurdsson, 2016), although much remains to be 

understood, including the missing heritability of this complex disease. In this 

regard, animal models based on the genetic alterations recently identified by 

GWAS may provide an important source of new information (Carpenter and 

Koenig, 2008; Jones et al., 2011). Here, we characterized the dysbindin 

hypomorphic mutant, dysb1, the fly ortholog of the DTNBP1 gene, in which 

mutations have been associated with increased risk of schizophrenia (Ayalew et 

al., 2012; Funke et al., 2004). We extended previous behavioural and cellular 

pathological descriptions of the dysb1 mutant (Dickman and Davis, 2009; Larimore 

et al., 2017; Mullin et al., 2015) to include behaviours related to negative 

symptoms, revealing a contribution of the serotonergic system to mutant 

pathology.  

3.4.1 Social space and olfactory alterations in dysb1 mutant flies 
Altered social interaction has been described in schizophrenia and constitutes a 

classical negative symptom, which is one of the hallmarks of the disorder. Social 

interaction defects are also a characteristic observed in animal models of the 

disease (Jones et al., 2011; Sigurdsson, 2016; Tuathaigh et al., 2013). Previous 

descriptions of dysbindin mutants, both in mice and flies, showed a wide range of 

alterations in social behaviours. While sdy mice showed reduced social contact in 

an open field paradigm (Feng et al., 2008; Hattori et al., 2008), dysb1 flies showed 

defective mating orientation (Shao et al., 2011).  

Here, we evaluated the performance of dysb1 flies in a new paradigm to study 

social space. The new setup addresses a specific aspect of social interactions 

observed in humans, namely social space, which relies on the interaction between 
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a person and his surrounding environment through their personal space 

(Fernandez et al., 2017; McNeil et al., 2015; Simon et al., 2012; Ueoka et al., 2018). 

This assay has been previously used to evaluate how dopamine affects social 

behaviour in flies (Fernandez et al., 2017), how the progeny of older animals exhibit 

increased asociality (Brenman-Suttner et al., 2018) and to study alterations in 

social behaviours associated with neurodevelopmental disorders (Kaur et al., 

2015; Wise et al., 2015). Using this assay, I show that dysb1 display altered social 

space behaviour, consistent with the importance of Dysbindin in pathways that 

regulate social behaviours in mammals and flies. Specifically, I showed an 

increased social spacing in dysb1 flies compared to control flies. Interestingly, my 

observations are consistent with several behavioural studies in schizophrenia 

patients including those that show similar defects assessed by stop-distance 

techniques in natural environments or similar measures performed in virtual reality. 

For instance, highly enlarged changes in personal space have been reported by 

people diagnosed with schizophrenia when they report at what distance they start 

to feel discomfort from another subject approaching (Deuš and Jokiá-Begić, 2006; 

Di Cosmo et al., 2018; Holt et al., 2015; Park et al., 2009).  

Although the neural circuits involved in the modulation of social space distance in 

mammals and insects remains to be fully elucidated, it has been suggested that 

social space in invertebrates is highly dependent of the olfactory system. For 

instance, It was shown that nesting behaviours, similar to the grouping behaviours 

described here, depends on the ability to recognize other members of a community 

via olfactory cues in ants (Trible et al., 2017). Moreover, as in other 

neuropsychiatric and neurodegenerative disorders, olfactory acuity is decreased in 

schizophrenia (Auster et al., 2014; Nguyen et al., 2010; Robabeh et al., 2015; 

Rupp, 2010). Thus, we decided to assess whether dysb1 mutants exhibit olfactory 

alterations. Our results indicate that dysb1 mutants exhibit an intrinsic olfactory 

processing deficit, namely a reduction in aversion to benzaldehyde. Interestingly, 

it has been reported that dysbindin is important in the modulation of short-term 

olfactory habituation in flies (Mullin et al., 2015) as well as a similar phenotype in 

mouse (Petit et al., 2017). Further experiments would be required to assess 

olfaction and social space phenotypes are linked in the dysb1, as they may arise 

independently. Knocking down Dysb in the olfactory circuit could be a suitable next 

step to test this.   
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3.4.2 Basal locomotion and induced startle locomotor responses are altered 
in dysb1 mutants 
Motor impairment is another feature in patients diagnosed with schizophrenia 

(Hirjak et al., 2018; Manschreck et al., 1982; Wolff and O’Driscoll, 1999). These 

motor defects are highly correlated with the negative symptoms of the disease and, 

therefore, have received attention as clinical markers of this disorder (Walther and 

Strik, 2012). 

Interestingly, DTNBP1 mutations result in motor deficits that have been associated 

with a higher severity of schizophrenia negative symptoms (DeRosse et al., 2006; 

Walther and Strik, 2012). Since previous observation in sdy mice have shown a 

significant reduction in locomotion in an open field test (Hattori et al., 2008), I 

decided to evaluate the basal locomotor activity in a three-cm circular arena, in 

dysb1 flies. The single-fly tracking analysis showed that the dysb1 mutant displayed 

decreased speed and distance travelled during the three-minute interval. Strikingly, 

the mouse and our fly model data are in line with clinical descriptions of motor 

dysfunction seen in patients with schizophrenia. It has been suggested that the 

motor phenotype observed in both mice and flies could be partially explained by 

poor motor coordination which is supported by early studies that have established 

that there is generalized incoordination in schizophrenics (Abboud et al., 2017; 

Manschreck et al., 1982, 1981). Dysbindin expression and function is prominent in 

skeletal muscle cells, where it forms part of the dystrophin-associated protein 

complex (DPC) which is involved in the stabilization of the muscle fibers (Talbot et 

al., 2004). Therefore, it is possible that the phenotype observed in dysb1 mutants 

arise from a sum of a muscular and neuronal dysfunction. Further experiments 

assessing the role of neuronal versus the muscular role of Dysb in the phenotypes 

I observed would be of outstanding interest. For instance, overexpressing the wild-

type version of Dysb either in all neurons or muscles in a dysb1 fly, and testing if 

this rescues mutant behaviour to wild type.  

Interestingly, while benzaldehyde triggers a reduction in locomotor responses in 

control flies, it did not have an effect in dysb1 mutants; this suggests an olfactory 

deficit in the mutant similar to what has been reported in other animal models 

(Mullin et al., 2015).  

To further characterize the role of Dysbindin in stimulated locomotor responses in 

flies, we conducted a negative geotaxis assay (Ali et al., 2011). We found that 
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dysb1 mutants behave as control flies in initial trails, while they decreased their 

response to mechanical stimuli in later trails. These findings are intriguing as others 

have presented conflicting evidence (Mullin et al., 2015; Shao et al., 2011). While 

Shao et al. reported a near 50% increase in the startle-induced locomotion in the 

dysb1 mutants, Mullin et al. were unable to find any locomotor defect at all (Mullin 

et al., 2015; Shao et al., 2011). Although the underlying causes of such 

contradictory results are unknown, we believe that the genetic background and/or 

the genetic dosage of the dysb1 expression could be differentially contributing to 

these discrepancies (Mullin et al., 2015). 

Nevertheless, our results obtained using both, the negative geotaxis and the 

single-tracking assays, are consistent on their own, agreeing with a primary 

locomotor defect found in dysb1 mutants. Moreover, the reduction over time in the 

activity index here reported for this flies could be explained by fatigue after 

repetitive tasks, which it has been observed in other flies models that also exhibited 

impaired locomotion (Bazzell et al., 2013; Gargano et al., 2005). 

3.4.3 Serotonergic dysregulation in schizophrenia  
Several studies have described changes in the serotonergic system, involving the 

serotonin receptors 1A and 2A, serotonin transporter and serotonin levels, which 

might be important in the pathology of schizophrenia (Li et al., 2019; Takano, 

2018).  

Analysis of post-mortem brain samples have provided some insights into the 

involvement of the serotonergic system in this disorder, although with some 

contradictory and inconsistent results. When direct measurements of serotonin 

concentrations have been obtained, some reports indicate that the levels are 

increased in patients with schizophrenia, while others report the opposite (Crow et 

al., 1979; Farley et al., 1980; Winblad et al., 1979).  We find serotonin levels are 

reduced in the dysb1 mutants, suggesting impaired serotonergic neurotransmission 

in these flies. A previous study also suggested a role of neuronal serotonin in adult 

Drosophila locomotion and showed reduced serotonin resulted in a reduction in 

locomotion (Neckameyer et al., 2007). Therefore, it is possible that the differences 

observed in dysb1 locomotion compared to controls arose from reduced levels of 

brain serotonin.  
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Also, recent studies have established associations between polymorphisms in 

genes involved in serotonergic neurotransmission and schizophrenia. One of these 

genes is SLC6A4, which encodes for a plasma membrane serotonin transporter 

(Dubertret et al., 2005; Fan and Sklar, 2005; Xu et al., 2019). Moreover, early 

studies in humans suggest that SERT mRNA levels and serotonin reuptake are 

increased in schizophrenia patients (Hernandez and Sokolov, 1997; Joyce et al., 

1993). In line with these reports, we observed a two-fold increase in dSERT 

expression in dysb1 flies. It is possible that the reduced serotonin levels in the dysb1 

flies we measured using HPLC, might be explained by compensatory mechanisms 

that result in the increased dSERT expression, allowing more amine reuptake from 

the extracellular space. 

We also show a stronger reduction in locomotion in dysb1 flies that were fed the 

dSERT substrate 4-MTA, compared to control flies, an effect likely due to the 

overexpression of the transporter (Hidalgo et al., 2017). Although the effect of 4-

MTA on startle-induced motor responses has not been studied before, one study 

using fluoxetine, has shown a decreased locomotor response in Drosophila larvae 

(Majeed et al., 2016). Together with our data, this suggests differences in dSERT 

expression could explain the locomotor defects observed in dysb1 mutants. Further 

experiments should be conducted to explore Dysb function in serotonergic 

neurons. Knock-down of Dysb in these neurons would help the assessment of the 

phenotypes that we observed here and whether they are associated with a direct 

role in these neurons or whether they are affected by some compensatory 

mechanisms. The later might be addressed by using inducible mutants. 

 

3.5 Conclusions of the chapter  

 
• dysb1 flies displayed reduced olfactory performances and impaired social 

interaction behaviours. 

• Basal and induce startle locomotor responses are decreased in dysb1.  

• Reduced serotonin levels and increased expression of SERT are observed in 

dysb1. 

• The behavioural phenotypes of dysb1 mutant show schizophrenia-relevant 

pathology allowing further modelling of the role of this gene in this disorder 
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including screening new serotonergic treatments to reverse the dysb1 mutant 

defects. 

 

Given that the dysb1 showed relevant schizophrenia-related behaviours in the 

tasks that we used, the next question is whether is possible to observe similar 

phenotypes in other genes associated with schizophrenia. This is addressed in 

Chapter 4 and 5.  
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Chapter 4: Differential contribution of Rim to 

schizophrenia-related behaviours in Drosophila  

  

This chapter describes the results of experiments investigating the effect of genetic 

manipulation of the Drosophila orthologue of RIM1 gene, Rim, on different sets of 

neurons in Drosophila. A brief introduction to RIM1 association with schizophrenia 

and role in neurons are illustrated in the initial sections. After that, the results of 

Rim’s contribution to olfactory performance, social behaviour and memory are 

presented. First, exploring the effects of Rim knock-down in behaviours and then 

the underlying structural and functional changes in the targeted neurons. 

Additionally, this chapter provides an insight on Rim role on circadian locomotion 

and sleep, with a subsequent section illustrating the underlying mechanisms 

including neuron plasticity and PDF release. Finally, the discussion of the 

observations gathered across this chapter and conclusions are presented in the 

last sections. 

 

4.1 Introduction  

4.1.1 The association of RIM with schizophrenia  
RIM1 genetic association with schizophrenia is relatively new, when in 2014 it 

appeared in a large GWAS, in the highly enriched category of calcium signalling 

genes. (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 

2014).  However, the peculiarity around this gene is that it was first associated with 

schizophrenia through behavioural studies, as opposite to genetic association 

study, four years before this GWAS was published (Blundell et al., 2010). 

Blundell et al. (2010), sought to analyse the role of RIM1 on schizophrenia-related 

behaviours, motivated by the observations of genetics and physiological changes 

in synaptic proteins on this disorder. The authors showed that a RIM1a 

homozygotic knock-out mouse (RIM1a-/-), displayed altered schizophrenia-related 

behaviours, including reduced PPI and enhanced effect of psychotomimetic drugs. 
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Other behavioural studies have shown RIM1 contribution to other behaviours using 

the same mutant. For instance, RIM1a-/- mutants displayed reduced performance 

in a fear conditioning memory task, suggesting a critical role of RIM1 in learning 

and memory. Moreover, social impairments where found in this mutant, as the time 

spend engaged in social interactions and performing maternal behaviour were 

shown to be reduced in these animals (Blundell et al., 2010; Schoch et al., 2002). 

Interestingly, another study has shown that only some of these behavioural 

features can be observed in conditional RIM1 knock-out mice, suggesting a 

specialized role and contribution of RIM in adult neuronal circuits and behaviour 

(Haws et al., 2012). Finally, a recent study has also shown a contribution of RIM1 

to action control and habit formation, through its contribution to corticostriatal 

neurotransmission, increasing the amount of information about RIM1 function in 

behaviours (Hidalgo, 2019; Kupferschmidt et al., 2019).   

4.1.2 Rab-3 interacting molecules definition and physiological roles 
RIMs are a family of scaffolding proteins with function in neurotransmitter release. 

In vertebrates, RIMs proteins are encoded by four independent genes: RIM1, 

RIM2, RIM3 and RIM4, that give rise to seven isoforms by alternative splicing, 

which are RIM1α, RIM1β, RIM2α, RIM2β, RIM2ɣ, RIM3γ and RIM4γ, of which the 

first two, are the most studied (Kupferschmidt et al., 2019; Wang and Südhof, 

2003). Full-length isoforms have a Zn2+-finger domain, PDZ domain and two C2 

domains, specialized protein-protein interaction domains that allow RIMs to 

interact with several proteins such as Munc-13, SNAP25, Synaptotagmin I, Rab-3 

and VGCC (Gandini and Felix, 2012; Kaeser et al., 2011; Kaeser and Südhof, 

2005; Tang et al., 2016). 

RIMs are expressed in the brain and localize at the highly intricate active zone 

(AZ), a specialization of the presynaptic membrane composed of dozens of 

different proteins, contributing to vesicle cycle and neurotransmitter release 

(Ackermann et al., 2015). It has been shown that RIMs at the AZ contribute to 

vesicle priming and docking (Deng et al., 2011; Han et al., 2011; Kaeser et al., 

2011; Wang and Südhof, 2003). Furthermore RIMs play an important role in 

clustering VGCC at the AZ, specifically N- and P/Q-types, which mediate fast 

neurotransmitter release (Graf et al., 2012; Luebke et al., 1993). This function is 

possible by a direct interaction of RIMs with these Ca2+ channels, through the PDZ 
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domain of RIM, as impaired neurotransmission observed in RIM1 conditional 

knock-out mice is only restored when expressing a RIM construct bearing this site 

(Kaeser et al., 2011). The functional importance of RIM is evident as deleting RIM 

in several synapses impair spontaneous and evoked neurotransmission (Castillo 

et al., 2002; Han et al., 2011; Kaeser et al., 2011; Kupferschmidt et al., 2019; 

Schoch et al., 2002).   

4.1.3 Characterisation of Rim functions using Drosophila 
In Drosophila, the RIMs are encoded by a single gene, Rim (Graf et al., 2012; 

Wang and Südhof, 2003). The invertebrate gene is unusually large compare to the 

mammalian RIM1 gene (i.e. 11.7 kb of genomic DNA) with the longest splicing 

variant encoding a protein of approximately 300 kDa (Wang and Südhof, 2003). 

The general identity and similarity between the human RIM1 and the Drosophila 

Rim is relatively low at 21% and 31% respectively, however, all functional protein-

protein interaction domains are highly conserved (Gandini and Felix, 2012; Kaeser 

and Südhof, 2005; Wang and Südhof, 2003). 

The study of Rim in Drosophila has focused on its role in synaptic plasticity and 

neurotransmission, mostly at the highly tractable NMJ. Lack of Rim from the 

developing NMJ spares gross-morphology of the terminals, although subtle 

differences in the number of AZ are observed (Graf et al., 2012). As described 

above, positioning of VGCC at the presynaptic terminals is a key role of RIM 

(Kaeser et al., 2011). In Drosophila, Rim was required for the positioning of the 

main orthologue of the synaptic P/Q- and N-type VGCC in flies, cacophony (cac), 

in the AZ at the NMJ (Graf et al., 2012). A role in PHP was also shown at the NMJ, 

with Rim mutant flies failing to increase neurotransmitter release after postsynaptic 

glutamate-receptor blockage (Muller et al., 2012). To our knowledge, there are no 

studies of Rim function in adult Drosophila central nervous system, as oppose to 

the description in rodents. Moreover, there is no information of Rim contribution to 

behaviours in flies, even though, Rim has appeared in a number of fly screens for 

instance for courtship conditioning memory and clock neuron gene expression 

(Jones et al., 2018; Kula-Eversole et al., 2010; Wang et al., 2018). 
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4.2 Aims 
The evidence described above on Rim’s function in neurotransmitter release and 

VGCC function, suggests that it may be important in regulating behaviour, 

especially those affected in schizophrenia. Hence, I explored the structural and 

functional effects of manipulating Rim expression in neurons that regulate 

olfaction, memory and circadian rhythms in order to assess some of the 

schizophrenia-related behaviours highlighted in Chapter 1.  

 

4.3 Results 

4.3.1 Knock-down of Rim in the antennal lobe projection neurons, but not in 
the mushroom bodies, affected olfaction 
To start Rim characterization, a previously described Rim null mutant, RimEx98/Df 

(Graf et al., 2012), was used to see if lack of Rim had any effect on olfactory 

behaviour. 

Control flies actively avoided the Bz side of the arena as exemplified by the 

averaged heat map plot of positioning (Fig. 4.1A, left panel).  RimEx98/Df flies 

showed slightly less reactivity to the odorant (Fig. 4.1A, right panel). Quantification 

of the effect showed a reduction in the OI in this mutant (t = 2.654, p < 0.05, Fig. 

4.1B). A transposon insertion in the Rim gene (Mi{MIC} insertion; RimMI03407) also 

caused a reduction in olfaction (t = 2.481, p < 0.05, Fig. 4.1C). The effect observed 

is similar to that seen for the Rim null. Flies expressing a RNAi against Rim in the 

AL-PNs (GH146 > Rim-RNAi (II)) displayed around 70% reduction in the OI 

compared to controls (F2, 57 = 3.399, p < 0.05, Fig. 4.1D). Moreover, results were 

confirmed using a different RNAi line against Rim, further agreeing with this notion 

(GH146 > Rim-RNAi (III), F2, 58 = 11.75, p < 0.0001, Fig. 4.1E). In sharp contrast, 

knocking-down Rim in the MBs did not influence the olfactory performance of flies 

with neither of the two RNAi lines tested (c309 > Rim-RNAi (II), q= 1.004, p > 0.05; 

c309 > Rim-RNAi (III), q = 2.232, p > 0.05). 
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Figure 4.1 Rim mutants displayed impaired olfaction. Averaged heat-maps showing 
the position of control (A, left plot) and RimEx98/Df mutant (A, right plot) flies upon 
benzaldehyde (Bz) exposure are shown. (B) A reduction in the olfactory index was 
observed in the mutants (orange open bar) compared to control flies (black open bar) 
(Unpaired t-test). (C) RimMI03470 flies also showed reduced olfactory index compared to 
control flies (Unpaired t-test). (D) Targeted knock down of Rim in antennal lobe 
(GH146; purple bars) but not mushroom body (c309; red bars) neurons caused a reduced 
olfaction compared to the control (grey bars). (E) Similar results were observed using an 
independent RNAi transgene to Rim (one-way ANOVA with Dunnett’s post-hoc test). Data 
is presented as mean ± SEM (henceforward in all figures), n (w1118) = 12 and n (RimEx98/Df) 
= 10, n (w1118) = 34 and n (RimMI03470)   = 13, n (Rim-RNAi (II) / +) = 20, n (Rim-RNAi (III) / 
+) = 21, n (GH146 > Rim-RNAi (II)) = 20, n (GH146 > Rim-RNAi (III)) = 20, n (c309 > Rim-
RNAi (II)) = 20, n (c309 > Rim-RNAi (III)) = 20 flies. 
 

4.3.2 Rim expression in the antennal lobe projection neurons, but not in the 
mushroom bodies, was important for social space behaviour 
Altered social behaviour has been described as a symptom of schizophrenia 

patients (Kohler et al., 2001; Moberg and Turetsky, 2003; Robabeh et al., 2015; 

Rupp, 2010). As the olfactory system has been shown to be a key component in 

social outcomes in different organisms, I decided to test if flies that displayed 
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impaired olfaction are also deficient in social behaviours. Social space in 

Drosophila, was used as a proxy to model a role of schizophrenia-associated gene 

in personal space in humans, also affected in schizophrenia (Park et al., 2009). 

While control animals formed groups within the arena, RimMI03407 flies failed to do 

so (Fig. 4.2A). This is translated in an increased distance of each fly to its closest 

neighbour (U = 21418, p < 0.0001, Fig. 4.2B). Knocking-down Rim in the AL PNs 

yielded to a similar defect in clustering behaviours as RimMI03407 (Fig. 4.2C), 

confirming the importance of the olfactory system and the role of Rim in social 

behaviour. A 1.9-fold increase in social distance was observed in GH146 > Rim-

RNAi (II) flies compared to control (H = 7.929, p < 0.05, Fig. 4.2D). The effect was 

similar to that observed in RimMI0340 and reproducible with another RNAi line (H = 

12.99, p < 0.01, Fig. 4.2E). Consistent with our olfactory data, knocking-down Rim 

in the MBs did not have an effect on the distance to the closest neighbour 

compared to control flies (c309 > Rim-RNAi (II), Z= 0.5387, p > 0.05; c309 > Rim-

RNAi (III), Z = 0.8442, p > 0.05). 
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Figure 4.2 Rim expression in the antennal lobe is involved in social space 
behaviour. (A) Representative results for control (left) and RimMI03470 flies (right) are 
shown. (B) Quantification of the social distance in RimMI03470 mutants (blue open bar) and 
control flies (black open bar). (C) Representative results are shown for control flies (left) 
and for antennal lobe (GH146, middle) or mushroom body (c309, right) neuron specific 
knock-down of Rim, this revealed only a change in social clustering in GH146 > Rim-RNAi 
flies. Quantification of the distance to closest neighbour are shown in for two RNAi lines 
against Rim (D) and (E). (A) and by a Kruskal-Wallis test followed by Dunn's Multiple 
comparisons test. N = 5 repetitions in each condition with 34-40 flies for each. 
 

As differences observed might arise from locomotor defects or changes in 

centrophobism, I recorded the flies’ behaviour, to address total locomotion during 

three minutes and centrophobism. No differences were found upon knock-down of 

Rim in the antennal lobe or mushroom body, suggesting that the differences 

observed arise from social impairments (Fig. 4.3).   
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Figure 4.3 Reduced Rim expression in antennal lobe or mushroom body does not 
alter centrophobism or motor performance. The fly’s behaviour was recorded for a 3-
minute period and a centrophobism index and the total distance travelled were assessed. 
(A) Centrophobism was unchanged in GH146 > Rim-RNAi (II) (open purple bars) and in 
c309 > Rim-RNAi (III) (open red bars), compared to control flies (open grey bars). The 
same findings were replicated when using a second RNAi line (B). (C) Total distance 
travelled during the 3 min recording also appeared unchanged in GH146 > Rim-RNAi (II) 
(open purple bars) and in c309 > Rim-RNAi (III) (open red bars), compared to control flies 
(open grey bars). Again, similar results were obtained using the Rim-RNAi (III) line (D). 
Data were analysed using one-way ANOVA with Dunn's post hoc test. n (Rim-RNAi (II) / 
+) = 20, n (Rim-RNAi (III) / +) = 21, n (GH146 > Rim-RNAi (II)) = 20, n (GH146 > Rim-RNAi 
(III)) = 20, n (c309 > Rim-RNAi (II)) = 20, n (c309 > Rim-RNAi (III)) = 20 flies. 
 

4.3.3 Loss of Rim altered the structure and function of the antennal lobe 
projection neuron terminals on to the lateral horn 
Given the effect of Rim knock-down in the AL PNs on olfaction and social 

behaviour, I sought to determine if these were accompanied by changes in 

structure or function of these neurons. Expression of enhanced green fluorescent 

protein (eGFP) in the AL PNs visualised their somas, projections and terminals. 

