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Alcoholism is a serious and widespread disorder that has a complex 

pathophysiology and can cause extreme changes in behavior. These changes in 

behavior arise from alcohol affecting the neurobiological systems in an organism. 

Flies share many similar alcohol related behavior with humans and they also 

share many of the same neurobiological systems. There are many advantages 

with using flies to understand alcohol related behaviors in humans (e.g. large 

genetic toolkit). However, flies have fewer behavioral models that assess for 

alcohol-related behaviors, which can limit the potential of using this model 

organism. Can we model more sophisticated alcohol-related behaviors in flies?  

In this dissertation, I provide evidence that flies share a number of alcohol-

related behaviors with humans. In the first section, I develop an alcohol 

preference assay that demonstrates sexually dimorphic alcohol preference. In 

the second section, I characterize a novel low dose alcohol behavior in male flies 

that is male flies become more aggressive when treated with alcohol. In the third 

section, I focus on the female response to low dose alcohol, which is females 

become more receptive to courtship and less choosy about mates after an 

alcohol treatment. In the fourth section, I present data that demonstrates how a 

gene fruitless is alcohol responsive and could be contributing to some alcohol 
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behavioral phenotypes. Taken together, this work expands the potential of flies to 

be used as a model organism for alcohol-related behaviors in humans.  
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Chapter 1: Introduction 

OVERVIEW 

 In this dissertation, I review the current alcohol literature in Drosophila 

melanogaster in my first chapter and outline the advantages and disadvantages 

of using flies as a model system. In my second chapter I describe a new method 

for measuring alcohol preference in flies. In the third chapter, I characterize a 

novel behavior of alcohol-induced aggression in flies. The fourth chapter outlines 

female responses to low dose alcohol. In the fifth chapter, I describe fruitless and 

report its response to alcohol. Finally, in my last chapter, I discuss the 

implications of this work and possible future directions.  

ALCOHOL ACROSS SPECIES 

Alcohol has numerous targets and its effects on the brain can elicit a 

number of responses. Many organisms have some level of response to alcohol. 

The similarity in their responses varies depending on the conservation of the 

molecular structures that are targets for alcohol as well as the networks they 

operate in. In flies, there are several molecular correlates that have identical 

molecular functions to their human orthologues (Pandey and Nichols, 2011). 

Flies also share a number of alcohol-related behaviors with humans. For 

instance, flies can develop tolerance to ethanol, self-administer alcohol, can 

associate alcohol with a cue, and will overcome an aversive stimulus to obtain 

alcohol (Devineni and Heberlein, 2009; Ghezzi et al., 2014; Kaun et al., 2011).  
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Alcohol responses are conserved across many organisms and it is 

unsurprising that the molecular basis of these responses are consistent across 

species. For example, dopamine is a neurotransmitter conserved across 

organisms from worms to humans. Dopamine’s involvement in alcohol-induced 

behavioral disinhibition is also conserved. Worms will normally inhibit foraging 

and crawling behaviors when placed in water. When they are given alcohol, they 

do not suppress their foraging and crawling behaviors, which can be interpreted 

as disinhibition. Mutants with altered dopamine neurotransmission were shown to 

have suppressed foraging and crawling despite being treated with alcohol, 

suggesting dopaminergic neurotransmission is essential for alcohol-induced 

disinhibition (Topper, 2014). In flies, Lee et al. (2008) found that when male flies 

are exposed to multiple sedating doses of alcohol they will begin to court other 

male flies and increase the frequency of inter-male courtship with increasing 

alcohol treatments. Because male flies normally do not court other male flies, the 

authors interpreted this as alcohol causing disinhibiting effects. The authors also 

tested flies that had conditionally silenced dopamine neurons and found 

dopamine neurotransmission was necessary for increases in alcohol-induced 

disinhibited courtship (Lee et al., 2008). In another study, rats were trained to 

press a lever with a certain reward of two pellets versus another lever with a not 

certain variable probability of winning a four-pellet reward (Nasrallah, 2011). 

Nasrallah et al. (2011) demonstrated that alcohol treated animals preferred to 

engage in the riskier reward option and rats that chose the riskier option would 

have greater dopamine release than if they chose the certain option. Finally, a 

human study conducted by Ratsma et al. (2001) found that in children of 
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alcoholics, the canonical electrophysiological response to a decision-making 

paradigm correlated with high disinhibition in individuals with a specific 

Dopamine-2 receptor allele (Ratsma et al., 2001). From worms to humans there 

is evidence for the involvement of dopamine regulating a complex behavior such 

as disinhibition.  

Many previous studies utilize the one-gene-at-a-time whole animal 

approach; however, a behavior is not controlled by one gene alone. To 

understand how a behavior is engaged and produced it is necessary to 

understand how certain genes can influence activity within a neural circuit. 

Although the neural circuits within model organisms vary vastly, the molecular 

and micro-circuit principles that dictate a behavior can be conserved. Lee et al. 

(2014) identified estrogen receptor 1 (ER1) neurons within the ventrolateral 

subdivision of the murine ventromedial hypothalamus (VMHv1) that controls both 

mounting and aggression in mice. Weak optogenetic activation of the ER1 

neurons in the VMHv1 promoted mounting behaviors whereas higher optogenetic 

stimulation resulted in aggressive behaviors (Lee et al., 2014). Similarly, in flies 

Hoopfer et al. (2015) found that the P1 neurons regulate both wing extensions (a 

courtship behavior in male flies that is important for mating) and aggression. High 

frequency optogenetic stimulation of the P1 neurons resulted in increased 

courtship behavior, whereas lower frequency optogenetic stimulation of the P1 

neurons increased fighting behavior but only right after the laser was turned off 

(Hoopfer et al., 2015). Taken together, control of aggression and mating 

behaviors are controlled within a small subset of neurons in both flies and mice. 

The authors both hypothesized that these neurons could be acting as “command-



4 

 

like” neurons that control the balance between mating and aggressive circuits 

downstream. The importance of having neurons that can quickly switch between 

mating and aggressive behaviors is also one that has an adaptive advantage. In 

the instance of male flies, their P1 neurons are activated when they briefly 

contact a female fly, which would produce courtship behaviors (Kohatsu et al., 

2011). If there are many flies occupying the same area that male fly would also 

have to fight away other competitor males successively. Being able to 

differentiate when to fight or court is an important behavior that appears to have 

a similar basis between flies and mice.  

ARE FLIES A “GOOD” MODEL?  

 There are several advantages to using Drosophila as a model organism. 

First, they have a lifespan of roughly two months and their time to reach 

adulthood is about ten days from fertilization. This allows the experimenter to 

generate a large number of animals in a short period of time that can lend itself to 

performing more experiments in a shorter period of time. A second massive 

advantage is having an extensive readily available genetic toolkit. The 

Bloomington Stock Center has >68,400 unique stocks that are available at a 

cheap cost. By comparison, The Jackson Laboratory has roughly 1800 unique 

mouse lines available. Having so many genetic tools available allows us to 

perform more types of precise genetic manipulations. Thermogenetic neuronal 

activators and inhibitors are some of the most widely used tools available. The 

activator Trp-A1 is a temperature sensitive cation channel that can be expressed 

in any fly neurons to activate them at ~30° C. Similarly, shibire-ts is a 
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temperature sensitive dynamin allele that when raised to the restrictive 

temperature ~30° C causes mis-folding of the dynamin protein which prevents 

vesicle recycling and leads to silencing the neuron. These tools cannot be used 

in mammals as their body temperature is at the activating or restrictive 

temperature. A third advantage is that flies are not subject to the scrutiny of the 

Institutional Animal Care and Use Committee (IACUC). With all vertebrate 

organisms, experimenters need to commit to the well-being of the animal and 

can potentially limit the types of experiments performed. For instance, there can 

be restrictions on stressful and physically aggressive behavioral paradigms such 

as reducing the amount of time an animal spends fighting another animal. Fly 

research has fewer procedural limitations and does not have to be justified to 

IACUC.  

 Despite these appealing advantages, there are several disadvantages to 

working in flies. First, because they are physically smaller (roughly 20000 times 

smaller than a mouse) it is more difficult to perform simple tasks such as brain 

dissection. Another issue with the small size is that it generally requires extra 

consideration on how to assay simple behaviors that can easily be performed in 

mammals. For instance, in rodent operant responding models, many researchers 

make use of some form of lever pressing to assess some kind of behavior. Flies 

are much too small to press a mechanical lever and there are currently no 

operant responding tasks that require effort on some level in flies. Second, the 

architecture of a fly neuron is fundamentally different than that of a mammalian 

neuron. The main difference is that flies generally have unipolar neurons 

whereas mammals have multipolar neurons (Rolls and Jegla, 2015). Unipolar 
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neurons have dendrites and axons that are part of the same single process, 

whereas multipolar neurons have multiple processes that are separated by 

axonal and dendritic organization. This can be challenging because most of the 

signal processing does not occur in the soma, but in the axonal/dendritic 

processes. Because of this, recording neuronal electrical activity would ideally be 

achieved by performing patch clamp on the axo/dendritic neuronal processes. 

This is already difficult to perform in mammals that have an average cell size that 

is ~10x larger than a fly neuron. Currently, the most common way to avoid this 

challenge is by performing calcium imaging and focusing on the areas where the 

neuronal processes are. However, obtaining sufficient temporal resolution to 

precisely recording fast spiking patterns is extremely difficult in calcium imaging. 

In addition, there are many sub-threshold events that are still likely important for 

signal processing that cannot be captured by current GCaMP technology.  

 It is clear that there is room for improvement for Drosophila as a model 

organism, but there have been some recent advances that have seriously 

expanded the potential of using this humble model organism. First, the diversity 

of genetic tools has allowed for researchers to generate transgenic fly lines that 

reliably label a very sparse set of neurons or even single neurons (e.g. MARCM 

and split-Gal4 lines) (Dionne et al., 2018; Nern et al., 2015; Ren et al., 2016). 

This has led to a burgeoning new trend of identifying microcircuits (on the level of 

a few neurons) that regulate behavior. A recent example of this was from the 

Dickson lab, McKellar and colleagues (2019) identified a single pair of neurons 

named aSP22 that controlled the sequence of courtship in Drosophila. The 

courtship ritual in Drosophila consists of a sequence of actions. First a male will 
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follow the female, then he will extend his wing. If she slows down he will extend 

his proboscis then bend his abdomen, and finally lift his forelegs against the 

female’s abdomen before attempting copulation. They found that the aSP22 

neurons were increasing firing rates, which ultimately controlled the sequence of 

events. The authors functionally validated this by optogenetically activating the 

single pair of aSP22 neurons with increasing intensities and saw it was sufficient 

to cause courtship behaviors in a specific sequence. At lower intensities of 

activation, this resulted in proboscis extensions while greater stimulation led to 

abdomen bending, then leg lifting. The authors found that these descending 

neurons were encoding spike counts that elicited each step of the courtship 

sequence in flies. For instance, a lower cumulative spike count at the beginning 

of the courtship sequence would elicit proboscis extension, as the neuron 

ramped up its spiking the fly would then bend his abdomen (McKellar et al., 

2019).  

 One recent development in the fly research community is the release of 

the whole fly brain volume using electron microscopy (Zheng et al., 2018). This 

freely available brain volume is completely imaged and there are a team of 

engineers from Google who have created automated tracing software to trace 

individual neurons and their processes. This has led to new discoveries about the 

organization of the fly brain. One research group that has taken advantage of this 

is the Waddell group (Felsenberg et al., 2018). First, Felsenberg and colleagues 

found that a pair of neurons responsible for encoding aversive memories are 

extinguished by a different pair of neurons that can encode memories associated 

with a positive valence. Using the EM data volumes from Zheng et al. (2016) they  
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Figure 1.1 Drosophila behavioral models for alcohol related behaviors. 
Consumptive alcohol preference is assayed using BARCODE and CAFE in 
Drosophila whereas two-bottle choice is used in rodent models. Assaying for the 
rewarding aspects of alcohol can be done using the Y-maze in flies and 
Conditioned Place Preference in rodents. Sensitivity to the sedating effects of 
alcohol is measured using the Inebriometer (as well as a few other assays) in 
flies and the Loss of Righting Reflex in rats and mice. Finally, there is currently 
no model for measuring the motivational aspects of seeking alcohol in flies, 
whereas rodent researchers use Intracranial Self Stimulation.  
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traced these neurons associated with encoding aversive memory and extinction 

and found they were directly connected and had a specific organization of 

synapses. They also found that both of these neuronal pairs converge on a 

single subset of neurons that could encode other features of the aversive or 

extinguished memory.  

USING FLIES TO UNDERSTAND ALCOHOL-RELATED BEHAVIORS  

Flies have been used as a model for alcohol use disorders and there are 

several behavioral models that have been established in flies. A few that have 

been implemented are pictured in Figure 1.1. Alcohol preference is most 

commonly assayed using the CAFE assay in flies and two-bottle choice in rodent 

models (Devineni and Heberlein, 2009). We developed a novel alcohol 

preference assay called BARCODE that is described in Chapter 2 of this 

dissertation. In rodent models Conditioned Place Preference (CPP) is used to 

assess the valence of a drug or stimulus and is sometimes interpreted as a 

measure for motivation in an animal. In flies, a similar assay that uses classical 

conditioning that pairs exposure to ethanol vapor with an odor (Kaun et al., 

2011). The flies are then tested for alcohol-associated preference in the Y-maze 

in which each arm of the Y has either the alcohol-associated odor or a non-

paired odor. The number of flies that enter the compartments are counted at the 

end of the assay and can be interpreted as whether the flies “liked” the alcohol or 

disliked it. Next, in rodents the Loss of Righting Reflex (LORR) is used to test for 

sensitivity to the sedative effects of alcohol. In flies, there is the inebriometer in 

which flies are loaded into a column that contains scoop-shaped ledges (Scholz 
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et al., 2000a). Flies are normally negatively geotactic and will cling to the ledges. 

When vaporized alcohol is passed through the column the flies will eventually 

lose postural control and fall out of the column. Finally, one commonly used 

assay in rodent addiction research is Intracranial Self Stimulation (ICSS). ICSS 

can be used to assess the addictive potential of a drug by measuring operant 

responding (pressing a lever), which can also be interpreted as motivational 

effort (Negus and Miller, 2014). Typically, an animal is taught to press a lever to 

receive an infusion of drug. Various schedules of lever press to drug delivery 

ratios can be employed to assess how hard an animal will work for a drug. 

Unfortunately, there has yet to be a model that sufficiently assesses motivational 

effort in flies. Taking advantage of all the genetic tools and applying them to the 

behavioral models used to study alcohol-related behaviors can provide us with a 

more comprehensive understanding of how these behaviors arise.  

FLIES IN THE WILD 

From boozy wineries to arid deserts Drosophila melanogaster can be 

found inhabiting a surprisingly diverse number of ecological niches world-wide. 

Despite Drosophila being one of the most commonly used model organism there 

is little agreement about its ancient evolutionary origins. What is known is that 

Drosophila melanogaster are a human commensal organism and have been only 

found in areas where humans are nearby or present (Lachaise and L., 1988). 

Although it is unknown how this commensalism evolved, there is support for the 

idea that D. melanogaster became domesticated as a result of the early human 

neolithization process (Lachaise and Silvain, 2004). Eventual proliferation of the 
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human population would have increased farming of produce, that would have 

increased the abundance of fermentable products that D. melanogaster could 

exploit. Flies have thus been invariably linked with fermented fruits or alcohol.  

Recently, Mansourian et al. (Mansourian et al., 2018) traveled to 

Zimbabwe to trace the origins of the natural ecology of Drosophila melanogaster. 

The authors chose Zimbabwe because Drosophila melanogaster are thought to 

originate in this region due to the relatively large genetic diversity. The authors 

found that flies found in this region were attracted to the marula fruit, this fruit is 

similar to a citrus fruit that is sugary, with a juicy pulp, fermentable capability, and 

a pH similar to that of an orange – all things that D. melanogaster finds attractive. 

When the authors placed traps containing fermented marula fruit underneath 

marula trees they caught both Drosophila melanogaster and simulans where D. 

simulans outnumbered D. melanogaster in these outdoor traps. The authors 

sought to determine if D. melanogaster were human commensal in this 

ecological niche. They placed traps containing fermenting marula fruit inside of 

the Pomongwe caves that were historically used by the people of the San tribe to 

store marula. Flies would presumably be attracted to these caves due to a steady 

food supply of leftover fermenting marula. When they recovered the traps, they 

found a number of D. melanogaster specimen but no D. simulans. Interestingly, 

the authors found that the Or22a receptor containing olfactory sensory neurons 

were responsive to marula fruit odors. The Or22a receptor is also known to be 

activated by ethanol while also being broadly tuned to other alcohols and 

acetates (Hallem and Carlson, 2006).  
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From the 1960’s to the 1990’s there were a substantial number of studies 

investigating how Alcohol dehydrogenase (ADH) variants contributed to 

behavioral, ecological, and evolutionary variance of Drosophila melanogaster 

(Berry and Kreitman, 1993; Goldberg, 1980; HARTMAN et al., 1993; Heinstra, 

1993; Holmes et al., 1980). ADH is an enzyme that metabolizes ethanol into 

acetaldehyde, which is then processed by Acetaldehyde dehydrogenase (ALDH) 

to acetate. Several previous studies have found natural populations of D. 

melanogaster can be found both inside wineries and outside wineries, whereas a 

close sister species Drosophila simulans is rarely ever found in wineries. In 

addition, D. simulans have virtually no tolerance to alcohol as measured by 

survivability on an alcohol medium whereas Drosophila melanogaster that were 

captured from inside wineries had higher tolerance than those that were captured 

outside of wineries (McKenzie JA, 1974; McKenzie and Parsons, 1972). What is 

less clear is whether the frequency of ADH allozymes had a distribution that 

correlated with alcohol availability in the natural population. The ADHF (with fast 

electrophoresis) and the ADHS (with slow electrophoresis) alleles are found in 

wild flies that are both inside and outside of wineries and metabolize alcohol at 

different rates (ADHF quickly metabolizes alcohol, whereas ADHS slowly 

metabolizes alcohol). In general, there were more studies that found no 

correlation between the emergence of either ADHF or ADHS and the availability of 

alcohol. However, they did find that the ADH allele frequencies did correspond to 

temperature of the environment. In another study by Kohane and Parsons 

(Kohane, 1986) the authors found that only the lab cultured flies had significant 

correlations between ADH genotype and fitness whereas wild-caught strains did 
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not show the same adaptive changes with respect to ADH genotype. Because of 

a lack of correlation with ADH allozyme frequency and alcohol related traits in 

wild derived animals, the field attributed these discrepancies to either hidden 

genetic variation with in the ADH locus or to other regulatory elements that could 

influence ADH production and activity. 

