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PREFACE 
“Conquer all mysteries by rule and line, 
Empty the haunted air, and gnomed mine – 
Unweave a rainbow,” –John Keats, Lamia, 1820 

The flexibility of circuits is integral for learning and adaptive behavior. However, there 

are stimuli like substances of abuse that are able to corrupt these circuits and increase 

their rigidity, generating repetitive behavioral loops. These same stimuli are also able to 

invade cellular machinery and bias the assembly of genetic products to further solidify 

maladaptive behavior cycles. The mechanisms underlying how substances of abuse co-

opt neural circuitry to generate long lasting, and inflexible memories and behavioral 

patterns is still poorly understood. 

This dissertation addresses the impact of alcohol on genetic, circuit, and behavioral 

levels to better characterize the impacts of alcohol on reward response. In chapter 1, I 

provide background for Drosophila reward circuitry and set the stage for the work of the 

next two chapters. In chapter 2, I look at the plasticity that occurs during the association 

of a cue with intoxicating doses of ethanol within dopaminergic circuits. In chapter 3, I 

explore the connection between alcohol and the coopting of cellular machinery to 

generate differential alternative splicing of memory relevant genes and tie those 

changes to behavior. In chapter 4, I discuss how this work contributes to our knowledge 

of alcohol memory formation and the contributions of alternative splicing to behavior.  
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1.1 ABSTRACT 

The ability to sense and respond to a rewarding stimulus is a key advantage for animals 

in their natural environment. The circuits that mediate these responses are complex, 

and it has been difficult to identify the fundamental principles of reward structure and 

function. However, the well-characterized brain anatomy and sophisticated neurogenetic 

tools in Drosophila melanogaster make the fly an ideal model to understand the 

mechanisms through which reward is encoded. Drosophila find food, water, intoxicating 

substances, and social acts rewarding. Basic monoaminergic neurotransmitters, 

including dopamine (DA), serotonin (5-HT), and octopamine (OA), play a central role in 

encoding these rewards. DA is central to sensing, encoding, responding, and predicting 

reward, whereas 5-HT and OA carry information about the environment that influences 

DA circuit activity. In contrast, slower-acting neuromodulators such as hormones and 

neuropeptides play a key role in both encoding the pleasurable stimulus and modulating 

how the internal environment of the fly influences reward sensation and seeking. 

Recurring circuit motifs for reward signaling identified in Drosophila suggest that these 

key principles will help elucidate understanding of how reward circuits function in all 

animals. 
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1.2 INTRODUCTION 

1.2.1 - Introduction 

Appetitive stimuli induce positive sensations that motivate animals to perform tasks, and 

these sensations are termed as “rewarding.” These experiences are fundamental to an 

animal’s ability to obtain and assess food and water, reproduce, and ensure fitness of its 

progeny. Perhaps unsurprisingly, reward circuits are strikingly similar in anatomy and 

function across species from flies to primates (Dvořáček & Kodrík, 2021; Landayan & 

Wolf, 2015; Scaplen & Kaun, 2016). It has traditionally been difficult to understand the 

structure and function of reward circuits at the level of individual cells. However, the 

relative simplicity, detailed anatomy, and genetic accessibility of the Drosophila 

melanogaster brain make the fly a powerful model to understand how reward circuits 

function (Honda, 2022; Hulse et al., 2021; Li et al., 2020; Scheffer et al., 2020; 

Takemura et al., 2017; Venken et al., 2011). The ability to investigate the structure and 

function of circuits in both larval and adult stages also provides a cross-developmental 

opportunity to extract general principles underlying the function of reward circuits 

  

In Drosophila, rewards include macronutrients like sugar, fat, protein, and water; social 

rewards like the act of copulation; and intoxicating substances such as alcohol (Dus et 

al., 2011; Fougeron et al., 2011; Kaun et al., 2011; Lin et al., 2014; Shohat-Ophir et al., 

2012; Tempel et al., 1983; Toshima & Tanimura, 2012). These rewards and their cues 

are perceived through sensory structures in the Drosophila brain such as the optic lobe 

(vision), subesophageal zone (taste), antennal lobe (smell), and the antennal 
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mechanosensory motor center (audition). Sensory information is then sent through 

divergent and convergent connections to central brain structures to dictate behavior. 

Artificial activation of reward-associated regions, including primary sensory brain 

regions and their direct outputs, can be inherently rewarding to Drosophila (Lyutova et 

al., 2019; Nuwal et al., 2012; Schneider et al., 2012; Seidenbecher et al., 2020; Thoener 

et al., 2022; Wen et al., 2005). For example, Drosophila will optogenetically self-

stimulate sugarsensing neurons (Deere & Devineni, 2022). Because reward behavior 

manifests in a variety of ways, a wide variety of reward contexts are discussed. Internal 

state is intrinsically linked to reward response, as it changes the motivational response 

for reward. For example, thirsty flies find water rewarding, and hungry flies find food 

rewarding. This makes it difficult to parse out circuits that are responsible for inducing a 

particular internal state and encoding reward. Here, Drosophila circuits that directly 

encode reward behavior are reviewed within the appropriate context in which reward is 

perceived. Neural circuits and neurotransmitters underlying various rewards often 

overlap and share similar structural circuit motifs. The circuit function, however, may 

differ according to the internal state, reward stimulus, environmental context, and the 

appropriate output response. This review focuses on circuits that reside downstream of 

the primary sensory pathways and elicit a behavioral response in which a fly 

purposefully and/or repeatedly engages with a stimulus response. 