The majority of the AL PNs send projections to the MB (Fig. 4.4, dark pink 

arrowhead) and LH (Fig. 4.4, light blue arrowhead) through the inner antenno-

cerebral tract (iACT, Fig. 4.4, dark pink arrow), while others project directly to the 
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LH through the median antenno-cerebral tract (mACT, Fig. 4.4, light blue 

arrowhead). 

 

 
Figure 4.4 The expression pattern of the GH146-GAL4 driver. Enhanced green 
fluorescent protein (eGFP) was expressed in the antennal lobe projection neurons (AL 
PNs) using the GH146-GAL4 driver. AL PNs send projections to the mushroom bodies 
(dark pink arrowhead) and lateral horn (light blue arrowhead), through the inner antenno-
cerebral tract (iACT, dark pink arrow) as well as directly to the lateral horn through the 
median antenno-cerebral tract (mACT, light blue arrowhead). Scale bar is 50 µm. 
 

It was possible to observe intact iACT and mACT pathways in controls and in 

knock-down animals and no gross-morphology changes were found (Fig. 4.5).  
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Figure 4.5 Rim knock-down did not appear to cause gross-morphological changes 
in the antennal lobe projection neurons. Representative images of GFP expression in 
the antennal lobe projection neurons of (A) control (GH146, eGFP / +), (B) GH146, eGFP 
> Rim-RNAi (II) (C) GH146, eGFP > Rim-RNAi (III) showed no apparent gross 
morphological difference. Scale bar is 50 µm. 
 

Similar antennal lobe diameter (F2, 33 = 0.9314, p = 0.40, Fig. 4.6A) and equal 

numbers of labelled cells were observed (U = 21, p = 0.73, Fig. 4.6B). Nonetheless, 

close inspection of the presynaptic terminals reaching the LH (Fig. 4.6C) 

uncovered an approximate 50% reduction in the area covered by these AL PNs 

terminals in Rim knock-downs compared to control flies (F2, 21 = 50.03, p < 0.0001, 

Fig. 4.6D). Given the role of Rim in positioning VGCC at the presynaptic terminals 

(Kaeser et al., 2011), I sought to analyse the effect of Rim knock-down in evoked 

calcium responses in the area of the AL PNs terminals reaching the LH.  
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Figure 4.6 Rim knock-down altered the antennal lobe projection neuron terminals 
on to the lateral horn. (A)  Knocking down Rim in the projection neurons did not affect 
the antennal lobe structure as maximum diameter remained unchanged compare to 
control flies. (B) The total number of eGFP positive neurons labelled with the GH146 driver 
was quantified per lobe. No differences were found when comparing GH146, eGFP / + 
control flies (black open bar) compared to GH146, eGFP > Rim-RNAi (II) (purple open bar) 
(Mann-Whitney test). n (GH146, eGFP / +) = 6 and n (GH146, eGFP > Rim-RNAi (II)) = 8 
brains each. (C) A representative confocal image of the terminals reaching the lateral horn 
from AL-PN labelled by GH146, eGFP. Scale bar 20 µm. (D) AL-PN Rim knock-down 
caused a reduction in the area covered by these terminals to about half that of controls. 
Data were analysed with one-way ANOVA with a Dunnett’s post hoc test. n (GH146, eGFP 
/ +) = 16, n (GH146, eGFP > Rim-RNAi (II)) = 14 and n (GH146, eGFP > Rim-RNAi (III)) 
= 6 brain hemispheres.  
 

The genetically-encoded calcium sensor, GCaMP6f, was expressed in the AL PNs 

and the calcium transients evoked by high [KCl] were assessed at these terminals 

(Fig. 4.7A-B). Bath application of KCl evoked a robust increase in the normalized 

fluorescence, that decayed once KCl was washed out (Fig. 4.7C). In response to 

this depolarizing activation treatment, a small but significant decrease in the 

amplitude of the peak signal was found to result from Rim knock-down (U = 6.5, p 

< 0.05, Fig. 4.7D). 
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Figure 4.7 Rim knock-down reduced evoked calcium transients of antennal lobe 
projection neuron terminals. The genetically encoded calcium sensor, GCaMP6f, was 
expressed in the antennal lobe projection neurons and its fluorescence was measured. 
(A) Basal fluorescence was low under basal conditions, (B) while addition of depolarizing 
high concentration of potassium chloride (KCl) cause an increase in calcium evoked 
fluorescence. Calibration bar showing the changes in fluorescence can be observed to the 
right. Scale bar 10 µm. (C) Transients were observed in controls and a reduction was seen 
in Rim knock-down flies both responses eventually returned to baseline after KCl was 
washed out (mean fluorescence as solid lines ± SEM in grey) (D) A reduction in the 
amplitude of the peak fluorescence was found upon Rim knock-down (Mann Whitney test. 
n (GH146; GCaMP / +) = 7 and n (GH146; GCaMP > Rim-RNAi (II)) = 8 brains.  
 

4.3.4 Rim expression in the mushroom bodies was dispensable for memory 
performance  
Another well described symptom of schizophrenia are the cognitive and memory 

impairments observed frequently in patients (Kahn et al., 2015). Moreover, RIM 

function in learning and memory was demonstrated in the RIM knock-out mouse 

(Powell et al., 2004; Takano, 2018; Topolov and Getova, 2016). Because of this, I 

decided to further investigate the role of this protein in this process in Drosophila, 

assessing its contribution in the MBs. 
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To check the localization and distribution of Rim in the MBs, I expressed a GFP-

tagged version of Rim to assess its distribution within this structure (c309 > 

Rim:GFP). Rim:GFP was widely distributed in the MB neurons including the lobes 

which consist of axons and presynaptic terminals of the MBs’ neurons (Fig. 4.8A).   

To test for a role of Rim in MB mediated memory I used aversive olfactory 

conditioning and assessed STM at 2 min and ITM at 1 h (Malik et al., 2013; Malik 

and Hodge, 2014). No effect was seen in STM (F4, 27 = 1.382, p = 0.27, Fig. 4.8B) 

or ITM (F4, 23 = 1.492, p = 0.24, Fig. 4.8C) as c309 > Rim-RNAi flies displayed 

normal memory, compared to control flies. To further confirm this result, I used a 

second MB GAL4 line and saw a similar result (STM: F4, 18 = 2.725, p = 0.06, ITM: 

H = 2.035, p = 0.36, Fig. 4.8D-E). 
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Figure 4.8 Rim knockdown in the mushroom bodies did not affect aversive olfactory 
learning and memory. (A) Expression of a Rim:GFP fusion construct throughout the 
mushroom body using OK107-GAL4 showed localisation in the lobes that include axons 
and presynaptic terminals of these neurons. Scale bar is 50 µm. Olfactory aversive 
conditioning was used to test memory in flies with reduced Rim expression in the 
mushroom body which had no effect on 2-minutes memory (short-term memory; B) or 1-
hour memory (middle-term memory; C) using the c309-GAL4 driver (One-way ANOVA 
with Sidak’s post hoc test). Similar results were yielded with the driver OK107-GAL4 in 
STM (D) and ITM (E) (Kruskal-Wallis test with Dunn’s post hoc test. n > 4 repetitions (each 
n consisted of ~100 flies) for each genotype and condition.  
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4.3.5 Rim manipulations differentially impacted locomotor activity and 
sleep under light-dark cycles  
Sleep and circadian rhythms disruption are observed in schizophrenia, with 

abnormal sleep patterns (Chan et al., 2017; Waters and Manoach, 2012), 

arrhythmic behaviours (Wulff et al., 2012; Yates, 2016) and circadian misalignment 

(Wulff et al., 2012). Drosophila has been proved as a useful model to study 

circadian rhythms and sleep (Chapter 1). In order to assess the role of Rim in sleep 

I monitored locomotor activity using the DAM system. Sleep was analysed by 

measuring locomotor activity of flies during 2 days of LD cycles, where inactivation 

periods larger than five minutes are considered sleep episodes (Donelson et al., 

2012; Dubowy and Sehgal, 2017).   

Under these conditions, RimEx98/Df flies exhibited a strong reduction in the total 

locomotor activity (i.e. activity during the 24 h period) compared to control flies (Fig. 

4.9A), that was caused by a reduction in activity during the night (Fig. 4.9B). Total 

sleep time was increased in RimEx98/Df mutants compared to control animals (Fig. 

4.9C) due to increased night sleep (Fig. 4.9D). 

 
Figure 4.9 RimEx98/Df mutants displayed reduced night locomotion and increased 
sleep. (A) Average of activity across 2 day of LD revealed RimEx98/Df mutants were less 
active than control flies at night. (B) The total activity of the flies across 24hrs was reduced 
in RimEx98/Df and this was due to reduction in night-time activity (Two-way ANOVA with 
Sidak’s post hoc test). (C) Sleep profile showed impaired sleeping patterns in RimEx98/Df 
(yellow line) compared to controls (black line). (D) Total sleep time was increased due to 
an increase in the night sleep (Two-way ANOVA with Sidak’s post hoc test). n (w1118) = 29, 
n (RimEx98/Df) = 10 flies.  
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Sleep has circadian and homeostatic components. To determine the contribution 

of the clock to sleep, Rim was knocked down throughout the clock using Tim-Gal4 

as well as just in the PDF-expressing LNvs  using the PDF-GAL4 driver (Guo et 

al., 2014; Nitabach et al., 2002). Experiments yielded to inconsistent results in both, 

locomotor activity (Fig. 4.10) and sleep (Fig. 4.11). Total activity was reduced in 

the Tim > Rim-RNAi (II) compared to Tim / + control flies but no such difference 

was found when comparing with the Rim-RNAi (II) / + control flies, while activity in 

Tim > Rim-RNAi (III) flies was unchanged (Fig. 4.10B). PDF > Rim-RNAi (II) flies 

showed reduced total locomotor activity only when comparing to Rim-RNAi (II) / +. 

Again, no differences were found using the second RNAi line (PDF > Rim-RNAi 

(III)) (Fig. 4.10D). 

 

Figure 4.10 Contribution of Rim knock-down in the clock network to locomotor 
activity under light-dark conditions. Average activity profiles show Tim > Rim-RNAi 
activity under LD (A; purple open bars) (B) Comparison of total activity levels between 
different genotypes of flies. (C) The average distribution of activity across the day and 
night in PDF > Rim-RNAi (II) is shown with the respective comparison between genotypes 
shown in (D) Data in B and D were analysed with Kruskal-Wallis test with Dunn’s post hoc 
test. n (Tim / +) = 95 , n (Tim > Rim-RNAi(II)) = 92, n (Tim > Rim-RNAi(III)) = 114, n (PDF 
/ +) = 61, n (PDF > Rim-RNAi(II)) = 94, n (PDF > Rim-RNAi(III)) = 63, n (Rim-RNAi(II) / +) 
= 32 and n (Rim-RNAi(II) / +) = 29 flies. 
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Additionally, total sleep was increased in Tim > Rim-RNAi compared to Tim / + flies 

but no with Rim-RNAi flies in both RNAi lines tested (Fig. 4.11A, lower panel). 

While, the only difference found in total sleep using the PDF-GAL4 driver was 

found between the PDF / + and PDF > Rim-RNAi (II) (Fig. 4.11B, lower panel). 

 

 

Figure 4.11 Effect of Rim knock-down in sleep. Averaged sleep profiles of Tim > Rim-
RNAi flies (A, upper panel) and PDF > Rim-RNAi flies (B, upper panel) are shown. (A, 
lower panel) Multiple comparison showed Tim > Rim-RNAi total sleep was increased 
compared to GAL4 flies (Tim / +) but no such differences were observed when comparing 
to UAS control flies (Rim-RNAi / +). (B, lower panel) Total sleep duration is decreased in 
PDF > Rim-RNAi (II) compared to Rim-RNAi (II) / + but no difference was found when 
comparing to PDF / +. n (Tim / +) = 95 , n (Tim > Rim-RNAi(II)) = 92, n (Tim > Rim-RNAi(III)) 
= 114, n (PDF / +) = 61, n (PDF > Rim-RNAi(II)) = 94, n (PDF > Rim-RNAi(III)) = 63, n 
(Rim-RNAi(II) / +) = 32 and n (Rim-RNAi(II) / +) = 29 flies. 
 

4.3.6 Rim is required in the LNvs to maintain circadian locomotor activity 
under constant darkness 
In order to determine role of Rim in circadian rhythms, locomotor activity was 

measured in DD. As opposed to control flies whose behaviour appeared rhythmic 

under constant conditions (Fig. 4.12A), RimEx98/Df flies appeared less rhythmic in 

DD (Fig. 4.12B).  Similar arrhythmic behaviour appeared in Tim > Rim-RNAi (Fig. 

4.12D-E) and PDF > Rim-RNAi (Fig. 4.12G-H) flies compared to their respective 

controls.  
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Figure 4.12 Rim knock-down in the clock affected rhythmic behaviour under 
constant darkness. Averaged double-plotted actograms of single flies of the following 
genotypes: (A) w1118, (B) RimEx98/Df, (C)Tim / +, (D) Tim > Rim-RNAi (II), (E) Tim > Rim-
RNAi (III), (F) PDF / +, (G) PDF > Rim-RNAi (II) , (H) PDF > Rim-RNAi (III) (I) Rim-RNAi 
(II) / + and (J) Rim-RNAi (III) / + for 2 days in LD (alternated white and grey) followed by 5 
days in DD. The activity patterns of RimEx98/Df, Tim > Rim-RNAi and PDF > Rim-RNAi flies 
appeared less rhythmic under DD than controls.  
 

Autocorrelation analysis revealed a reduction in RS, which is a metric of strength 

of the circadian rhythm, which was 3-times less in RimEx98/Df mutants than control 

flies (Fig. 4.13A). Flies are normally considered to be rhythmic if they have a RS 

greater than 1.5 (Buhl et al., 2019; Hodge and Stanewsky, 2008; Julienne et al., 

2017). By using this measure, 100% of control flies showed the expected wildtype 
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rhythmic behaviour. In contrast only 58% percent of RimEx98/Df mutant were 

rhythmic (Table 4.1).  

 
Table 4.1 Circadian behaviour of Rim flies in constant darkness (DD). 

This table is related to Figure 4.12 - 4.13. Data are mean ± SEM. 

 

This change was accompanied by a modest reduction in the period length in 

rhythmic flies, further supporting a circadian defect in this mutant (Fig. 4.13B). A 

similar reduction in the RS was shown in Tim > Rim-RNAi (54% and 57% for the 

respective knock-down genotypes) compared to controls (100%, 90% and 85%) 

(Fig. 4.13C) (Table 4.1). There appeared to be a reduction in the period length in 

Tim > Rim-RNAi compared to Tim / + control, but not to the UAS / + controls (Fig. 

4.13D). These conflicting results may arise from the fact that changes in circadian 

behaviours are highly dependent on the genetic background of the animal tested 

(i.e. the original flies from which the transgenic flies were made) or by opposite 

roles of different neurons in the control of periodicity, as it has been shown (Rieger 

et al., 2012; Schlichting et al., 2019; Yao and Shafer, 2014; Zimmerman et al., 

2012). In order to try to clarify the potential inconsistency between genotypes as 

well as to map the Rim circadian phenotypes to more restricted number of neurons 

in the clock circuit, Rim-RNAi was just expressed in the pacemaker LNvs. Again, 

consistent with the RimEx98/Df and Tim > Rim-RNAi arrhythmic behaviour, Rim 

knock-down in just the LNvs reduced rhythm strength (Fig. 4.13E), with only 66% 

and 51% of the PDF > Rim-RNAi flies being rhythmic compared to a 100% and 

90% for controls (Table 4.1). Moreover, comparison of the period of the rhythmic 

genotype RS % rhythmic period (h) n 
w1118 3.68 ± 0.09 100 23.53 ± 0.03 29 
RimEx98/Df 1.29 ± 0.12 42 23.25 ± 0.14 12 
Tim / + 2.45 ± 0.09 85 24.04 ± 0.05 82 
Tim >Rim-RNAi (II) 1.93 ± 0.10 54 23.82 ± 0.07 22 
Tim >Rim-RNAi (III) 2.07± 0.10 57 23.69 ± 0.04 32 
PDF / + 3.14 ± 0.11 100 23.71 ± 0.03 61 
PDF > Rim-RNAi (II) 1.99 ± 0.11 66 23.62 ± 0.06 94 
PDF > Rim-RNAi (III) 1.71 ± 0.13 51 23.29 ± 0.05 63 
Rim-RNAi (II) / + 2.76 ± 0.14 90 23.62 ± 0.06 32 
Rim-RNAi (III) / + 2.78 ± 0.11 100 23.52 ± 0.08 29 
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flies in each group again unveiled a reduction in period length in PDF > Rim-RNAi 

flies (Fig. 4.13F).  

 

 

Figure 4.13 Rim knock-down in the clock network reduced rhythmicity and 
shortened period length under constant darkness. The Rhythmicity Statistic was used 
as a measure of rhythm strength after 5 days of DD, which was when period length of the 
circadian rhythm was also measured. RimEx98/Df mutants showed a reduction in RS (A, 
orange bar) and shorter period (B, orange bar) compared to control flies (open black bars). 
(C) In order to localize this phenotype, Rim was knocked down throughout the clock again 
leading to a significant reduction in rhythm strength and (D) shortening of period compared 
to Tim / + control. (E) Further restricted expression of Rim-RNAi just to the PDF positive 
LNvs caused an even more reduction in rhythm strength and (F) lengthening of period in 
PDF > Rim-RNAi compared to control flies. Unpaired t-test were conducted for data in A 
and B. Kruskal-Wallis test were conducted for data in C, D and F with Dunn’s post hoc 
test. One-way ANOVA with Holm-Sidak’s post hoc test. n (w1118) = 29, n (RimEx98/Df) = 10 
flies, n (Tim / +) = 95 , n (Tim > Rim-RNAi(II)) = 92, n (Tim > Rim-RNAi(III)) = 114, n (PDF 
/ +) = 61, n (PDF > Rim-RNAi(II)) = 94, n (PDF > Rim-RNAi(III)) = 63, n (Rim-RNAi(II) / +) 
= 32 and n (Rim-RNAi(II) / +) = 29 
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4.3.7 Rim knock-down disrupted day/night remodelling of the s-LNvs dorsal 
terminals and PDF cycling 
Previous works have described circadian remodelling of the dorsal projections of 

the s-LNvs, going from an open state in the morning to a more simple state at night 

(Curran et al., 2019; Gorostiza et al., 2014). Furthermore, the amount of PDF 

neuropeptide in s-LNvs synaptic terminals is greater in the day than at night (Park 

et al., 2000). Given the rhythmic changes in behaviour of Rim mutants that I 

described above and the role of Rim in presynaptic terminals, I sought to analyse 

whether Rim knock-down had an effect in these clock outputs.  

A GFP-tagged version of tubulin was expressed in the LNvs, using the PDF-Gal4 

promoter, revealing GFP localisation through the l-LNvs projections to the medulla 

and the s-LNvs dorsal and ventral projections, which co-localized with the PDF 

peptide assessed by immunohistochemistry (Fig. 4.14A). During the day (ZT2) wild 

type s-LNv dorsal terminals appeared more branched than at night (ZT14) (Fig. 

4.14B) as was quantified by Sholl analysis (Fig 4.15B, right upper panel) (Sholl, 

1953). In contrast, Rim knock-down in the LNv removed this day/night remodelling 

with the dorsal terminals appearing to be in an intermediate level of complexity 

between wild type day and night levels (Fig. 4.14C). 
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Figure 4.14 Day/night differences in dorsal s-LNvs terminal complexity was removed 
by Rim knock-down. (A) PDF-GAL4 driven expression of a GFP-tagged version of tubulin 
(tub:GFP) was used to label LNvs. Tub:GFP (green) can be observed in the terminals, 
axons and somas of LNvs. Immunodetection of PDF is shown in red. Scale bar 50 µm (B) 
Dorsal terminals of the s-LNvs during day-time (ZT2 e.g. 11am) and night (ZT14 e.g. 
11pm) in control flies (top panels) and PDF; tub:GFP > Rim-RNAi (bottom panels). Scale 
bar 10 µm. Yellow lines in upper left panel in B represent the circles used for Sholl analysis. 
(C) This analysis revealed that there were significantly more axonal crosses for controls in 
day than night (open white bars). This day/night difference in terminal complexity was 
abolished in the PDF > Rim-RNAi flies (purple and red bars), two-way ANOVA with Tukey’s 
post hoc test). Mean ± SEM, (PDF; tub:GFP / +) = 18, n (PDF; tub:GFP > Rim-RNAi (II)) 
= 29, n (PDF; tub:GFP > Rim-RNAi (III)) = 13 hemispheres.  
 

In order to assess if Rim is involved in the rhythmic accumulation of PDF in s-LNv 

terminals, I quantified PDF levels at ZT2 and ZT14. In order to avoid any potential 

confound of appearing less PDF at night due to the terminals just being smaller at 

night, PDF signal intensity was measured in each PDF marked area within the 

dorsal terminals of the s-LNvs. This would make structural remodelling and 

changes in PDF accumulation independent of each other (Fig. 4.15A-B).  PDF was 

clearly seen to cycle in control flies, with high levels of PDF at ZT2 and lower levels 

at ZT14. In contrast, PDF accumulated to similar levels at ZT2 and ZT14 in PDF > 

Rim-RNAi (Fig. 4.15C), values intermediate between wild type day and night levels.  
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Figure 4.15 Day/night differences in PDF accumulation of dorsal s-LNvs terminals 
are removed in Rim knock-down. Representative confocal images showing (A) PDF 
immunohistochemical signal in the dorsal terminals of the s-LNvs and (B) potential 
localised aggregates of PDF that were highlighted in different colours by an automatized 
image processing tool which obtained separation of each from its neighbours. Scale bar 
20 µm. (C) PDF was also found to be cycling in control flies (open white bars), with high 
levels during the day (ZT2) and reduced levels at night (ZT14) as measured by the mean 
intensity of each PDF cluster. This day/night difference in PDF accumulation was missing 
in the PDF > Rim-RNAi flies (purple and red bars, two-way ANOVA with Tukey’s post hoc 
test), which remained in a perpetually high, day state. (PDF; tub:GFP / +) = 18, n (PDF; 
tub:GFP > Rim-RNAi (II)) = 29, n (PDF; tub:GFP > Rim-RNAi (III)) = 13 hemispheres. 
 

Rhythmic PDF accumulation, high in the day and low at night, has been proposed 

as clock output phenotype which could result from disrupted PDF neuropeptide 

vesicle release (Park et al., 2000). Therefore, the high levels of PDF in the dorsal 

terminals of the s-LNvs in PDF > Rim-RNAi could be explained by a potential role 

of Rim in vesicular release of PDF, leading the accumulation of perpetually high 

levels of PDF. Rim is known to regulate neurotransmitter release including at 

developing Drosophila synapses (Graf et al., 2012; Muller et al., 2012), a specific 
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role in adults or during neuropeptide release has not been reported. In order to 

determine if Rim may play such a role, the distribution of Rim and PDF in the s-

LNvs terminals was analysed. A GFP-tagged version of Rim was expressed under 

the PDF promoter and PDF was detected by immunohistochemistry, revealing 

Rim:GFP was preferentially localised in the s-LNvs terminals as well as in the 

soma, whereas it was appeared absent in the l-LNvs terminals terminating in the 

medulla (Fig. 4.16A). Interestingly, co-localisation images showed PDF was in 

close proximity to Rim:GFP, but were not directly co-localising (Fig. 4.16B). Higher 

magnification images of the terminals containing PDF showed that Rim:GFP 

formed aggregates around the sites where PDF might be released, suggesting that 

there may be some sort of functional organization of Rim and PDF in these areas 

(Fig. 4.16C). 

 
Figure 4.16 Rim:GFP was found near but not with PDF in s-LNvs dorsal terminals. 
(A) Expression of a GFP-tagged version of Rim was driven in the LNvs using the PDF-
GAL4 promoter (in green) while PDF was assessed by immunohistochemistry. Distribution 
of Rim:GFP was found to be mostly localized to the soma of the small and large LNvs 
while also appearing in the dorsal projection of the s-LNvs. (B) Higher magnification of the 
s-LNv terminals showed Rim:GFP and PDF were not completely colocalized. (C) Rim:GFP 
(green) was occasionally found to co-localise (yellow) with PDF (red). Closer inspection of 
high magnified images (bottom panels) revealed that Rim:GFP  formed aggregates (white 
dotted line), mostly separated from where PDF was localized (light blue dotted line). Scale 
bar 50 µm (A) and 10µm (B-C). 
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4.4 Discussion  
Schizophrenia is commonly diagnosed in clinical practice by a number of 

symptoms, including psychosis and asociality, however, little is known about the 

molecular mechanisms underlying these behaviours (Howes et al., 2017; Kahn et 

al., 2015). Current treatments are symptomatic and limited, as they only improve 

some symptoms in some people further highlighting the need to better understand 

the cellular underpinnings of these schizophrenia-related behaviours (Buoli et al., 

2013; Yang and Tsai, 2017). This suggests the need for animal models based on 

the genetic component of schizophrenia in order to uncover the pathophysiology 

of these poorly understood disorder and to test new experimental drug (Carpenter 

and Koenig, 2008; Jones et al., 2011; Sigurdsson, 2016). In order to address this 

need, I generated a novel high-throughput genetic and behavioural model of 

schizophrenia based on Drosophila mutant for the orthologue of the schizophrenia-

associated gene RIM1, Rim. I found Rim is required in a number of different central 

synapses to modulate schizophrenia-relevant phenotypes in flies. Also, this 

worked demonstrated Rim shows different functional roles in different types of 

neurons. 