Despite the wide use of Drosophila melanogaster as a model organism 

there is little known about the natural ecology of flies in the wild interacting with 

alcohol. Although it is well accepted that flies are generally found in areas where 

humans and cultivated fruits are also present, it is unclear whether alcohol was 

involved in how this commensalism arose. Most previous studies examining ADH 

allele frequency with alcohol availability were also inconclusive so the majority of 

the fly alcohol field instead turned its attention to using flies as a genetic model 

organism for human alcohol use disorders.  

ALCOHOL PREFERENCE 

Measuring meal size in flies can be difficult due to their small size. One 

way researchers have circumvented this problem is through the CAFE (CApillary 

FEeding) assay that is used to measure alcohol preference in flies. In this assay, 

the experimenter uses glass capillary tubes loaded with alcohol and non-alcohol 

containing liquids. These tubes are placed hanging from the top of the vial and 

flies can feed from them by hanging upside down. As flies drink from the capillary 

tubes the displacement can be measured by hand and converted to a volume. 

Although there have been a number of research groups who have used this 

technique, previous work by Pohl et al. (2012) has demonstrated that the CAFE 
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assay is not a suitable model for alcohol preference because flies non-

specifically seek the higher calorie food (Pohl et al., 2012). Because alcohol itself 

is a source of calories the experimenter should validate that an animal is seeking 

alcohol not for its caloric value but for its pharmacological effects. This is 

because the aim is to model alcoholism in humans and humans do not generally 

consume alcohol for its caloric value. To address this, we created a new 

starvation-independent alcohol preference paradigm that is described and tested 

in Chapter 2.  

SEXUALLY DIMORPHIC ALCOHOL BEHAVIORS 

 Despite the fact that many species exhibit sexual dimorphisms on multiple 

levels, little is understood about the genetic underpinnings of sexually dimorphic 

alcohol behaviors and without this information we cannot make significant 

progress for treating alcoholism on a sex-specific level. It was only until the last 

decade that mammalian researchers began to identify and characterize sexually 

dimorphic alcohol behaviors. Even in flies, there has been a bias for using male 

Drosophila to model behavior. Drosophila are an appealing organism to study 

sexually dimorphic alcohol behaviors because their sex is solely determined 

genetically, as opposed to mammals that have gonadal and genetic sex 

determination making it difficult to differentiate the genetic contributions 

(MacLusky and Naftolin, 1981).   

 Previously, there has only been one published study that has intentionally 

investigated sexual dimorphism in fly alcohol responses. Devineni and Heberlein 

(2012) found that acute responses to alcohol are sexually dimorphic. The authors 
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found that male flies are more resistant to alcohol and determined that a gene 

called fruitless was the main contributor to this dimorphism (Devineni and 

Heberlein, 2012). There have been a few other papers studying sex-specific fly 

alcohol behaviors such as oviposition place preference, where female flies prefer 

to lay their eggs in ethanol laden food (Azanchi et al., 2013). Another study found 

that male flies will self-administer alcohol after being sexually rejected (Shohat-

Ophir et al., 2012). In the second, third, and fourth Chapter of my dissertation I 

characterize novel low dose sexually dimorphic alcohol behaviors in flies.  

ALCOHOL-INDUCED AGGRESSION 

 Alcohol-induced violence is a devastating and pervasive phenomenon that 

significantly affects the male human population. Despite this, alcohol-induced 

violence or aggression is understudied and the neurogenetic mechanisms 

underlying this behavior is relatively unknown. There are several reasons for our 

lack of understanding in what neural and genetic correlates regulate alcohol-

induced aggression. First, aggression is a complex social behavior with a rich 

repertoire of actions, which makes it difficult to automate analysis. Second, 

performing large-scale screens is extremely difficult in organisms that do not 

have an accessible and extensive genetic-toolkit. Lastly, most models of alcohol-

induced aggression (especially in humans) test for accessory behaviors of 

physical aggression; such as verbal aggression, non-physical punishment of a 

fictitious person (Taylor Aggression paradigm), and impulsivity; unfortunately, 

these types of paradigms crucially fail to accurately model physical alcohol-

induced aggression (Bushman, 1990; Taylor, 1967). Identifying and 
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characterizing alcohol-induced aggression in a model organism that rectifies 

these issues will inevitably fill the gap in the knowledge. Drosophila could serve 

to fill this gap, as they have an extensive genetic toolkit, are amenable for high 

throughput analysis, have physically aggressive behavioral paradigms, and some 

research groups have already developed automated analysis of aggression 

(Wang and Anderson, 2010). We can potentially use Drosophila melanogaster to 

identify molecular and genetic regulators of alcohol-induced aggression in 

humans.  

SUMMARY 

 Flies exhibit a surprising diversity of responses to alcohol. Capitalizing on 

the advantages that the fly model brings will allow researchers to better 

understand how alcohol-related behaviors are regulated in humans and lead to 

identification of novel regulators of these behaviors. Although flies have been 

established as a model for alcohol use disorder they were fairly limited in their 

behavioral models compared to mammalian models. The work in this dissertation 

adds to the repertoire of behavioral models in flies.   

In this dissertation, I characterize novel alcohol-related behaviors in flies 

that can be applied to model behaviors that are seen in humans. In the first 

chapter, I develop a starvation-independent alcohol preference assay in flies that 

was used to demonstrate that flies have sexually dimorphic alcohol preference. 

In the second chapter, I characterize a novel male fly alcohol behavior in which 

males treated with a low dose of alcohol become more aggressive. In a separate 

olfactory alcohol treatment paradigm, we also find that flies can become more 
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aggressive without intoxication. In the third chapter, I show that female flies 

become more receptive to courtship and less choosy with this low dose of 

alcohol. In the fourth chapter, I characterize the fruitless response to alcohol 

treatment in a splice isoform specific manner.  
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Chapter 2: Measuring Alcohol Preference in Flies 

The work presented in this chapter has been published in 2018 in the 
Proceedings of the National Academies of Sciences. Park A, Tran T, Atkinson 
NS. Monitoring Food Preference in Drosophila by Oligonucleotide Tagging. 
115.36 (2018): 9020-9025. AP was responsible for experimental design, data 
collection, analysis, interpretation, and writing of this manuscript.   

ABSTRACT 

Drosophila melanogaster is a powerful model organism for dissecting the 

neurogenetic basis of appetitive and aversive behaviors. However, some 

methods used to assay food preference require or cause starvation. This can be 

problematic for fly ethanol research because it can be difficult to dissociate 

caloric preference for ethanol from pharmacological preference for the drug. We 

designed BARCODE, a novel starvation-independent assay that uses trace 

levels of oligonucleotide tags to differentially mark food types. In BARCODE, flies 

feed ad libitum, and relative food preference is monitored by qPCR of the 

oligonucleotides. Persistence of the ingested oligomers within the fly records the 

feeding history of the fly over several days. Using BARCODE, we identified a 

novel sexually dimorphic preference for ethanol. Females are attracted to 

ethanol-laden foods, whereas males avoid consuming it. Furthermore, genetically 

feminizing male mushroom body lobes induces preference for ethanol. In 

addition, we demonstrate that BARCODE can be used for multiplex diet 

measurements when animals are presented with more than two food choices. 

SIGNIFICANCE 

Quantifying the preference for particular foods is difficult in Drosophila 

because of the animal's small meal size. It is common for fly feeding assays to 



19 

 

induce or require starvation conditions. We have developed a novel method of 

tracking consumption preference by tagging foods with different oligonucleotides 

and later performing qPCR from the fly body to determine its feeding history. 

Because a fraction of the ingested oligomer persists for about a week, this assay 

provides a long-term record of the feeding pattern. We use this assay to study 

sexually-dimorphic differences in ethanol consumption preference in Drosophila. 

BARCODE is also suitable for multiplex feeding studies in which the preference 

between more than two foods are simultaneously compared.  

INTRODUCTION 

Drosophila melanogaster is an invaluable model organism for the study of 

alcohol-use disorder (AUD). Drosophila share substantial genetic homology and 

conserved ethanol responses with mammals, meaning that the genetics of 

ethanol responses identified in Drosophila are likely to be conserved in 

mammals. Like humans, Drosophila have a natural relationship with ethanol 

(Dudley, 2004b; Nunney, 1996) and show adaptations when exposed to ethanol. 

In humans, these adaptations are associated with AUD and include adaptations 

such as functional ethanol tolerance and ethanol-withdrawal 

hyperexcitability/reduced seizure threshold (Ghezzi et al., 2014; Scholz et al., 

2000b). Consumptive ethanol preference—another behavior associated with 

AUD—has been difficult to quantify in flies due to their small meal size. The most 

commonly used method to measure ethanol drinking preference in flies has been 

the flexible and powerful CAFE (CApillary FEeding) assay (David and R, 1970; 

Ja et al., 2007) in which flies select between ethanol-containing or ethanol-free 
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liquid food delivered in 5 uL capillary pipettes (Devineni and Heberlein, 2009). 

However, there is evidence that CAFE feeding negatively affects nutrient uptake 

and longevity (Deshpande et al., 2014; Lee et al., 2008b; Vigne and Frelin, 2010) 

and that the caloric value of ethanol contributes to preference for ethanol food in 

this assay (Pohl et al., 2012; Sekhon et al., 2016). 

The BARCODE assay does not cause or require calorie restriction. 

BARCODE monitors ethanol preference in a population of animals that are 

feeding ad libitum from a plentiful and easy-to-consume supply of solid fly food. 

In the behavioral chamber, two independent measures of feeding preference can 

be simultaneously applied—a computer-mediated observational method that 

monitors fly location on the food patches throughout the assay and the 

BARCODE qPCR-consumption method that measures the relative consumption 

preference of the fly for particular foods. In the qPCR-consumption method, two 

or more DNA oligomers with sequences not found in the fly or human genomes 

are added to ethanol and non-ethanol fly-food patches at trace levels—a 

concentration that the flies cannot taste but that can still be used to determine 

their recent drinking history by qPCR of the oligomer. A representative fraction of 

the oligomer persists in the fly making oligomer level a good biomarker for 

monitoring food choice. Using BARCODE, we document a novel sexually 

dimorphic difference in ethanol preference. 

MATERIALS AND METHODS 

Oligomers were designed using an Excel spreadsheet (Microsoft, 

Redmond, WA) using randomly generated numerical sequences with 
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corresponding nucleotides: 1=A, 2=T, 3=G, 4=C. Primers were designed using 

IDT PrimerQuest Tool (idtdna.com) and screened using BLAST (NCBI) to identify 

those that did not match Drosophila, human, or skin flora bacteria (See 

Supplemental Methods and Materials). Preference was determined two ways (1) 

consumptive preference using the qPCR method and (2) observational 

preference using photographic data. For BARCODE qPCR preference assays 

flies were anesthetized with CO2 and homogenized as described. Homogenate 

was amplified using SYBR™ Green PCR Master Mix with a Tm = 60 °C and 40 

cycles per run. Observational preference index was determined using an image 

processing script that counts flies on each food well (48).  

RESULTS 

We conceived of the BARCODE qPCR-consumption method as an assay 

in which flies have free access to large quantities of food and in which the 

ethanol-containing food is labeled with one DNA oligomer and the non-ethanol 

food is labeled with another DNA oligomer. We anticipated that ethanol 

preference could then be measured by quantifying the relative concentration of 

oligomer in the fly body (Figure 2.1A). We designed DNA oligomers suitable for 

quantification by qPCR and used them as a food additive. These ~100 nt 

oligomers were designed to be recognized by qPCR primers that do not amplify 

sequence from any relevant genome (Drosophila, human, or common skin 

bacteria genomes). 

DNA oligomers in food can be used to quantitatively measure 

consumption.  
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Figure 2.1 Consumed DNA oligomers provide a long-lasting quantitative 
measure of the amount of food eaten. (A) Schematic of the BARCODE assay. 
(B) Flies are hand fed an oligomer containing solution while oscillations (sips) of 
the cibarial pump (arrow) are counted. (C) Sips of oligomer solution (35 ng/uL) 
and oligomer in the fly correlate linearly (qPCR normalized to genomic Cyp1 
gene; N = 4 of 3 flies each. In (D) - (G) flies are hand fed 100 sips of oligomer 
solution. Oligomer is quantified by qPCR. (D) Number of oligomers in flies 
immediately after (Day 0), 24 h after (Day 1), and in feces deposited over 24 h 
after consumption (Vial). Low = 3.5 ng/uL, High = 35 ng/uL, centerline is mean, 
error bars are SEM, N = 6 of four flies each. (E) Oligomer persists within the fly 
for days. Internal oligomer concentration was monitored for 7 days after feeding 
by qPCR; N = 4. (F) Oligomer persists within gut for many days. Dissected guts 
assayed over 7 days after feeding; N = 4 of three flies each (experiment has 
been repeated twice with equivalent outcome). G) Oligomer partitions into the 
hemolymph. For (F) and (G), boxes are Q1-Q3, center line is mean, whiskers are 
95% CIs, N = 4 of six flies each. 
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To evaluate the utility of using DNA oligomers to monitor food preference in flies, 

immobilized flies were hand fed the DNA oligomer in a sucrose solution. The flies 

were allowed to take a predetermined number of sips of the oligomer solution 

(Figure 2.1B), and then the relative abundance of the oligomer within the fly was 

measured by qPCR. We observed a linear relationship between sips of oligomer-

laced food and the amount of oligomer assayed in a post-mortem qPCR assay 

(Figure 2.1C). During the first 24 hours after oligomer consumption, 99% of the 

oligomer is lost from the fly, 1% of the oligomer remains in the fly, and 0.1% of 

the oligomer is passed through to the food (Figure 2.1D). Most of the oligomer is 

destroyed by digestion within the first 60 minutes following feeding. However, the 

remaining 1% in the fly is surprisingly stable, persisting for about 7 days after 

consumption (Figure 2.1E). The oligomer that persists in the fly was found in the 

gut (Figure 2.1F) and hemolymph of the fly (Figure 2.1G). Overall, these data 

show that ~1% of the consumed oligomer remained within the fly and could be 

used as a proxy measure for food consumption. 

Removal of DNA oligomer from fly exterior.  

 In a large behavioral chamber, flies have unrestricted access to the 

oligomer-laced food, and therefore it seemed likely that oligomer might 

contaminate the exterior of the fly body. To evaluate the extent of this problem 

and identify a way to remove external oligomer, we coated dead flies with 

oligomer by rolling them for 2 hours on fly food containing 3.5 ng/uL oligomer, 

and then we evaluated methods for removing the oligomer. We observed that a 

substantial amount of oligomer accumulated on the fly body (Figure 2.2).  

This oligomer was tightly bound to the chitinous exoskeleton as indicated  
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Figure 2.2 A protocol to remove oligomer from the exterior of the fly body. 
(A) Protocol schematic for removing oligomer from the fly exterior. (B) Flies were 
subjected to the washing protocol varying the bleach concentration from 0% to 
50%. The abscissa is relative oligomer determined by qPCR and the ordinate is 
the relative concentration of the genomic Cyp 1 gene (abundance = 2-CT). Zero, 
twenty, and thirty percent bleach washes do not damage consumed oligomer or 
genomic DNA. Error bars are standard deviation. Horizontal error bar for zero is 
eclipsed by the datapoint; N = 5. (C) Dead flies were rolled on 3.5 ng/ul oligomer 

food. qPCR shows that the 10% detergent / 30% washing protocol removes 
oligomer from the fly exterior (relative concentration is oligomer normalized to the 

genomic Cyp 1 control [2-ΔCT]). Box is Q1-Q3s and center line is mean; N = 5.  
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by the fact that treatments that removed external oligomer without damaging 

internal DNA were difficult to find. Neither DNAse incubation, UV irradiation, nor 

washing with acid, detergent, or bleach was individually effective. We eventually 

found that a four-step protocol consisting of 1) a detergent wash, 2) a water 

rinse, 3) a dilute bleach wash, and 4) a second water rinse could effectively 

remove the oligomer from the fly’s exterior.  

To find the highest concentration of bleach that would remove oligomer 

from the exterior of the fly but not damage consumed oligomer or genomic DNA, 

we hand fed flies 100 sips of a 3.5 ng/uL oligomer solution and then processed 

the flies using the four-step protocol with varying concentrations of bleach (0% to 

50%; Figure 2.2A). We then determined the relative abundance of the oligomer 

(Figure 2.2B). We observed that 40% and 50% bleach damaged both the 

internalized oligomer and the Cyclophilin 1 genomic DNA marker, while external 

oligomer was removed by a 20% or higher bleach wash. We chose to 

standardize on 30% bleach because it was the strongest concentration tested 

that did not affect internal oligomer abundance or genomic DNA abundance 

(Figure 2.2B) and because it was more than sufficient to remove external 

oligomer (Figure 2.2C). 