4.4.1 Olfactory function was impaired in Rim mutants 
Rim mutants showed defects in olfactory processing with olfactory acuity to the 

normally highly aversive odorant benzaldehyde being impaired in these flies, this 

behaviour seemed to be regulated by Rim functioning in the AL PNs, as targeted 

inactivation of Rim, by expression of RNAi specifically in these neurons was 

sufficient to result in olfactory impairments (Fig. 4.1). Interestingly, similar changes 

in olfactory processing is also commonly observed in schizophrenia patients 

(Rupp, 2010). Several studies have shown that odour detection threshold 

sensitivity is reduced in patients and, moreover, these dysfunctions are 

independent of environmental factors such as neuroleptic use and smoking 

(Crespo-Facorro et al., 2001; Robabeh et al., 2015; Ugur et al., 2005). Although 

well documented, it is not fully understood how olfactory impairments arise in 

schizophrenia, however, it is seen in early stages of the disorder suggesting a role 

as a prodromal marker (Moberg and Turetsky, 2003; Rupp, 2010). This work 

demonstrated that the Drosophila olfactory system is a tractable system to evaluate 

these questions with the similarities between olfactory dysfunctions in patients with 
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schizophrenia and Rim mutant phenotypes here potentially validating this 

approach. 

A previous study have shown that transgenic mice carrying the schizophrenia-

associated G72/G30 genomic region, display schizophrenia-like pathology, 

including impaired smell (Otte et al., 2009). Moreover, a study in Drosophila using 

a null mutant dysb1, showed impaired olfactory habituation, which was 

phenocopied by downregulated Dysb expression in the AL PNs (Mullin et al., 

2015). Interestingly RIM is highly expressed in the olfactory bulb suggesting RIM 

may have a similar function in mammalian olfactory function as in flies. It would be 

interesting to know if people with RIM1 SNPs associated with schizophrenia also 

have olfactory symptoms.  

4.4.2 Social impairments and their possible olfactory origins in Rim 
mutants  
Impaired social behaviour is a hallmark of schizophrenia therefore it might be 

expected that models of this disorder may show some form of analogous deficit 

(Jones et al., 2011). I found social behaviour was also affected in Rim mutant flies 

(Fig. 4.2), specifically, social space was increased in these animals, in a manner 

reminiscent of people with schizophrenia. In line with these results, social 

impairments where found in a RIM1a-/- mutant mouse, suggesting the role of RIM, 

in olfaction and social behaviour is evolutionarily ancient. One study showed that 

the RIM1 mutants displayed decreased time engaging in social recognition of a 

novel mouse (Blundell et al., 2010). Other study suggested that deficiencies in 

maternal behaviour can be observed in RIM1a-/- mice, further suggesting an 

imbalance in social behaviour associated with RIM dysfunction (Schoch et al., 

2002). The social space defect was also observed when knocking-down Rim in the 

AL PNs, again consistent with a role of olfaction in this social behaviour (Fig. 4.2). 

Recent evidence in ants suggested that nesting behaviour (Depickère et al., 2004), 

a similar grouping behaviour than the one described here, relies on analogous 

olfactory processing (Martin et al., 2019; Takeichi et al., 2018; Trible et al., 2017; 

Yan et al., 2017). CRISPR deletion of the olfactory co-receptor, orco, significatively 

reduced the ability of mutant ants to interact with unaffected animals by a 

mechanism involving impaired olfactory processing (Trible et al., 2017; Yan et al., 

2017). My behavioural and functional data is consistent with this being the case for 
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social space in Drosophila. Future work will be required to address further genes 

contributing in this response and the neuronal circuits involved in this behaviour. 

4.4.3 Rim contributed to structure and function of the antennal lobe 
projection neuron terminals on to the lateral horn 
My data demonstrated that both, the structure and the function of the AL PNs are 

affected by knock-down of Rim (Fig. 4.6-4.7). Several studies have suggested that 

Rim is dispensable for the development of synapses, in Drosophila. It was shown 

that Rim mutations did not have any gross-synaptic morphology defects at the 

NMJ, however, modest reductions in the number of release sites was observed 

(Graf et al., 2012; Muller et al., 2012). Consistent with these findings I also found 

that in adults there is no gross-morphological changes at Rim knock-down 

synapses with no change in AL PNs numbers and its projections were found. 

However, I did find a smaller presynaptic terminal area of the AL PNs reaching the 

LH (Fig. 4.6). The AL PN axonal arborization on to the LH are likely synaptic sites 

(Jefferis et al., 2007), with the smaller size of this area that I described in my results, 

being similar to the reduction in AZ/releasing sites observed at the NMJ (Graf et 

al., 2012). It is well known that RIMs act as scaffolding molecules, clustering 

calcium channels at the presynaptic terminals of different synapses in different 

organisms (Böhme et al., 2016; Graf et al., 2012; Schoch et al., 2002). Here I show 

that Rim is required at the presynaptic terminals of the AL PNs onto the LH with a 

role in regulating calcium handling (Fig. 4.7). Rim knock-down decreased the 

amplitude of peak Ca2+ signals in response to a depolarising stimulus, which is 

consistent with the role of RIM clustering calcium channels at active zones, ready 

for calcium-dependent vesicle release from synapses.  

The olfactory defects observed in Rim mutants therefore appear to be caused by 

both functional and structural deficits of olfactory structures. It is possible that this 

may also be the case for individuals with schizophrenia. For instance, it was shown 

that patients displayed reduced cortical volume in brain areas that receive direct 

inputs from olfactory afferents (Turetsky et al., 2003). Using MRI, a reduction in the 

anterior ventromedial temporal lobe volume was present in schizophrenia patients, 

a decrement that correlates with decreased olfactory acuity (Turetsky et al., 2003). 

It was also shown using MRI that some schizophrenia patients present a 23% 

reduction in olfactory bulb volume, however surprisingly in this study there was not 

a clear correlation between this decrement and the changes in odour detection 
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sensitivity of schizophrenia patients (Turetsky et al., 2000). This portrait how 

difficult structure/function studies are to perform in humans and particularly 

schizophrenics, reiterating the need for new animal models. Additionally, a recent 

functional study has shown a dysconnectivity of olfactory regions in schizophrenia, 

that may contribute to the olfactory behaviours observed in the disorder 

(Kiparizoska and Ikuta, 2017).  

Altogether, our results on olfaction show good alignment between animal models 

including flies and humans, validating Drosophila Rim as a highly tractable model 

to assess these phenotypes. Additionally, future experiments are needed to 

investigate the role of Rim in these phenotypes, dissecting its contribution to neural 

development versus neuronal function. This would be possible by affecting Rim 

expression in the AL PNs in a time-dependent fashion, e.g. using the TARGET 

system, which by changing the temperature, would allow the expression of the 

RNAi only in adult flies (McGuire et al., 2004). 

4.4.4 Loss of Rim in mushroom body neurons had no effect on memory, 
consistent with Rim having differential contribution to different synapses 
and behaviours 
The lack of olfactory or social dysfunction resulting from Rim knock-down in the 

MBs might be explained by a number of options for instance: Rim expression in 

the MBs is dispensable for the behavioural outputs tested, Rim is not expressed in 

MB or it is expressed at such a level, that enough remains in the mutants to perform 

the behaviours. Also, because I used constitutive Gal4 promoters that express 

throughout development into adulthood, there could be some form of 

compensation occurring whereby Rim or a Rim-like proteins, like the recently 

described Fife, is upregulated in MB synapses (Bruckner et al., 2017, 2012). 

Alternatively, Rim could have differential roles in different subsets of MB neurons 

or output neurons, for instance Rim may mediate memory in some of MB lobe 

neurons, while in others it regulates forgetting, therefore pan-MB expression would 

cancel each other’s effects out (Guven-Ozkan and Davis, 2014).  Future work to 

address this further could be by misexpression of Rim in subsets of MB neurons 

or MB output neurons (Higham et al., 2019) as well as using inducible MB 

promoters (Scialo et al., 2016).   

Because Rim knock-down in the MB did not yield any STM or ITM impairment it 

would appealing to suggest that Rim is dispensable for MB function (Fig. 4.8), 
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however, I did not test other types of memory like 3 h memory, anaesthesia-

resistant memory, long-term memory, or memories formed by appetitive 

conditioning, all of these dependent of the MBs, which could have been effected 

(Burke et al., 2012; Davis, 2015; Malik et al., 2013; Tully and Quinn, 1985; Waddell, 

2013). Interestingly, assessing mushroom bodies-specific transcriptomic before 

and after different conditioning assays in Drosophila can give some insights. 

Recent studies have shown that Rim expression increased after courtship 

conditioning  (Jones et al., 2018) but no differential changes were found after 

appetitive olfactory conditioning (Widmer et al., 2018). Therefore, I would expect 

that knocking-down Rim would have an effect in courtship conditioning-dependent 

memory if this increment is important for the display of this behaviour. Future 

experiments addressing other types of memory such as the ones described, could 

be tested to dissect Rim contribution to MB functioning. 

Working memory impairments are another feature observed in schizophrenia, and 

studies using RIM knock-out mice have addressed this with inconsistent results 

(Selemon and Zecevic, 2015; Takano, 2018; Tripathi et al., 2018; Zhou et al., 

2018). While RIM1a-/- mice showed impaired memory in a fear conditioning test 

(Powell et al., 2004), deletion of RIM1 from the dentate gyrus or pyramidal neurons 

of the CA3 regions yielded normal memory in similar conditions, even though the 

hippocampus is critical for learning and memory (Haws et al., 2012). A possible 

explanation may emerge from the differential contribution of RIM that has been 

described at different synapses in mammals, that others and myself (Appendix B) 

have reviewed (Hidalgo, 2019; Lonart, 2002). For instance, deletion of RIM1 from 

the Schaffer collateral fibers and pyramidal cell synapse increased short-term 

plasticity (Schoch et al., 2002),  while deletion of RIM1 from the hippocampal 

mossy fiber and pyramidal cell synapse spared this form of plasticity (Castillo et 

al., 2002). In contrast, deleting RIM1 from the cortico-striatal synapses did not have 

an effect either on long or short-term plasticity (Hidalgo, 2019; Kupferschmidt et 

al., 2019), this again highlights the fact that RIM may have differential roles in 

different synapses. Hence, the lack of effect observed in Rim MB knock-down 

experiments could be explained by Rim having synapse-specific roles in 

Drosophila as described in mice.  
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4.4.5 Rim function in locomotion and sleep under light-dark conditions and 
its relationship with the clock  
Locomotor activity levels measurements across the day, revealed that locomotor 

activity levels were lower in RimEx98/Df in LD across the whole 24 h period and 

specifically caused by decreased activity during the night. However, this appeared 

not to be due to Rim functioning in the clock, as knocking-down Rim in the clock 

was wild type (Fig. 4.9-4.10). A possible explanation is that this effect arise from a 

defective neuron-muscle synapse. The role of Rim in the NMJ of Drosophila might 

suggests that the reduction in locomotor activity observed in RimEx98/Df mutant 

may arise from a purely peripheral dysfunction, although it was not tested in flies 

(Muller et al., 2012). Though, it has been shown in the worm Caenorhabditis 

elegans, that mutants in the RIM1 orthologous gene, unc-10, caused 

incoordination and locomotor defects (Koushika et al., 2001). To assess if the 

decrease levels in locomotion observed in RimEx98/Df mutants arise from a general 

incoordination phenotype in these flies, future experiments should be conducted 

like the roll over assay in larvae or startle-induced negative geotaxis assay in adult 

flies (Lowe et al., 2019; Sun et al., 2018). This would be consistent with 

observations in schizophrenia, as motor dysfunctions are observed in patients, 

which can range from impaired eye movement to Parkinsonism which has also 

been observed in other genetic models (Hirjak et al., 2018; Jones et al., 2011; Otte 

et al., 2009).  

Sleep phenotypes observed in schizophrenia vary between individuals. Some 

studies have shown insomnia in some patients, while others may present 

increased night-time sleep (Cosgrave et al., 2018; Wulff et al., 2012). RimEx98/Df 

flies showed increased night sleep which is in line with these findings (Fig. 4.9). 

Wulff et al. (2012) showed that schizophrenia patients could be divided by the sleep 

time into a subgroup that showed increased sleep time while the other showed 

decreased sleep time.  

Our inconsistent results when addressing Rim contributions to the circadian 

component of locomotor activity and sleep, might arise from various reasons. For 

instances, it has been shown that, although useful, the GAL4-UAS system is not 

perfect. Elements downstream the UAS sequences can be transcribed in the 

absence of the GAL4 element, and this is different for all the UAS transgene (which 

is known as ‘leak’ expression) (Akmammedov et al., 2017; Scialo et al., 2016). 
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Though, this expression should be minimal, this could also be influencing the 

results obtained. Consistent with this, in most of the cases I was able to find 

differences between the GAL4 and experimental flies (i.e. GAL4 > Rim-RNAi), but 

not with the UAS control flies. If the phenotypes observed are sensible to small 

changes in Rim expression, leaky expression should be enough to manifest in 

behaviour. This also highlight the importance of using different RNAi lines to 

confirm the results. Future experiments should be conducted to dissect this, like 

test the leaky expression by quantitative RT-PCR.  

Additionally, the tim-GAL4 line here used, was made by using the timeless 

promotor, which it is known to be regulated in a circadian manner (Stanewsky et 

al., 1998). This driver has been used to infer timeless cycling throughout the day 

and, therefore, variations in the GAL4 production and, consequently, dsRNA 

production could be happening affecting the temporality of the knock-down. 

Nonetheless, this is unlike as it has been shown that reporter proteins such as GFP 

can be found constantly expressed throughout the entire time, due to its stability 

(Kaneko and Hall, 2000). For the dsRNA, this would also be the case and although 

if only transient expression of this RNA molecules is achieved, the potency of the 

manipulation would lead to persistent changes in the knock-down activity (Bosch 

et al., 2016). 

4.4.6 Rim was required, particularly in the LNvs, to maintain circadian 
locomotion rhythmicity under continuous darkness   
Circadian rhythmicity under constant darkness showed a clear dependence on Rim 

expression in the clock network (Fig. 4.12). RimEx98/Df flies showed reduce 

rhythmicity and shorter free-running period length, phenotypes also seen when 

Rim was just knocked down in the LNvs, suggesting a specific role of Rim in these 

neurons for these circadian behaviours. These neurons have been described as 

the major pacemakers under DD, contributing to locomotor rhythmicity (Guo et al., 

2014; Nitabach et al., 2002). It has been shown that flies lacking PDF-neurons 

have abnormal locomotor activity under DD, as seen by the display of shorter 

periods and lack of rhythmicity (Lin et al., 2004). Furthermore, it has been shown 

that lack of PDF can cause similar abnormalities in PDF-null flies which display 

arrhythmicity and changes in anticipation under the same conditions (Renn et al., 

1999). Hence, our results agree with the notion that Rim and the LNvs are 
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important in maintaining rhythmicity under DD (Buhl et al., 2019; Guo et al., 2014; 

Nitabach et al., 2002; Taghert and Shafer, 2006).  

Accompanying the changes in rhythmicity in PDF > Rim-RNAi flies, I found a 

removal of day/night remodelling of the dorsal s-LNvs terminals (Fig. 4.14). The 

dorsal projections of these neurons undergo changes in their branching state which 

go from being in a more open and complex state during day, to a simple and closed 

state at night (Arnes et al., 2019; Curran et al., 2019; Gorostiza et al., 2014; Herrero 

et al., 2017; Mehnert and Cantera, 2011). This is observed in control flies, however, 

was removed in PDF > Rim-RNAi flies whose terminals were intermediate in 

complexity between wild type day and night levels. This structural reorganization 

has been shown to be accompanied by changes in the number of active zones, 

allowing the s-LNv to potentially change how they interact with postsynaptic clock 

neurons during different times of the day (Gorostiza et al., 2014). Because of this, 

it is proposed that this clock output is fundamental to the accurate display of 

circadian activity as I described here. Interestingly, my results are reminiscent of 

those found in aged animals or in flies that have the period and timeless clock 

genes knocked down in the clock suggesting that Rim might be one of the genes 

downstream of the molecular clock that allows this remodelling (Curran et al., 2019; 

Herrero et al., 2017). In line with this, Rim has been found to be cycling in the s-

LNvs neurons, further supporting this idea (Kula-Eversole et al., 2010). In future it 

would be interesting to see if Rim changes the day/night differences in active zones 

using endogenous GFP-tagged versions of active zone proteins or calcium 

channels like the Rim-interacting cacophony (Scholz et al., 2019; Sugie et al., 

2015). 

4.4.7 Rim was required for day/night differences in PDF accumulation 
suggesting that Rim maybe involved in neuropeptide release 
The abundance of PDF in s-LNv terminals cycles during day and night with higher 

levels in the morning and low levels in the evening (Herrero et al., 2017; Park et 

al., 2000). These PDF variations are not associated with transcriptionally or 

translationally rhythmic patterns, but instead arise from changes in its release (Park 

et al., 2000; Taghert and Shafer, 2006). Hence, it is believed that PDF release 

cycle begins in the morning and finishes at night, therefore its accumulation in 

neuronal terminals would be inversely correlated to its release. Consistent with this 

idea, I found PDF is highly accumulated in the morning, whereas low levels were 
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found at night in control flies (Fig. 4.15) and as seen by others (Herrero et al., 2017; 

Park et al., 2000) . Such day/night fluctuation in PDF accumulation was not seen 

in PDF > Rim-RNAi s-LNv terminals, with PDF being found at high levels during 

both day and night, suggesting that loss of Rim was preventing the normal 

day/night differences in PDF neuropeptide release.  

Little is known about the molecular machinery behind PDF release. Two studies 

have indirectly shown that PDF release is independent of the SNARE protein 

synaptobrevin, as overexpression of tetanus toxin (that partially cleaves it), failed 

to induced abnormal circadian phenotypes (Blanchardon et al., 2001; Kaneko et 

al., 2000). Nonetheless, other study has shown that eclosion hormone (EH) release 

in Drosophila required this mechanism as flies overexpressing the tetanus toxin in 

the EH-producing cells failed to release the peptide (McNabb and Truman, 2008). 

Here I show that PDF release depends on Rim expression in the LNvs. Moreover, 

I observed that PDF and Rim are localized in largely distinct zones within the dorsal 

s-LNvs projections (Fig. 4.14). Remarkably, similar organization of peptidergic 

vesicles has also been observed in a number of different neuronal types, where 

dense vesicles are loaded with peptides that are in close proximity to the 

presynaptic releasing site, possibly using some of the machinery for the fast 

synaptic release of small neurotransmitters (van den Pol, 2012).  

4.5 Conclusions of the chapter  
 

• Rim was required in central synapses of Drosophila to modulate behaviours 

such as olfaction, social interaction, circadian rhythms and sleep. 

• Social space behaviour, similar to other species, relied on olfaction in 

Drosophila, with Rim-mediated olfactory defects likely causing the social 

space phenotypes. 

• Rim expression in the MBs was dispensable for olfaction, social interaction 

and memory, suggesting differential contribution of Rim to central synapses 

in Drosophila.  

• Knock-down of Rim in AL PN caused both structural and calcium handling 

defects on to the lateral horn. 

• Circadian rhythm and sleep phenotypes caused by Rim knock-down in clock 

neurons were underlain by a loss of day/night differences in s-LNvs terminal 
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complexity and PDF cycling, which went into a perpetual day state of high 

PDF accumulation suggesting lack of Rim blocked neuropeptide vesicle 

release. 

• Rim distribution in s-LNvs terminals also suggest a function in PDF release.  
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Chapter 5: The role of the Drosophila calcium        

channel cacophony in memory, circadian rhythms 

and sleep 

 

This chapter explores the effects of knocking-down cacophony (cac), the 

Drosophila orthologue of the human Calcium Channel Subunit a1B (CACNA1B) 

gene, on schizophrenia related behaviours. The chapter gives a brief introduction 

to the CACNA1B, its association with schizophrenia and its role in behaviour and 

neuronal physiology. The results of the behavioural characterization of cac in 

learning and memory are shown first, accompanied by experiments exploring the 

effect of cac knock-down in calcium handling. The circadian locomotor activity and 

sleep data obtained with different cac manipulations are also shown in this chapter. 

The discussion and conclusions related to the results found in this chapter are 

presented in the last sections.  

  

5.1 Introduction  

5.1.1 The association of CACNA1B with schizophrenia  
The CACNA1B gene has been associated with schizophrenia in a number of 

independent studies, and by different approaches. The first study dates from 2009, 

where Moskvina et al. (2009) used a previously published GWAS dataset of 

schizophrenia cases (Moskvina et al., 2009; O’Donovan et al., 2008). By running 

a different analysis on the data set published by O’Donovan et al., the authors 

unveiled new hits that were enriched for calcium channels (Moskvina et al., 2009). 

With these results, the authors suggested a link between schizophrenia 

and channelopathies, as in other neuropsychiatric disorders like bipolar disorder 

(Green et al., 2010; Moskvina et al., 2009). Supporting this, another study using 

whole-genome copy number variation (CNV) analysis demonstrated that several 

synaptic transmission genes were strongly associated with schizophrenia. Among 

them, CACNA1B was one of the strongest associations, including 16 cases where 

it was possible to identify deletions in the CACNA1B gene (Glessner et al., 2010).  
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Additionally, population-based exome sequencing in other cohorts showed that a 

disruptive nonsense mutation in the CACNA1B gene was part of a group of 

mutations associated with this disorder (Purcell et al., 2014). After correcting for 

multiple comparisons, it was possible to determine that none of the genes 

(including the CACNA1B) achieved significance individually. Based on this, the 

authors suggested that these mutations correspond to a polygenic burden 

associated with schizophrenia, in which the VGCC channels genes play a 

fundamental role (Curtis et al., 2011; Li et al., 2018; O’Connell et al., 2019; Purcell 

et al., 2014).   

Behavioural studies have shown that CACNA1B plays a role in learning and 

memory, locomotion and sensory processing, all schizophrenia-related behaviours 

as discussed previously in this thesis. The CACNA1B homozygotic knock-out 

mutant mouse (Cav2.2-/-) displays reduced PPI and increased locomotion 

(Beuckmann et al., 2003; Nakagawasai et al., 2010). Moreover, Cav2.2-/- mutants 

have impaired memory, as shown by reduced scores in spatial memory and 

decreased long-term memory in social transmission of food preferences (Jeon et 

al., 2007). Also, Cav2.2-/- mice showed difference in their vigilance state, measured 

by the time spent in REM, NREM sleep and awake states (Beuckmann et al., 

2003).  

5.1.2 CACNA1B role in synaptic transmission   
CACNA1B encodes the a-1B subunit of the Cav2.2 Ca2+ channels and constitutes 

the selective pore of this N-type channel (Qian and Noebels, 2001; Simms and 

Zamponi, 2014). Cav2.2, together with the Cav2.1 or P/Q-type Ca2+ channels, are 

the main mediators of fast synaptic neurotransmission in synapses of the central 

nervous system. Both, Cav2.1 and 2.2 channels are localised to the active zone 

and have specialized domains that allow them to interact with synaptic proteins like 

RIM, SNAP-25 and syntaxin 1 (Kaeser et al., 2011; Simms and Zamponi, 2014; 

Xie et al., 2017).  

Because of its presynaptic role, several studies have shown that Cav2.2 channels 

play a fundamental role in synaptic plasticity (Ackermann et al., 2015; Lübbert et 

al., 2019; Wu et al., 2005). In the hippocampal CA3-CA1 synapses, Cav2.2 

contribute to basal synaptic neurotransmission and to long-term potentiation of 

neurotransmitter release (Jeon et al., 2007). Moreover, it was shown that N-type 
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calcium channels also play a role in the hippocampal medial perforant pathway 

when measuring presynaptic cortical neurotransmitter release onto the dental 

gyrus (Qian and Noebels, 2001).  