 

DNA oligomer is not transferred between flies.  

 In the restricted environment of a fly vial or assay chamber, flies may be 

coprophagic. This behavior could facilitate oligomer transfer between flies, which 

would confound the use of oligomers for monitoring individual feeding patterns in 

a population of flies. To determine whether cohabitation enables transfer of the 
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Figure 2.3. DNA oligomers do not transfer well between flies and DNA 
oligomer does not influence food preference. (A) A fly was hand fed 100 sips 
of oligomer solution (3.5 ng/uL; blue filled) and housed for two days in a food vial 
with a second non-fed fly. Values have been normalized to the number of 
oligomer molecules in the fed fly (determined by qPCR to be ~20,000 molecules). 
Boxes are Q1-Q3; center line is mean and whiskers are 95% CIs; N = 6. There is 
no significant transfer of oligomer between most animals (one-sampled t-test 
µo=0; N = 6; µ = 2.3, 3.4, and 1.6 percent respectively p = 0.19, 0.22, and 0.32, 
respectively). Except for slight transfer from males to females (N = 6; µ = 0.9 
percent, p = 0.00418). (B) Oligomer added to standard cornmeal/molasses/agar 
media does not alter preference. Preference was measured using an observation 
assay (computer photography). Positive PIs indicate attraction whereas negative 
values indicate aversion for the oligomer-laden food. Data from three 
experiments in which 50 were allowed to feed for 2 days. Each datapoint is a 50-
min interval. Error bars are SEM.  
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oligomer between flies, we hand fed flies and then housed each of them with a fly 

that had not been fed oligomer. After two days, the flies were separately assayed 

for the oligomer to determine the amount of transfer between animals. We 

observed no meaningful transfer between flies during this period (Figure 2.3A). 

BARCODE behavioral chamber.  

For our BARCODE ethanol-preference experiments, we use a 14 x 14.5 x 

22.5 cm clear chamber that contains a food tray (Figure 2.4). The chamber and 

tray were constructed with plexiglass using a laser cutter. Food trays contain 24 

wells, and each well is 1.5 x 1.5 x 0.5 cm. In an ethanol-preference assay, flies 

feed from trays whose wells are loaded in an interdigitated pattern with either 

ethanol food or non-ethanol food. Each food type contains a DNA oligomer 

specific for that food type at a concentration of 3.5 ng/uL (Figure 2.4B). Fifty flies 

are tested at a time in the chamber 

We use two distinct methods to measure ethanol preference in this assay 

chamber (Figure 2.4A). One is the qPCR-based method, that we call BARCODE, 

in which the relative abundance of the consumed Oligomer 1 and Oligomer 2 

within the flies is measured (five groups of 3–5 flies are assayed by qPCR, and 

the data are normalized to the relative abundance of the genomic Cyp1 gene). 

The second method is an observational method in which snapshots of the food 

grid are taken every 5 minutes and the number of flies over each well of food is 

recorded (Figure 2.4B). The second method is used to help validate the 

BARCODE method. Preference indices are calculated from both of these 

methods. 
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Figure 2.4. Barcode Behavioral Assay Chamber. (A) A 14 x 14.5 x 22.5 cm 
acrylic chamber with a sliding top. Camera on top is used to report the 
occupancy of flies on particular wells in the 24-well food plate at the bottom. Top 
can be slid to engage the fly transfer hole. Flies are added, and samples of flies 
are taken, through this hole at the end of Day 1 and Day 2 using a flypette. 
Illumination is provided by white light during the day and red light at night. (B) 
Representative photos of plates show the arrangement of ethanol-containing and 
non-ethanol food (and the associated DNA oligomers). Flies are easily seen in 
these pictures. 
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Figure 2.5. Flies can taste only high concentrations of oligomer. Flies were 
tested for proboscis extension response (PER) using sucrose solutions 
containing different concentrations of oligomer. Experiments were performed 
double-blind. Flies start to reduce their sip probability around 1600 ng/uL of 
oligomer and continue to reduce their sip probability in a dose dependent 
manner. This is in vast excess to the concentrations of oligomer used elsewhere 
in the paper (3.5 ng/uL and 35 ng/ul). Blue = Oligomer 1 and Orange = Oligomer 
2. 
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Figure 2.6. Flies show no preference for either oligomer in standard 
cornmeal/molasses/agar media. An observation assay shows that male flies do 
not show positive or negative preference for Oligomer 1 over Oligomer 2. 
Oligomer concentration in food was 3.5 ng/uL. The experiment has been 
repeated twice with equivalent results. (A) Cumulative daily observational 
preference generated from data shown in (B). Observational preference index is 
not different than zero (p = 0.925, N = 28). 
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DNA oligomers do not influence preference.  

 This was demonstrated in three ways—a proboscis extension response 

assay showed that an oligomer added to the food does not alter sip probability 

except at concentrations ~450 X that used to measure preference (Figure 2.5); 

an observational preference assay (computer photographically recorded food 

preference) that showed that flies do not distinguish between oligomer-containing 

food patches and non-oligomer-containing food patches (Figure 2.3B) and a 

second observational assay that showed that flies do not distinguish between 

Oligomer 1-containing and Oligomer 2-containing food (Figure 2.6). We have 

observed that the BARCODE qPCR-consumption assay and the observational 

assay show strong agreement (e.g., Figure 2.7, Figure 2.8A and B, Figure 2.11). 

The concordance in these independent measures helped validate the BARCODE 

assay. 

Flies are sensitive to quinine in a dose-dependent manner in BARCODE.  

To determine the sensitivity of the BARCODE qPCR assay we performed 

a quinine dose-response assay. Quinine is a naturally bitter tasting compound 

that has been previously shown to be aversive to flies (Sellier et al., 2011). Flies 

have been shown to be able to distinguish concentrations of quinine up to 1 mM 

in CAFE (Ferveur et al., 1995). We used concentrations of 0.1 mM, 1 mM, and 

10 mM and observed dose- dependent aversion down to 0.1 mM in both the 

consumptive BARCODE qPCR assay and the observational preference assay 

(Figure 2.7). 
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Figure 2.7 Flies show dose-dependent aversion for quinine in the 
BARCODE qPCR assay. Quinine is an extremely distasteful substance that flies 
will avoid eating. In this assay wells are laced with quinine or no quinine and fly 
positions were recorded over 2 days. (A) Flies showed slight aversion for 0.1 mM 
quinine (N=30), moderate aversion for 1 mM quinine (N=32), and strong aversion 
for 10 mM quinine (N=32). (B) From the 10mM cohort we performed qPCR on 
single flies (N=8 per day) and demonstrated that they have the same 
consumption preference as grouped qPCR flies (groups of 4 flies with an N = 6 
per group). (C) Observational BARCODE Preference Index over the two day 
interval shows a similar dose dependent aversion to occupying quinine food 
wells. Dots are preference index at 5 minute intervals. The lines are moving 
averages of binned data (25 points per bin). 
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Figure 2.8. BARCODE qPCR-consumption assay shows sexually dimorphic 
ethanol preference (A) for 5% ethanol food (5 flies per data point, N = 12 for 
males, N = 10 for females, 2-tailed t-test). (B) Sexually dimorphic ethanol 
preference is validated in the observation assay; N = 6. (C) Preference was 
tracked in 50 min intervals. In a, b, and c pink are females and blue are males. 
(D) CAFE shows higher mortality than BARCODE whose data points overlap with 
those for Vial; N = 8 CAFE, N = 4 BARCODE, N = 1 fly vial. (E) In CAFE, males 
show increasing preference for 15% ethanol food (N = 16) whereas in BARCODE 
males show aversion for 5% ethanol food (N = 3). (F) Calorie balancing in 
BARCODE does not eliminate ethanol preference; N = 3. Error bars are standard 
deviation of the mean and the data point or the center line is positioned at the 
mean. In box and whisker plot, box is Q1-Q3, and whiskers are 95% CIs.  
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Figure 2.9. Calorie balancing in BARCODE does not eliminate ethanol 
preference (A) Observational preference for calorie balanced food; N = 3. (B) 
Calorie balancing does not eliminate ethanol preference. The BARCODE 
observation assay shows that Cantons S (wild type) females show ethanol 
preference even when the non-ethanol food is calorie balanced using 
Maltodextrin 180. Each bin is 50 minutes.  
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BARCODE measurement of ethanol preference is not sensitive to ethanol 
calories. 

 In Pohl et al. (Pohl et al., 2012) it was shown that in the CAFE assay flies 

had strong preference for ethanol and that this preference was completely 

eliminated once the caloric content of ethanol- and non-ethanol-containing foods 

were balanced. However, in BARCODE, balancing the caloric content of the 

ethanol food and non-ethanol food does not eliminate preference for ethanol 

(Figure 2.9), indicating that the ethanol preference measured here is not 

dependent on the caloric value of ethanol. Consistent with the idea that CAFE is 

a calorie-restrictive assay, we observed 16% death in the CAFE assay over a 5-

day period. In the BARCODE assay, we observed just 0.25% death (averaged 

over four assays) and none in food-vial-housed flies over a 5-day period (Figure 

2.8D). Furthermore, CAFE-housed males had a 40% reduction in mean 

normalized body weight (Figure 2.10) compared to vial-housed flies. Finally, 

adding solid fly food to the bottom of the CAFE vials to reduce starvation 

eliminated male preference for alcohol but did not change female preference for 

alcohol (Figure 2.8E and F).  
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Figure 2.10. CAFE-fed males show reduced body dry weight after CAFE. (A)  
Experimental paradigm in which flies were weighed and housed for 5 days in 
either a no-choice CAFE chamber or a Food Vial. No-Choice CAFE indicates that 
all four of the food pipettes are filled with standard liquid fly food. After 5 days, 
animals were desiccated at 65°C for 5 hours to drive out water and then the DW 
(dry weight) determined. (B) Diagram of vials indicting that the assay was 
conducted with ten vials per treatment of eight flies each. (C) After five days, vial-
fed male flies show an average dry body weight of 0.33 g (+/- 0.19 standard 
Deviation) while CAFE-fed males have an average body weight of 0.20 g (+/-0.04 
standard Deviation). Female flies housed under identical conditions do not show 
a change in body dry weight. (D) and (E) Consumption measured in the CAFE 
no-choice assay over the 5-day period is constant. 
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Genetic feminization of male mushroom body (MB) lobes modulates 
ethanol behaviors.  

 We hypothesized that genetic sex differences contribute to sexually 

dimorphic ethanol preference. To test this, we genetically feminized male 

neuropil by inhibiting FruM production using an inducible UAS-Transformer (TraF) 

transgene. Expression of this splicing factor induces female-specific cellular 

identity and when ectopically expressed in males feminizes the cells by 

suppressing production of the male-specific FruM splice variant (Yamamoto and 

Koganezawa, 2013). We drove a UAS-Transformer transgene individually in the 

ɑβ, ɑ’β’, and Ɣ lobes of the MBs, where FruM is endogenously produced (Lehane, 

1997; Lemaitre and Miguel-Aliaga, 2013). Feminization of any one of the three 

MB lobes in male flies inhibited the characteristic aversion for 5% ABV ethanol 

food and made males prefer ethanol (Figure 2.11). Interestingly, when we 

genetically feminized tyrosine hydroxylase (TH) producing neurons (ple-Gal4) we 

saw no such increase in preference for ethanol. As shown in Figure 2.12 

feminization of the male MB lobes also reduced the flies capacity to acquire 24 h 

functional ethanol tolerance (ethanol-induced ethanol resistance) but had no 

effect on ethanol tolerance in females. 
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Figure 2.11. Feminization of male mushroom body lobes alters male 
ethanol preference. (A) Behavior in BARCODE was assayed using the qPCR-
consumption assay. Ɣ lobe feminization (N =18), ɑβ lobe feminization (N = 12), 

and ɑ’β’ feminization (N = 16). Feminization of MB lobes converts aversion for 
5% ethanol food to preference compared to controls. Feminization of tyrosine 
hydroxylase–expressing neurons (TH) does not promote ethanol preference in 
males; N = 6. (B) Behavior in the chamber was also assayed using the 
observation assay. ɑβ lobe (N = 6; 50 flies used per N), ɑ’β’ (N = 3; 50 flies used 
per N) and, Ɣ lobe (N = 4; 50 flies used per N) all showed significant increases in 

observational preference compared to controls. Feminization of tyrosine 
hydroxylase–expressing neurons (TH) does not promote ethanol preference in 
males; N = 3. For both (A) and (B) statistical significance was determined using a 
2-tailed t-test. 
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Figure 2.12. Feminization of MB lobes affects the magnitude of male—but 
not female—24 h functional ethanol tolerance; N = 12 for ɑβ, N = 10 for ɑ’β’, 
and N =10 for Ɣ lobes, with 8 flies per N. Expression of UAS-TraF transgene in 

MB lobes did not affect the magnitude of ethanol tolerance of females (N = 4). 
Wild type (Canton S strain) male and females do not display sexually dimorphic 
acquisition of ethanol tolerance. Error bars are standard deviation. 
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DISCUSSION 

The BARCODE assay was developed as a way to measure preference for 

ethanol in Drosophila melanogaster. However, because it uses DNA oligomers of 

unique sequence to label foods, the BARCODE assay is not limited to binary 

food choices and can also be used for measuring feeding patterns when more 

than two food choices are simultaneously presented. In the context of ethanol 

research, this might prove useful for monitoring the progression from low, middle, 

and high-ethanol containing foods. 

In parallel with the BARCODE qPCR-based assay, we also collected 

photographic data of the feeding preference of flies in the same chamber. We 

observed that flies tend to occupy food patches that match their food of choice as 

measured by the BARCODE qPCR assay even when they are not feeding—this 

is likely because flies have taste receptors on their feet (Tompkins et al., 1979). 

CAFE for alcohol preference is typically performed in the absence of extra 

food; this reduces nutrient uptake (Deshpande et al., 2014) as evidenced here by 

reduced body weight and longevity. Typically, rodent alcohol-preference 

paradigms include readily abundant solid food as well as ethanol and nonethanol 

liquid choices. Abundant food serves to keep the animals healthy and reduces 

the possibility that animals consume alcohol for its caloric value so that the 

experimenter can more accurately measure pharmacological preference for 

alcohol. To emulate this paradigm, we added food to the bottom of vials in the 

CAFE assay. We found that male flies no longer preferred ethanol food, 

replicating the results obtained in BARCODE. 

A surprising observation was the perdurance of the consumed BARCODE 
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oligomer in the fly. We believe that a fraction of the consumed oligomer is in 

some manner protected from digestion in the intestine. This might arise from 

transport of some of the oligomer from the lumen of the intestine into the 

hemolymph. Alternatively, a fraction of the oligomer may bind to chitin within the 

digestive tract, making that oligomer fraction unavailable for digestion. 

Impermeable cuticle lines the foregut and hindgut, while the midgut is lined by a 

type II peritrophic membrane that is made of chitin and glycoproteins (Gilbert, 

2012; Spletter et al., 2007). The nonspecific binding of DNA probes to cuticle has 

been previously noted during the course of Drosophila in situ hybridization 

experiments (Heisenberg et al., 1985; Keene and Waddell, 2007; Kim et al., 

2007; Krashes et al., 2007; Xu et al., 2012). While some insects lack a 

peritrophic membrane, they still retain other cuticular structures within the 

digestive tract. Thus, the BARCODE oligomer assay may generalize to other 

insects.  

The ethanol-preference behavior of flies in BARCODE is substantially 

different from that observed in the CAFE assay. In CAFE, we have observed that 

both sexes show the same bias for consumption of ethanol-containing food 

(figure 7 in Pohl et al. (Pohl et al., 2012)), while in BARCODE we observed that 

males and females have the opposite response to ethanol in their food, with 

males showing avoidance of ethanol in their food (even at 5%) and females 

showing preference for ethanol in their food (up to 10%). There is also a 

difference in that CAFE-housed flies typically show a day-by-day increase in 

ethanol preference whereas BARCODE-housed flies show the same ethanol 

preference on each day of the assay (Figure 2.8C).  
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We genetically manipulated the sex of the MB lobes to determine if the 

sexually dimorphic ethanol preference is genetically encoded. The MBs receive 

numerous inputs from various areas of the brain. They receive sensory inputs as 

well as inputs that modulate valence of a stimulus such as those from 

dopaminergic neuropil (Aso et al., 2014). The MBs have also been shown to be 

necessary for expression of appetitive and aversive behaviors (Hoshijima et al., 

1991; McKeown et al., 1988; Tanaka et al., 2011). Others have also shown that 

the mushroom body is specifically important in modulating ethanol preference 

and a subset of the MB output neurons have been demonstrated to be necessary 

for expressing olfactory ethanol attraction (Kaun et al., 2011; Petruccelli et al., 

2018). Induction of TraF expression was used to feminize the MB lobes of males 

(Lee et al., 2000). Transformer is a female-specific splicing factor that causes 

female-specific splicing of both fruitless (fru) and doublesex (dsx) transcripts. In 

males, TraF is not active, resulting in expression of the “default” male-specific 

form of both fru (fruM) and dsx (dsxM) (34, 35). The encoded FruM and DsxM 

proteins are transcription factors. FruM is neural-specific, whereas DsxM is 

expressed in male neuronal and non-neuronal tissues (Devineni and Heberlein, 

2012; Lemaitre and Miguel-Aliaga, 2013). FruM has been shown to be necessary 

for sex-specific dendritic arborization patterns (Kimura et al., 2005) and has also 

been associated with male-specific behavior such as courtship and aggression 

(Shirangi et al., 2006). Previously, the fru gene was implicated in ethanol-induced 

disinhibition of courtship (Lee et al., 2008a) as well as in modulating the 

sensitivity to sedation with ethanol vapor (Devineni and Heberlein, 2012). 