5.1.3 Studies of cacophony in Drosophila 
In Drosophila, Cav2.1, Cav2.2 and Cav2.3 channels are encoded by just one gene, 

cac, and the protein corresponding protein cacophony behaves as a P/Q- and N-

type Ca2+ channel (Kawasaki et al., 2002; Peng and Wu, 2007). cacophony 

localizes at the active zone playing a fundamental role mediating fast 

neurotransmitter release (Gu et al., 2009; Muller et al., 2012).  
Studies using cultured Drosophila neurons have shown that cac mediate the 

frequency of the spontaneous cholinergic excitatory postsynaptic currents (Gu et 

al., 2009). This is similar to what is found at the NMJ, where cac regulates the 

evoked neurotransmitter release and is also required for synaptic homeostasis 

(Kawasaki et al., 2004; Lee et al., 2014). It was also suggested that cac mediates 

the frequency of these events in the antennal lobe projection neurons ex vivo, 

suggesting similar functions of cac in peripheral and central synapses (Gu et al., 

2009).  

Null mutants of this gene die at larval stages, suggesting a crucial role in 

development (Kulkarni and Hall, 1987). Because of this, many hypomorphic cac 

alleles have been described, displaying different behavioural features. For 

instance, the cacH18 mutant was found to have defective vision accompanied by 

impaired visual physiology, while cacS mutants failed to effectively produce 

courtship behaviours and only have subtle visual phenotypes (Chan et al., 2002; 

Smith et al., 1998, 1996). Other studies have shown that the temperature sensitive 

cacTS2 mutant mimic the defective courtship behaviours of the cacs mutant but also 

displays seizure-like phenotypes (Chan et al., 2002).  

Due to its high expression in the CNS, assessing the specific contribution of cac in 

different synapses using these mutants is a difficult task. 

 

5.2 Aims 
CACNA1B is a schizophrenia related gene and the corresponding cac gene has 

been described as a major contributor to fast neurotransmitter release in different 

synapses. Although some behavioural characterization has been performed using 
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different cac alleles, a description of cac contribution to neuronal physiology and 

behaviours is still missing  Therefore, I performed behavioural analysis of flies with 

cac knockdown in central neuronal populations as a means to assess the role of 

cac in schizophrenia symptomatology. Specifically, I assessed learning and 

memory and circadian and sleep phenotypes which have been linked to the 

disorder.  

 

5.3 Results  

5.3.1 Knock-down of cac in the mushroom bodies impaired short- and 
intermediate-term memory   
Cognitive functions and working memory are impaired in schizophrenia (Petit et 

al., 2017; Pogue-Geile and Harrow, 1984; Štrac et al., 2016). Moreover, the role of 

N-type calcium channels in this process has been shown using Cav2.2-/- mutants 

(Jeon et al., 2007). Here the contribution of cac in learning and memory was 

assessed by knocking-down cac in the MBs.  

Aversive olfactory conditioning was used to train flies and then STM and ITM was 

measured. Knocking-down cac in the mushroom bodies using OK107-GAL4 

(OK107 > cac-RNAi) caused a reduction in both, STM (Fig. 5.1A) and ITM (Fig. 

5.1B). To confirm these findings, I replicated the effect by using a second 

independent MB GAL4 driver to knock-down cac (c309 > cac-RNAi; Fig. 5.1C-D), 

which resulted in reduced STM and ITM.   
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Figure 5.1 cac knockdown in the mushroom bodies impaired aversive olfactory 
learning and memory. Olfactory aversive conditioning was used to test memory in flies 
with reduced cac expression in the mushroom body. Knocking-down cac using the OK107-
GAL4 driver impaired two-minutes memory (short-term memory; STM; A) and 1-hour 
memory (intermediate-time memory; ITM; B). A reduction in performance index was also 
found using the c309-GAL4 driver in both STM (C) and ITM (D). Data in all datasets was 
analysed using unpaired t-test. n > 4 repetitions (each n consisted of ~100 flies) for each 
genotype and condition. 
 

5.3.2 cac knock-down in the mushroom bodies impaired calcium handling  
Given the role of cac in mediating calcium influx at the active zone, I sought to 

analyse the effect of cac knock-down on evoked calcium responses in the area 

where most of the presynaptic terminals of the MB are placed, the lobes. The 

genetically-encoded calcium sensor, GCaMP6f, was expressed in the MB and the 

calcium transients evoked by high [KCl] were assessed at these areas (Fig. 5.2A-

B). Bath application of KCl evoked a robust increase in the normalized 

fluorescence, that decayed once KCl was washed out (Fig. 5.2C). Quantification 

of the peak normalized fluorescence reached by this stimulation in GCaMP6f; 

OK107 > cac-RNAi flies was reduced by about 40% compared to the control flies 

(p < 0.05, Fig. 5.2D). 
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Figure 5.2 cac knock-down reduced evoked calcium transients of mushroom body 
lobes. The genetically encoded calcium sensor, GCaMP6f, was expressed in the antennal 
lobe projection neurons and its fluorescence was measured. Example images showing the 
(A) basal fluorescence and (B) fluorescence after the addition of depolarizing high 
concentration of potassium chloride (KCl). Calibration bar showing the changes in 
fluorescence can be observed to the right. Scale bar 20 µm. (C) Transients were observed 
in controls (black) and in the cac knock-down condition (red), however, the changes in the 
peak was lower in the GCaMP; OK107 > cac-RNAi flies (mean fluorescence as solid lines 
± SEM in grey) (D) A reduction in the amplitude of the peak fluorescence was found upon 
cac knock-down (Unpaired t-test). n (GCaMP; OK107 / +) = 4 and n (GCaMP; OK107 > 
cac-RNAi) = 4 brains.  
 

5.3.3 cacH18 mutants displayed increased locomotor activity and reduced 
sleep at night  
As discussed, sleep phenotypes are widely observed in schizophrenia patients 

(Benson, 2006; Wulff et al., 2012). Additionally, changes in locomotion have been 

observed in the Cav2.2-/- mouse (Beuckmann et al., 2003). To assess the 

contribution of cac in these behaviours I sought to analyse the locomotor activity 

of the cacH18 mutant flies under LD.  

cacH18 flies displayed increased locomotor activity under LD conditions (Fig. 5.3A). 

The overall increase in total locomotion was explained by an increase in the night-

time locomotion activity (Fig. 5.3B). As cacH18 mutants have been shown to have 
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a defective visual system (Smith et al., 1998), I wanted to further dissect this LD 

phenotype by knocking-down cac in the clock without affecting the visual inputs. 

Tim > cac-RNAi flies displayed no changes in total locomotor activity compared to 

control flies (Fig. 5.3C). However, analysis of the locomotor activity in day and night 

unveiled a decrease in day locomotion and an increase in night activity (Fig. 5.3D).  

 

 
Figure 5.3 Effect of cac manipulations displayed different effects in locomotion 
under day and night. (A) Average of activity across 2 day of LD revealed cacH18 mutants 
were more active than control flies at night. (B) The total activity of the flies across 24 h 
was increased in cacH18 mutants and this was explained by an increased activity during 
the night (Two-way ANOVA with Holm-Sidak’s post hoc test). (C) Average activity profiles 
show Tim > cac-RNAi activity under LD (red bars). (D) Close inspection of day and night 
locomotion showed a reduction in day activity and an increase in night activity (Two-way 
ANOVA with Dunnett’s post hoc test). n (CS) = 62, n (cacH18) = 26, n (Tim / +) = 46, n (Tim 
> cac-RNAi) = 112 and n (cac-RNAi / +) = 64 flies. 
 

The changes in locomotor activity observed in cacH18 flies were accompanied by a 

reduction in the total sleep time (Fig. 5.4A, left panel), with both day and night sleep 

time being decreased (Fig. 5.4B). Analysis of the sleep time in the Tim > cac-RNAi 

flies revealed an increase in the day sleep while night sleep was reduced (Fig. 

5.4A, right panel). As observed in the locomotor activity analysis, effects of day 

and night cancelled each other out, therefore, showing no changes in the total 

sleep or total locomotor activity in these flies (Fig. 5.4C).  
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Figure 5.4 Effect of cac knock-down in sleep. Averaged sleep profiles of cacH18 and 
control flies (A, left panel) and Tim > cac-RNAi flies (B, right panel) are shown. Total sleep 
(B, left), day sleep (B, middle) and night sleep (B, right panel) are reduced in mutant flies 
compared to controls (Unpaired t-test). Multiple comparisons showed Tim > cac-RNAi flies 
displayed unchanged total sleep (B, left), however, the sleep during the day was increased 
(B, middle). While sleep during night-time was reduced (B, right) (One-way ANOVA with 
Dunnett’s post hoc test). n (CS) = 62, n (cacH18) = 26, n (Tim / +) = 46, n (Tim > cac-RNAi) 
= 112 and n (cac-RNAi / +) = 64 flies. 
 

5.3.4 cacH18 and knocking-down cac in the clock circuit caused arrhythmic 
behaviour under constant darkness 
To assess circadian locomotor rhythms of these animals, I analysed the locomotor 

activity patterns after five days of DD. In sharp contrast to the control flies, cacH18 

flies showed arrhythmicity after entering the DD phase, with the normal morning 

and evening peaks disappearing as a result of the hyperactivity of these flies (Fig. 

5.5). 
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Figure 5.5 cac knock-down in the clock affected rhythmic behaviour under constant 
darkness. Averaged double-plotted actograms of single flies of the following genotypes: 
(A) CSw-, (B) cacH18, (C)Tim / +, (D) Tim > cac-RNAi and (E) cac-RNAi / + for two days in 
LD (white depicts day and grey night, actograms are double plotted to high light rhythm) 
followed by 5 days in DD. The activity patterns of cacH18 and Tim > cac-RNAi flies becomes 
arrhythmic under DD compared to controls.  
 

Only 46% of the cacH18 flies were rhythmic, compared with 77% of the control flies 

(Table 5.1). Knocking-down cac in the clock circuit leads to similar results with 64% 

of the Tim > cac-RNAi flies being rhythmic compared to 96% and 92% of the control 

flies (Tim / + and cac-RNAi / +, respectively; Table 5.1).  

 
Table 5.1 Circadian behaviour of cac flies in constant darkness (DD). 
 

This table is related to Figure 5.5 – 5.6. Data are mean ± SEM 
 

Using autocorrelation analysis, we found that both cacH18 and Tim > cac-RNAi 

produced a reduction in the RS compared to control flies (Fig. 5.6A and C). 

Nonetheless, only the knock-down produced an increase in the period length while 

cacH18 period was indistinguishable from controls (Fig. 5.6 B and D).  

genotype RS % rhythmic period (h) n 
CS 2.15 ± 0.09 77 23.64 ± 0.07 62 
cacH18 1.49 ± 0.14 46 23.58 ± 0.25 26 
Tim / + 2.75 ± 0.10 96 24.15 ± 0.08 46 
Tim > cac-RNAi 1.92 ± 0.11 64 24.56 ± 0.15 112 
cac-RNAi / + 3.00 ± 0.11 92 23.40 ± 0.03 64 
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Figure 5.6 cac knock-down in the clock network reduced rhythmicity and increased 
period length under constant darkness. Rhythmicity Statistic was used as a measure 
of rhythm strength after five days of DD and the period length of the circadian rhythm was 
also measured at this time point. cacH18 mutants showed a reduction in RS (A, purple bar) 
without a change in the period (B, purple bar) compared to control flies (open black bars) 
(Mann-Whitney test). (C) In order to map this phenotype, cac was knocked down 
throughout the clock again leading to a reduction in rhythmicity (D) while increasing the 
period length compared to Tim / + and cac-RNAi / + control flies (E). Data was analysed 
using a Kruskal-Wallis test with Dunn’s post hoc test. n (CS) = 62, n (cacH18) = 26, n (Tim 
/ +) = 46, n (Tim > cac-RNAi) = 112 and n (cac-RNAi / +) = 64 flies. 
 

5.4 Discussion  

5.4.1 cac knock-down impaired learning and memory and mushroom body 
calcium handling  
Several studies have shown that cacophony is required for wide variety of 

behaviours, from production of the courtship song in males to the visual-dependent 

phototactic response (Chan et al., 2002; Kulkarni and Hall, 1987; Smith et al., 

1998). The role of cac in learning and memory has yet to be fully explored, although 

a previous study has shown cac levels change in the MBs after a form of memory 

training called courtship conditioning (Jones et al., 2018). Based on this and the 

link between Cav2 and memory in mammals (Jeon et al., 2007), I evaluated  the 

role of cac in the MBs in aversive olfactory memory (Fig. 5.1). Data show both STM 

and ITM were impaired after cac knock-down in the MBs. Moreover, the results 

were confirmed by using two different well-described MBs drivers further agreeing 
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with the notion of the importance of cac in this memory centre. Therefore, the role 

of Cav2.2 in memory appears conserved between flies and mammals. Additionally, 

those changes were reminiscent of what is observed in schizophrenia patients. 

Several reports have unveiled deficient working memory in individuals with this 

disorder and moreover, treatments now consider this as one of the important 

targets to be addressed with new drugs (Dollfus and Lyne, 2017; Topolov and 

Getova, 2016; Yang and Tsai, 2017).  

Little is known about the physiological relevance of cac in Kenyon cells (KCs) which 

constitute the MB. One report has shown that the spontaneous calcium transients 

are generated in cultured KCs, and these transients are sensitive to Plectreurys 

toxin (PLTX),  a VGCC blocker (Jiang et al., 2005). Together with observations of 

N-type calcium channels being PLTX-sensitive, suggests that cac might be 

regulating the spontaneous activity in KCs (Gu et al., 2009). Here I show that cac 

knock-down in the MBs was sufficient to reduce around 40% of the calcium influx 

into MBs lobes upon a depolarizing high [KCl] stimulus (Fig. 5.2). This would also 

suggest that cac might be important for evoked calcium influx at presynaptic 

terminals, possibly via increasing neurotransmitter release (Simms and Zamponi, 

2014). Further experiments should be conducted to test this, like 

electrophysiological recordings on the mushroom body output neurons, while 

activating the mushroom bodies with optogenetics. 

There is a requirement for increased calcium influx in the presynaptic terminals as 

a substrate for long-term potentiation (LTP) (Kaeser and Südhof, 2005; Kavalali, 

2015; Leresche and Lambert, 2017). Cav2.2-/- mutants displayed reduced forms of 

LTP, suggesting the involvement of N-type Ca2+ channels in this process (Jeon et 

al., 2007). In Drosophila, cac mediates PHP at the NMJ synapse (Davis and Müller, 

2014; Lee et al., 2014; Ortega et al., 2018; Peng and Wu, 2007). It was shown that 

mutants of other genes involved in PHP (e.g. unc-13) showed impaired STM 

(Böhme et al., 2019). Therefore, it is possible that the decreased STM and ITM 

observed upon cac knock-down might arise from its role in PHP.  

Interestingly, my results show that knocking-down the Drosophila orthologue of the 

schizophrenia-related gene CACNA1C, Caa1D (L-type Calcium channel), in the 

MBs resulted in reduced STM and ITM (Appendix C). Nonetheless, no differences 

in the peak Ca2+ signals were found, using the same manipulation as described 
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here, suggesting that cac and Caa1D differentially contribute to calcium handling 

in the MBs (Higham et al., 2019). 

5.4.2 Locomotor activity and sleep under light-dark conditions are caused 
by cac loss of function  
Locomotor activity was shown to be impaired in the cacH18 mutant (Fig 5.3) 

resulting from an overall increase in the total activity observed in these flies, 

explained by a night-time hyperactivity. Interestingly, these results are in line with 

observations in Cav2.2-/- mutant mice that displayed increased night-time activity 

with unchanged day activity when in an habituated environment (Beuckmann et 

al., 2003). The changes in locomotor activity under LD, were accompanied by an 

overall decrease in the total sleep time, however, this was accounted for a 

reduction in both day and night sleep (Fig. 5.4). Insomnia has been reported in 

schizophrenia patients, and also disrupted activity patterns throughout the day and 

night, with hyperactivity under night-time being widely observed (Cosgrave et al., 

2018; Wulff et al., 2012). My observations match these descriptions and would 

suggest that monitoring the activity of these flies can serve as a good behavioural 

output to test schizophrenia-associated genes.  

Because cacH18 mutants were shown to be defective in visual processing as 

manifested by reduced phototactic activity (Smith et al., 1998), I specifically 

knocked down cac in the clock network independent of the visual system, and 

measured the locomotion of these flies. Results from these experiments unveiled 

an important function of cac in the clock circuit, contributing to the modulation of 

day/night locomotion. Interestingly, differences in total activity and total sleep time 

were masked, as opposite effects were found in the day versus night. While 

knocking-down cac in the clock (Tim > cac-RNAi) resulted in reduced day 

locomotor activity, activity during the night was increased, as in cacH18 flies. Similar 

results were found in a study when knock-down of cac in the MBs decreased sleep 

time during the night with no apparent effect in daytime sleep (Tong et al., 2016).   

Although activity phenotypes were similar for cacH18 and Tim > cac-RNAi flies 

during the night (when comparing with their respective controls), the changes in 

daytime were not. A possible explanation could arise from the nature of the genetic 

manipulations. cacH18 mutation is affecting all the animal, therefore, effects out of 

the clock network regulating locomotion might be occurring. Thus, phenotypes 
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observed here are the sum of the individual contributions of clock and non-clock 

structures. Considering this, the effects observed at night in the mutant might be 

driven principally by the clock network, whereas the effects observed during the 

day are not. Further experiments to dissect which are the components contributing 

to the hyperactivity observed in the cacH18 should be conducted, like restoring the 

expression of cac in the clock and non-clock circuits in the mutant background and 

evaluating whether day and night-time phenotypes are restored.  

5.4.3 Rhythmicity under constant darkness required cac expression in the 
clock network  
The contribution of cac in the clock to modulate locomotor activity in DD was 

recently described. In 2018, Palacios et al. showed that knocking-down cac in the 

clock caused arrhythmicity, an effect that was mimicked by cac ablation in the LNvs 

(Palacios-Muñoz and Ewer, 2018). I obtained similar results by using the cacH18 

mutant and the Tim-GAL4 driver, were rhythmicity was highly compromised (Fig. 

5.5). Nonetheless, no differences in the free-running period were found by Palacios 

et al. compared to control flies. I observed an increase in the period when knocking-

down cac in the clock (Fig. 5.6). A simple explanation might arise from the number 

of animals used in my experiments compared to the published study. While in the 

published study they only used 16 animals as GAL4 control (Tim / +), 17 as UAS 

control (cac-RNAi / +) and 49 flies in the experimental set (Tim > cac-RNAi), I used 

a more conventional range of n which was 46, 64 and 113, respectively. This 

difference in the number of animals will considerably increase the power of any 

statistical analysis, turning even small differences to be significant.  

Nonetheless, the effect on rhythmicity was clear in the published study (Palacios-

Muñoz and Ewer, 2018), and this study. Knowing the role of cac calcium channels 

in other neurons, it is possible that cac is not mediating changes in excitability in 

the clock neurons as predicted (Buhl et al., 2019; Julienne et al., 2017). Instead, it 

is possible that knocking-down cac decoupled the components of the clock, leading 

to the phenotypes reported. Although the effect on rhythmicity is not as drastic as 

results from completely blocking chemical neurotransmission in the clock using 

tetanus toxin-light chain, it is possible that the mechanism is the same (Kaneko et 

al., 2000).  
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5.5 Conclusions of the chapter  

 
• cac is important in the MBs in modulating aversive olfactory STM and ITM, 

possible through its function in presynaptic calcium handling and plasticity. 

• Locomotor activity is increased, and sleep is reduced during the night in 

cacH18 mutants, effects that are likely due to the role of cac in the clock 

neurons.  

• As previously described, cac expression in the clock is fundamental for the 

maintenance of rhythmicity under constant darkness.  
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Chapter 6: General discussion  

 

There is a current lack of information about the aetiology of schizophrenia and its 

symptoms, which is hindering the rationale design of more efficacious treatments 

for all symptoms of the disease (Jones et al., 2011; Meltzer, 2017). One way to 

help determine the underlying molecular, physiological and circuit level 

mechanisms underlying the disorder, is the use of animal models which allow the 

testing of novel experimental drugs. This thesis reports the behavioural and 

physiological characterization of a number of Drosophila models of schizophrenia, 

supporting the use of this highly genetically tractable animal as a model for this 

disorder. This work particularly addresses the need for new models of the non-

classical symptoms of schizophrenia, which are particularly poorly understood and 

treated.   

 

6.1 New Drosophila models for schizophrenia-associated symptoms 
This thesis characterised three models of schizophrenia based on loss of function 

mutations in fly orthologues of the schizophrenia genes: Dysb, Rim and cac. These 

mutants displayed a number of schizophrenia relevant defects including impaired 

olfaction, reduced social interaction, locomotor dysfunctions, memory impairments, 

sleep disruption and circadian perturbations. The dysb1 mutant has previously 

been used as a fly model of schizophrenia (Shao et al., 2011), so was used as an 

initial proof-of-principle to replicate and then extend characterisation of a broad 

range of phenotypes. The battery of behavioural and cell-based assays was then 

extended to Rim and cac mutants, which have not been previously used to model 

schizophrenia-related behaviours in flies. Therefore, this work provides new 

evidence for the use of this high-throughput and non-protected species as model 

to explore schizophrenia symptoms and treatments.    

 

6.2 Olfactory performance is reduced in fly models of schizophrenia 
In Chapter 2 and 3, behavioural experiments demonstrated Dysb and Rim mutants 

had significatively reduced olfactory performance (Fig. 3.1 and 4.1). These results 
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complement the findings in different models of schizophrenia, where olfactory 

identification and sensitivity threshold were found to be impaired (Otte et al., 2009; 

Shan et al., 2018). Consistent with these observations, olfactory acuity was shown 

to be reduced in patients with schizophrenia (Kohler et al., 2001; Robabeh et al., 

2015; Turetsky et al., 2003). The nature of this olfactory dysfunction is unknown. 

Studies in humans have suggested that structural changes in brain areas that 

contribute to olfactory processing, like the olfactory bulb and the ventromedial 

temporal lobe, may underlie these features (Kohler et al., 2001; Turetsky et al., 

2003). However, there is somewhat conflicting evidence suggesting that it is 

possible to get changes in the structure of areas associated with olfactory 

processing without changes in the olfactory function (Turetsky et al., 2000). I found 

that knocking-down Rim in the fly olfactory AL PNs caused olfactory, structural and 

functional defects that appeared to be mediated by changes in presynaptic 

terminals. Likewise, similar neurodevelopmental structural changes have been 

seen in rodent pharmacological and genetic models of schizophrenia (Jones et al., 

2011; Selemon and Zecevic, 2015; Sigurdsson, 2016). However, the nature of 

these olfactory dysfunctions are not fully understood and require further study 

(Shan et al., 2018). Future experiments using conditional Drosophila mutants could 

help tease apart the role of schizophrenia genes in development and adult 

pathology. By using gene rescue experiments it could be possible to ask whether 

the behavioural or functional effects are reversible.  

 

6.3 Social space, a readout of social interactions, is increased in the 

schizophrenia gene mutants  
Social withdrawal is one of the hallmarks of schizophrenia and has previously been 

studied in animal models of this disorder (Jones et al., 2011; Tuathaigh et al., 

2013). There are many levels at which social impairments can manifest in humans, 

including changes in social space (Holt et al., 2015). Monitoring social behaviours, 

by adapting a novel social space paradigm in flies (McNeil et al., 2015; Simon et 

al., 2012), showed that dysb1 and Rim flies displayed increased social space 

distance (Fig. 3.2 and 4.2). These findings are in line with studies showing 

increased social space in individuals with schizophrenia (Holt et al., 2015; Park et 

al., 2009). Although the neuronal circuits that govern social space in Drosophila 

are not known, a recent study showed that dopamine levels might be involved in 
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modulating this behaviour. Therefore its mis-regulation may contribute to the 

pathology of the disease and manipulations that correct dopaminergic signalling 

might have potential as a treatment for this disorder (Fernandez et al., 2017). 

Likewise, differences in dopamine levels were also found in dysb1 flies, which may 

contribute to the phenotype observed in these animals (Shao et al., 2011). It is not 

known what is causing the changes in dopamine levels, or whether they occur in  

Rim flies, although it is intriguing that RIM has been shown to be required for 

dopamine release in the mouse brain (Liu et al., 2018). Future work could test if 

dopamine levels are changed in Rim flies and by which mechanisms. Moreover, it 

could be possible to assess whether manipulations that restore dopaminergic 

levels rescue the cellular and behavioural pathology to normal. It might also be 

possible that the effect observed in mutant flies is due to a neurodevelopmental 

effect as discussed for the olfactory performance. This would be consistent with 

observations where neurodevelopmental manipulations in Drosophila resulted in 

social space behaviour deficits as the one here observed (Kaur et al., 2015; Ueoka 

et al., 2018; Wise et al., 2015). Again, this could be explored through conditional 

expression of mutant versions of the genes at different stages of life course. 

Rescue experiments where wildtype versions of Rim are expressed in different 

spatio-temporal patterns in the Rim null flies, looking for recovery of normal 

physiology and behaviour would also provide very important information on this 

issue. 

 

6.4 Relationship between the olfactory system and social space 
The performance of dysb1 and Rim mutants in the olfactory and social tests 

together with the vast body of literature in a range of animals showing that several 

social behaviours depend on the olfactory system, supported the notion that social 

space in Drosophila might rely on the operation of the olfactory system (Hoopfer, 

2016). Consistent with this idea, knocking-down Rim in the AL PNs, major 

contributors of olfaction in insects, had profound effects on both, olfaction and 

social space (Fig. 4.1 and Fig. 4.2). This suggests that social space, as other 

behaviours, depends on the olfactory performance in flies. It is known that olfactory 

information is sent by the AL PNs to two major areas: the MB and the LH (Vosshall 

and Stocker, 2007). It has been proposed that the LH mediates innate olfactory 
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behaviours while the MB participates in odour-mediated learning (Schultzhaus et 

al., 2017; Vosshall and Laissue, 2008). Rim knock-down in the AL PNs, had the 

most prominent structural and functional changes in the terminals reaching the LH. 

These terminals where smaller and displayed reduced calcium responses upon 

depolarising high [KCl] stimulation (Fig. 4.6 and 4.7). Therefore, consistent with 

this view, it is possible that social space information is being processed through 

the olfactory system mediated by the LH. This is also supported by the lack of effect 

of Rim knocked down in the MB (Fig. 4.2).  

 

6.5 Rim and cac manipulation differentially contributes to learning and 

memory   
Cognitive impairments have been observed in 98% of first-episode schizophrenia 

patients (Tripathi et al., 2018). Animal models have addressed these impairments 

by assessing memory in different tasks like fear-conditioning or spatial memory 

(Jaholkowski et al., 2009; Jones et al., 2011). I used the aversive olfactory 

conditioning test in flies, which has been extensively used to describe memory 

processing including impairments displayed by the dysb1 mutant (Malik and Hodge, 

2014; Shao et al., 2011).  

Although we failed to observe any defects in STM and ITM when Rim was knocked 

down in the MB, a clear reduction in memory was found with MB cac knockdown 

(Fig. 4.8 and 5.2). Since it is known that Rim is involved in localization and 

clustering of cac, this opposite results were a rather unexpected finding (Graf et 

al., 2012; Kaeser et al., 2011). Several reasons for these results were previously 

discussed in Chapter 4. The lack of effect with Rim but the strong effect with cac 

manipulations suggest that there might be other proteins supplying the function of 

Rim in the MB. Although in Drosophila Rim has the strongest homology with 

mammal RIM1, there is another gene that shares similarities with RIM1, Fife. Lack 

of Fife in the NMJ caused phenotypic defects like those described in Rim mutants 

in terms of synaptic vesicle docking and priming. This suggests that Fife and Rim 

might share some functions in Drosophila (Bruckner et al., 2012). Furthermore, 

Fife also drives the accumulation of cac channels to the AZ (Bruckner et al., 2017). 

Hence, it is possible to think that either Fife is important in the MB while Rim is 

dispensable, or that the two proteins maybe functionally redundant, such that if one 

is missing the other is sufficient to drive cac localization to the AZ. Thus, I would 
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like to propose to characterise Fife mutants’ MB memory and presynaptic structure 

and function and as well as perform double mutant analysis on Rim/Fife, Rim/cac 

and Fife/cac, to try and determine who is redundant or clustering whom. 

 

6.6 Day/night locomotor activity and sleep phenotypes differs between 

genes   
Sleep and circadian disruptions are observed in up to 80% of schizophrenia 

patients (Waters and Manoach, 2012). Moreover, they have been linked to the 

onset and development of psychosis (Cosgrave et al., 2018). Rim and cac flies 

displayed altered sleep profiles (Fig. 4.9 and 5.4). The most prominent phenotypes 

were observed during sleep in the night, with Rim flies displaying increased sleep 

while cac flies displayed reduced sleep during the night. Furthermore, cac knock-

down in the clock was sufficient to cause disrupted night sleep, whereas clock 

knockdown of Rim failed to reproduce the increased night sleep observed in the 

RimEx98/Df mutant (Fig. 4.11 and 5.4). This could be because Rim in the clock is 

not regulating sleep, and in the global knock out, loss of Rim in a downstream brain 

region controlling sleep amount is occurring. Given time I would test the effect of 

knocking-down Rim in different regions of the brain known to affect sleep. 

Differences in sleep amount during the night have been reported in schizophrenia, 

with both increased or reduced sleep, observed in patients (Wulff et al., 2012).  

Although Rim and cac are thought to be in the same pathway, the results of this 

thesis suggest they may function separately and/or in different tissues. One study 

has shown that RIM1 might have postsynaptic function at cortical synapses (Liu et 

al., 2018). Hence, it is possible that the phenotypes observed in the Rim mutants 

arise from roles of Rim beyond its canonical function in neurotransmitter release 

from presynaptic terminals.  

 

6.7 Disruption of rhythmic circadian behaviour is observed in Drosophila 
mutants of schizophrenia genes 
Circadian locomotor activity was affected in Rim and cac mutants (Fig. 4.13 and 

5.6). Moreover, these changes were mapped to the fly clock circuit. Both, the Rim 

and cac genetic manipulations showed reduced rhythmicity. Nonetheless, the 

period length was differentially changed in Rim and cac mutants. Whereas Rim 

knock-down in the clock reduced the free-running period length, the cac knock-
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down increased the length. As was discussed previously this could be possible if 

Rim had postsynaptic roles separate to cac. As the major neuronal mediators of 

rhythmicity under constant darkness are the s-LNvs neurons (Grima et al., 2004; 

Nitabach et al., 2002), Rim and cac were knocked down in the LNv and was 

demonstrated to be sufficient to cause the locomotor arrhythmia (Fig. 4.13). This 

was accompanied by a loss of the day/night remodelling of the s-LNvs dorsal 

terminals as well as a loss of day/night difference in PDF accumulation, further 

suggesting a role of these neurons in the behaviours observed (Fig. 4.14 and 4.15). 

Possibly, the effects of cac knock-down in the clock was through a similar s-LNv 

remodelling and PDF accumulation mechanism, however, future experiments are 

needed to confirm this.   

 

6.8 Future directions 

6.8.1 To determine if the behavioural and physiological effects observed 

product of neurodevelopmental and/or functional problems 

Schizophrenia has been proposed as a neurodevelopmental disorder (Kahn et al., 

2015). The constitutive mutants I characterised would cause loss of function of the 

schizophrenia genes in development and result in some neuronal structural 

defects, somewhat consistent with this. As mentioned earlier it is also likely Rim, 

Dysb and cac have post-developmental roles in adult synapses and the 

contribution of both, neurodevelopmental and functional effects may underlie the 

behavioural and physiological changes observed. To test this hypothesis, I 

propose to knock-down the expression of these genes just in development or just 

in adult flies thereby separating neurodevelopmental and physiological 

contributions of these genes to the pathology.  

6.8.2 What is the role of Fife and Rim in flies? 

As suggested earlier, Fife could be replacing or adding to the function of Rim in the 

MB. This could potentially explain the lack of effect of Rim knocked down in the 

MB. It is not known if Fife is expressed in the MB or whether it influences learning 

and memory. I would like to test if Fife knock-down in this structure or the double 

mutant experiments suggested above effect MB presynaptic structure and function 

as well as memory.  
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6.8.3 Are the effects of Rim and cac on sleep due to changes in neural 

excitability of the l-LNvs? 

The l-LNvs are wake promoting neurons, and differences in day/night electrical 

properties of these cells are proposed to drive the sleep-wake cycle in flies (Curran 

et al., 2019; Parisky et al., 2008; Shang et al., 2008; Sheeba et al., 2008). It is 

possible that the differences in sleep amount during the night are explained by 

changes in the properties of these neurons in Rim and cac mutants. To test this 

hypothesis whole-cell patch clamp recordings from the l-LNvs during the day and 

night should be conducted and the effect of clock knockdown of Rim or cac 

measured.  

6.8.4 Are changes in the dopaminergic and/or serotonergic system 

observed in Rim and cac mutants? 

Previous publications have shown that dopaminergic levels are increased in dysb1 

mutants (Shao et al., 2011). Additionally, I have helped to show that the 

serotonergic levels are reduced in flies with mutations in schizophrenia genes, 

particularly dysb1 mutant (Fig. 3.4). Similar observations have been found in 

schizophrenia cases in humans (Blelch et al., 1988; Eggers, 2013; Stahl, 2018). I 

would like to test if this is a general characteristic of the schizophrenia models in 

Drosophila such as in Rim and cac mutants by measuring dopamine and serotonin 

levels in these mutants. This could be accompanied by assessing the levels of the 

biosynthetic enzymes of these neurotransmitters by quantitative RT-PCR. Lastly 

as alluded to earlier it would be interesting to know if the pharmacological 

treatments targeting these systems influence the behaviours observed. For 

instance, by treating the flies with anti-psychotic drugs and testing to see if it 

corrects their behaviour.  

 

6.9 Final conclusions   

Manipulating the expression of schizophrenia-associated genes in flies resulted in 

a number of interesting behavioural deficits reminiscent of some schizophrenia-

relevant behaviours. These included disruption in olfaction, social interactions, 

locomotion, sleep and circadian locomotor rhythms. Moreover, these where 

accompanied by both structural and functional properties of the neurons mediating 

the behavioural changes. As in other models of social interaction, social space 
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deficits were mediated by the olfactory system, possibly through the AL PNs-LH 

connections. The results of this thesis add more information to the role of synaptic 

proteins in circuits mediating behaviour in flies and supports the use of Drosophila 

as a simple genetic model to study schizophrenia. 
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Appendix A: A published manuscript describing the 

setup of the single-fly olfactory test 

 
This is a published manuscript in ACS Chemical Neuroscience, describing a 
characterization of a Drosophila Serotonin transporter hypomorphic mutant. In this 
work, the setup of the single-fly olfactory assay was first proposed. My contribution 
to this work, as first author, was to assess the behavioural activity of flies and to 
conduct the neurochemical experiments.  
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§Facultad de Ingeniería y Ciencias, Universidad de la Frontera, Temuco, Chile
∥Escuela de Medicina, Facultad de Ciencias Med́icas, Universidad de Santiago de Chile, Santiago, Chile
⊥Facultad de Ciencias de la Salud, Universidad Autońoma de Chile, Talca, Chile
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ABSTRACT: A better comprehension on how different
molecular components of the serotonergic system contribute
to the adequate regulation of behaviors in animals is essential
in the interpretation on how they are involved in neuro-
psychiatric and pathological disorders. It is possible to study
these components in “simpler” animal models including the fly
Drosophila melanogaster, given that most of the components of
the serotonergic system are conserved between vertebrates and
invertebrates. Here we decided to advance our understanding
on how the serotonin plasma membrane transporter (SERT)
contributes to serotonergic neurotransmission and behaviors
in Drosophila. In doing this, we characterized for the first time
a mutant for Drosophila SERT (dSERT) and additionally used a highly selective serotonin-releasing drug, 4-methylthioamphet-
amine (4-MTA), whose mechanism of action involves the SERT protein. Our results show that dSERT mutant animals exhibit an
increased survival rate in stress conditions, increased basal motor behavior, and decreased levels in an anxiety-related parameter,
centrophobism. We also show that 4-MTA increases the negative chemotaxis toward a strong aversive odorant, benzaldehyde.
Our neurochemical data suggest that this effect is mediated by dSERT and depends on the 4-MTA-increased release of serotonin
in the fly brain. Our in silico data support the idea that these effects are explained by specific interactions between 4-MTA and
dSERT. In sum, our neurochemical, in silico, and behavioral analyses demonstrate the critical importance of the serotonergic
system and particularly dSERT functioning in modulating several behaviors in Drosophila.
KEYWORDS: SERT, Drosophila, amine release, olfaction, motor behavior, centrophobism

■ INTRODUCTION

Biogenic amines (BAs) are a group of bioactive molecules that
act as neurotransmitters/neuromodulators in the central
nervous system. They are involved in the regulation of several
brain functions, including motor control, learning and memory,
mood and affection, motivation, and so forth. Their synthesis,
release, and signaling are finely regulated, and it has been
described that defects in the ability of aminergic neurons to
communicate to other cell populations underlie a number of
psychiatric disorders and neurodegenerative diseases. For
instance, deregulation of the serotonergic system has been
linked to depression, anxiety, and the effects of psychostimu-
lants.1 As with other classical neurotransmitters, high-affinity
reuptake mediated by a plasma membrane transporter, i.e., the
serotonin transporter (SERT), plays a key role in the regulation

of neurotransmitter levels in the synapse.2 An altered operation
of SERT has been associated with different psychiatric diseases.
In addition, SERT is the main molecular target of a broad
spectrum of therapeutic and recreational drugs, including
antidepressants, anxiolytics, psychostimulants, and anorectics.3

A better understanding on the proteins responsible for the
adequate regulation of neural aminergic systems is essential for
the comprehension of brain normal functioning and the
molecular mechanisms responsible for neuropsychiatric dis-
eases. Interestingly, aminergic systems and their cellular
components are highly conserved between vertebrates and
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invertebrates. Thus, work carried out in invertebrate animal
models including the fly Drosophila melanogaster has shed some
light on the operation of key proteins responsible for normal
synaptic communication in vertebrates and their contribution
to behaviors. The fly offers additional advantages as a genetic
model to modify the function or expression of these proteins, in
order to advance our understanding on how neurons
communicate to each other, and also to generate models of
different pathologies where synaptic proteins are involved.4,5

Hence, using different pharmacological and genetic tools
including mutant flies for different components of the
serotonergic system, it has been possible to describe the
contribution of this amine to several behaviors, including motor
programs,6 feeding,7 sleep regulation,8 and learning and
memory.9

Interestingly, only a partial and rather scattered description
on the functional properties of the serotonin neural system and
its contribution to behaviors is available in animal models
including Drosophila. In the present work, we focused our
attention in the Drosophila SERT (dSERT) and tested the
hypothesis that altering the operation of this protein affects
several innate behaviors in flies. We characterized for the first
time a mutation in dSERT and performed a neurochemical
study to demonstrate that this is an actual mutant. By using this
genetic tool and also a highly selective serotonin-releasing
agent, 4-methylthioamphetamine (4-MTA10), we studied the
functional and behavioral consequences of tampering the
operation of this protein. A 3D model for dSERT and 4-
MTA binding was generated to gain some structural insights on
the binding of this protein to its ligands.

■ RESULTS AND DISCUSSION
Here we attempted to advance our comprehension on the
contribution of neural serotonergic system to different
behaviors, by pharmacological and genetic manipulations
aimed at a particular molecular target, dSERT. In spite of its
importance for an adequate regulation of serotonergic neuro-
transmission in fly brain and the advantages of Drosophila as a
genetic model, there is no description of a mutant for dSERT,
as recently reviewed.4

The dSERT Mutant Is a Hypomorph. The dSERT mutant
was generated by the group of Bellen in the Gene Disruption
Project.11 This mutant was obtained by insertion of a
transposable element in the intron that separates the exons 3
and 4 of the Drosophila SERT gene. This transposable element
contains in its sequence a splice acceptor (SA) followed by
three stop codons and a polyadenylation site downstream.
Thus, it is expected to obtain a null mutant for the dSERT
protein (a truncated protein that spans up to the second
transmembrane domain) if the splicing machinery recognizes
the SA of the transposon. However, it is possible that the
splicing machinery bypasses the SA contained in the transposon
and recognizes the endogenous SA present in the intron−exon
boundary. This situation would generate an animal that is not
different from a wildtype fly in terms of its phenotype. It is also
possible that both SAs are recognized, to generate both the
truncated and the wildtype transcripts and proteins, which
phenotypically could behave as a hypomorph.
To evaluate these possibilities we carried out a qPCR with a

set of primers that amplify a sequence downstream the
insertion site (Figure 1A). Our data suggest a relative reduction
of 46.5% of the wildtype PCR product (Figure 1B). This result
is consistent with the idea that the dSERT mutant is a

hypomorph. Noteworthy, the genetic background of many
neuropsychiatric disorders seems to be associated with a partial
malfunction of a subset of gene products rather than a full loss
of function. Therefore, the dSERT mutant fly described here
might constitute a more realistic model for such disorders,
similar to what has been proposed for heterozygous SERT
mutant mice.12,13

To begin the characterization of the dSERT mutant, we
carried out a fly survival assay under desiccation conditions.
This is a study that asks whether a given manipulation affects fly
fitness and life-span. Our data show an increase in survival in
dSERT mutant flies (Figure 1C). Given the dramatic effect of
the mutant on survival, we decided to carry out a different

Figure 1. dSERT mutant is a hypomorph. (A) Top, schematic
representation of the dSERT gene: in black boxes are indicated the
exons joined together by the introns (black lines), while in white boxes
the untranslated regions of the gene. It is also presented wherein the
gene is inserted the P-element (MI0258). Bottom, schematic
representation of the dSERT transcript. Primers were designed on
exons 7−8 (FP and RP). (B) qPCR results showing a reduced
expression of dSERT transcript in mutant flies as compared to
controls. ***p < 0.005, one sample t test (n = 3 independent
experiments, a single experiment consists of 100 fly heads from each
genotype). (C) Fly survival under desiccation stress. Data shows an
increased survival in dSERT mutants or in flies where RNAi for dSERT
was expressed pan-neurally (elav-gal4/UAS-RNAidSERT), when com-
pared to control groups (CS and CS/UAS-RNAidSERT, respectively).
****p < 0.0001 after Log-rank (Mantel-Cox) test, as compared to
controls (n = 3 experiments; each experiment consisting of 20 flies).
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manipulation to target the same molecular target: the panneural
expression of a RNAi directed to dSERT (RNAidSERT), which is
a genetic tool previously used to knock-down dSERT
expression.14 Our data show that knocking down dSERT
induces the same dramatic effect as the mutant, a dramatic
increase in fly survival. Thus, alteration of dSERT expression
has a strong effect on survival of flies under desiccation
conditions. This result agrees with a previous report that
demonstrate that the serotonergic system activates 5HT1A
receptors to modulate survival of flies exposed to two stressful
conditions, starvation and heat.15 All these data support the
idea that the serotoninergic system contributes to stress
responses in Drosophila. Moreover, they support the idea that
serotonin could play a role as a trophic signal in invertebrates,
as in vertebrates.
Functional Characterization of dSERT Mutant. The

generation of new neurochemical techniques has made possible
to assess the release of neurotransmitters in different Drosophila
brain preparations and to functionally characterize synaptic
proteins. For instance, by using a new chronoamperometric
system we generated16,17 we recently described that nicotinic
acetylcholine receptors (nAChRs) induce the release of BAs in
fly brain. This is consistent with the idea that acetylcholine is
the main excitatory neurotransmitter in fly brain and that
nAChRs mediate fast synaptic excitatory neurotransmission in
insects.18 Here we used the chronoamperometry system to

assess the functional properties of dSERT in control and
mutant flies. In order to do this, we decided to carry out
recordings in the Drosophila antennal lobe (AL) region, a fly
brain center involved in processing olfactory information,
where serotonergic innervation is strongly represented,19,20 and
where it has been previously reported the expression of dSERT
(Figure 2A).21 We hypothesized that dSERT mutant flies would
show different kinetics of BA release and reuptake as compared
to control animals after a nicotine challenge. To assess this, we
exposed brains obtained from control and dSERT mutant
animals to nicotine (2 mM) and the amplitude and the time for
the signal to decay to 50% from its maximal amplitude (t50)
were calculated, as previously reported.22,23

Nicotine induced a significantly higher response in dSERT
mutants as compared to control brains (Figure 2B,C).
Furthermore, the t50 for the nicotine-induced response was
larger in brains obtained from mutant animals as compared to
the response observed in control tissue (Figure 2B,D). Thus, as
hypothesized, chronoamperometry studies show that exposure
to nicotine induces a fast increase in the extracellular levels of
amines, both in control and dSERT mutant animals.
Importantly, the t50, a kinetic parameter that reflects the
clearance of BA from the extracellular space and which is
mainly due to the activity of plasma membrane transporter, is
altered in mutant flies as compared to control animals (Figure
2). This is a feature that strongly supports the idea that this is a

Figure 2. nAChR-evoked release of amines is increased in dSERT mutant flies. (A) Microphotograph of a Drosophila brain, focusing in the antennal
lobe (AL) region. AL neurons expressing tomato fluorescent protein are shown in red, while GFP is detected in the expression pattern of the dSERT
gene (in green). It is possible to detect high expression of dSERT in the AL region. Scale bar indicates 50 μm. (B) Representative traces of
chronoamperometry recordings in brains of control (CS, left) and dSERT mutant (right) flies, in response to 2 mM nicotine. In red it is presented
the time to half decay (t50) in the representative experiments. (C) Nicotine-stimulated BAs release is increased in dSERT mutant flies (black bars) as
compared to control animals (CS, white bars). Fly brains from control and mutant animals were exposed to nicotine and the amine efflux was
measured as ΔBA release, which corresponds to the difference between peak amplitude in the presence of the stimulus minus the mean basal signal.
(D) The t50 for the response after nicotine stimulus is larger in dSERT mutant flies (black bars) as compared to CS animals. Data shown in (C) and
(D) were obtained in CS (n = 32) and dSERT mutant (n = 14) fly brains. *p < 0.05 and **p < 0.005 between experimental groups, unpaired t test.
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plasma membrane transporter mutant. Moreover, our results
are consistent with those obtained in SERT KO mice either
measuring the clearance of exogenously added serotonin or its
stimulated release.24,25

To further support the idea that this is a dSERT mutant, we
exposed fly brains obtained from control and mutant animals to
a serotonin (100 μM) challenge. It would be expected that
exposure to serotonin results in an increase in t50 in mutant
animals as compared to control flies. The representative trace
shown in Figure 3A (upper panel) demonstrates that this is
what we observe. Moreover, the effect of the mutation on
serotonin uptake is not statistically different from the t50
recorded when control flies are exposed to fluoxetine (100
μM), a chemical that binds and blocks dSERT (Figure 3A).23

Exposure of dSERT mutant brains to fluoxetine does not have a
further effect (Figure 3A). In addition, dopamine (100 μM)
uptake is not affected by dSERT mutation (t50 = 7.92 ± 1.36 in
dSERT mutant and 6.41 ± 0.64 in control animals, n = 10

brains per genotype; p > 0.05, t test). All these data are
consistent with the idea that fluoxetine and the mutation affect
the same molecular target, dSERT.
To further characterize the mutant, we used the amphet-

amine derivative 4-MTA, a highly selective serotonin-releasing
agent10 whose action in mammals depends on SERT.26 In our
preparation, 4-MTA at 10 or 30 μM induced a small increase in
the extracellular levels of amines from control fly brains, while
at 50, 100, and 300 μM, a bigger response was observed (Figure
3B). Interestingly, the effect induced at 300 μM was smaller
than that detected at 100 μM (Figure 3B), which suggests an
inverted-U response curve. Data reported in heterologous
systems show that 4-MTA inhibits uptake of serotonin uptake
by dSERT with a Ki of 4.6 ± 0.2 μM.27 We have previously
reported that the concentration of the drug effectively reaching
the brain in the recording chamber used in our experiments is
about 1:200 of what is actually applied in the bolus.16,17 Thus,
the fact that at higher concentrations of 4-MTA smaller effects

Figure 3. Characterization of dSERT mutants. (A) Effect of fluoxetine on serotonin uptake in control and dSERT mutant brains. Top: representative
trace of the signal recorded in control (CS, left) or mutant (dSERT, right) brains exposed to a serotonin (100 μM) challenge in absence (black
trace) or presence (red trace) of fluoxetine (100 μM). Fluoxetine induces a signal of bigger magnitude than control situation. In addition, the trace
suggests that fluoxetine exposure results in a longer time to reach basal levels, consistent with the idea that this chemical blocks dSERT. The effect of
fluoxetine is not observed in the representative trace for dSERT mutant animals, consistent with the idea that fluoxetine and the mutation are
directed to the same molecular target, dSERT. Bottom: t50 measured in several brains under conditions indicated above. ***p < 0.005 and ****p <
0.001; two-way ANOVA followed by Tukey post test, between indicated experimental groups (n = 10 brains per condition). ANOVA analysis
indicates that strain effect is significant, while drug treatment is not. In addition, interaction between these parameters is also significant. (B) Fly brain
exposure to 4-MTA evoked responses that depend on the dose. Here 10 and 30 μM evoked small signals, while 50 and 100 μM induced larger
responses. Exposure to 300 μM results in a middle size response (n = 10 or more recordings in each condition). ΔBAs values correspond to the
difference between peak amplitude in the presence of the stimulus minus the mean basal signal. “a”, indicates statistical differences as compared to
basal release (p < 0.05); “b” indicates statistical differences when compared to basal release (p < 0.001), and also when compared to responses
recorded when brain tissue is exposed to 4-MTA 10, 30, and 300 μM (p < 0.05); one-way ANOVA followed by Tukey post test. (C) Top:
Representative traces of chronoamperometry recordings for control CS (left) and dSERT mutant (right) animals, in response to 50 μM 4-MTA.
Bottom: 4-MTA-stimulated release of endogenous BAs is decreased in dSERT mutant flies (black bars) as compared to control CS animals (white
bars). Bars correspond to mean ΔBA release in response to 50 μM 4-MTA. **p < 0.005, unpaired t test when comparing CS (n = 32) and dSERT
mutant (n = 15) flies.
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is observed, which helps define the inverted U-shape for the
response curve, might well be explained by 4-MTA inhibition of
dSERT.
To evaluate whether the effect of 4-MTA on the release of

amines in Drosophila brain depends on the activity of the
dSERT protein, we exposed mutant flies to 50 μM 4-MTA, the
concentration eliciting the maximal response on amine release
in control flies. We observed an ∼84% reduction in the
response to 4-MTA in dSERT mutant flies as compared to
control animals (Figure 3C), consistent with the idea that the
target of this chemical is the transporter. Importantly, the
response after the 4-MTA challenge in dSERT mutant animals
is different from basal amine release (p < 0.05, t test),
consistent with the idea that this is a hypomorph mutant.
Overall, our neurochemical analysis indicates that the mutant
flies show an impaired dSERT activity.
With our chronoamperometric system we are able to detect

the release of endogenous BAs in the fly brain, including
serotonin, dopamine, tyramine and octopamine. The detection

method allows us to differentiate the first two amines from the
last two. However, under the experimental conditions used it is
not possible to discriminate between dopamine and seroto-
nin.16,17 Thus, the experiment shown in Figure 3A where it is
demonstrated that serotonin uptake is affected in mutant
animals supports the idea that we are describing a dSERT
mutant. On the other hand, the other pharmacological tool
used, 4-MTA, shows high selectivity toward mammalian SERT,
but it also acts at two other targets, the Dopamine plasma
membrane transporter DAT26,28 and the monoamine oxidase
type A (MAO-A).29,30 Since there is no gene for MAOs in
Drosophila,31 the literature available suggests there are only two
possible targets for 4-MTA in flies: Drosophila DAT (dDAT)
and dSERT. Noteworthy, we recorded the efflux of amines in
the AL region, a Drosophila brain area enriched in serotonergic
terminals and where little or no dopaminergic innervation
exists.32−34 Overall, our data support the idea that the amine
whose uptake is altered in the mutant animal is serotonin, and
that the affected protein is dSERT.