Feminization of any one of the three male MB lobes causes males to lose their  
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Figure 2.13. Flies have sexually dimorphic clustering patterns. (A) Data are 
collected with the photographic observation assay. Analysis of fly position is done 
separately for each well of food (12 wells with 5% ethanol and 12 non-ethanol 
wells). We recorded the frequency of clusters for both male and female flies over 
the 48 hour period of the assay normalized to total number of observations. The 
clusters were binned into N flies per well of food, where 1 represents an isolated 
fly. N = 4. (B) The ClusterF Index describes integrated values of clusters >2. 
Females show a higher ClusterF Index and are thus more likely to cluster than 
males. Clustering does not appear to be influenced by 5% ethanol in the food. 
Error bars are standard deviation. N = 4. 
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characteristic aversion to ethanol in the BARCODE assay chamber. We propose 

that FruM expression in the MB modulates male ethanol preference. We do not 

think that DsxM plays this role because DsxM has primarily been associated with 

male physical attributes (Tanaka et al., 2011). The effect of TraF on ethanol 

tolerance only in males may arise from a change in neural circuitry during 

development. Alternatively, the FruM or DsxM transcription factors themselves 

may modulate ethanol-induced genes that are required for functional ethanol 

tolerance. The absence of an effect in females suggest that the mechanism 

generating ethanol tolerance has a sexually dimorphic component.  

Another interesting sexually dimorphic behavior we observed was fly 

clustering. The photographic observational method that we used records the 

number of flies per well over each 5-min time increment throughout the duration 

of the assay. We noticed that males clustered less frequently than females as 

evidenced by a lower ClusterF index (Figure 2.13). This could reflect an 

important social dynamic and may influence which food patches the females 

occupy and feed on. This behavior cannot be observed in CAFE because a 

micropipette does not provide the physical space for clustering. Previous studies 

on social clustering did not show sexual dimorphism. However, this may be 

because the studies were performed in a small chamber in the absence of food 

(43). 

A variety of assays other than CAFE have also been used to quantify fly 

feeding. Innocuous food coloring dyes were the basis of the first such assay. 

These dyes are not absorbed and are rapidly excreted and are therefore only 

appropriate for very short-term monitoring of feeding (15 to 30 min). Furthermore, 
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compared to all other assays, food dyes have proved to be the least sensitive 

(Deshpande et al., 2014). Fluorescent dyes are used in the FRAPPÉ feeding 

assay. These dyes are more sensitive than food color dyes, but are also used 

only for short labelling periods. They also appear to require prior starvation to 

induce consumption (Peru y Colon de Portugal et al., 2014). A bioluminescent 

approach used food containing D-luciferin to measure the sip volume of flies 

(Itskov et al., 2014). Radioactive isotope labeling (32P) of fly food appears to be 

superior to these other assays in that flies cannot taste the label at the 

concentration used and the label is absorbed and is therefore suitable for longer 

duration assays (Deshpande et al., 2014). Other assays such as FlyPAD and 

FLIC (Itskov et al., 2014; Ro et al., 2014) are devices that sense when flies touch 

a food source and these are likely to provide high fidelity proxy measures of 

feeding since our own BARCODE assay confirms that touching food is highly 

correlated with feeding. SNAC is a microfluidic device that is currently the fly 

feeding assay with the highest temporal resolution (Navawongse et al., 2016). 

BARCODE shares the advantages of radioisotope labeling of food while offering 

a much larger number of distinct labels without the restrictions of working with 

radioisotope. Furthermore, it lends itself to incorporation in the other assays 

providing a way to quantify feeding by more than one method in a single 

experiment. 

The BARCODE qPCR assay is a food consumption assay that is well-

suited for determining the relative food preference of flies. For our purposes, we 

use the ∆∆CT qPCR method to compare the preference of flies for ethanol food 

versus non ethanol food (Applied Biosystems Inc., 2001). Determination of the  
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Figure 2.14. BARCODE can be adapted to measure preference of three food 
choices. Female CS flies were given a choice between 5% Ethanol, Non-
Ethanol, and 10 mM Quinine Food. Each food substrate contained a unique 
oligonucleotide at a concentration of 3.5 ng/uL (5% Ethanol with Oligomer 1, 
Non-Ethanol with Oligomer 2, and 10 mM Quinine with Oligomer 3. (A) The 
female flies consumed mostly from the Ethanol food patches (Mean + SEM; 
87.3% + 2.8), less from Non-Ethanol food (16.2 + 2.8), and very little from the 
quinine food (0.27% + 3.8E-05). Percent Ethanol food consumed was measured 
as ng Oligomer 1 / (ng Oligomer 1 + ng Oligomer 2 + ng Oligomer 3). Percent 
Non-Ethanol and percent Quinine consumed was measured using the same 
equation using ‘ng Oligomer 2’ and ‘ng Oligomer 3’ as the numerator, 
respectively. (B) The amount of oligonucleotides amplified from each sample are 
plotted on a log scale. Flies consumed most from the Ethanol food and least from 
the Quinine food. (B) Using the observational preference assay we measured the 
number of flies on top of each food substrate. The distribution is in agreement 
with the results obtained from BARCODE. 
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absolute volume of food consumed is complicated by the fact that only a 

representative amount of oligomer survives digestion. This complication could be 

resolved by using nonhydrolyzable DNA oligomers, since these might prevent 

digestion and might permit one to easily determine the absolute volume of food 

consumed. Furthermore, nonhydrolyzable oligomers might also increase the 

sensitivity of the assay—we have not yet tested these ideas. 

 The BARCODE assay is very flexible and can be used to conduct 

experiments that were previously not possible. The availability of a huge number 

of distinctly assayable DNA oligomers should enable one to monitor the selection 

between many different food choices. In Figure 2.14 we demonstrate the 

feasibility of using BARCODE to simultaneously measure the consumption of 

three different food sources. Furthermore, if one switched feeding plates each  

day, and each plate contained a unique oligomer set, one should be able to use 

qPCR to determine the relative consumption of each food during each day of a 

seven-day period. Moreover, because the BARCODE assay quantifies DNA 

oligomers in a small number of flies (we used three to five flies per PCR for 

genetic feminization experiments and single flies for the quinine aversion 

experiment (Figure 2.7), BARCODE could lend itself to monitoring mixed 

populations of flies to determine how different types (genotypes, sexes, species) 

of flies influence each other. Finally, it should not be overlooked that males and 

females have neurally-based differences in ethanol preference. In Drosophila 

because the gender of individual neurons can be manipulated, this should prove 

useful as a tool for mapping circuits and identifying genes that modulate ethanol 

preference. 
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Chapter 3: All is Fly in Love and War  

ABSTRACT  

Alcohol-induced aggression is a destructive and widespread phenomenon, but 

we understand very little about the mechanisms that produce this behavior. We 

found that two different alcohol exposures potentiate aggression in male flies. (1) 

A pharmacologically relevant dose of alcohol increases aggression and 

decreases a goal directed behavior in male flies. (2) In addition, an olfactory 

exposure alone promotes inter-male aggression by potentiating signaling through 

the cis-vaccenyl acetate (cVa) pathway. The volatile pheromone cVa is produced 

by male flies and promotes inter-male aggression. Characterizing these 

behaviors in the genetically tractable fruit fly can lead to a better understanding of 

the molecular correlates that regulate alcohol induced aggression in humans and 

provide insights into an ethologically relevant behavior.   

INTRODUCTION 

A staggering 40% of violent offenses are committed by people under the 

influence of alcohol and at least 50% of sexual assault cases are associated with 

alcohol consumption (Abbey, 2011). Despite alcohol-induced aggression being a 

costly and pervasive issue, little is understood about the neurobiological 

mechanisms that provoke individuals to become more aggressive after 

consuming alcohol. To help bridge this gap in knowledge we introduce 

Drosophila melanogaster as a model organism that becomes more aggressive 

with exposure to alcohol. There exists a substantial body of work on the effects of 
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alcohol on fly behavior as well as a considerable amount of work on aggression 

in flies (Hoopfer, 2016; Park et al., 2017). However, nothing is known about the 

intersection between these topics, that is, whether or not alcohol modulates 

aggression in flies.  We find that a pharmacologically relevant Blood-Alcohol 

Concentration (BAC) promotes male aggression. Furthermore, this alcohol 

dosage impairs male courtship – a goal directed behavior (McKellar et al., 2019). 

We also find that mere odor of alcohol increases aggression. This olfactory 

response occurs in the absence of intoxication and in the absence of a 

detectable BAC. One of the most well studied fly pheromones, cis-vaccenyl 

acetate (cVa) is a male produced pheromone that is known to cause aggression 

in male flies (Kurtovic et al., 2007). We find that smelling alcohol potentiates the 

cVa pathway and that this leads to increased aggression. This work makes 

Drosophila melanogaster an ideal genetic model system for studying the 

molecular origins of alcohol-induced aggression. 

METHODS AND MATERIALS 

Fly Handling 

All flies were raised on standard cornmeal, molasses, and agar media in a 

12:12 light:dark cycle. Flies used in aggression and courtship receptivity 

behavioral assays were all taken from group housed bottles as pupae and 

individually raised in vials. Flies used in imaging, immunohistochemistry, and 

qPCR were group housed.  

Alcohol Pretreatments 
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For all vapor treatments flies were pretreated with either 100% ethanol or 

30% ethanol by volume in ddH2O. Vapor was administered at 2.5 L/min for 15 

minutes for 100% ethanol and 5 minutes for 30% ethanol. Flies were transferred 

back into their food vials and allowed to recover.  

We made 20% alcohol food by melting fly food in the microwave and 

waited until it cooled down to ~35° C and added 100% alcohol to reach 20% w/v 

alcohol. Flies were placed into fresh 20% alcohol food vials each day.  

Behavioral Tests 

Aggression chambers were assembled using a fly vial cut 1 inch high and 

glued to one petri dish. The top of the chamber has 2 holes; 1 large hole is used 

for loading flies and one other smaller hole is in the center of the top and is used 

for circulation. Food wells were made by cutting 1.5 mL microfuge tube tops. Fly 

food was melted and pipetted into the microfuge tube tops. We added sucrose to 

the top of each fly food surface and a decapitated virgin female fly. Flies were 

loaded into the chamber by gentle aspiration and the video camera began 

recording 5 minutes after the flies were in the chamber. Aggression tests were 

conducted between the hours of 9 AM - 4 PM. Flies tested for aggression were 

between 4-6 days old.  

 Dominance was tested using the same aggression chambers. The 

video cameras were placed above the chambers to get an aerial view so that it 

was easier to determine the identity of the flies. Flies were painted with a small 

dot of white acrylic paint (Sherwin Williams Interior acrylic latex, 650428204) the 

day of eclosion and tested when they were between 4-6 days old. We video 

recorded for 30 minutes and videos were manually analyzed for when flies were 
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both on the food patch, retreats from the fly food patch, and lunges as well as the 

identity of the fly.  

Courtship receptivity chambers were built using a 24-well plate that had 

0.3 cm hole drilled at the 6 o'clock position of each well. Yellow pipette tips were 

cut to fit in the loading hole. CantonS virgin males were collected before eclosion 

and aged 4-5 days. Virgin females tested were between 4-6 days old. We loaded 

flies in a random order so each group would not have more time in the chamber. 

We video recorded for 30 minutes from when the last fly was delivered into the 

chamber. Videos were manually analyzed for time to start mating.  

Courtship behavior was tested in a chamber separate from courtship 

receptivity. We laser cut acrylic Plexiglas into small circular arenas 1.5 cm across 

and 0.5 cm deep in a 3x4 array. We loaded chambers by gentle aspiration and 

video recorded flies for 3 minutes and manually analyzed videos for unilateral 

wing extensions (time of occurrence and duration) and attempts to copulate (time 

of occurrence). We tested alcohol treated males and sober males concomitantly. 

We used males 4-6 days old and virgin females 3-4 days old.  

Hyperactivity/Locomotion was assessed using the line crossing assay, 

which measures the number of line crossings over a 15-minute period of time. 

Flies are loaded into a petri dish with a line drawn on the top of the lid of the dish. 

For stimulus induced hyperactivity the stimuli were delivered for 10 seconds 

before the start of each test phase. Line crossings for stimulus induced activity 

were measured in 5 minute increments.  

RNA isolation and qPCR  
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Flies were CO2 sedated and collected between 1-2 days old and aged 

until they were 5 days old. Groups of 100-150 flies per N were flash frozen in 

liquid nitrogen and vortexed to separate heads from bodies and taken through a 

sieve to isolate heads. Fly heads were squished in β Mercaptoethanol containing 

squish buffer and isolated using a phenol-chloroform extraction. Primers for 

qPCR were designed using the IDT primer design online tool (idtdna.com). 

Reverse Transcription was performed using Superscript III Reverse 

Transcriptase (Invitrogen, Carlsbad, CA). We used ThermoFisher Power SYBR 

Green Master Mix (Waltham, MA, Catalog No. 4367659). We used a 

ThermoFisher Viia 7 Real-Time PCR System (Waltham, MA) with a Tm = 60 °C 

and 40 cycles per run.  

Primers fruitless:  

fruM - FWD: 5’ CACAAGCGGAACATCGAAAC 3’ and  

REV: 5’ AGGAAAATCGTCTCGAAGT 3’ 

RT: 5’ TTGTTGTTATCTGTGAGA 3’  

Imaging and Immunohistochemistry  

Flies were CO2 sedated before dissection. Brains were dissected in 1X 

PBS and fixed with 4% paraformaldehyde at 4° C for 1 hour. For FruM antibody 

staining the brains were washed in 0.2% PBT (1X PBS and 0.2% TritonX) three 

times for 15 minutes each wash, then blocked with 10% NGS for at least 2 hours. 

Brains were then transferred into guinea pig anti-FruM primary antibody in PBTN 

(0.2% PBT in 10% NGS) for at least 10 hours. Brains were then washed in PBT 

three times for 15 minutes each. We used Life Technologies Alex Fluor 488 goat 

anti-guinea pig IgG (Eugene Oregon).  Secondary antibody was diluted in PBTN 
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at 1:200. Brains were incubated at least 3 hours with the secondary antibody at 

room temperature. Brains were then washed in 2 steps with PBT for 15 minutes 

each and dehydrated in glycerol in 3 one hour steps (10%, 50%, and 80% 

glycerol in PBT). Brains were mounted anterior side up on frosted Poly-L-lysine 

slides with Vectashield with DAPI (Vectorlabs, Burlingame, CA).  

Brains were imaged with a Zeiss LSM 780 (Jena, Germany). We sampled 

at an interval of 1.81-2 µm at 20X through the whole volume of the brain. Gain 

was manually set for each group of brains analyzed and recorded. LSM files 

were analzyed using Metamorph Software (Molecular Devices, San Jose, CA).  

 

Ethanol Assay Kit  

We used a Megazyme Ethanol Assay Kit Cat # K-ETOH (Megazyme, 

Bray, CO) to measure BACs. Flies were homogenized in ddH2O and centrifuged 

at 10,000 G for 10 minutes. The supernatant was taken and used to measure 

alcohol concentrations.  

Transgenic Flies  

 Transgenic flies were ordered from the Bloomington Fly Stock Center at 

Indiana University (NIH P40OD018537), FruM-Gal4 UAS-GFP flies were 

generated by Rudolph Bohm (Texas A&M, Kingsville) and Or67d mutants or 

VainsC flies were generated and donated by Dean Smith (UT Southwestern) {Jin 

et al., 2008, #54861}. Full genotype for the FruM-Gal4 UAS-GFP flies are w-; 

sco/cyo; sb-fruP{64, 20XUAS,6XGFP}/TM2, Ubx. For FruM aggression 

experiments transheterozygous animals were generated by crossing w[*]; 

TI{GAL4}fru[GAL4.P1.D]/TM3, Sb[1] and P{w+mC=UAS-tra.F}20J7. 
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Single Sensillum Recording Electrophysiology  

Single Sensillum extracellular electrophysiology was conducted according 

to Brunye et al. (1999). We used w1118 flies 3-5 days old because CantonS had 

higher variability in spontaneous activity and higher overall spontaneous activity 

that made data analysis difficult. Flies were assayed under a constant stream of 

charcoal filtered air (36 ml/min, 22-25ºC) to prevent any contamination from 

environmental odors. cVa was diluted in paraffin oil (1% dilution); 1 μl was 

applied to filter paper and inserted into a Pasteur pipette; air was passed over the 

filter and presented as the stimulus. Signals were amplified 1000x, fed into a 

computer via a 16-bit analog-to-digital converter, and analyzed offline with 

AUTOSPIKE software (USB-IDAC system; Syntech). The low cut-off filter setting 

was 200 Hz and the high cut-off setting was 3 kHz. Action potentials were 

recorded by inserting a glass electrode in the base of a sensillum. Data analysis 

was performed as reported by Xu et al. (2003). Signals were recorded starting 10 

sec before odorant stimulation. cVA-evoked action potentials were counted by 

subtracting the number of spikes 1 sec before cVA stimulation from the spike 

number 1 sec after cVA stimulation (Spikes/sec). The recordings were performed 

from separate sensilla with a maximum of two sensilla recorded from any single 

fly.  

Alcohol was delivered by adding it into the conical flask that feeds into the 

IDAC. The alcohol was made from 200 proof ethanol and diluted in ddH2O to 

make either 30% or 5% alcohol by volume (ABV) and always covered with 

parafilm. For acute treatments the flow rate was roughly 36 ml/min, 22-25 ºC and 
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for 1 Hour Low Dose treatments we administered 30% alcohol at roughly 2.5 L 

/min.  