Figure 4. Three-dimensional structure model of dSERT generated by homology modeling. (A) It is shown the dSERT model generated. In close-up
(right), it is shown the binding pocket of dSERT where it is possible to observe 4-MTA (purple) and dSERT amino acids D93, Y171 and F90
(green) interacting with the amphetamine derivative. (B) Atomic distances between 4-MTA and the indicated amino acids in the dSERT binding site
during the 20 ns molecular dynamics simulations. Top left and right insets show specific interactions between 4-MTA and identified residues of
dSERT, at 4 and 19 ns, respectively (indicated in boxes). Numbers represent distance (in Å) between the different groups of 4-MTA and dSERT
residues. WAT at 19 ns indicates a water molecule.
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We would like to make an additional comment on our
characterization of the dSERT mutant. When characterizing a
new mutation in a Drosophila protein, some manipulations are
common, including experiments that show a decrease in the
gene/protein expression (as we did here) and/or the
phenotypic rescue of the mutation by re-expression of the
wildtype protein. For instance, these were the approaches
carried out to characterize the mutant for the Drosophila
dopamine transporter (dDAT), known as fumin or fmn.35

However, as important as this, is to actually show that the
activity of the protein of interest is affected in the putative
mutant. This was not carried out for the fmn mutant until
several years later, by the group of Venton.36 This is partly
explained by the fact that only a limited number of research
groups have developed neurochemical tools to actually study
the efflux of neuroactive substances in Drosophila brain. In the
case of our work, it is already mapped the site of the insertion
in the dSERT gene, and therefore, our experiments serve to
show that this is actually a mutant. For doing this, we use an
electrochemical system we recently developed and de-
scribed,16,17 that allow us to truly assess the release of
neuroactive substances in a fly brain preparation. Thus, our
data demonstrate that this is a hypomorph dSERT mutant.
Molecular Modeling of dSERT. In order to modify the

extracellular levels of serotonin, 4-MTA must interact with
dSERT. We decided to obtain a structural characterization of
the dSERT protein that could give us some insights on the
ability of this protein to interact with ligands (in particular 4-
MTA) and also to evaluate the stability of the interaction
between the transporter and the amphetamine derivative.
For doing this, we first generated a 3D model of the dSERT

protein structure, as explained in Materials and Methods. We
used as template the 3D structure of the Drosophila Dopamine
transporter (dDAT, PDB ID: 4XP9, 2.95 Å resolution37)
because it shares a sequence identity bigger than 50% with the
target sequence (sequence alignment is shown in Figure S1).
Afterward, the model for dSERT was used to define the main
interactions between dSERT and 4-MTA. Figure 4A shows a
general view of the binding site of 4-MTA when docked at
dSERT. As expected, this site (as well as the interactions drug-
residues detected) coincides with the binding pocket occupied
by amphetamine in the crystal structure of dDAT.37 As shown
in the close up in Figure 4A, 4-MTA docked at a cavity formed
by F90, A91, D93, N96, M167, Y171, S328, L329, G330, F333,
S429, T430, and G433 in the dSERT model, which is
consistent with the residues described as important for ligand
binding in the model for human SERT (e.g., D93 and Y171 in
the dSERT correspond to D98 and Y176 in the human protein,
respectively38−40), which have been recently corroborated in
the crystal structure of human SERT.41 Thus, an ionic
interaction between the dSERT D93 residue and the
ammonium group of the ligand and also a π−π interaction
between the Y171 residue in dSERT and the aromatic moiety
of the ligand appeared as the major contributors for the
stabilization of the protein−ligand complex.
In order to obtain more details about the specific interactions

in the 4-MTA/dSERT complex we used molecular dynamics
(MD) simulation. The plots of RMSD indicate that the drug−
protein complex was well equilibrated and remained stable
throughout the 20 ns simulation (Figure S2). As mentioned
above, docking experiments revealed that several interactions
between the protein and the ligand are formed, although the
main ones are established by D93, F90, Y171 and S328. The

temporal evolution of these interactions, as measured by the
distance between the drug and each interacting residue is
displayed in Figure 4B. Thus, a cation−π interaction is
observed between the ammonium group of 4-MTA and the
dSERT F90 residue. The MD simulation also supports the
interaction between S328 and 4-MTA, mediated by a hydrogen
bond. In addition, a strong interaction is observed between the
residue D93 with the ammonium group of 4-MTA, given that
the distance between these groups decreases over time up to
1.6 Å (Figure 5, top left inset). Interestingly, at 19.5 ns the
distance between D93 and 4-MTA increases over 3 Å, by the
introduction of a water molecule between these groups (Figure
5, top right inset). The contribution of a water molecule to the
stability of the interaction between the transporter and the
ligand is a new finding that deserves further study. Thus, our
modeling studies suggest a strong, specific interaction between
4-MTA and dSERT,

Behavioral Characterization of the dSERT Mutant.
Overall, our data support the idea that the tools used in our
study are directed to the same molecular target, the dSERT
protein. With this validation, we decided to assess the
contribution of the serotonin system, and particularly the
dSERT protein, to complex behaviors in flies. We focused in
three major aspects: olfactory processing, motor control, and an
anxiety-related behavior, centrophobism.
It has been previously shown that serotonin modulates the

activity of Drosophila AL neurons, and it has been proposed
that this amine could be involved in the processing of olfactory
information in this animal.19 However, this is an idea that has
not been actually tested. We postulated that if serotonin is
involved in processing olfactory information in the AL, then the
behavioral response of flies to odorants should be altered in
dSERT mutants. In order to assess this, we used a behavioral
assay42 that allows us to evaluate different motor parameters
and also the response to odorants. We studied the behavioral
response of flies toward benzaldehyde (Bz), which has been
described as one of the strongest aversive odorants in
Drosophila.43,44

Control and dSERT mutant flies were recorded before any
stimulus and then in the presence of Bz. In absence of any
olfactory stimulus, flies do not show a naiv̈e preference for any
specific part of the arena (Figure S3). On the other hand Bz
presentation induces a negative chemotaxis, which was
evidenced as a movement toward the opposite side of the
arena. A representative experiment is shown in Figure 5A. Data
from different experiments is quantified as performance index
(PI), and shows that, as hypothesized, fly exposure to Bz
induces a negative chemotaxis (aversion), expressed as PI
greater than zero (first bar, Figure 5B).
We then tested whether an acute pretreatment with 4-MTA

(5 min before the assay) modifies the aversion to Bz in control
flies. Our results show that 4-MTA (1 μM) generated a
significant increase in the aversive response to Bz, an effect not
observed at the other drug concentrations evaluated (Figure
5B). Similar results were observed when we treated control flies
with other drugs known to increase serotonin extracellular
levels, and whose actions depend on the SERT protein (Figure
S4A).
Interestingly, mutant dSERT flies showed an aversive

response to Bz of similar magnitude to that observed in
control animals. However, the increased aversive response to Bz
induced by 4-MTA was not observed in these flies (Figure 5C).
Altogether, these data suggest that the initial aversive response
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toward Bz does not depend on the dSERT protein and/or
serotonin, but that the increase in the olfactory response
induced by 4-MTA depends on serotonergic neurotransmission
and the operation of the transporter. This is consistent with
previous reports that demonstrate that the serotonergic system
innervates and modulate the activity of AL neurons in
Drosophila.19,20 Serotonergic systems innervating and modulat-
ing the activity of the neurons constituting the first relay
olfactory center is not a particularity of invertebrates: it has

been previously shown that serotonergic fibers innervate and
modulate the activity of neurons forming the vertebrate
olfactory bulb glomeruli.45−47 Thus, the modulatory actions
of serotonin on neurons of the first brain olfactory center would
be a common theme in vertebrates and invertebrates. The
mechanisms and consequences of this modulation are only
partially understood and in this sense the mutant system
described here is particularly well suited to further advance on
this issue.
We and others have previously shown that serotonin

contributes to motor control in Drosophila both at the
larval6,48,49 and adult stage.50,51 Thus, it is possible that the
acute treatment with 4-MTA and/or the genetic alteration of
dSERT could affect the execution of motor programs in
Drosophila, and idea we decided to assess. We studied several
motor parameters but here show only three that are
representative of locomotor behavior in adult flies: distance
traveled, speed and activity time (Figure 6). Our results show
no effect of 4-MTA (1 μM) in the three motor parameters
studied (Figure 6). Interestingly, dSERT mutant flies show a
significant increase in the three motor parameters studied as
compared to control flies (Figure 6). Moreover we observed
that 4-MTA treatment did not affect motor output in mutant
animals.

Figure 5. 4-MTA induces an increased aversive response to Bz that
depends on dSERT. (A) Setup for behavioral assay. It is possible to
track the movement of fly in a circular arena (red traces). In the
representative experiment shown, it is observed the aversive effect of
benzaldehyde (Bz) placed in the right side of the arena, as evidenced
in the red trace and also in inset in lower right corner, as a heat map of
the position of the fly during the experiment. (B) Exposure to 4-MTA
(1 μM) induces an increased aversion to Bz in flies. Aversive olfactory
response toward Bz, measured as positive performance index (PI) in
control situation (absence of odorant, white bar, n = 25) and at
different 4-MTA concentrations: 50 nM (n = 15 flies); 1 μM (n = 19
animals); 50 μM (n = 18 flies) and 1 mM (n = 17 flies). *p < 0.05,
one-way ANOVA followed by Tukey post test when comparing
groups. (C) Increase in aversion to Bz is not observed in dSERT
mutants exposed to 4-MTA. Mean aversive responses (expressed as
positive PI) in CS and dSERT mutant flies treated (indicated as “+”)
or not (labeled as “−”) with 4-MTA (1 μM). Data shown corresponds
to mean + SEM of n = 31, 18, 21, and 15 flies, in each experimental
group, respectively. *p < 0.05, two-way ANOVA followed by Tukey
post test.

Figure 6. 4-MTA treatment does not affect locomotion in flies while
dSERT mutant flies show increased basal locomotor behavior. Bars
represent mean + SEM of distance traveled (A), activity time (B), or
speed (C), in control (CS) or dSERT mutant flies, exposed (indicated
“+”) or not (labeled “−”) to 4-MTA 1 μM. *p < 0.05, **P < 0.01, and
***p < 0.001 between identified experimental groups (n = 20, 14, 20,
and 15 flies, respectively), two-way ANOVA followed by Tukey post
test.
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Even though both the mutant and 4-MTA treatment are
directed toward the same molecular target, dSERT, the
difference between these two manipulations is its temporal
dynamics: while the 4-MTA treatment is acute, only lasting 5
min and having no effect on animal development, the effect of
the mutation is present over the entire lifespan of the animal.
Therefore, our data would argue that although an acute increase
in serotonin extracellular levels induced by 4-MTA has little or
no effect on locomotion (Figure 6), it affects olfactory
responses (Figure 5). It is possible to suggest that this is due
to the differential action of this chemical on distinct
serotonergic neural circuits and/or the differential contributions
to these behaviors of different serotonergic pathways, as has
been previously shown for two different behavioral outputs that
depend on serotonin, mating and arousal.52 On the other hand,
the data obtained with dSERT mutant animals suggests that a
modification of the serotonergic system affects normal
development of circuits responsible for locomotion in adult
flies. This is consistent with a previous study showing that
tampering with the serotonergic system over fly development,
by feeding Drosophila larvae blockers of dSERT, not only affects
larval locomotion53 but results also in altered adult fly motor
behavior.49

It is well-known that the serotonergic system contributes in
vertebrates to several complex behaviors, including anxiety.1,54

As previously reported in mammals, Drosophila also shows a
preference for the periphery in an arena, a behavior that has
linked to anxiety.55 With this in mind, we finally decided to
evaluate centrophobism in flies, which can be quantified by
comparing the preference of flies to be in the periphery as
opposed to the center in the arena. Our results show a
significant decrease in centrophobism in dSERT mutant flies as
compared to control flies (Figure 7). Moreover, pharmaco-

logical increase of serotonin extracellular levels by fly exposure
to 4-MTA results in reduced centrophobism. No further effect
on centrophobism is observed in dSERT mutant flies fed with
the amphetamine derivative, consistent with the idea that the
molecular target of 4-MTA is dSERT (Figure 7). Similar results
were observed when feeding flies with other drugs that increase
serotonin extracellular levels in vertebrate systems, and whose

molecular target is SERT (Figure S4B). Our data complements
a recent report by Mohammad et al.,14 where it was shown that
that the expression of an RNAi for dSERT affects a different
anxiety-like behavior in flies. Thus, altogether these data show
that (1) the serotonergic system modulates centrophobism in
adult flies; (2) 4-MTA induces a change in behavior in flies,
which could be related to an anxious behavior; and (3) the
effect of 4-MTA in Drosophila is mediated by dSERT. These
data support the idea that the serotonergic system modulates
anxiety-linked behaviors in flies, as it does in mammalian
systems.14 These results are in agreement with a model where
increased serotonin levels promote exploratory behavior and
suggest a decreased anxiety state in these flies.
In sum, we have shown here that pharmacological and

genetic manipulations that affect central serotonin levels modify
responses to an aversive odorant, locomotor behavior and
centrophobism, suggesting that this BA plays a key role in
modulating a vast variety of functions and processes in the
Drosophila brain as it does in mammals. In addition, the
pharmacological responses observed both in control and
dSERT mutant flies confirm the potential of this organism as
model for low- to high-throughput screening of novel useful
drugs.5 Moreover, our work further supports the idea that given
the evolutionary conservation of the serotonergic neuro-
transmission in vertebrate and invertebrate systems, it is
possible to advance our comprehension of the molecular
mechanisms underlying the contribution of this BA to
behaviors, making use of the advantages offered by invertebrate
animal models including Drosophila.

■ METHODS
Bioethical and Biosafety issues. All experimental procedures

were approved by the Bioethical and Biosafety Committee of the
Facultad de Ciencias Bioloǵicas, Pontificia Universidad Catoĺica de
Chile and were conducted in accordance to the guidelines of the
National Committee for Scientific and Technological Research,
CONICYT and the Servicio Agrićola y Ganadero de Chile, SAG.

Flies. All experiments were carried out with male flies (3−7 days
old). Flies were raised at 19 °C on a 12/12 h light/dark cycle and
maintained on a standard yeast meal diet.

The dSERT mutant was obtained from the Bloomington Drosophila
Stock Center (BDSC, line # 36004). This is a mutant generated in
background y1w, which was cantonized for at least 5 generations. Thus,
as genetic controls we used Canton-S (CS). The dSERT mutant was
originally generated by the group of Hugo Bellen, in the Gene
Disruption Project.11 It was generated by insertion of the Mi{MIC}
transposable element in the 2R:24407821[-] position, in the intron
that separates the exons 3 and 4 of the SERT Drosophila gene. The
information on the site of the insertion can be found at http://www.
ncbi.nlm.nih.gov/gss/JM029640. This transposable element contains
in its sequence a splice acceptor followed by three stop codons.

Additional flies used in this work include dSERT-Gal4 and UAS-
RNAiSERT (lines #207777 and 11346, respectively, obtained from
Vienna Drosophila Resource Center, Vienna, Austria); w1118;
PBac{GH146-QF.P}53 P{QUAS-mtdTomato-3xHA}24A (from
BDSC, line # 30037) and UAS-eGFP (which was already available
at the Campusano lab).

Quantitative RT-PCR.We carried out a quantitative real time PCR
to assess the change in expression of dSERT in control and mutant
animals.6,56 Briefly, RNA obtained from about 100 adult heads (50 mg
of tissue) was treated with RQ1 RNase-free DNase (Promega).
Reverse transcription was carried out with 600 ng of RNA (First
Strand cDNA Synthesis kit, Thermo Scientific) according to
manufacturer’s instructions. Afterward, cDNA was amplified with 5×
HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne), in the
presence of specific primers. Reactions were carried out in Light

Figure 7. Centrophobism, an anxiety-associated behavior, depends on
serotonergic neurotransmission in flies. The preference of flies for
periphery, measured as centrophobism index, during control assays
(no odorant present) in control strain (CS) and in dSERT mutant
flies, fed (indicated as “+”) or not (indicated as “−”) with 4-MTA (1
μM). Data represents mean + SEM of n = 23, 18, 22, and 15 flies,
respectively. *p < 0.05 and **p < 0.001, two-way ANOVA with Tukey
post test, when comparing indicated experimental groups.
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Cycler 480 system (Roche). A first cycle of 15 min at 95 °C was
followed by 15 s at 95 °C, 20 s at 59 °C and 30 s at 72 °C for 40
cycles. The final step was at 72 °C, 30 s. Quantification of PCR
products for each genotype and each gene was carried out using the
2(−ΔΔCP) method. PCR reactions for each genotype and gene were
carried out in duplicate, in each of three different biological replicas.
Data for dSERT expression was normalized to expression of
housekeeping gene GAPDH2. The primers used to amplify a sequence
corresponding to exons 7 and 8 of the mRNA for dSERT
(downstream the insertion site) were as follows: SERTF 5′-
TGCTGGTCAACTTCCTGAAT-3′ and SERTR 5′-ATGAATAT-
GGTCAGCAGGAACA-3′. PCR product was 200 bp, and efficiency
of primers was 2.1932. Conditions for PCR reaction GAPDH2 gene
were as indicated above, except that it was carried out with 150 ng of
RNA. Primers for GAPDH2 were as follows: GAPDH2F, 5′-
CGTTCATGCCACCACCGCTA-3′ and GAPDH2R, 5′-CCAC-
GTCCATCACGCCACAA-3′. PCR product was 72 bp, and efficiency
was 2.2422.
Reagents. (±) 4-MTA hydrochloride was synthesized as

previously reported.29 Serotonin, fluoxetine and nicotine were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All other
reagents and salts used were of analytical grade.
Desiccation Assay. Three days old adult male flies were isolated

and placed individually in 0.5 cm diameter glass tubes in absence of
food and water. Flies were visually inspected every 3 h and surviving
flies were counted. The assay was finished when the last fly of each
experimental group/strain was dead. Data is shown as percentage of
live flies overtime.
Fly Brain Dissection and Preparation for Neurochemical

Analysis. In each experiment, an adult fly male was anesthetized
under CO2 and its brain removed. The tissue was pinned down to the
bottom of a recording chamber (total volume 500 μL) so that the AL
region was exposed. This preparation was superfused (3 mL/min)
with a standard HEPES-buffered Tyrode solution (concentrations in
mM: NaCl 140, KCl 4.5, HEPES 10, MgCl2 1.0, CaCl2 2.5, glucose 11;
pH 7.2 continuously bubbled with air), at room temperature.
dSERT Expression in AL. Photomicrographs of brains of flies

expressing tomato red protein in the AL region and GFP under the
control of a dSERT-gal4 line were obtained at 40× magnification in an
inverted LSM Fluoview 1000 (Olympus) confocal microscope and
processed in ImageJ to generate the final images, as previously
reported.57

High-Speed Chronoamperometric Recordings. Ex vivo brain
recordings were performed as in refs 16 and 17 except that the carbon
electrode was placed on top of the AL region, to better assess changes
in the neuroactive molecules released after manipulations in this brain
region. All drugs were freshly prepared in the Hepes-Tyrode solution
described above and diluted to the desired working concentration. 4-
MTA and nicotine were applied by a fast bolus injection (150 μL) into
the recording chamber from a pipet located at about 1 mm from the
brain surface. When indicated, brains were incubated with fluoxetine
(100 μM) for 5 min before exposure to the serotonin (100 μM)
challenge. Control experiments (in absence of brain tissue) were
performed to discard that drugs generated a nonspecific signal in the
system. Several manipulations were carried out in a single fly brain;
each brain was used up to 2 h.
dSERT Modeling. A three-dimensional model of dSERT was

generated using homology modeling. The crystal structure of dDAT
available at the Protein Data Bank (PDBid 4XP1; resolution of 2.89 Å)
was used as a template.37 Models were prepared with MODEL-
LER9v1258 using standard parameters. The outcomes were ranked on
the basis of the internal scoring function of the program. One hundred
dSERT models were prepared and after stereochemical and energetic
evaluations, the best structure was submitted to H++ server59 to
compute pK values of ionizable groups and to add missing hydrogen
atoms according to the specified pH of the environment. Ions Na+ and
Cl− were located inside of dSERT based on previous models60,61 and
were considered in all simulations. Then, the macromolecule was
inserted into a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) membrane, solvated with water model TIP3, and ions were

added creating an overall neutral system in 0.15 M NaCl. The final
system was submitted to MD simulation (2 ns) using NAMD 2.1062

and the NPT ensemble was used to perform the calculations. All other
modeling conditions were as previously described.28,63

Molecular Docking and Dynamics. Ligands were constructed
using Gaussian03,64 and the partial charges of different compounds
were corrected using ESP methodology. Based on crystallographic
data,37 the molecular docking of 4-MTA in dSERT was performed
with the AutoDock 4.0 suite.65 The grid maps were calculated using
the autogrid4 option and centered on the dDAT-binding site. All other
docking conditions were as previously described,28 but a maximum
number of 2.5 × 106 energy evaluations was used. The docked
compound forming the receptor-drug complex was built using the
lowest docked-energy binding position. The protein−ligand complex
with the highest affinity (inferred from docking energy) was submitted
to MD simulations (20 ns) to evaluate the stability of the complex and
the characteristics of the main interactions. To this end, the same
conditions described above were used.

Video Recording and Chemotaxis Assay. For behavioral assays,
we used a setup previously described by the group of Brembs,42 which
we modified with his help. In brief, single flies were placed in a circular
white arena (39 mm diameter, 2 mm high), with two pieces of cotton
placed in opposite sides (see Figure 5A). The behavior of flies was
recorded in this arrangement for 3 min at room temperature (23−25
°C). Afterward, one of the cottons was soaked with 100 μL of Bz (1%
v/v in water), while the other was soaked with 100 μL of distilled
water. Fly behavior was recorded for another 3 min. All video
recordings were analyzed offline, using the tracking analysis software
Buridan tracker.42

Data for centrophobism and different motor parameters were
obtained as in.42 In this work we show three motor parameters,
distance traveled, activity time and speed, which better represent
locomotor behavior in adult flies. In addition, heat maps that reflect
the position of flies during control and Bz conditions, were generated.
These maps were processed with ImageJ to calculate performance
index (PI), a value that reflects the innate aversion of flies to Bz. To do
that, the heat map was divided in two halves and PI was calculated
according to the following formula:

= − +PI (AUC AUC )/(AUC AUC )H O Bz H O Bz2 2

where AUCH2O = time spent in the water half and AUCBz = time spent
in the Bz half.

Drug Exposure for Behavioral Assays. Male flies were food
deprived for 15 h before beginning an experiment. Afterward, flies
were fed different 4-MTA solutions (range 50 nM to 1 mM) or vehicle
(5% sucrose and 0.6% propionic acid) in filter paper circles, for 5 min.

Statistical Analysis. Data presented corresponds to mean + SEM
of indicated number of experiments (n). All statistical evaluations were
carried out in GraphPad Prism software, using t test, one-way
ANOVA, or two-way ANOVA followed by Tukey post test.
Significance was defined with p < 0.05.
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Appendix B: A published journal club article 

discussing the differential roles of RIM on synaptic 

plasticity in mammals’ synapses  

 
This is a published manuscript in The Journal of Neuroscience, discussing the 
findings reported by Kupferschmidt et al., (2019). As this manuscript was written 
by myself, I am the only contributor to this work.  
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Control of instrumental actions relies
on a dual system of goal-directed and
habit strategies (Liljeholm and O’Doherty,
2012).Goal-directed actions involve antic-
ipation of rewards and are therefore sen-
sitive to changes in the value of the
outcome. Habits, in contrast, are well
learned actions driven by a stimulus with-
out regard to the outcome (Yin, 2008).
Through repetition and learning, goal-
directed strategies gradually evolve into
less flexible habits (Yin, 2008; Gremel and
Costa, 2013). This happens when the sen-
sorimotor association becomes strong
enough to overcome the expectancy of the
outcome, allowing the brain to complete
everyday actions with minimal effort.

The balance between goal-directed
and habitual action is regulated by an in-
tricate neuronal network in which the
dorsal striatum plays a pivotal role (Lilje-
holm and O’Doherty, 2012; Corbit et al.,
2013). Specifically, the dorsomedial stria-
tum (DMS) regulates goal-directed strat-
egies, while the dorsolateral striatum
(DLS) is involved in action learning and

habitual strategies (Yin, 2008; Liljeholm
and O’Doherty, 2012; Nazzaro et al., 2012;
Gremel and Costa, 2013). Thus, changes
in DMS and DLS activity underlie switches
from goal-directed to habitual action strat-
egies (Yin et al., 2009; Santos et al., 2015).
These changes in activity have been pro-
posed to be regulated by glutamatergic
projections from the cerebral cortex,
which are the main source of excitatory
signals to the striatum (Huerta-Ocampo
et al., 2014).

In addition to postsynaptic changes in
AMPA and NMDA receptors, which oc-
cur in the DLS in the late phases of skill
learning and habit formation (Yin et al.,
2009), recent findings suggest that pre-
synaptic release dynamics in the dorsal
striatum are important predictors for ac-
tion learning (Kupferschmidt et al., 2017).
For example, expression of CB1 cannabi-
noid receptors (CB1Rs) in cortical neu-
rons projecting to the dorsal striatum
are indispensable for habit formation
(Gremel et al., 2016), and endocannabi-
noid-dependent long-term depression
(eCB-LTD) of neurotransmitter release
might be involved in this dependence
(Wu et al., 2015).

Presynaptic release of neurotransmit-
ters relies on a complex machinery that
couples local calcium influx to synaptic
vesicle fusion. Several proteins coordinate
this process, including Rab3 interacting
molecules (RIMs), one of the main com-

ponents of the presynaptic active zone
(Schoch et al., 2002). RIM proteins are en-
coded by four genes that give rise to seven
isoforms; of these, the ! and " isoforms
encoded by the Rims1 gene are the most
studied (Kaeser and Südhof, 2005). RIM
proteins are expressed ubiquitously in the
CNS (Schoch et al., 2006), and they have
been proposed to be coordinators of the
components involved in short- and long-
term synaptic plasticity at the active zone
(Schoch et al., 2006). Interestingly, RIM1
deletion has different effects on plasticity
at different synapse types (Kaeser and
Südhof, 2005). For instance, RIM1!
knock-out enhances short-term plasticity
in hippocampal CA3–CA1 synapses (Schoch
et al., 2002), whereas it disrupts long-term
plasticity while sparing short-term plas-
ticity in dentate gyrus mossy fibers (Cas-
tillo et al., 2002). Moreover, it has been
shown in ex vivo (Chevaleyre et al., 2007;
Grueter et al., 2010) and in vitro (Alonso
et al., 2017) experiments that endocanna-
binoid-induced long- and short-term
depression depends in part on RIM1! ex-
pression.

To determine whether RIM1 influ-
ences plasticity at corticostriatal synapses,
Kupferschmidt et al. (2019) used Emx1::
Cre;RIM1!/! mice, in which the RIM1
isoforms ! and " were deleted selectively
in excitatory neurons in the neocortex
(RIM1!" cKO). As expected, this re-
duced the frequency of spontaneous
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EPSCs in medium-sized spiny neurons
(MSNs), the most abundant neurons in
the DLS, without changing the amplitude
of spontaneous events, indicating a defect
in presynaptic vesicle release (Castillo et
al., 2002; Schoch et al., 2006). In addition,
responses evoked in MSNs by stimulation
of corticostriatal fibers were significantly
reduced in mutant mice, suggesting evoked
release was also impaired.

To evaluate whether CB1R-dependent
synaptic plasticity was also affected in
RIM1!" cKO mice, the authors used
different strategies to induce short- or
long-term depression. First, depolari-
zation-induced suppression of excitation
(DSE) was used to induce short-term de-
pression in corticostriatal synapses. De-
polarizing neurons to 30 mV for 10 s
induced similar amounts of depression in
RIM1!" cKO and wild-type mice. Sec-
ond, DHPG was used to induce long-term
depression. Again, the extent of depres-
sion was similar in RIM1!" cKO and
wild-type mice. Moreover, this effect was
effectively blocked by a CB1R antagonist
in both mutant and control animals.
Therefore, both short- and long-term de-
pression of neurotransmitter release were
spared in the RIM1 cKO mice.

Next, Kupferschmidt et al. (2019) in-
vestigated how the reduction in basal neu-
rotransmission between the cortex and
the DLS in RIM1!" cKO mice affected
goal-directed and habit-driven action. To
do this, they used a self-paced instrumen-

tal task followed by a valuation test. Food-
restricted mice were trained to press a
lever to receive a food-pellet reward, using
a random-interval reward schedule for
several days; this protocol was previously
shown to promote habit formation (Gre-
mel et al., 2016). Bias to use a goal-
directed or habitual action strategy was
assessed after training by giving mice ac-
cess to either a sucrose solution or food
pellets before testing them on the lever-
pressing task in the absence of the reward.
Importantly, access to the food pellets be-
fore testing is expected to devalue the re-
ward, whereas access to sucrose solution is
not. If mice are using goal-directed strat-
egies, they should press the lever fewer
times in the devalued condition; but if
they are using habitual strategies, the
number of lever pressings should be indis-
tinguishable in the two conditions. As ex-
pected, reward devaluation did not affect
lever pressing in control animals, indicat-
ing habitual control of actions. In con-
trast, RIM1!" cKO mice were sensitive to
the devaluation, as indicated by fewer le-
ver presses compared with the wild-type
and to the sucrose condition. This sug-
gests that habit formation was impaired in
these mice.

These findings are exciting for two
main reasons. First, according to the
“dual-system theory” of instrumental
learning, goal-directed strategies, which
depend on cortico-DMS synapses, have
initial dominance over habits that rely on

cortico–DLS synapses. Therefore, weak-
ening the cortical transmission to DLS
might be expected to bias the animals to-
ward the use of goal-directed actions even
when interval-schedule reward training is
used to promote habits (Nazzaro et al.,
2012). Indeed, the findings presented by
Kupferschmidt et al. (2019) support this
notion, where goal-directed strategies
would be set by default when habits can-
not be formed. Second, they suggest a
RIM1-independent synaptic plasticity at
corticostriatal synapses, different to what
is observed in other synapses in the CNS.
For example, in cultured cerebellar gran-
ule cells, using protocols of endocanna-
binoid-induced depression similar to the
one used by Kupferschmidt et al. (2019),
CB1R activation induced greater depres-
sion of neurotransmitter release in RIM1!-
deficient cells than in wild-type, and this
effect was rescued by re-expressing RIM1!
(Alonso et al., 2017). Opposite results
were found in hippocampal neurons and
a subset of neurons in the core region of
the nucleus accumbens (NAc): RIM1!
depletion in these structures caused a re-
duction in the DHPG-induced eCB-LTD
(Grueter et al., 2010). Given that eCB-
LTD occurs in corticostriatal synapses
and its relevance has been shown in sev-
eral studies (Nazzaro et al., 2012; Wu et
al., 2015), the lack of effect in the RIM1!"
cKO mice shown by Kupferschmidt et al.
(2019) suggests that, as in short- and long-
term potentiation, short- and long-term

Figure 1. Simplified proposed mechanism for the shift from goal-directed to habitual strategies and the RIM1!" contribution to the corticostriatal network established by Kupferschmidt et al.
(2019). A, In the presence of a novel stimulus, actions are highly dependent on outcomes, indicative of goal-directed strategies. These are modulated mainly by the neural inputs from associative
and limbic areas (like the BLA) to the DMS, while the DLS is disengaged. B, After training or action learning, the stimulus becomes the driver of the action, indicative of habits. In this situation,
projections from the sensorimotor cortex are strengthened, possibly through the contribution of RIM1!" in the presynaptic modulation of glutamate release. In addition, inputs from the associative
cortices to the dorsal striatum (likewise the OFC terminals) are inhibited by eCB-LTD, a process dependent on CB1R. Whether RIM1!" is important in the inputs from cortical structures to the DMS
is still unknown.
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depression can be RIM1-dependent or in-
dependent, depending on the synapse
type. Because RIMs proteins are ubiqui-
tously expressed in the CNS, this also sug-
gests a differential specialization of the
neurotransmitter release machinery in
different synapse types.

Excitatory synapses in other regions
where RIM1!" have a predominant func-
tion might contribute to the phenotypes
observed here. As stressed above, whereas
DLS [which Kupferschmidt et al. (2019)
examined] is engaged in later stages of ac-
tion learning and habit formation, DMS is
involved in goal-directed strategies (Lilje-
holm and O’Doherty, 2012; Gremel and
Costa, 2013), and in early phases of train-
ing. Both the orbitofrontal cortex (OFC)
and the basolateral amygdala (BLA) proj-
ect to the DMS (Kelley et al., 1982; Gremel
and Costa, 2013; Gremel et al., 2016). It
has been shown that inhibition of OFC
inputs to the dorsal striatum is necessary
for habit formation, and this process de-
pends on CB1Rs (Gremel and Costa,
2013; Gremel et al., 2016). The BLA was
also shown to be involved in the process of
goal-directed action learning; specifically,
BLA lesions increase outcome devalua-
tion (Corbit et al., 2013). Therefore, it is
possible that the inability to set habitual
strategies in the RIM1!" cKO mice arises
from defective activation/inactivation
balance of DMS by OFC and/or BLA, in
addition to the reduction in basal neu-
rotransmission at cortex-DLS synapses
reported by Kupferschmidt et al. (2019)
(Fig. 1).

By addressing the role of RIM1!"
in the corticostriatal synapses, Kupfer-
schmidt et al. (2019) have provided new
evidence on the importance of basal cor-
ticostriatal neurotransmission in the bal-
ance between goal-directed and habitual
strategies. Untangling these mechanisms
will lead us to a better understanding of

complex diseases, such as obsessive-
compulsive disorder or drug-related seek-
ing behavior, where this balance is biased
toward habits. Moreover, the authors
have presented exciting new data showing
that RIM1 can differentially modulate
neuronal plasticity, raising new questions
about the molecular arrangement of pre-
synaptic components at corticostriatal
synapses.
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Appendix C: A published article describing the role 

of L-Type Ca2+ Channels in tau-mediated memory 

impairments  

This is a published manuscript in Frontier in Cellular Neuroscience, describing the 
effects of tau and the L-Type Ca2+ Channel, Ca-α1D, on memory and calcium 
handling in Drosophila. Here we showed that tau overexpression, as a model of 
Alzheimer’s Disease, caused impaired memory. Moreover, knocking-down Ca-α1D 
in the MBs and MBs output neurons also impaired memory. Nonetheless, the 
knock-down of Ca-α1D improved memory performance in the tau-expressing flies 
to a level indistinguishable to the controls. We also showed that this was due to an 
increased expression of Ca-α1D. My contribution to this work, as co-first author, 
was to perform the experiments to assess the contribution of Ca-α1D in memory 
and the restore of phenotypes in the MBs output neurons. I also conducted the 
molecular assays to show the overexpression of Ca-α1D in tau flies.  
As CACNA1C, the fly homologue of the Ca-α1D gene, is highly associated with 
schizophrenia, it was interesting to measure its role in learning and memory as a 
proxy to understand the cognitive impairments observed in patients with this 
disorder.  
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Restoration of Olfactory Memory in
Drosophila Overexpressing Human
Alzheimer’s Disease Associated Tau
by Manipulation of L-Type Ca2+
Channels
James P. Higham†, Sergio Hidalgo†, Edgar Buhl and James J. L. Hodge*

School of Physiology, Pharmacology and Neuroscience, University of Bristol, Bristol, United Kingdom

The cellular underpinnings of memory deficits in Alzheimer’s disease (AD) are poorly
understood. We utilized the tractable neural circuits sub-serving memory in Drosophila
to investigate the role of impaired Ca2+ handling in memory deficits caused by
expression of human 0N4R isoform of tau which is associated with AD. Expression of
tau in mushroom body neuropils, or a subset of mushroom body output neurons, led to
impaired memory. By using the Ca2+ reporter GCaMP6f, we observed changes in Ca2+

signaling when tau was expressed in these neurons, an effect that could be blocked by
the L-type Ca2+ channel antagonist nimodipine or reversed by RNAi knock-down of the
L-type channel gene. The L-type Ca2+ channel itself is required for memory formation,
however, RNAi knock-down of the L-type Ca2+ channel in neurons overexpressing
human tau resulted in flies whose memory is restored to levels equivalent to wild-
type. Expression data suggest that Drosophila L-type Ca2+ channel mRNA levels are
increased upon tau expression in neurons, thus contributing to the effects observed on
memory and intracellular Ca2+ homeostasis. Together, our Ca2+ imaging and memory
experiments suggest that expression of the 0N4R isoform of human tau increases the
number of L-type Ca2+ channels in the membrane resulting in changes in neuronal
excitability that can be ameliorated by RNAi knockdown or pharmacological blockade
of L-type Ca2+ channels. This highlights a role for L-type Ca2+ channels in tauopathy
and their potential as a therapeutic target for AD.

Keywords: tau, tauopathy, Alzheimer’s disease, memory, L-type Ca2+ channels, Drosophila, GCaMP Ca2+
imaging

INTRODUCTION

The accumulation of the microtubule-associated protein tau (MAPT) within central neurons is
a key histopathological feature of Alzheimer’s disease (AD) (Kaufman et al., 2018; Nisbet and
Gotz, 2018). Post-mortem AD brain samples contain the hallmark accumulation of extracellular
amyloid beta (Ab) plaques and intracellular neurofibrillary tangles (NFTs) of hyperphosphorylated
tau, resulting in neurodegeneration and brain atrophy. The accumulation of tau is more correlated
with the progression of AD pathology and symptoms than the magnitude of Ab plaques

Frontiers in Cellular Neuroscience | www.frontiersin.org 1 September 2019 | Volume 13 | Article 409
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(Arendt et al., 2016). However, the mechanisms by which tau
disrupts neuronal function, and consequently behavior, are not
clear. Tau exists in six major isoforms formed by alternative
splicing of exons 2 and/or 3 (0N, 1N or 2N) and 10 (3R or 4R) of
theMAPT-17 gene (Buee et al., 2000). There is some evidence that
4R isoforms are upregulated in post-mortem brains, particularly
within the hippocampus of AD patients (Boutajangout et al.,
2004; Espinoza et al., 2008; Hasegawa et al., 2014), and show
stronger a�nity binding to tubulin and aggregation than 3R
forms (Arendt et al., 2016). However, both 3R and 4R isoforms
are present in NFTs, suggesting both play a role in pathology.
The expression of 0N4R tau in model organisms can yield
neuronal and behavioral dysfunction prior to the onset of
neurodegeneration (Wittmann et al., 2001; Mershin et al., 2004).
This suggests that tau’s detrimental e�ect on neurons is su�cient
to drive behavioral changes before neuronal death.

Patients with AD display memory impairment, and once the
onset of neurodegeneration has occurred, treating the symptoms
of AD becomes exceedingly di�cult, so targeting the earlier signs
of neuronal dysfunction is likely to be more e�cacious. To this
end, an understanding of how tau influences neuronal function
is required. Disrupted calcium (Ca2+) homeostasis including
increased Ca2+ levels causing excitotoxicity has been posited as
a key pathophysiology in AD, which may underpin the early
stages of disease and precipitate neurodegeneration (Mattson
and Chan, 2001; Brzyska and Elbaum, 2003; Canzoniero and
Snider, 2005). Recent work suggests that these changes in
neuronal excitability and Ca2+ signaling provide an important
link between Ab and tau pathology and disease progression
(Spires-Jones and Hyman, 2014; Wu et al., 2016), but exactly
how remains unknown. Di�erent rodent models of tauopathy
recapitulate some features of AD pathology including changes
in excitability (Booth et al., 2016a,b), increased Ca2+ signaling
(Wang and Mattson, 2014), neurodegeneration (Spillantini and
Goedert, 2013), and impaired synaptic plasticity and memory
(Arendt et al., 2016; Biundo et al., 2018). It is not clear what
the source of increased Ca2+ is, however, increased levels of
Ca2+ channels, such as the L-type voltage-gated Ca2+ channel
(CaV1), have been shown to be upregulated in rodent models
of AD, with blockers, such as nifedipine, being e�ective in trails
to prevent the cognitive decline that occurs in AD (Coon et al.,
1999; Anekonda et al., 2011; Goodison et al., 2012; Nimmrich
and Eckert, 2013; Daschil et al., 2015). The role of voltage-
gated Ca2+ channels in memory or AD has not been studied
in Drosophila. Drosophila contains three di�erent voltage-gated
Ca2+ channel genes including the DmCa1D or Ca-a1D gene that
encodes a high voltage-activated current and is equivalent to the
vertebrate CaV1.1-1.4 genes that encode L-type Ca2+ channels
(Worrell and Levine, 2008).

Alzheimer’s disease and tauopathies have been modeled
in Drosophila (Iijima-Ando and Iijima, 2010; Wentzell and
Kretzschmar, 2010; Papanikolopoulou and Skoulakis, 2011),
with targeted neuronal expression of human 0N4R tau causing
neurodegeneration, shortened lifespan, circadian, sleep and
motor deficits (Wittmann et al., 2001; Kerr et al., 2011; Sealey
et al., 2017; Buhl et al., 2019; Higham et al., 2019). Furthermore,
during development at the larval neuromuscular junction,

motor neurons overexpressing human 0N3R or 0N4R caused a
reduction in size and irregular and abnormally shaped synaptic
terminals, a reduction in endocytosis and exocytosis and a
reduction in high frequency synaptic transmission (Chee et al.,
2005; Zhou et al., 2017). Also, while expression of tau 0N3R
in the adult giant fiber system caused increased failure rate at
high frequency stimulation, expression of 0N4R caused defects
in stimulus conduction, response speed and conduction velocity
(Kadas et al., 2019).

Learning and memory deficits can also be assessed in
Drosophila using aversive olfactory classical conditioning (Malik
et al., 2013; Malik and Hodge, 2014). Di�erent mushroom body
(MB) neuropils underpin specific phases of memory and are
redundant during others (Pascual and Preat, 2001; Krashes et al.,
2007; Davis, 2011). MB neurons send axons that terminate in
lobed structures, with memory acquisition being mediated by
the a0b0 lobe neurons and memory-storage by the abg neurons.
In addition, a number of additional pairs of neurons innervate
or are innervated by the MB and mediate di�erent aspects of
memory. For instance, the amnesiac expressing dorsal paired
medial (DPM) and anterior paired lateral (APL) neurons are
thought to consolidate and stabilize labile memory (Pitman
et al., 2011). Finally, the MB innervate a pair of M4/6 MB
output neurons via a cholinergic synapse, with optogenetic
manipulation of the M4/6 neurons switching between appetitive
and aversive memory (Barnstedt et al., 2016). Previous work
has demonstrated that expression of tau in g neurons caused
a reduction in learning and 1.5 h memory in 3–5 days old
young flies which were shown to still have their g neurons intact,
prior to their degeneration around day 45 (Mershin et al., 2004).
Moreover, pan-neuronal 0N4R expression caused learning and
long-term memory loss while 0N3R tau expression failed to do
so (Sealey et al., 2017).

Therefore, Drosophila expressing human tau can be used
to study AD relevant behaviors and their underlying neuronal
mechanism, with loss of memory being possible prior to
neurodegeneration. Although tau-mediated changes in neuronal
properties are likely underpinning the memory impairment
observed in Drosophila AD models, these changes have not been
extensively studied in DrosophilaMB neurons.

In this study, we determined the e�ect of human 0N4R
tau expression in di�erent neuropils of the Drosophila memory
circuit on one-hour memory. We measured the e�ect of
0N4R tau on MB output neuron mediated memory and Ca2+

signaling and described a potential interaction between 0N4R tau
with L-type voltage-gated Ca2+ channels which may underpin
memory impairment.

RESULTS

To determine the e�ect of human tau 0N4R on memory,
we targeted expression of the transgene to di�erent neuronal
populations of the Drosophila memory circuit and performed
one-hour olfactory aversive conditioning. Driving expression
of a human tau 0N4R transgene (Wittmann et al., 2001; Kerr
et al., 2011; Higham et al., 2019) in the entire MB (OK107-Gal4
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FIGURE 1 | Knock-down of L-type Ca2+ channels rescued tau-induced memory defects. (A) Tau expression in the MB (OK107-Gal4) ablated one-hour memory
(n = 7 experiments with 50–100 flies each, red bar), as did the expression of an RNAi to the gene encoding the L-type Ca2+ channel alpha subunit (Ca-a1D-RNAi,
n = 8, blue bar) compared to both Gal4 (n = 12, black bar) and UAS controls (tau, n = 11, open red bars; Ca-a1D-RNAi, n = 9, open blue bars). Co-expression of
both transgenes (n = 12, purple bar) resulted in flies with a memory performance equivalent to that of control animals, as did the UAS controls (n = 4, open purple
bar). (B) Likewise, expression of tau (n = 9) or Ca-a1D-RNAi (n = 6) in the MB efferent M4/6 neurons (R21D02-Gal4, n = 10) abolished memory. Memory was
restored to wild-type levels by co-expression of both transgenes (n = 15). (C) Expression of tau in neuronal subpopulations of the MB impaired memory. Expression
was driven in the a0b0 neurons (c305a-Gal4, n = 6 control, n = 4 tau), abg neurons (MB247-Gal4, n = 10 control, n = 7 tau) and dorsal paired medial neurons
(amn(c316)-Gal4, n = 5 control, n = 4 tau). Data analyzed with Kruskal–Wallis test with Dunn’s post hoc tests (A,C) or with one-way ANOVA with Dunnett’s post hoc
tests (B). ⇤/#p < 0.05, ⇤⇤/##p < 0.01, and ⇤⇤⇤/###p < 0.001. Note that UAS / + controls are the same for each panel.

(Malik et al., 2013), pGal4 = 0.004, pUAS = 0.01, Figure 1A)
yielded memory deficient flies. Similarly, when expressed in the
memory-relevant M4/6 MB output neurons (Barnstedt et al.,
2016), R21D02-Gal4, GCaMP6f > tau flies displayed greatly
reduced memory performance compared to control counterparts
(pGal4 = 0.02, pUAS < 0.001, Figure 1B). We also found that
tau caused a significant reduction in one-hour memory when
expressed in the a0b0 MB neurons (c305a-Gal4 (Krashes et al.,
2007), pGal4 = 0.02, pUAS = 0.01, Figure 1C), which mediate
memory acquisition and in the memory-storing abg neurons
(MB247-Gal4 (Krashes et al., 2007), pGal4 < 0.001, pUAS = 0.003)
and dorsal paired medial (DPM) neurons (amn(c316)-Gal4,
pGal4 = 0.002, pUAS = 0.03), which consolidate and stabilize
labile memory (Pitman et al., 2011). All animals used for
aversive conditioning were aged 2–5 days and displayed naïve
avoidance of shock (Supplementary Table S1). Likewise, all
genotypes showed similar naïve avoidance of the odors used
for olfactory conditioning (Supplementary Table S1). Thus, all
genotypes were able to detect both odors and shock, verifying
that memory defects were bone fide and not attributable to a
sensorimotor defect.