Spontaneous Activity = Total number of spikes 10 seconds prior to cVa 

delivery / 10 seconds and ΔSpikes = Evoked activity (1 second during and after 

cVa delivery) – Spontaneous Activity. 
 

RESULTS 

A pharmacologically relevant dose of alcohol potentiates aggression 

We tested different ethanol exposure paradigms to assess their effects on 

inter-male aggression. One hour following a 5-minute exposure to the vapor from 

a 30% ethanol solution (abbreviated AAT for aggressive alcohol treatment) we 

observed a substantial rise in inter-male aggression (Figure 3.1A and Figure 3.2). 

The blood alcohol concentrations (BAC) immediately after the 5-minute alcohol 

vapor treatment (Low Dose) and one hour after this treatment (AAT) were 0.045 

and 0.015 g/dL, respectively (Figure 3.1C). This latter concentration is 

pharmacologically relevant and is roughly equivalent to the BAC produced by half 

a standard drink in humans.  

Video recordings were scored manually for inter-male aggressive 

behaviors and for mating attempts with the decapitated female (Figure 3.1B). 

Each 30-minute video recording was scored by at least two observers and 

averaged. In comparison to control animals, male AAT flies showed a significant 

increase in the time spent fighting, the number of fights that they engaged in, and 

the number of lunges (Figure 3.1 D and E; Figure 3.3). Finally, AAT males were  
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Figure 3.1 Treatment with AAT makes flies more aggressive. (A) Alcohol 
treatment protocol for Aggressive Alcohol Treatment. (B) Pictures of the flies in 
the aggression chamber fencing (top) and lunging (bottom). (C) Blood alcohol 
levels measured in flies immediately after alcohol exposure (Low Dose Mean + 
SEM; 0.047+0.002 mg/mL) and one hour after alcohol exposure (AAT; Mean + 
SEM; 0.0145+0.009 mg/mL). (D) Time spent fighting and (E) number of fights 
(two-tailed unpaired t-test).  
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Figure 3.2 Higher doses of alcohol suppress aggression. (A) Alcohol 
treatment paradigms for higher dose alcohol exposure (Acute and Withdrawal). 
(B) Both Acute and Withdrawal alcohol treatments suppressed time spent 
fighting and (C) lunges (unpaired 2-tailed t-test). 
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Figure 3.3 AAT flies lunge more than control animals. Unpaired two-tailed t-
test. 
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Figure 3.4 AAT flies are more likely to attempt mating with the decapitated 
female. (A) There is no difference between 1 Hour Low Dose alcohol treated 
flies and Control animals in latency to fight or proportion of flies that engage in 
fighting. (B) There is no difference between the total time spent mating for either 
Control and 1 Hour Low Dose treated animals (n.s. = not significant, unpaired 2-
tailed t-test). (C) The proportion of male flies that end up attempting to mate with 
the decapitated female by the end of the aggression assay is greater in the 1 
Hour Low Dose alcohol treated animals (KS Test, p = 0.0012).  

 



60 

 

more likely than control flies to attempt copulating with the female carcass 

(Figure 3.4).  

Because alcohol is known to cause changes in activity, we sought to 

determine if the AAT was changing locomotor activity and contributing to the 

increased aggression phenotype (Rodan & Rothenfluh 2010). To determine this, 

we used the line crossing assay that measures general baseline locomotion and 

found no differences between AAT and control flies (Figure 3.5). Because male  

flies placed in the aggression arena encounter a number of novel stimuli we also 

measured stimulus-induce changes in locomotion and whether AAT affected this. 

We found that there were no changes in stimulus-induced locomotion either 

(Figure 3.5). 

Alcohol can cause changes in pain perception which could explain why 

AAT flies were fighting more vigorously (Zale et al. 2015). To determine if the 

AAT was changing pain perception we measured their sensitivity to thermal pain 

using a heat shock test. We found that there was no change in pain perception 

with the AAT (Figure 3.6). This suggests AAT flies were not fighting more 

because they were more resistant to pain.  

Alcohol is also known to impair learning and memory (Walker & Hunter 

1978). If AAT flies were forgetting they were losing fights and continuing to fight, 

this could contribute to the increased levels of aggression. To assess for 

impairments in learning and memory we used the quinine phototaxis suppression 

assay (Seugnet et al. 2009). AAT flies did not have any impairments in 

acquisition of the aversive memory as well as recall (Figure 3.7). In sum,  
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Figure 3.5 AAT does not change locomotor activity. AAT does not change 
activity in the absence of stimuli (No Stim). AAT also does not change stimulus 
induced hyperactivity (Tap, Light, and Decapitated Male). Unpaired two-tailed t-
test.  
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Figure 3.6 AAT does not change pain sensitivity. Assay was validated using a 
painless mutant (painless [EP351]). Unpaired two-tailed t-test.  
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Figure 3.7 AAT flies do not have short-term learning and memory deficits. 
(A) The quinine phototaxis assay pictured from above. (B) Trial and treatments 
for control sober animals and AAT animals. We assessed for baseline changes in 
phototaxis in case alcohol changed phototaxis. (C) In unpaired trials, we omitted 
quinine from the light arm. As flies are innately positively phototactic they will 
almost always enter the light arm. After sufficient trials flies will learn to avoid the 
light arm and occupy the dark arm. (D) The probability of entering the dark arm 
over trial number. There was no difference between the sober vs. AAT animals in 
paired trials.  
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because the AAT flies were not memory impaired, forgetting losses did not 

contribute to the increased aggression phenotype.  

Because alcohol-treated males were more aggressive, we sought to 

determine if they would dominate sober males. We painted flies with a white 

paint dot to demarcate either the sober animal or the alcohol treated one (Figure 

3.8A). We determined whether the control fly or the AAT fly retreated and lunged. 

We also recorded the duration of interactions before retreats. For each pair of 

flies, we determined a Retreat Index (defined as [Number of Sober Fly Retreats – 

Number of AAT Fly Retreats]/Total Number of Retreats) and found that sober 

flies were much more likely to retreat compared to AAT flies (Figure 3.8B). We 

also determined a Lunge Index (defined as [Number of AAT Fly Lunges – 

Number of Sober Fly Lunges]/Total Number of Lunges) for each pair and saw a 

slight but not significant probability that AAT flies were more likely to lunge 

(Figure 3.8C). AAT flies also stayed on the food patch for longer than sober flies 

before retreating (Figure 3.8D). We performed matched trials so half of the trials 

contained AAT-paint and the other half used control-paint. In all, AAT flies were 

more likely to win a fight against sober flies (Figure 3.9).  

Sexual and aggressive behaviors are often intertwined on a neural and 

behavioral level, and represent a major societal issue (Lin et al., 2011). We 

examined if there were defects in courtship ability by video recording male flies in 

a small courtship arena in the presence of a virgin female. We quantified 

Unilateral Wing Extensions (UWEs) and mating attempts of the male fly (pictured 

Figure 3.8E top and bottom, respectively). UWEs are important for successful 

copulation and occur when the male fly extends his wing to sing his courtship  
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Figure 3.8 AAT flies are more dominant but are courtship defective. (A) 
Flies in aggression chambers with a white dot painted on their thorax. (B) 
Positive retreat Index values indicate sober flies are more likely to retreat, and 
negative values indicate AAT flies are more likely to retreat (one-sample t-test, 
μo=0, *p<0.05). (C) Positive lunge Index values indicate that AAT flies are more 
likely to lunge, and vice versa for negative values (one-sample t-test, μo=0, not 
significant). (D) Interaction time before retreat of a sober fly (gray) or AAT fly 
(green) (unpaired two-tailed t-test, **p<0.01) (E) Picture of courtship arena and a 
fly performing a unilateral wing extension (UWE) (top) and attempting to mate 
(bottom). (F) Proportion of time spent performing UWE, (G) number of UWEs, (H) 
latency to attempt mating (I) and number of mating attempts for each male fly 
tested (unpaired two-tailed t-test). 
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Figure 3.9 AAT flies are not faster to lunge or retreat but are more likely to 
win fights even without lunging. (A) There is no difference between retreat 
latencies of the first retreat between sober and AAT animals. (B) There is no 
difference between lunging latencies between sober and AAT animals. (C) and 
(D) Plots of Lunge Index vs. Retreat Index. More positive x-y values indicate 
greater chance of an AAT fly lunge and a sober fly retreat (AAT flies winning) and 
more negative x-y values indicate greater chance of sober flies lunging and AAT 
flies retreating (sober flies winning). AAT flies were less likely to retreat and 
clustered more in Q2 because they were also more likely to lunge. Sober flies 
that were more likely to lunge always became winners and less likely to retreat 
because almost no points were in Q1. However, even if AAT flies lunged less 
they would still be less likely to retreat (Q4). Heatmap generated in Matlab 
produced using binned data from (C).  
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Figure 3.10 AAT flies have shorter average song bout duration. (A) AAT flies 
have a shorter average song bout duration than sober flies. (B) Mating Latency 
out of successful copulations does not differ significantly between sober and AAT 
animals. (C) UWE bouts binned in 2 second intervals and normalized to total 
number of UWEs per sober and AAT animals shows no change in the distribution 
of UWE bout lengths. (D) Grouped winners (mated males) and losers (unmated 
males) within sober and AAT animals shows that winners did not vary in their 
proportion of time spent performing UWEs, but losers did (unpaired two-tailed t-
test). 
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song to the female. AAT flies spent less time performing UWEs compared to 

control animals but performed roughly the same number of UWEs (Figure 3.8F 

and G). In addition, AAT flies had a shorter average song bout duration than 

control animals. (Figure 3.10). AAT flies were also faster to attempt copulation, 

but their total mating attempts did not change (Figure 3.8 H and I).  

Fruitless is a regulator of alcohol behaviors and is regulated by alcohol  

The transcription factor gene fruitless (fru) has been implicated in sex-

specific behaviors such as courtship, aggression, and alcohol preference (Manoli 

et al., 2005; Park et al., 2018; Vrontou, 2006). FruM has also been shown to 

regulate arborization patterns of neuronal circuits in a sex-specific manner 

(Kimura et al., 2005). Previous work in our lab has demonstrated that FruM is 

necessary for sexually dimorphic preference for alcohol and for male flies to be 

able to acquire tolerance to alcohol (Park et al., 2018). We hypothesized that 

alcohol-induced aggression could be regulated by this gene. The fruitless gene 

produces three alternative splice variants: the male variant, called fruM; the 

female variant, called fruF; and the common variant, called fruCOM that is 

expressed in both sexes (Figure 3.11B). Transformer F (TraF) is a splicing 

regulator that suppresses alternative splicing events that generate the male-

specific fruM splice isoform (Heinrichs et al., 1998) (Figure 3.11C). Transgenic 

TraF expression suppresses production of fruM and suppresses alcohol-induced 

aggression (Figure 3.11A). However, TraF also alters splicing of transcripts from 

the doublesex (dsx) gene that leads to expression of a female-specific dsx 

isoform known as dsxF. Overexpression of dsxF did not alter alcohol-induced 

aggression, indicating that dsxF does not modulate alcohol-induced aggression.  



69 

 

 

 

Figure 3.11 Fruitless is alcohol responsive and required for alcohol 
induced aggression. (A) Time spent fighting plotted across genotypes (+ 
indicates no Uas or Gal4 transgene) and treatment (C = control, AAT = 
Aggressive Alcohol Treatment) (unpaired 2-tailed t-test, *p<0.05, **p<0.01). (B) 
Different fruitless splice isoforms, black arrows indicate primers used to target 
each splice isoform. (C) Transformer suppresses FruM production and induces 
DsxF expression. (D) Alcohol treatment paradigms for Aggressive Alcohol 
Treatment and Controls. (E) Fold change fruM calculated using ΔΔCT method 
(two-tailed unpaired t-test). (F) Merged optical stacks across whole brain volume 
for Control and AAT flies stained for FruM (scale bars are 100 μm). (G) Whole 
brain relative intensity of FruM stained fly brains. Relative intensity (normalized to 
control) of FruM signal (unpaired two-tailed t-test). 
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To determine if alcohol affects expression of fruM we measured transcript level 

changes in fly heads. AAT produced no significant changes in fruM expression 

compared to air-treated controls (Figure 3.11 D and E). Next, we measured FruM 

protein levels in the whole brain using a FruM antibody generously donated by 

Daisuke Yamamoto (Tanaka et al., 2017). AAT flies had increased levels of FruM 

throughout the brain (Figure 3.11 F and G).  

Olfactory alcohol drives aggression  

Within the FruM expressing circuit, Or67d-expressing Olfactory Sensory 

Neurons (Or67d OSNs) in the fly antennae are largely responsible for sensing 

the pheromone cis-vaccenyl acetate (cVa). When male flies smell cVa they 

become more aggressive (Kurtovic et al., 2007). These neurons contain the 

molecular architecture pictured in Figure 3.13A. When a cVa molecule binds to 

LUSH, the cVa-bound LUSH displaces SNMP and activates Orco, depolarizing 

the neuron (Jin et al., 2008). There is also some evidence that cVa itself can bind 

to Or67d to activate the neuron independently of SNMP binding (Gomez-Diaz, 

2013).  

Previous work found that LUSH was involved in flies smelling alcohol. 

LUSH null mutants are unnaturally attracted to high concentrations of alcohol 

(Kim et al., 1998). More recently, LUSH was crystalized bound to ethanol, and 

the pocket shows conservation with ethanol-binding pockets of mammalian ion 

channels (Kruse et al., 2003). Despite the link between alcohol and LUSH, no 

study has demonstrated a functional relationship between alcohol and cVa 

signaling. We hypothesized that olfactory exposure could also increase 

aggression in male flies by potentiating the cVa response.  
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Figure 3.12 Alcohol odor potentiates aggression. (A) Picture of flies in 
aggression chamber with alcohol in fly food. (B) Blood alcohol concentration of 
flies exposed to alcohol food in aggression chamber. (C) Time spent fighting and 
(D) lunges for animals in aggression chamber with alcohol laden food (One-way 
ANOVA with post-hoc Dunnett’s test).  
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Figure 3.13 Acute alcohol potentiates the cVa response. (A) Overview of 
alcohol acting by two different mechanisms to promote aggression. (B) Acute 
alcohol treatment paradigms. (C) Raw spike traces taken using Autospike, red 
bars indicate when 1% cVa was applied. (D) ΔSpikes and (E) spontaneous 
activity plotted across treatment groups with lines drawn between different 
phases for each animal (unpaired 2-tailed t-test, *p<0.05, **p<0.01). Spikes were 
binned every 500 ms pre- and post-1% cVa application (red bar) for every animal 
(F) for air treated controls (n=15), (G) 30% Acute alcohol treated animals (n=15), 
and (H) 5% Acute alcohol treated animals (n=7).  
 

 

  



73 

 

Figure 3.14 Flies treated with acute olfactory 30% alcohol had deactivation 
defects. Time constants for each of the Acute treatments pre- and post- alcohol 
or air. Time constant (τ) is calculated in ms from onset of peak activity and fit to a 
single exponential decay (unpaired 2-tailed t-test). 
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To test this, we added alcohol into the fly food of the behavioral arena then 

tested flies for aggression (pictured in Figure 3.12). To be sure that the  

alcohol used as an odorant did not also increase the blood alcohol level we 

measured the BAC at the end of the 30-minute test period. This alcohol odor 

exposure paradigm did not produce a detectable increase in BAC (Figure 3.12B). 

Flies that received an acute olfactory alcohol exposure (5% alcohol in the food) 

became significantly more aggressive (Figure 3.12 C and D). Thus, acute 

olfactory exposure to alcohol increases aggression in the absence of an increase 

in systemic alcohol.  

Next, to determine if olfactory alcohol exposure electrophysiologically 

potentiates the cVa response we performed in vivo single sensillum 

electrophysiology (SSR) of the T1 sensilla that contain the Or67d OSNs. For this 

paradigm, we delivered a 1% cVa puff, then administered air or alcohol vapor 

(30% or 5%) then a second 1% cVa exposure (Figure 3.13B). This concentration 

of 1% cVa was previously shown to be physiologically relevant as it mimicked the 

electrophysiological response of a male fly 1 cm away in a virgin female fly. From 

the recordings, we quantified spontaneous activity and evoked activity (ΔSpikes 

normalized to spontaneous activity; described in Methods). When we delivered 

acute 30% alcohol vapor we observed a significant potentiation of the cVa 

response (Figure 3.13D). We found that an acute exposure to 30% and 5% 

alcohol increased spontaneous activity but only an acute exposure to 30% 

increased evoked activity (Figure 3.13 D and E).  
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Figure 3.15 The cVa response is not potentiated after AAT. (A) The cVa 
transduction pathway in Or67d OSNs. (B) The AAT electrophysiology paradigm. 
(C) ΔSpikes and (D) spontaneous activity plotted for control (n=16) and AAT 
(n=16) animals (unpaired two-tailed t-test). (E) Spikes binned every 500 ms pre- 
and post-1% cVa treatment (red bar) for AAT vs. controls. 
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Figure 3.16 AAT treatment does not cause changes in deactivation. Time 
constants for each of the AAT treatment and control animals. Time constant (τ) is 
calculated in ms from onset of peak activity and fit to a single exponential decay 
(unpaired 2-tailed t-test). 

 

 

  



77 

 

Categorizing animals that either increased or decreased ΔSpikes we find that the 

number of animals that had increased firing after alcohol was significant in both 

30% alcohol treated animals (13 increased, 2 decreased, χ2 test = 0.0045) and 

5% alcohol treated animals (5 increased, 2 decreased χ2 test = 0.0273) 

compared to air treated controls (10 increased, 5 decreased χ2 test = 0.196). In 

addition, we looked for deactivation defects and found that flies treated with 30% 

acute alcohol had significant deactivation defects, whereas air treated  

controls did not (Figure 3.13 F-H and Figure 3.14). Taken together, these data 

demonstrate that acute exposure to alcohol potentiates the cVa response by 

increased evoked and spontaneous activity of the Or67d OSNs.  

AAT does not potentiate cVa 

To assess whether AAT flies were also sensitized to cVa we performed in 

vivo SSRs on flies treated with AAT and measured their response to 1% cVa 

(Figure 3.15B). Compared to air treated controls we saw no change in 

spontaneous activity, evoked activity or deactivation changes (Figure 3.15 C-E 

and Figure 3.16). Overall, AAT did not change the cVa response. Thus, our AAT 

systemic model appears to be operating independently of olfactory potentiation of 

cVa and through the systemic effects of alcohol (Figure 3.15A).  

DISCUSSION 

Alcohol-induced aggression is a chronic behavior that is understudied in 

human populations because it occurs in a variety of social settings and is under 

reported. In this paper, we show that alcohol-induced   aggression is an 

evolutionarily conserved behavior. We saw that low-dose alcohol induces 
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aggression by two independent mechanisms—one that arises in response to the 

combined perception of the odor of alcohol and a male pheromone while the 

other originates from a systemic effect of alcohol in the CNS. Both avenues of 

action are likely relevant to the behavioral ecology of Drosophila.   

Olfactory stimulation of aggression was shown to occur because alcohol 

potentiates the signaling of cVA, a pheromone known to be responsible for male 

aggression. This mode of modulating aggression by alcohol is ethologically 

relevant because Drosophila in the wild are attracted to fermenting fruit as a 

preferred site for reproduction. The concentration of ethanol at these sites can be 

as high as 6% (Dudley, 2004a). Female drosophila especially are attracted to 

alcohol (<10% ABV) (Park et al. 2018). Because female flies likely occupy these 

alcohol laden food patches, males will fight on these sites that are favored by the 

females for the chance to copulate. At such sites, the scent of alcohol promotes 

aggression in males for a chance to fight off competitors and mate with females. 

In addition, we showed that low doses of alcohol also acted systemically 

to stimulate the expression of a transcription factor that defines maleness in the 

fly. This transcription factor is FruM, which is the primary master regulatory 

switch that generates many male specific behaviors Expression of FruM is 

required for alcohol-induced aggression in male flies. 

The mammalian orthologues of fruM (DRSC/TRiP) are ZBTB45, 1, 39, 

and 24. ZBTB or Zn finger and BTB protein binding domain containing protein is 

family of transcription factors that is known to regulate differentiation of immune 

cells, glia, neurons, and oligoendrocytes (Lee and Maeda, 2012) (Södersten et 

al., 2010). ZBTB controls sex-related physiology such as spermatogonial stem 
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cell renewal (ZBTB16) and the sry gene contains a putative ZBTB binding site 

suggesting additional sex-specific regulation(Larney et al., 2014). The presence 

of a ZBTB transcription factor binding site in the SRY gene may mean that ZBTB 

activity directly modulates the SRY expression. ZBTB is also known to be alcohol 

responsive and changes in expression in different brain regions of the mouse 

and human (Mulligan et al., 2006; Ponomarev et al., 2012). It is possible that 

ZBTB may have a similar role in regulating alcohol-related behaviors in a sex-

specific manner in mammals.  

Currently, there is a lack of understanding of the neural and genetic 

correlates regulate alcohol-induced aggression for a variety of reasons. First, 

aggression is a complex social behavior with a rich repertoire of actions, which 

makes it difficult to automate analysis. Second, performing large scale screens is 

extremely difficult in organisms that do not have an accessible and extensive 

genetic-toolkit. Lastly, most models of alcohol-induced aggression (especially in 

humans) test for accessory behaviors of physical aggression; such as verbal 

aggression, non-physical punishment of a fictitious person (Taylor Aggression 

paradigm), and impulsivity; however, these types of paradigms crucially fail to 

accurately model physical alcohol-induced aggression (Bushman, 1990; Taylor, 

1967). Identifying and characterizing alcohol-induced aggression in a model 

organism that rectifies these issues will inevitably allow us to better understand 

regulators of alcohol-induced aggression. Drosophila could serve to fill this gap in 

the knowledge, as they have an extensive genetic toolkit, have behavioral 

paradigms that accurately model physical aggression, and some groups have 
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already developed high throughput automated analysis of aggression (Wang and 

Anderson, 2010). 

 

Taken all together, there are remarkable behavioral similarities between 

humans and flies when exposed to alcohol. Both show suppression of executive 

function by alcohol-induced aggression, and alcohol-induced promiscuity. 

Uncovering the neural and genetic substrates responsible for producing 

behavioral changes is essential to understand the pathology of alcoholism. Aside 

from the systemic model, we also uncovered an ethologically relevant behavior 

that occurs through a separate mechanism, as olfactory acute exposure to 

alcohol also promotes aggression.  
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Chapter 4: Alcohol Treated Females Become More Receptive to 

Courtship and Less Choosy 

INTRODUCTION 

 Alcohol is known to influence sexual behaviors in humans, both in 

increased sexual assault by male perpetrators and increased victimization of 

alcohol consuming females. Around 40-63% of male rapists were under the 

influence of alcohol during the time of the crime (McCaldon, 1966). And roughly 

55% of female victims of sexual assault reported they were under the influence of 

alcohol during the time of the assault (Muehlenhard, 1987). Despite the 

pervasive nature of alcohol-induced sexual behaviors, we do not have a clear 

understanding of how alcohol influences these behaviors.  

Interestingly, alcohol-induced changes in sexual behavior appear to be 

conserved in flies. Previous work in our lab has demonstrated that male flies 

have reduced courtship ability but appear to attempt premature copulation 

(Chapter 3). In another study by Shohat-Ophir et al. (2012), researchers found 

that sexually rejected male flies will increase alcohol consumption. They also 

found that Neuropeptide F (NPF) signaling was necessary for rejection-induced 

escalation of alcohol consumption. Authors found that activation of NPF circuits 

was rewarding and mated flies had greater NPF transcripts and protein in the 

whole brain than virgin males (Shohat-Ophir et al., 2012). Thus, NPF was 

considered a regulator of sexual reward in flies.  

What remains unclear is whether female flies exhibit changes in sexual 

behavior after alcohol exposure and if these changes are also mediated through 



82 

 

NPF. The focus of this chapter is to characterize changes in sexual behaviors in 

female Drosophila after alcohol exposure.  

MATERIALS AND METHODS 

Fly Handling 

 Pupae were individually transferred just before eclosion (P12) and housed 

in vials with fly food. Flies were sexed on the day of eclosion and female flies 

were group housed in vials containing ~5-10 females per vial. Male flies were 

individually housed. Flies were transferred from vials into behavioral arenas with 

an aspirator and no female flies received CO2. 

Alcohol Treatment  

 Flies were treated with alcohol vapor using the alcohol delivery chamber 

described in Cowmeadow et al. (2005). We used a 30% alcohol by volume 

solution and volatilized it with the inebriator exposing the flies for 5 minutes. Flies 

were then transferred back into their home vials for one hour.  

Courtship Receptivity 

 Courtship receptivity was performed in a 24-well plate with holes drilled on 

the lid to aspirate the flies in. One single virgin male was paired with one virgin 

female that was either sober or treated with 1 Hour Post-30% alcohol. The plate 

was loaded alternating sober or alcohol treated females so that one treatment 

group would not have more time in the chamber. We recorded 30 minute videos 

of the flies and manually scored their time to mate.   

Mate Choice 
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 We performed mate choice assays in the same 24-well plates as the 

courtship receptivity chambers. We used male virgin flies painted with a yellow or 

white acrylic paint dot.  Male flies were also singly housed and painted the day of 

eclosion. We painted on a small dot on their dorsal thorax using an 

electrolytically sharpened electrode. We excluded any male flies that had paint 

on their wings or any other body part in case it interfered with courtship. We 

recorded a 30-minute video and manually documented which male the female 

mated with and the latency to mate.  

Aggression   

 Aggression chambers were assembled using a fly vial cut 1 inch high and 

glued to one petri dish. The top of the chamber has 2 holes; 1 large hole is used 

for loading flies and one other smaller hole is in the center of the top and is used 

for circulation. Food wells were made by cutting 1.5 mL microfuge tube tops. Fly 

food was melted and pipetted into the microfuge tube tops. We added sucrose to 

the top of each fly food surface and a decapitated virgin male fly. Flies were 

loaded into the chamber by gentle aspiration and the video camera began 

recording 5 minutes after the flies were in the chamber. Aggression tests were 

conducted between the hours of 9 AM - 4 PM. Flies tested for aggression were 

between 4-6 days old.  

RESULTS 

Alcohol Treated Females Become More Receptive to Courtship 

 We used the same alcohol treatment as in Chapter 3 AAT (Figure 4.1A). 

This treatment consists of a 5-minute treatment of 30% alcohol that is vaporized  
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Figure 4.1 Female flies become more receptive to courtship after 1 Hour 
Post-30% alcohol. (A) Alcohol treatment paradigm for 1 Hour Post-30% alcohol. 
(B) Blood alcohol content for immediately after and 1 Hour Post-30% alcohol 
(BAC = 0.015). (C) Female wild-type flies do not become more aggressive after 1 
Hour Post-30% alcohol treatment. (D) Courtship receptivity chamber with pink 
circles around flies that are copulating. (E) Proportion of flies that have mated by 
the end of the 30-minute test. (F) Latency to mate decreases in females treated 
with 1 Hour Post-30% alcohol compared to control animals. Stats for (C) and (F) 
use a two-tailed unpaired t-test.   
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and delivered to the flies. Following this there is a one hour recovery period on 

normal fly food. Flies are then tested for 30 minutes in the behavioral arenas. 

This alcohol treatment results in a blood alcohol content ofroughly 0.015 mg/mL 

(Figure 4.1B). Previous work has shown that male wild-type flies become more 

aggressive after 1 Hour Post-30% alcohol but female flies do not show an 

increase in aggression (Figure 4.1C).  

 We hypothesized that female flies could have altered mating behaviors 

from alcohol treatment. We found females treated with 1 Hour Post-30% alcohol 

were more likely to mate and were faster to mate compared to control females 

(Figure 4.1D, E, and F).  

NPF is Necessary for Alcohol-Induced Courtship Receptivity 

 Neuropeptide F or NPF has been previously associated with regulating 

sexual reward in flies (Shohat-Ophir et al., 2012). To understand if NPF was 

required for alcohol-induced courtship receptivity we silenced neurons using an 

inwardly rectifying potassium channel KCNJ and expressed it under the NPF-

Gal4 driver. We found that female flies with silenced NPF neurons were unable 

to acquire alcohol-induced courtship-receptivity (Figure 4.2). In addition, control 

animals with silenced NPF neurons were also more receptive to courtship. 

Although most previous literature focused on NPF regulating male sexual reward, 

this suggests that NPF also regulates sexual reward in females.  

Alcohol Treated Females Become Less Choosy 

 We hypothesized that alcohol could be causing disinhibition of mating 

behaviors. Because females became more receptive to courtship, we sought to 

determine if alcohol suppressed their sexual selectivity. To assess this, we  



86 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 NPF is required for alcohol-induced courtship receptivity. Female 
flies with silenced NPF neurons (Uas-KCNJ / NPF-Gal4) did not become more 
receptive to courtship after alcohol. Genetic controls + / NPF-Gal4 and Uas-
KCNJ / + were still able to acquire alcohol-induced receptivity to courtship. 
Control females with silenced NPF neurons were also faster to mate than genetic 
controls (Uas-KCNJ / NPF-Gal4 vs. + / NPF-Gal4, p = 0.0005 and Uas-KCNJ / 
NPF-Gal4 vs. Uas-KCNJ / +, p = 0.005 two-tailed unpaired t-test).   
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Figure 4.3 Sober females prefer to mate with sober males and alcohol 
treated females lose their choosiness. (A) Sober females preferred to mate 
with sober males (χ2 test p = 0.015) whereas (B) 1 Hour Post-30% alcohol 
treated females lost mate choosiness (χ2 test p = 0.2743). (C) and (D) There was 
no difference in mating latencies with sober or alcohol treated males in either 
sober females or 1 Hour Post-30% alcohol treated females. 
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Figure 4.4 Females do not distinguish between flies with yellow or white 
dots. Neither sober females nor 1 Hour Post-30% alcohol treated females have a 
mate preference between males painted with a white or yellow dot (χ2 test, sober 
p = 0.85 and 1 Hour Post-30% alcohol p = 1).  
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designed a mate preference assay performed in the same chamber as the 

female courtship receptivity chambers. However, in addition to the male and  

female pair we added another male that was treated with 1 Hour Post-30% 

alcohol. This dose of alcohol is known to decrease courtship ability in males 

(Park et al. unpublished) so the alcohol treated male can be considered the less 

desirable mate. We found that sober females were more likely to mate with sober 

males, whereas alcohol treated females lost their mate preference and mated 

with either male equally (Figure 4.3A and B). We found no significant change in 

latency to mate with either the sober male or alcohol treated male between sober 

females and alcohol treated females (Figure 4.3C and D). We also found no 

significant effect of the paint dot on female choice (Figure 4.4). 

DISCUSSION 

 Alcohol-induced changes of sexual behaviors is not well understood. Most 

previous studies have investigated how alcohol impacts sexual behavior of male 

animals. In humans, there are multiple studies that have found alcohol inhibits 

arousal in males, but alcohol also makes it more difficult to stop arousal once 

arousal has initiated (Wilson and Lawson, 1976). Another previous study found 

that male non-rapists that were given alcohol were not able to properly 

discriminate between consenting and rape (non-consenting) cues (Barbaree et 

al., 1983). In females, alcohol appears to suppress physiological arousal but 

subjectively self-report greater levels of arousal with higher doses of alcohol 

(Malatesta, 1982). Alcohol influences sexual behaviors in both males and 

females but little is known about how changes in these behaviors arise.  
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In this chapter, we found that female flies change sexual behaviors when 

treated with a low dose of alcohol. Female flies given 1 Hour Post-30% alcohol 

caused increased receptivity to courtship and loss of mate choosiness. 

Interestingly sober females preferred to mate with sober males over alcohol 

treated males. Alcohol treated males may be more aggressive and dominate the 

sober males, but alcohol treated males have decreased courtship ability (Park et 

al. unpublished). Taken together, this suggests that sober females being 

choosier about their mates. When females are treated with a 1 Hour Post-30% 

alcohol treatment they lose their choosiness and copulate with an ‘inferior’ mate. 

This could be a result of alcohol’s disinhibiting properties, causing females to 

lose their mate preference.  

In the wild, flies prefer to inhabit patches of fermenting fruit ~0.7-6% 

alcohol by volume (Gibson et al., 1981). It is also known that female flies prefer 

to lay their eggs on alcohol-laden food substrates (Azanchi et al., 2013). This can 

be either due to the increased calories that are provided by the alcohol or the 

protective anti-parasitic benefits (Kacsoh et al., 2013). Sober females may need 

to be choosier about their mates if there is less attractive (ethanol laden) food 

available because their offspring will be less likely to survive. However, when 

females reach a certain level of low intoxication after consuming the more 

valuable food, they can become less choosy about their mates because of the 

high availability of an attractive alcohol laden food. In addition, they can afford to 

be less choosy because their offspring are more likely to survive on alcohol laden 

food. 
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We also found that NPF signaling is necessary for females to become 

more receptive to courtship. NPF is has been previously implicated in sexual 

reward in male flies (Shohat-Ophir et al., 2012). In this study, we find that NPF 

appears to be necessary for normal mating latencies and alcohol-induced 

courtship receptivity. Mating in males has been interpreted as a rewarding 

stimulus, but it has not yet been shown that females also find mating rewarding. 

It would be interesting to test whether females find mating rewarding.  

In all, these results provide new insight into how alcohol regulates a 

sexual behavior in female flies. In humans, both males and female that have 

consumed alcohol engage in riskier sexual behaviors and become less choosy 

about their partners. In our data, we find some interesting parallels between 

alcohol influencing female fly sexual behavior and human sexual behavior.  
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Chapter 5: Fruitless is Alcohol Responsive 

ABSTRACT  

 Males and females respond differently to alcohol. Their responses vary on 

both behavioral and physiological levels and although these differences are well 

documented the mechanistic basis of these dimorphisms are poorly understood. 

Flies or Drosophila melanogaster also exhibit sexually dimorphic responses to 

alcohol and several previous studies have implicated the fruitless gene in these 

behaviors. What remains to be understood is if fruitless itself is alcohol 

responsive. Determining whether fruitless is alcohol responsive will provide 

insight to how sex-specific alcohol behaviors arise.  

INTRODUCTION 

Sexually dimorphic alcohol behaviors are an understudied but 

fundamental aspect of alcohol use disorder (AUD). Both male and female 

humans are susceptible to alcoholism, but there exist sexual dimorphisms of 

alcohol-related behaviors whose neurogenetic mechanisms remain elusive. 

Despite the fact that most animals exhibit behavioral, physiological, and 

morphological sexual dimorphisms, little is known about the neurogenetic basis 

of sexually dimorphic alcohol behaviors. Drosophila melanogaster is an 

invaluable organism for the study of AUD. The evolutionary conservation of 

ethanol behaviors and genes have allowed researchers to reliably test flies and 

extend their results to mammalian species. Drosophila is also an appealing 

organism to study sexually dimorphic ethanol behaviors because its sex is 
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determined solely genetically, as opposed to mammals that have gonadal and 

genetic sex determination that make it difficult to differentiate the genetic 

contributions (MacLusky and Naftolin, 1981). 