To assess changes in Ca2+ handling which may underpin
behavioral dysfunction, we imaged the M4/6 neurons in whole
ex vivo brains using GCaMP6f as these neurons are pertinent
to memory and single neurons can be visualized (Barnstedt
et al., 2016). There did not appear to be a di�erence in
baseline fluorescence of these neurons between control and tau-
expressing animals (p = 0.5, Figure 2A), suggesting no e�ect on
basal Ca2+ handling, assuming comparable GCaMP6f expression

between genotypes. Bath application of high potassium chloride
(KCl) concentration resulted in a robust and transient elevation
in fluorescence which could be ameliorated by removing
Ca2+ from the external solution (12.8 ± 1.0% of control,
p = 0.003) or by adding cadmium (200 µM, 11.75 ± 11.75%
of control, p = 0.009), a general blocker of Drosophila voltage-
gated Ca2+ channels (Ryglewski et al., 2012), to the external
solution (Supplementary Figure S2A). This indicated that the
transient relies upon Ca2+ influx through voltage-gated Ca2+

channels, or that cadmium blocked presynaptic Ca2+ channels
and, consequently, neurotransmitter release and activation
of M4/6 neurons.

KCl-evoked Ca2+ transients in tau-expressing M4/6 neurons
were almost three-fold greater than in control neurons
(268.9 ± 45.2% of control, p = 0.005, Figure 2B). Since previous
reports have documented the potential involvement of L-type
Ca2+ channels in AD (Wang and Mattson, 2014; Coon et al.,
1999), we tested whether the change in magnitude of Ca2+

transients in M4/6 neurons was dependent on these channels
by applying the clinically-used L-type channel-selective blocker
nimodipine (Nimmrich and Eckert, 2013; Terada et al., 2016).
The addition of 5 µM nimodipine to the external solution had
no e�ect on the magnitude of Ca2+ transients in control brains
(p > 0.9, Figure 2C). However, the peak of the transient in tau-
expressing neurons was sensitive to nimodipine and was reduced
to a magnitude indistinguishable from control (98.9 ± 21.1% of
control, p > 0.9). The elevated Ca2+ influx seen in these neurons
may, therefore, be due to augmented L-type Ca2+ channels. To
further investigate which type of voltage-gated Ca2+ channel
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FIGURE 2 | Tau expression elevated nimodipine-sensitive Ca2+ channels in mushroom body (MB) and M4/6 neurons. (A) Basal Ca2+ levels were no different
between control neurons and those expressing tau or Ca-a1D-RNAi. (Bi) However, the peak magnitude of Ca2+ transients were greater in the tau-expressing
neurons than in control or Ca-a1D-RNAi-expressing neurons. (Bii) GCaMP6f relative fluorescence changes over time traces of M4/6 neurons in response to 100 mM
KCl for control (black trace), tau (red trace) and Ca-a1D-RNAi (blue trace). (C) Ca2+ transients in control and Ca-a1D-RNAi-expressing neurons were not sensitive to
the L-type Ca2+ channel blocker nimodipine (black and blue symbols, respectively). Driving tau expression in M4/6 neurons conferred sensitivity of Ca2+ transients
to nimodipine (red symbols). The effect of tau on Ca2+ transient nimodipine sensitivity was ablated by co-expression of tau and Ca-a1D-RNAi in these neurons
(purple symbols). Control for each genotype normalized to 100%. (D) Tau expression in the MB reduced peak fluorescence following a high KCl challenge; an effect
reversed by co-expression of Ca-a1D-RNAi. Data analyzed with one-way ANOVA with Dunnett’s post hoc tests panels (A,D), with Kruskal–Wallis test with Dunn’s
post hoc tests panel (B) or with two-way ANOVA with Sidak’s post hoc tests panel (C). ⇤/#p < 0.05, ⇤⇤/##p < 0.01, and ⇤⇤⇤/###p < 0.001. Note that data for
OK107 > GCaMP and OK107 > GCaMP, tau are reproduced from Higham et al. (2019).

mediated the Ca2+ influx, we also tested the e�ect of addition
of the L-type and T-type Ca2+ channel blocker, amiloride
(1 mM), to nimodipine on the KCl-induced Ca2+ transient,
as this compound greatly reduced Ca2+ currents in cultured
embryonic Drosophila giant neurons (Peng and Wu, 2007).
Amiloride did not significantly reduce the peak of the Ca2+

transient in M4/6 neurons (p = 0.2, Supplementary Figure S2B).
The lack of e�ect of amiloride likely indicates developmental or

cell-specific di�erences in Ca2+ channel expression or that the
voltage-gated Ca2+ channels blocked by amiloride largely overlap
with nimodipine which do not contribute significantly to the
Ca2+ transient in wild-type M4/6 neurons.

To corroborate our pharmacological data, we tested the
nimodipine sensitivity of Ca2+ transients in M4/6 neurons
co-expressing tau and an RNAi to the L-type Ca2+ channel
gene (UAS-Ca-a1D-RNAi), that has been shown to reduce
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L-type Ca2+ channel currents and protein levels by over 75%
in Drosophila neurons (Kadas et al., 2017). Ca2+ transients
in these neurons displayed a much reduced, and statistically
insignificant (p > 0.05, Figure 2C), block by nimodipine
compared to transients in neurons expressing tau alone (13.2%
vs. 62.3% reduction in peak). This data shows that the
elevated Ca2+ transients in tau-expressing M4/6 neurons rely
on L-type Ca2+ channels. As L-type channels negatively regulate
neuronal excitability (Worrell and Levine, 2008), RNAimediated
reduction of L-type Ca2+ channels increases neuronal activity
(Kadas et al., 2017).

We went on to test the involvement of the L-type Ca2+

channel itself in memory by knocking down its expression with
RNAi. Knock-down of Ca-a1D in the M4/6 neurons abolished
one-hour memory (pGal4 = 0.03, pUAS = 0.007, Figure 1B). These
animals exhibited no sensorimotor defects (Supplementary
Table S1), verifying the observed phenotype as a genuinememory
defect. In alignment with the lack of e�ect of nimodipine on the
Ca2+ transient in control neurons, knock-down of the L-type
channel had no e�ect on KCl-evoked Ca2+ influx in M4/6 cells
(p = 0.6, Figure 2B).

We sought to resolve whether there was a behavioral
interaction between 0N4R tau and the L-type Ca2+ channel by
testing whether knocking down Ca-a1D could ameliorate the
e�ect of tau on memory as it did on Ca2+ signaling. Strikingly,
even though expression of human tau or Ca-a1D-RNAi removed
memory alone, co-expression in M4/6 neurons yielded flies with
memory performance indistinguishable from wild-type animals
(pGal4 > 0.9, pUAS > 0.9, Figure 1B). We tested whether
this restoration of memory could have been a consequence
of Gal4 dilution due to the presence of multiple transgenes.
Expression of an innocuous gene, UAS-GFP, with either UAS-tau
or UAS-Ca-a1D-RNAi yielded animals with impaired memory
(p = 0.02 and 0.005, respectively, Supplementary Figure S1).
This demonstrates that dilution of transgene expression is not
responsible for the observed change in memory performance.
Lastly, the expression of transgenes in the M4/6 output neurons
had no e�ect on the animals’ naïve sensorimotor behavior
indicating that the e�ects seen in memory are not due to defective
sensory responses (Supplementary Table S1).

To test if the apparent interaction between tau and L-type
Ca2+ channels occurred in other neurons, we performed Ca2+

imaging of the entire MB (OK107-Gal4). The KCl-evoked Ca2+

response in this large population of neurons was reduced by the
expression of tau (48.1% reduction, p = 0.006, Figure 2D; Higham
et al., 2019), likely reflecting a reduction in excitability. MB
neuronal architecture appeared grossly intact in tau-expressing
animals (data not shown), and neurodegeneration has been
shown not to play a significant role in memory defects at this age
(Higham et al., 2019). In alignment with observations in M4/6
neurons, the expression of Ca-a1D-RNAi in the MB abolished
one-hour memory (pGal4 = 0.001, pUAS = 0.04, Figure 1A) but
did not a�ect the magnitude of the Ca2+ transient in these
neurons (p = 0.4, Figure 2D). The co-expression of these two
transgenes in the MB resulted in a Ca2+ transient which was no
di�erent in magnitude compared to control animals (p > 0.9,

Figure 2D). The ablation of one-hour memory caused by tau
or Ca-a1D-RNAi expression in MB neurons was also reversed
by co-expression of both transgenes as these animals exhibited a
memory performance equivalent to control animals (pGal4 > 0.9,
pUAS > 0.9, Figure 1A).

The mechanism underlying tau-mediated augmentation of
Ca2+ influx through L-type channels is not clear. It could
be due to elevated expression of the Ca-a1D gene, increased
tra�cking to, or reduced recycling from, the plasma membrane
or changes in single channel properties such as conductance
or open probability. To investigate this further, we measured
Ca-a1D expression in whole brain extracts by RT-qPCR. All
transgenes were expressed in all neurons (elav-Gal4) to ensure
changes in gene expression were detectable (Figure 3). Ca-a1D-
RNAi knock-down reduced expression of the channel by 58%
(p < 0.05), while expression of tau lead to a 68% (p = 0.04)
increase in Ca-a1D. Interestingly, co-expression of tau and
Ca-a1D-RNAi restored Ca-a1D to 72% (p = 0.3) of control
fly levels. This strongly suggests that the e�ects observed in
behavior and Ca2+ imaging are due to a change in Ca-a1D
expression in the brain.

DISCUSSION

Selectively expressing tau inMB neuronal subsets revealed a non-
specific adverse e�ect on memory processing (Figure 1). MB
neurons sub-serving specific memory phases rely on di�erent
signaling molecules. For example, CaMKII is required in a0b0

neurons, but not abg, and vice versa for KCNQ channels
(Cavaliere et al., 2013; Malik et al., 2013). This suggests that

FIGURE 3 | Tau expression increased Ca2+ channela1D mRNA levels.
Pan-neuronal Tau expression led to a 68% increase in Ca-a1D mRNA levels
compared to controls, while expressing a RNAi against Ca-a1D reduced its
expression by 58%. Co-expression of the RNAi in tau expressing flies partially
restored levels of Ca-a1D compared to controls. n = 6 biological replicates of
23 or more heads each for all groups. Data analyzed with one-way ANOVA
with Holm-Sidak’s post hoc tests. ⇤p < 0.05.
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tau either promiscuously interacts with and disrupts numerous
intracellular components or disrupts a pathway common to all
MB neurons. In vivo Ca2+ imaging of di�erent MB neuronal
subsets has revealed the importance of Ca2+ transient plasticity
in olfactory associative memory (Yu et al., 2006; Sejourne et al.,
2011). Following conditioning, MB neurons exhibit di�erential
Ca2+ responses to the CS+ and CS- odors (Yu et al., 2006;
Sejourne et al., 2011). In the b0 lobe dendrites of M4/6 neurons,
exposure to an aversively conditioned CS+ odour results in a
greater Ca2+ influx compared with CS-, with the reverse being
true for appetitively conditioned odors (Owald et al., 2015).
OtherMB neurons display a similar distinction between CS+ and
CS-, with these di�erences believed to coordinate avoidance or
approach behavior. Given that tau expression aberrantly elevated
stimulus-evoked Ca2+ influx, it is plausible that this interferes
with conditioning-induced Ca2+ transient plasticity. Augmented
Ca2+ entry via L-type channels in tau-expressing neurons may
ablate the di�erence in Ca2+ influx between CS+ and CS-,
rendering them indistinguishable at the cellular level.

The knock-down of the Drosophila L-type Ca2+ channel
demonstrated its importance in both the MB and the M4/6
neurons for memory. This aligns with data from Cav1.2
knock-out mice, which are deficient in spatial memory tasks
(Moosmang et al., 2005; White et al., 2008). Despite R21D02,
GCaMP6f > Ca-a1D-RNAi and OK107 > Ca-a1D-RNAi flies
being memory deficient, the M4/6 and MB neurons of these
animals displayed no reduction in evoked Ca2+ entry, nor
did nimodipine have any e�ect on the Ca2+ transient in
control M4/6 neurons (Figure 2). This suggests that perhaps
only a small population of L-type channels is present in these
neurons. A previous electrophysiological study of Ca2+ currents
in cultured Drosophila giant embryonic neurons revealed only
a very small block by nifedipine, likely reflecting a low
number of L-type channels (Peng and Wu, 2007). Likewise
an electrophysiological and pharmacological study of the adult
OK107-Gal4MBneurons again showed only a small contribution
of L-type channels to their Ca2+ transients (Jiang et al., 2005).
Fluorescence imaging using GCaMP may not be su�ciently
sensitive to resolve such a small contribution to global Ca2+

influx – a contribution that is nonetheless important for cellular
function and, hence, memory.

It is not known whether the L-type channel plays any
role in the plasticity of Ca2+ transients in Drosophila per
se. However, these channels are vital for the function of
memory-associated neurons. The generation ofmedium and slow
afterhyperpolarizations (AHPs), which are a period of prolonged
hyperpolarized membrane potential following action potential
firing, in hippocampal neurons is dependent on Ca2+ entry
through L-type channels (Lancaster and Adams, 1986; Marrion
and Tavalin, 1998; Bowden et al., 2001). Elevated Ca2+ entry
would augment AHPs and suppress neuronal firing, thereby
disrupting neural circuit function and the behavior subserved by
that circuit. This is apparent in mice and rabbits, which exhibit
an age-related memory decline with concomitant elevation of
L-type Ca2+ channel expression and AHP magnitude in the
hippocampus (Moyer et al., 1992; Nunez-Santana et al., 2014).
This impairs stimulus-evoked changes in neuronal activity which

underpin learning (Moyer et al., 2000). Blocking augmented
AHPs in aged rabbits with nimodipine facilitated enhanced
performance in associative learning tasks (Straube et al.,
1990). L-type Ca2+ channels also negatively regulate neuronal
excitability in Drosophila neurons (Worrell and Levine, 2008),
and so their augmentation by tau may exert a similar e�ect
on Drosophila neurons to that observed in aging mammals,
with their knock-down resulting in increased firing of neurons
(Kadas et al., 2017).

In M4/6 neurons, we observed raised evoked Ca2+ influx
due to tau expression, while Ca2+ influx was suppressed in MB
neurons (Figures 2B,D). Augmentation of the Ca2+ transient in
single tau-expressing M4/6 neurons reflects the elevated Ca2+

influx through L-type channels, as the transients were reduced
by nimodipine and L-type channel knock-down. However, in a
large population of MB neurons (⇠2500 neurons) the elevated
Ca2+ influx through L-type channels is likely small relative to
the reduced Ca2+ levels due to suppressed neuronal activity,
therefore a reduction in the Ca2+ transient was observed.
The reduced excitability of MB neurons was rescued by co-
expression of Ca-a1D-RNAi as this manipulation opposes the
suppression of excitability caused by tau (Kadas et al., 2017).
Not only were the tau-induced Ca2+ signaling defects rescued
by manipulation of L-type Ca2+ channels, but so was olfactory
memory (Figures 1A,B). This lends further credence to the
suggestion that tau interacts with the L-type Ca2+ channel
and also shows that this interaction solely mediates memory
dysfunction, at least in young animals.

Raised L-type Ca2+ channel expression has also been
documented in other AD models, as well as in aging. In
agreement with our data, L-type Ca2+ current density was
elevated in CA1 neurons of 3 ⇥ Tg mice (Wang and Mattson,
2014), as were AHPs in the dorsomedial entorhinal cortex of
rTg4510 mice (Booth et al., 2016a). Our data shows that wild-
type 0N4R tau, as well as the frontotemporal dementia-associated
P301L mutant expressed in 3 ⇥ Tg and rTg4510 mice, is capable
of augmenting Ca2+ influx in neurons. What is more, elevated
expression of a mammalian L-type Ca2+ channel (CaV1.2)
was observed in a neuroblastoma cell line following transgenic
Ab42 expression; this resulted in reduced cell viability and six-
fold increase in Ca2+ influx, that could be ameliorated by the
L-type Ca2+ channel dihydropyridine blockers, nimodipine and
isradipine (Copenhaver et al., 2011). This study went on to show
that the L-type channel blocker, isradipine could increase survival
of Drosophila overexpressing human amyloid precursor protein
(APP695), as well as decreasing the accumulation of Ab and
phosphorylated tau in the triple transgenic AD mice (3 ⇥ TgAD)
which express human Presenilin 1M146V, APPSwedish and tauP30L.
This indicates that correcting defective Ca2+ handling in ADmay
be of therapeutic benefit, particularly as L-type Ca2+ channels
appear to be relevant in the human AD brain, too.

Raised L-type Ca2+ channel expression has been documented
in the brains of AD patients (Coon et al., 1999), with increased
L-type channels thought to underlie the memory loss and
neurodegeneration that occurs in dementia (Missiaen et al.,
2000; Mattson and Chan, 2001; Canzoniero and Snider, 2005;
Thibault et al., 2007). Our data shows that there is increased
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expression of theDrosophila L-type Ca2+ channel,Ca-a1D, in tau
expressing neurons, therefore suggesting conserved mechanisms
of Ab and tau-related calcium deficits across species (Figure 3).
Importantly, clinical trials of L-type blockers show a slowing
of cognitive decline in AD patients (Anekonda et al., 2011;
Goodison et al., 2012; Nimmrich and Eckert, 2013).

In summary, using behavioral, physiological, pharmacological
and molecular methods, we show that knock-down of
the Drosophila L-type Ca2+ channel Ca-a1D can rescue
tau mediated olfactory learning deficits by restoring Ca2+

handling in MB neurons.

MATERIALS AND METHODS

Drosophila Genetics
Flies were raised at a standard density with a 12 h:12 h light
dark (LD) cycle on standard Drosophila medium (0.7% agar,
1.0% soya flour, 8.0% polenta/maize, 1.8% yeast, 8.0% malt
extract, 4.0% molasses, 0.8% propionic acid, and 2.3% nipagen)
at 25�C. Wild-type control was Canton S w- (CSw-) and R21D02-
GAL4, UAS-GCaMP6f were kind gifts from Prof. Scott Waddell
(University of Oxford). UAS-human MAPT (TAU 0N4R) wild-
type (Wittmann et al., 2001; Kerr et al., 2011) was a kind gift
from Prof. Linda Partridge (University College London), UAS-
GFP was a gift from Prof. Mark Wu (John Hopkins University).
The following flies were obtained from the Bloomington and
Vienna fly stock centers: OK107-Gal4 (Bloomington Drosophila
stock center number BDSC:854), c305a-Gal4 (BDSC:30829),
amn(c316)-Gal4 (BDSC:30830), MB247-Gal4 (BDSC:50742),
elav-Gal4 (BDSC:8760),UAS-GCaMP6f (BDSC:42747) andUAS-
Ca-a1D-RNAi flies [Vienna Drosophila resource center GD51491
(Kadas et al., 2017)].

Aversive Olfactory Conditioning
All memory experiments were carried out at 25�C and 70%
relative humidity under dim red light. Flies were used for
experiments after 2–5 days of aging at 25�C and 70% relative
humidity in a 12-hour light: 12-hour dark environment. Using
a previously published protocol (Mershin et al., 2004; Krashes
et al., 2007; Kosmidis et al., 2010; Malik et al., 2013; Malik and
Hodge, 2014; Barnstedt et al., 2016), groups of 25–50 flies were
first transferred from food tubes into the training tube lined with
an electrifiable grid. After acclimatization to the electrified tube
for 90 s, flies were exposed to either 3-octanol (OCT, Sigma)
or 4-methylcyclohexanol (MCH, Sigma) (conditioned stimulus,
CS+) paired with twelve 70 V DC electric shocks (unconditioned
stimulus, United States) over 60 s (shocks of duration 1.25 s
with inter-shock latency of 3.75 s). This was followed by a 30 s
rest period with no stimulus. Flies were then exposed to the
reciprocal odour (CS�) for 60 s with no electric shock. Memory
retention was tested one-hour post-conditioning (intermediate-
term memory). To account for any innate bias the flies may have
towards an odour, the CS + odour was reversed in alternate
groups of flies and the performances from these two groups
averaged to give n = 1. Moreover, the order of delivery of CS+
and CS� was alternately reversed.

To test memory, flies were placed at the choice point of a
T-maze with one pathway exposed to CS+ and the other to
CS�. After 120 s, the number of flies choosing each pathway
was counted. Memory was quantified using the performance
index (PI):

PI = NCS� � NCS+
NCS� + NCS+

where NCS� and NCS+ is the number of flies choosing CS� and
CS+, respectively. A PI = 1 indicates perfect learning where all
flies chose CS�, and PI = 0 indicates a 50:50 split between CS�
and CS+ and, therefore, no learning.

Calcium Imaging
GCaMP imaging was performed using previously published
protocols (Cavaliere et al., 2012; Gillespie andHodge, 2013;Malik
et al., 2013; Schlichting et al., 2016; Shaw et al., 2018) with
flies being anaesthetized on CO2, decapitated and their brains
dissected out of the head in extracellular saline containing (in
mM): 101 NaCl, 1 CaCl2, 4 MgCl2, 3 KCl, 5 D-glucose, 1.25
NaH2PO4, and 20.7 NaHCO3 adjusted to a final pH of pH 7.2
with an osmolality of 247–253 mmol/kg. Brains were held ventral
side up in a recording chamber using a custom-made anchor
and visualized with a 40⇥ water-immersion lens on an upright
microscope (Zeiss Examiner Z1).

Brains were superfused with extracellular saline (5 mL/min) as
above and cells were depolarized by bath application of 100 mM
KCl in extracellular solution (362 mmol/kg) for 15 s at 5 mL/min.
Drug-containing or Ca2+-lacking solutions were superfused over
the brain for 60 s prior to imaging. The Ca2+-lacking external
solution contained 8 mMMgCl2.

Images were acquired at 8 Hz with 50 ms exposure using a
CCD camera (ZEISS Axiocam) and a 470 nm LED light source
(Colibri, ZEISS) and recorded with ZEN (Zeiss, 4 frames/sec).
Baseline fluorescence (F0) was taken as the mean fluorescence
during the 10 s (80 images) prior to the start of KCl perfusion.
The change in fluorescence relative to baseline [(F-F0)/F0, where
F is fluorescence at a given time] following KCl addition was
recorded, and the peak change [(Fmax-F0)/F0] was used as a
metric of transient [Ca2+] increase. Example traces were plotted
using Origin 9 (Origin Lab).

All chemicals were purchased from Sigma-Aldrich
(Gillingham, United Kingdom), except for nimodipine
which was purchased from Tocris (Bristol, United Kingdom)
and amiloride which was donated by Prof. David Sheppard
(University of Bristol).

RT-qPCR
Relative measure of Ca-a1D expression levels was assessed by
two-step qPCR. 2–5 days old male flies were anesthetized with
CO2 and decapitated, obtaining six biological replicates with
23 heads each. Total RNA was extracted from head lysates
by organic phenol/chloroform method using TRIzol reagent
(Invitrogen). RNA quantification was carried out in Nanodrop
spectrophotometer (Thermo Scientific) and RNA integrity was
checked by electrophoresis in 1% agarose gel. Samples were
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treated with TURBO DNA-free kit (Invitrogen) in order to
remove genomic DNA contamination. Reverse transcription was
carried out using RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific) following manufacturer’s instructions, with
500 ng of RNA as template and Oligo (dT) as primer to amplify
total mRNA. cDNA samples were stored at �20�C or used
immediately for qPCR reactions.

Quantitative PCR reactions were carried out in QuantStudio
3 Real-Time PCR system (Applied Biosystems) using HOT
FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne). The
primers used to amplify Ca-a1D mRNA were as follows:
Ca1DF 50-CCTTGAGGGCTGGACTGATG-30 and Ca1DR
50-ATCACGAAGAAGGCACCCAG-30 with a PCR product
expected size of 108 bp and 104% primer e�ciency
(Supplementary Figure S3). As a housekeeping gene, the
following primers for GAPDH2 mRNA were used: GAPDH2F
50-CGTTCATGCCACCACCGCTA-30 and GAPDH2R 50-
CCACGTCCATCACGCCACAA-30. The expected PCR product
size was 72 bp and the primer e�ciency was 100%. To activate
DNA polymerase, a first step of 15min at 95�Cwas used, followed
by 50 cycles of 30 s at 95�C, 30 s at 60�C, followed by a 1min 72�C
elongation step. At the end of the experiment, a temperature
ramp from 60�C to 95�C was used for melting curve analysis and
the product fit to the predicted melting curve obtained by uMelt
software (Dwight et al., 2011). Quantification for each genotype
and each gene was carried out using the 2(�1 1 Ct) method and
data was expressed as a percentage of change.

Analysis
All data were analyzed using Prism 7 (GraphPad Inc.).
Data were scrutinized to check they met the assumptions
of parametric statistical tests, and non-parametric, rank-based
alternatives were used where appropriate. Details of statistical
tests used are in figure legends. Data are presented as
mean ± standard error of mean.
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