In flies one of the main contributors to sex-determination is the male 

variant of Fruitless protein or FruM, which acts as a transcription factor that is 

active and present in males. Female flies express a splice variant of fruitless 

known as fruF that does not become translated because of a premature stop 

codon in the female-specific exon that truncates the open reading frame. There is 

also a common variant active and present in both sexes known as FruCOM (Demir 

and Dickson, 2005; Ryner et al., 1996). FruM has been implicated in regulating 

courtship behaviors, aggression, and determining sex-specific neuronal 

arborization patterns (Kimura et al., 2005; Neville et al., 2014; Vrontou, 2006). 

Functional gene targets of FruM have been identified using DamID by Neville et 

al. (2014). And there are substantial number of genes that are of neural origin 

and are important for neural development.  

Previous work on sexually dimorphic alcohol behaviors in Drosophila has 

found that flies have sexually dimorphic preference for alcohol, sexually 

dimorphic resistance to alcohol, alcohol-induced disinhibited courtship in males 

and differential responses to low dose alcohol where males become more 

aggressive (Devineni and Heberlein, 2012; Lee et al., 2008a; Park et al., 2018). 

The fruitless gene has been implicated in all of these sex-specific alcohol 

behaviors. Because fruitless has been implicated in a large number of alcohol 

related behaviors, we sought to characterize the fruM response to alcohol. 

Determining if fruM is alcohol responsive will allow us to better understand how 
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this transcription factor and its transcriptional targets are regulating these alcohol 

behaviors.  

We find that only the male variant of fruitless is alcohol responsive at both 

the transcriptional and protein levels in the fly brains. Additionally, we find that 

there are brain regions specific changes in fruM. The analysis on fruM 

responsiveness to alcohol here sheds light on an interesting and novel 

mechanism by which alcohol regulates sex-specific behaviors.   

METHODS AND MATERIALS 

RNA isolation and qPCR  

Flies were CO2 sedated and collected between 1-2 days old and aged 

until they were 5 days old. Groups of 100-150 flies per N were flash frozen in 

liquid nitrogen and vortexed to separate heads from bodies and taken through a 

sieve to isolate heads. Fly heads were squished in β-mercaptoethanol containing 

squish buffer and isolated using a phenol-chloroform extraction. Primers for 

qPCR were designed using the IDT primer design online tool Integrated DNA 

Technologies (Coralville, IA; http://idtdna.com). Reverse Transcription was 

performed using Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, 

CA). We used ThermoFisher Power SYBR Green Master Mix (Waltham, MA, 

Catalog No. 4367659). We used a ThermoFisher Viia 7 Real-Time PCR System 

(Waltham, MA) with a Tm = 60 °C and 40 cycles per run.  

Primers fruitless:  

fruM - FWD: 5’ CACAAGCGGAACATCGAAAC 3’ and  

REV: 5’ AGGAAAATCGTCTCGAAGT 3’ 
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RT: 5’ TTGTTGTTATCTGTGAGA 3’  

fruF – FWD: 5’ AACCAATACTTCAATCAACATACCC 3’  

REV: 5’ AGGAAAATCGTCTCGAAGT 3’ 

RT: 5’ TTGTTGTTATCTGTGAGA 3’ 

FruCOM – FWD: 5’ AATAAGTGGGCAGCGAGTAAT 3’ 

 REV: 5’ GGAGCGGTAGTTCAGATTGTT 3’ 

 RT: 5’ TTGTTGTTATCTGTGAGA 3’ 

Primers dsxF:  

 FWD: 5’ GATCACTAGCGCCGATCAC 3’  

REV: 5’ AAATGGCTGCACCGGAA 3’ 

RT: 5’ AAATGGCTGCACCGGAA 3’ 

 

Imaging and Immunohistochemistry  

Flies were CO2 sedated before dissection. Brains were dissected in 1X 

PBS and fixed with 4% paraformaldehyde at 4° C for 1 hour. For FruM antibody 

staining the brains were washed in 0.2% PBT (1X PBS and 0.2% TritonX) three 

times for 15 minutes each wash, then blocked with 10% natural goat serum 

(NGS) for at least 3 hours. Brains were then transferred into guinea pig anti-FruM 

primary antibody in PBTN (0.2% PBT in 10% NGS) for at least 10 hours. Brains 

were then washed in PBT three times for 15 minutes each. We used Life 

Technologies Alex Fluor 488 goat anti-guinea pig IgG (Eugene 

Oregon).  Secondary antibody was diluted in PBTN at 1:200. Brains were 

incubated at least 12 hours with the secondary antibody at room temperature. 

Brains were then washed in 2 steps with PBT for 15 minutes each and 
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dehydrated in glycerol in 3 one hour steps (10%, 50%, and 80% glycerol in PBS). 

Brains were mounted anterior side up on frosted Poly-L-lysine slides with 

Vectashield with DAPI (Vectorlabs, Burlingame, CA).  

Brains were imaged with a Zeiss LSM 780 (Jena, Germany). We sampled 

at an interval of 1.81 µm at 20X through the whole volume of the brain. Gain was 

manually set for each group of brains analyzed and recorded. LSM files were 

analyzed using Metamorph Software (Molecular Devices, San Jose, CA).  

Acridine Orange staining was performed on dissected fly brains. We used 

a 50 µM Acridine Orange (AO) in PBS to stain brains and mount them in 

Vectashield. We imaged brains using a Zeiss LSM 780 (Jena, Germany) and 

took optical sections at 1.81 µm intervals at 20X.  

RESULTS 

fruM is an alcohol responsive gene 

 Previously, we found that flies deficient in production of FruM were unable 

to acquire 24-hour tolerance to alcohol (Park et al., 2018). We sought to 

determine if this alcohol treatment paradigm affects expression of fruM. Using 

primers specific for the male exon (Figure 5.1A) we performed quantitative PCR 

(qPCR) to determine fruM abundance after a 15-minute exposure to 100% 

alcohol (Figure 5.1B). We found that 6- and 24-hours following exposure to 

alcohol fruM decreased, then 48-hours after exposure fruM levels returned to 

baseline (Figure 5.1C). We also sought to determine if the route of administration 

was important for seeing this reduction in fruM so we fed flies 20% alcohol for 3 

days and put them on normal food for 2 days (Figure 5.1B). Feeding flies alcohol 
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also led to significant reductions in fruM, suggesting that alcohol exposure 

regardless of route of administration leads to decreases in fruM (Figure 5.1D). 

The fruitless gene has several different splice variants. There are three main 

categories out of the splice variants: the male variant or fruM, the female variant 

or fruF, and a common variant that is expressed in both sexes fruCOM (Figure 

5.1A). To determine if the other splice variants were also alcohol responsive, we 

measured their transcript levels 24-hours following 100% ethanol exposure. This 

time point was chosen because it was the time point during which fruM had the 

largest reduction. Neither fruF nor fruCOM changed expression following alcohol 

treatment (Figure 5.2A and B).  

 Because alcohol had only caused reductions of the fruM splice isoform, we 

asked if this was because alcohol was activating transformer (traF). In females, 

traF is a splice factor that prevents production of fruM and increases production of 

doublesex (dsxF) (Figure 5.2C). To determine if reductions in fruM were a result of 

alcohol-induced increased traF activity in male flies, we measured levels of dsxF. 

We found that dsxF did not change in levels of expression 6- or 24-hours 

following alcohol exposure (Figure 5.2D).  
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Figure 5.1 High doses of alcohol cause reductions in fruM expression. (A) 
Splice variants of fruM and the primers used to target each variant. (B) Alcohol 
treatment paradigms for both alcohol vapor (top) and alcohol feeding (bottom). 
(C) Following an exposure to 100% alcohol there is a significant reduction in fruM 
24 hours after exposure. (D) Alcohol feeding also significantly reduces fruM levels 
(two-tailed unpaired t-test).  
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Figure 5.2 Alcohol does not change expression of other fruM isoforms. (A) 
Expression of fruF and (B) fruCOM does not change after 24-hours post 100% 
alcohol vapor treatment. (C) TraF prevents formation of fruM and causes 
expression of dsxF. (D) Expression of dsxF remains unchanged after treatment 
with 100% alcohol vapor (two-tailed unpaired t-test).  
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Figure 5.3 Alcohol Suppresses fruM expression in a region-specific manner. 
(A) Alcohol treatment paradigms for alcohol vapor (left) and alcohol feeding 
(right). (B) Cropped view of dissected fruGal4>GFP brains before (Control, left) and 
after 100% alcohol (right). (C) Quantification of whole brain GFP signal following 
alcohol vapor and feeding. Relative intensity calculated by normalizing relative to 
respective controls. (D) Quantification of the antennal lobes DA1 and VA1v in 
alcohol fed animals. (E) Relative intensity of region specific GFP signal in alcohol 
vapor treated animals (two-tailed unpaired t-test).  
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fruM decreases in a region-specific manner 

 To determine if fruM was decreasing in certain brain regions after alcohol 

exposure we generated a stable stock (fruGal4>GFP) using a Gal4 under control of 

the endogenous fruM promoter to constitutively drive expression of a 20X-UAS-

6XGFP. We measured the intensity levels of the GFP signal in whole fly brains 

that received a 15-minute exposure of 100% alcohol (Figure 5.3A and B). We 

found that there was a significant reduction in GFP levels in the whole brain as 

well as specific brain regions (Figure 5.3C). One of the most obvious changes we 

observed was complete loss of fruM expression in the antennal lobes in alcohol 

treated animals (white circle) (Figure 5.3B). We were unable to quantify antennal 

lobe (AL) GFP intensity in vapor treated animals due to being unable to define 

the region of interest due to the fact that the GFP signal was virtually non-

existent, so we quantified GFP intensity in animals that were fed alcohol (Figure 

5.3D). We also found that there were also significant reductions in the mushroom 

bodies but no change in the optic lobes (Figure 5.3E).  

 The fruM expressing antennal lobes are a glomerulus of neuronal 

processes from the primary olfactory sensory neurons (OSNs) and projection 

neurons (PNs). The OSNs are housed in the fly antennae and are also fruM 

expressing. We sought to determine if the antennal OSNs also had reductions in 

fruM. Using the fruGal4>GFP flies we exposed them to alcohol then dissected and 

imaged their antennae (Figure 5.4A). The cuticle of the antennae is thin enough 

to image without removing it. We found that the OSNs also showed significant 

reductions in the fruM GFP intensity following alcohol exposure.  
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 Alcohol is known to cause cell death and could perturb expression of 

Gal4. To determine if alcohol was causing cell death at this dose of alcohol we 

stained whole brains with acridine orange. Acridine orange (AO) can be used as 

a dye to determine if cells are undergoing apoptosis and/or necrosis (Plemel et 

al., 2017). AO can associate with both DNA and RNA and fluoresce at unique 

spectral wavelengths with either association. When AO interacts with DNA by 

intercalation the dye fluoresces green, when AO interacts with RNA by stacking 

interactions the dye fluoresces red. Normally, a healthy cell with an intact nucleus 

will have some free-floating RNA (red) and have a homogenous green signal 

throughout. However, when a cell is undergoing apoptosis it’s nucleus becomes 

fragmented allowing AO to enter causing distinct green puncta to appear. Using 

AO we found no significant changes between control and alcohol treated whole 

brain (Figure 5.4B). However, we did see increased markers for cell death in the 

antennae (Figure 5.4C). Second, we used a different Gal4 driven by an alcohol-

insensitive gene Syb (R57C10-Gal4) to drive a Uas-EGFP and found no 

substantial changes in the whole brain signal (Figure 5.5D).  

 

FruM protein also decreases 

 So far, we had only characterized transcriptional changes in fruM. We 

asked if FruM protein levels were also reduced. To address this, we used a FruM 

specific antibody generously donated by Daisuke Yamamoto to quantify protein 

level changes in the whole brain. We measured changes in protein levels in the 

whole fly brain 24 and 48 hours after exposure to 100% alcohol for 15 minutes  
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Figure 5.4 Alcohol suppresses fruM expression in the antennae and does 
not cause cell death in the central brain. (A) Merged stacks from dissected 
fruGal4>GFP antennae (GFP and DIC). (B) Quantification of GFP signal following 
100% alcohol vapor post-24 hours. (C) Acridine orange staining of the whole 
brain and antennae following 100% alcohol vapor post-24 hours. Integrated gray 
signal shows no change in absolute signal (D) but increases in the proportion of 
green signal in alcohol treated antennae (two-tailed unpaired t-test).  
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Figure 5.5 Synaptobrevin driven GFP does not change after alcohol 
treatment. We saw no changes in the GFP signal following a 100% alcohol 
vapor treatment 24-hours post alcohol. This indicates that this particular 
treatment of alcohol does not interfere with Gal4 expression or EGFP expression.  
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Figure 5.6 FruM protein goes down after alcohol exposure. (A) 
Representative brains stained with FruM antibody after 100% alcohol exposure. 
(B) Quantification of GFP signal in the whole brain (two-tailed unpaired t-test).  
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(Figure 5.6A). After 48 hours, there was a significant reduction in FruM 

expression in the whole brain (Figure 5.6B).  

DISCUSSION 

 In this study, we identified splice isoform specific changes in fruM caused 

by high doses of alcohol. Changes in expression were observed in a region-

specific level within the mushroom bodies and antennal lobes. We also observed 

protein level changes of FruM in the whole brain. 

Interestingly we only saw changes in the male specific variant of fru 

whereas the common and female variant remained unchanged. We ruled out any 

TraF dependent suppression of fruM expression. What remains unclear is how 

fruM alone is being suppressed by alcohol exposure. One possibility is that P-

element somatic inhibitor (PSI) a known regulator of fruM splicing is also alcohol 

responsive and causes splice isoform specific decreases after alcohol (Wang et 

al., 2016). It is possible that alcohol could suppress PSI activity or expression, 

which in turn would decrease production of fruM. Determining how fruM alone is 

being suppressed could provide insight to how alcohol interacts with proteins to 

influence their activity.  

 In a previous study by Lee et al. (2008) the authors found that exposing 

male flies to sedating doses of alcohol increased inter-male courtship. They 

found that increasing the number of sedating alcohol exposures also increased 

the incidence of inter-male courtship. Using fru mutants they found that this 

experience dependent increase in inter-male courtship was dependent on fru. In 

downstream projection neurons (PNs). Or67d OSNs are exclusively tuned to a  
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Figure 5.7 Venn Diagram of FruM DamID identified transcriptional targets 
and functionally validated alcohol genes. There is significant overlap between 
the genes identified by Neville et al. (2014) to be transcriptional targets of FruM 
and genes from Park et al. (2017) that have been previously functionally 
validated as genes regulating alcohol behaviors (Hypergeometric distribution 
p=0.0002).  
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our experiments, using a single sedating dose of alcohol significantly reduced 

afferents from the primary Or67d olfactory sensory neurons (OSNs) and the 

expression of fruM in the antennal lobes (AL). This brain region consists of male 

produced pheromone known as cis-vaccenyl acetate (cVa). This pheromone is 

important for sex identification in flies. When a male fly encounters cVa they 

become more aggressive and suppress courtship, when a female fly is exposed 

to cVa they become more receptive to courtship (Wang and Anderson, 2010). 

Because alcohol suppressed expression of fruM caused cell death within the 

antennae, it was possible that flies were not able to identify their male 

counterparts during the courtship assay contributing to the inter-male courting 

phenotype. Alcohol treatments also could have contributed to this phenotype 

because alcohol decreased fruM expression in the brain and fruM null mutants are 

known to non-specifically court other male flies (Demir and Dickson, 2005).  

How do these changes in FruM cause changes in behavior? The changes 

in FruM in response to high dose alcohol can cause a number of downstream 

transcriptional changes that can lead to physiological changes such as 

modulations in the firing properties of a neuron. Alcohol’s action on changes in 

behavior could be mediated at least partially through changes in FruM. When 

comparing the transcriptional targets of FruM identified using DamID by Neville et 

al. (2014) with functionally validated alcohol genes from Park et al. (2017) we find 

some interesting similarities (Figure 5.7). Some common genes not listed in the 

Park et al. (2017) review that are also of interest are Or67d, lush, Aldh, Notch, 

Takr86C, Takr99D, and fru itself. Both Or67d and lush are involved in 

transduction of cVa and lush specifically is known to bind to alcohol and is 
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necessary for normal aversion to high concentrations of alcohol (Kim et al., 

1998). Acetaldehyde dehydrogenase (Aldh) is necessary for alcohol metabolism. 

Recently, Petrucelli et al. (2018) identified Notch as an important regulator for 

alcohol-associated memories (Petruccelli et al., 2018). Both Takr86C and 

Takr99D are tachykinin receptors that have been shown to be necessary for 

regulating aggression in flies (Asahina et al., 2014). Previous findings in our lab 

have shown that FruM increases in expression after a low dose of alcohol, and 

that this dose of alcohol increases aggression (Park et al. unpublished). In all, 

FruM appears to regulate many genes that have been previously functionally 

associated with alcohol-related behaviors.  
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Chapter 6: Concluding Remarks and Future Directions 

 

 There are remarkable similarities between fly and human alcohol related 

behaviors. Previous work found that flies will self-administer alcohol, seek alcohol 

despite a negative consequence, can learn to associate alcohol-intoxication with 

a cue, acquire tolerance to alcohol, and show physiological signs of withdrawal 

that are similar to humans (Park et al., 2017). The work presented in this 

dissertation adds to this list as we found that after a low dose of alcohol male 

flies will become more aggressive, male flies also have impaired courtship, and 

female flies become more receptive to courtship (summarized in Figure 6.1). We 

also found using BARCODE that flies have sexually dimorphic alcohol 

preference, something that has been previously reported in mammalian model 

organisms (Lancaster and Spiegel, 1992; Lynch et al., 2002). Finally, we find that 

many of these behaviors are regulated by the transcription factor FruM and that 

FruM itself is alcohol responsive. The results from this project will ultimately 

further our understanding of alcoholism and alcohol-related behaviors.  

ALCOHOL PREFERENCE 

 Previous fly alcohol studies that have used CAFE found that male flies will 

readily consume and prefer the alcohol-laden food (Devineni and Heberlein, 

2009). In BARCODE, we found that males will not seek the alcohol-laden food 

(5% ABV). We found that this discrepancy was due to the fact that flies in the 

CAFE assay were starving as we observed reduced body mass when flies were  
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Figure 6.1 Summary of results. Low concentrations of alcohol cause increases 
in FruM expression, increased aggression in male flies, decreased courtship 
ability in male flies, and increased courtship receptivity in female flies. As the 
concentrations of alcohol increase FruM decreases and males become less 
aggressive.  
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in the CAFE assay for 5 days compared to the BARCODE chamber. Because 

male flies were starving in the CAFE assay we found that when we had normal 

fly food readily abundant in the CAFE vials they did not consume the alcohol-

laden food. This is an important distinction to make because as fly alcohol 

researchers, we are interested in identifying neural correlates that regulate 

alcohol consumption, and not general food consumption. CAFE can be adopted 

to address this by adding normal fly food to the bottom of the vials. Interestingly, 

Zhu & Fry (2015) also found that male flies dislike alcohol containing foods 

whereas female flies prefer it at 2% alcohol.  

One important consideration when measuring alcohol preference is to 

assess whether animals are consuming alcohol laden food because of its 

pharmacological effects on the animal, or because alcohol induces satiety by 

providing a source of calories for the animal. Because both alcohol and food 

have reinforcing rewarding properties it is important to disentangle the relative 

contributions of both. In rodent models, neuropeptides involved in feeding and 

satiety have been shown to be involved in regulating alcohol consumption as 

well. For instance, cholecystokinin (CCK) is a peptide that signals satiety 

following feeding. When CCK is injected intraperitoneally in rats they significantly 

reduce alcohol intake (Thiele et al., 2004). Because of the overlap between 

systems regulating alcohol consumption and satiety, all two-food choice 

experiments with alcohol and non-alcohol food substrates should be calorically 

balanced with a non-tasty sugar. Eliminating alcohol’s caloric advantage would 

reduce the possibility that preference is altered due to alcohol’s sating effects.  
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 One of the main advantages of the BARCODE assay is that there are no 

obvious signs of starvation in the flies. Another advantage of BARCODE is that 

there are two measures for alcohol preference (consumptive and positional place 

preference). Positional place preference within the chamber can also reveal 

social features of interaction and clustering on the food patches. In our 

experiments, we found that females tend to cluster together while feeding 

compared to males. Social interactions are an important feature of drinking in 

humans and having an assay that can be adjusted to test a heterogeneous 

population in flies is invaluable to understand the influence of social drinking 

(Becker et al., 2011). This is especially important because in most behavioral 

assays individual sexes are grouped and tested separately. However, this can 

create unintentional confounds in the data. Shohat-Ophir et al. (2012) found that 

sexually-rejected male flies will increase alcohol consumption. If male flies are 

group housed in an alcohol preference arena without access to females, this 

could lead to higher preference for alcohol than what males would normally drink 

because they are unintentionally being sexually rejected. This can easily be 

addressed using BARCODE in which male and female flies can be kept together 

during the feeding and separated after the assay to run the qPCR. At the 

conclusion of the assay individual flies can be assessed for consumption. This 

type of experiment is currently impossible in CAFE because when flies are group 

housed it is impossible to determine which flies consumed how much. Finally, 

BARCODE also lends itself to more than a simple 2-choice experiment. This 

could be important for testing multiple concentrations of alcohol over time to see 

if flies will ramp up their preference for the higher alcohol containing food.  
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One limitation of the BARCODE assay is that the oligonucleotides are 

susceptible to degradation so it is extremely difficult to determine the actual 

amount that is consumed by the flies. Although there is a certain amount of 

oligonucleotides that are protected in some way from degradation there is room 

for improvement. One possibility is modifying the oligonucleotide with 

phosphorothioate bonds that make it resistant to nuclease degradation. Another 

limitation to the BARCODE assay is that it has poor temporal resolution. 

Although an experimenter can continuously sample flies from the chamber 

throughout the day, this can be labor intensive. One way to resolve this is by 

combining it with FlyPad and FLIC, which can take continuous measurements of 

when the fly makes physical contact with the food (Itskov et al., 2014). Then we 

can compare the consumed amounts of oligonucleotides with the continuous 

contact data to acquire a temporally refined understanding of feeding.  

Another method of measuring alcohol preference in a non-consumptive 

manner uses the Y-maze (Kaun et al., 2011). This method uses a Y-maze that 

has two odorants that can flow down each arm of the Y and flies can choose 

either arm to occupy. First, flies are trained in a separate container and are 

exposure to Odor 1 paired with exposure to alcohol. Then, flies are exposed to 

an unpaired Odor 2. They are then put into the base of the Y-maze as Odor 1 

and Odor 2 flow down each arm of the Y. The experimenter then counts the 

number of flies that occupy each arm. Typically, when this assay is performed 

flies exhibit aversion to the alcohol paired odor 30 minutes after they are trained. 

However, 24 hours after they are trained they show robust preference for the 

alcohol associated odor. This assay is useful for assessing reward-associated 
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memories of alcohol. However, because this assay requires flies to be exposed 

to a high dose of alcohol, they cannot be assessed for their innate preference for 

alcohol. In addition, because the Y-maze makes use of an alcohol-associated 

cue to represent alcohol it is not directly testing for alcohol preference but rather 

the cue associated with the alcohol. Previous experiments performed in the 

mammalian literature have demonstrated rats can associate a cue with alcohol 

and will crave alcohol when the cue alone is present (Pickering and Liljequist, 

2003). Other work has also shown that rats will seek either the drug itself or the 

cue associated with the drug (goal-trackers or sign-trackers, respectively) (Flagel 

et al., 2007). Although the neurobiology underlying sign- versus goal-trackers is 

not completely understood there is an added layer of complexity when using the 

Y-maze because it uses a secondary cue to detect preference for alcohol rather 

than alcohol itself. Because the Y-maze uses an alcohol-associated cue it is 

likely a better model for cue-induced alcohol craving rather than alcohol 

preference.  

FRUITLESS 

 We found that fruitless or fruM controlled both alcohol preference and 

alcohol-induced aggression in males. We also demonstrated that it was 

necessary for males to have fruM in order to acquire normal 24-hour tolerance to 

alcohol. There has yet to be a study that has identified direct transcriptional 

targets of fruM by chromatin-immuno-precipitation but transcriptional targets have 

been estimated using SELEX and DamID (Dalton et al., 2013; Neville et al., 

2014). Currently, there are research groups that are working towards identifying  
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Figure 6.2 Transcriptional targets of FruM overlap with functionally 
validated alcohol genes. (A) DamID list of transcriptional targets of FruMA, 
FruMB, and FruMC from Neville et al. (2014) intersected with Park et al. (2017) 
functionally validated genes. For DamID list we excluded any non-annotated 
genes. Overlap between two lists is significant calculated using a hypergeometric 
distribution p = 0.0002. (B) Neurons that express FruM isoforms. Figure taken 
from Figure 1 in Nojima et al. (2014).  
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transcriptional targets of FruM using ChIP in a brain region specific manner 

(personal communication with Pelin Volkan). Intersecting FruM-regulated genes 

from Neville et al. (2014) with a list of functionally validated alcohol genes from 

Park et al. (2017) revealed some interesting overlap between the two gene lists 

(Figure 6.2A). Some other interesting genes that FruM regulates that were not 

included the Park et al. (2017) list include Or67d, lush, Aldh, Notch, Takr86C, 

Takr99D, and fru itself. There are also non-functionally validated alcohol genes 

that are regulated by FruM that could be regulating alcohol-related behaviors. 

This list would provide a set of novel candidate genes that regulates alcohol-

related behaviors. FruM has three main variants that are present in the fly brain. 

Neville et al. (2014) has been the only study to date that has investigated the 

relative contributions of each isoform (FruMA, FruMB, and FruMC expression shown 

in Figure 6.2B) on courtship behaviors. For instance, ∆FruMB flies had normal 

wing extensions during courtship but had significant defects in copulation. 

Applying this type of analysis on an alcohol-related behavior could lead to 

identifying the downstream transcriptional targets of that particular isoform as 

well as the potential circuits that are necessary for that behavior. There are many 

redundant targets of the FruM isoforms so if only one isoform affects a particular 

alcohol behavior, it is likely the transcriptional targets unique to that isoform. 

Identifying unique transcriptional targets will provide insight into the novel genes 

that regulate alcohol behaviors.  

Determining which specific neurons within the FruM circuit that contributes 

to an alcohol-related behavior is also important. One could design a FruM specific 

activity dependent reporter line that expresses a fluorophore (e.g. GFP) in 
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neurons that have active FruM during a particular alcohol treatment and/or 

behavior. A similar strategy was recently accomplished by Petruccelli et al. 

(2018), where the authors generated a Notch activity dependent reporter line and 

identified that neurons in the mushroom body become activated after alcohol. 

Using this activity-dependent reporter, one would be able to determine which  

brain regions FruM is recruited in during that particular behavior. One could also 

isolate the GFP-expressing cells and perform single-cell sequencing and 

examine differentially expressed transcripts specifically within FruM transcriptional 

control. This can also be performed in a brain region specific manner by co-

expressing another marker (e.g. tdTomato) in that brain region and performing 

pull-down by the brain-region specific fluorophore then re-isolation of the GFP-

FruM positive cells. 

The previous experiments would establish correlational evidence that 

certain FruM neurons regulates alcohol-related behaviors. One strategy that could 

be employed to examine FruM neurons that have been engaged during an 

alcohol-related behavior could be engram labeling. Although there is no one tool 

that the field universally uses for engram labeling, there are a few possibilities. 

For instance, CaLexA is an activity-dependent reporter line that expresses a 

mLexA-VP16-NFAT fusion protein that is calcium responsive and retreats into 

the nucleus once there is sufficient neuronal activation and expresses GFP that 

is under a LexAop. To accomplish engram labeling one could use a LexAop-

CSChrimson (a red-shifted channelrhodopsin) for activation or generate a 

LexAop-GtACR (an anion channelrhodopsin isolated from Guillardia theta algae 

(Mohammad et al. 2017). Either expressing CaLexA using fruM-Gal4 or 
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generating a novel fusion protein combining FruM and the LexA activation domain 

can be used to determine which FruM neurons are active during a particular 

alcohol-related. For instance, for alcohol-induced aggression one cohort of flies 

would receive the AAT then while they are in the aggression arena will have their 

neurons silenced optogenetically. This will allow us to determine if the exact FruM 

neurons that are activated by AAT are necessary for alcohol-induced aggression. 

This approach can be applied to any number of genes and circuits and has a 

massive advantage of having no developmental confounds and can extract the 

precise neurons that are functionally regulating a particular alcohol behavior.  

ALCOHOL ODOR-INDUCED CVA POTENTIATION 

The work presented in Chapter 3 demonstrated that alcohol can potentiate 

the cVa response. Although our hypothesis was that alcohol could be activating 

the cVa pathway by binding to LUSH, we saw no evidence for alcohol odor alone 

activating Or67d neurons. However, when alcohol and cVa were presented in 

rapid succession we observed potentiation of the evoked response and 

spontaneous activity.  

If alcohol alone was not activating the cVa pathway by binding LUSH what 

could produce potentiation of cVa? Normally, when cVa comes in it binds to 

LUSH that arranges into its active conformation (Figure 6.3). This LUSH-cVa 

complex can then displace SNMP that allows activation of Or67d-Orco allowing 

the neuron to fire. Spontaneous activity of the neuron is produced when LUSH 

randomly transitions into its inactive conformation to its active conformation, 

which is sufficient to activate the neuron. This process is relatively unfavorable  
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Figure 6.4 Alcohol could interact with LUSH to promote active-LUSH 
conformation. Inactive LUSH (dark green box) switches to its active 
conformation (light green oval) when cVa is bound allowing the neuron to fire 
(upper right corner). In the absence of ligand the preferred conformation of LUSH 
is it’s inactive state. Unbound active LUSH can activate the neuron, but this 
happens infrequently (1 Hz). With ethanol available there could be some change 
in LUSH that causes it to change preferentially to its active state. When ethanol 
and cVa are present more LUSH are switched into their active conformation so 
that they are primed to bind cVa and activate the neuron with greater frequency.  
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and has an incidence of roughly 1 Hz (spike/second), which is the canonical 

spontaneous activity of Or67d neurons (Laughlin et al., 2008). However, when 

alcohol (ethanol) is introduced it could be increasing spontaneous activity by 

interacting with LUSH to favor the transition from inactive to the active state. If 

alcohol causes LUSH to favor its active conformation there are more “primed” 

LUSH that are active and ready to bind cVa. Because there are more LUSH 

molecules primed, when cVa comes in there is greater evoked activity that could 

be a result of removing the extra transition from inactive to active LUSH that 

results in a larger number of spikes after cVa exposure. Although alcohol is 

known to bind to LUSH, it is unclear how it is interacting with LUSH to promote 

these effects. 

One of the ways to test whether alcohol binds to LUSH to affect active 

state conformation transitions is to selectively mutate the alcohol binding sites on 

LUSH to prevent ethanol binding, while allowing cVa to bind (Thr57, Ser52 and 

Thr48) (Kruse et al., 2003). If we performed SSRs to measure spontaneous 

activity as well as ethanol-induced potentiation of cVa we would expect that if 

binding of ethanol to LUSH was necessary there would be no increases in 

spontaneous activity or ethanol-induced potentiation of cVa.  

ETHOLOGICAL RELEVANCE 

 It is important to recognize that certain behaviors in non-human organisms 

are not always a faithful representation of how this behavior operates in humans. 

There could be species-specific contributions driving these behaviors that could 

seriously limit the translatable potential of the model. Understanding which 
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components are species-specific versus generalizable is essential. This is 

especially important for Drosophila melanogaster that share an ecological 

relationship with alcohol in the wild. Drosophila are found occupying fermenting 

fruits that contain ~0.07-6% alcohol by volume (ABV) (Gibson et al., 1981). 

Despite this well-known fact, there are very few studies investigating ethological 

alcohol-related behaviors at ecologically relevant concentrations of alcohol. One 

previous study by Azanchi et al. (2013) found that flies prefer to lay their eggs in 

ethanol-laden foods and identified the circuits regulating this behavior. Female 

flies presumably prefer to lay their eggs in the higher ethanol containing foods 

(up to 15%) because this provides a source of calories for their offspring. In 

another study by Kascoh et al. (2013), researchers discovered that when female 

flies are exposed to a female parasitic wasp they will prefer to lay their eggs in 

alcohol-laden foods (up to 15%). The parasitic wasp will lay her eggs in the 

Drosophila larvae and ultimately kill the larvae. Alcohol itself acts medicinally for 

the fly offspring because higher doses of alcohol can kill the parasitic wasp 

offspring. Finally, many of the studies performed between the 1970’s and 1980’s 

that identified naturally occurring variants of the alcohol dehydrogenase (ADH) 

protein in Drosophila and attempted to correlate their activity with alcohol traits 

such as tolerance to alcohol.    

The work presented in this dissertation has demonstrated that male flies 

become more aggressive on patches of food containing 5% alcohol. We found 

that this novel ethologically relevant behavior is regulated by an endogenous 

pheromone dependent mechanism. Alcohol potentiates the cVa response in both 

increased spontaneous activity within the cVa-sensing neurons and by increasing 
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cVa-evoked activity. Both male and female flies showed alcohol-induced cVa 

potentiation. Because female flies prefer to lay their eggs on ethanol laden food 

substrates, they are also likely to mate there as well. There is a clear adaptive 

advantage for male flies to become more aggressive with other males on these 

patches of ethanol laden food, as they would be able to fight off competitors for a 

better chance to mate.  

 One thing that becomes clear is that there are a lack of field studies 

investigating how alcohol influences the behavioral natural ecology of Drosophila 

melanogaster. One recent study by Soto-Yéber et al. (2018) recorded behavior of 

Drosophila melanogaster and simulans in the wild and visually examined flies 

while taking notes of their behavior. They noted that flies in the wild tended to 

cluster together with conspecifics and engaged in “cooperative” mating that they 

defined as multiple males simultaneously courting a single female (Soto-Yéber et 

al., 2018). However, they did not provide quantitative analysis on fly behaviors 

while flies were in the wild. Instead they took samples of flies from the wild and 

classified differences in clustering behavior as well as olfactory attraction or 

avoidance to the other species odor. Although they mentioned presence of 

fermenting and non-fermenting fruits they did not take any measurements of 

ethanol content. Future field studies can easily take video recordings of patches 

of fermenting fruit in the wild to monitor behavior which would ultimately allow 

researchers to determine how flies behave on alcohol laden food in the wild. 

Alcohol concentrations could also be monitored in real time with an alcohol bio-

sensor (Tsai et al., 2007).  
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CONCLUSIONS 

 Alcohol can provoke a variety of behaviors in both flies and humans. 

Interestingly, flies share a number of sexually dimorphic alcohol behaviors with 

humans. Tracing their molecular and neural origins will be important for furthering 

our understanding of how alcohol causes changes in behavior in humans. 

Because Drosophila melanogaster interact with alcohol in the wild it is also 

important to consider their behavioral ecology when assessing their value as a 

model for human alcohol related behaviors. 
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