  

1.3 – Rewarding Stimuli 

Most reward circuits in Drosophila have been characterized in the context of food 

reward. Food consumption behavior is broken down into three components: initiation, 
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ingestion, and cessation. Food consumption initiation involves sensing food odors and 

nutrients within food (Aryal et al., 2022; Liman et al., 2014), whereas metabolic nutrient 

sensing occurs during the ingestion process (Yapici et al., 2016). Food consumption 

cessation occurs once an animal experiences satiety (Huetteroth et al., 2015). 

Experiencing both the taste and metabolic properties of food is perceived as rewarding 

to flies (Burke & Waddell, 2011; Huetteroth et al., 2015; May et al., 2020; Yamagata et 

al., 2015). Drosophila food typically contains a mixture of macronutrients, including 

carbohydrates, protein, and fats, and micronutrients, including vitamins and minerals. 

Drosophila consume mixtures of carbohydrates like sucrose, fructose, and glucose in 

rotting fruits (Burke & Waddell, 2011; Lebreton et al., 2014; Lüersen et al., 2019), as 

well as proteins in the yeasts that grow on fermenting fruit (Becher et al., 2012). 

Nutritive sugars are sensed through two distinct mechanisms: (a) taste sensing via 

peripheral taste receptor cells that detect the palatability of sugar and (b) and taste-

independent behavioral responses to the nutritional value of sugar (Clyne et al., 2000; 

Dus et al., 2011; Thorne et al., 2004; Wang et al., 2013). Sucrose is the most 

extensively studied reward in Drosophila, resulting in mechanistic knowledge of how 

circuits function during sugar reward encoding, how this alters sugar ingestion, and how 

olfactory cues associated with sugar help the fly navigate to a source of nutritious sugar. 

Less is understood about the rewarding properties of proteins, although a fly’s ability to 

sense and consume appropriate proteins directly contributes to their survival and fitness 

(Liman et al., 2014), and glucose consumption alters protein consumption (Lebreton et 

al., 2014). For this review, circuits for mixed media and individual macronutrients 

overlap in the context of food reward. Water, essential for maintaining proper osmolarity 
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of cells within living organisms, is rewarding to thirsty flies. In order to seek water, flies 

detect humidity gradients using humidity-sensing and dry-sensing receptors (Enjin et al., 

2016; Ji & Zhu, 2015). Thirsty Drosophila are able to seek out sources of humidity 

through hygrosensation (Sayeed & Benzer, 1996), and upon encountering water, thirsty 

flies will extend their proboscis and ingest water rapidly using their pharynx (Enjin et al., 

2016). Because thirsty flies find water rewarding, they actively seek out cues previously 

associated with water reward (Lin et al., 2014). Intoxicating rewards such as alcohol 

induce an alternative internal state that is perceived as rewarding to Drosophila. 

Moderate doses of ethanol increase motor activity, whereas high concentrations of 

ethanol reduce postural control and induce sedation (Corl et al., 2005; Dzitoyeva et al., 

2003; Moore et al., 1998; Rothenfluh et al., 2006; Wolf et al., 2002). Ethanol 

consumption evaluated by measuring proboscis extension (Scheiner et al., 2014), 

fluorometry (Peru Y Colón de Portugal et al., 2014), oligonucleotide tagging (A. Park et 

al., 2018), or capillary feeding demonstrates Drosophila preferentially consume alcohol 

(Adel & Griffith, 2021; Devineni & Heberlein, 2009; Ja et al., 2007). Flies remember 

pharmacologically stimulating doses of ethanol as rewarding and will walk over a 120-V 

electric shock to attain a cue previously associated with ethanol (Kaun et al., 2011). 

Social behavior is also rewarding to flies in the context of courtship and copulation. In 

order for sexual engagement to occur in Drosophila, adult males court adult females in 

an intricate series of behaviors that involve auditory and visual sensory cues 

demonstrated to either a receptive or a dismissive female (Pavlou & Goodwin, 2013). If 

courtship is successful, the pair will copulate, which is the rewarding outcome of 

courtship behavior (Shohat-Ophir et al., 2012; Zer-Krispil et al., 2018). In contrast, 
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repetitively suppressing copulation in male flies results in alternative reward seeking 

(Shohat-Ophir et al., 2012). These rewards are all encoded within layered 

neuropeptidergic and monoaminergic signaling within central brain structures, and these 

circuits function distinctly and cohesively to promote reward behavior, depending on 

context. 

1.4 Neurotransmitters 

1.4.1 – Dopamine 

Dopamine (DA) signaling is central to reward processing in Drosophila as DA neurons 

are activated by hunger, encode valence, and are required for cue-induced appetitive 

memories (Y.-C. Kim et al., 2007; W.-P. Lee et al., 2021; Pitman et al., 2011; Figure 1A). 

There are approximately 280 DA neurons in the Drosophila central brain (Budnik & 

White, 1987; Mao & Davis, 2009; Nässel & Elekes, 1992), half of which innervate the 

mushroom body (MB), a well-studied structure important for learning and memory (Mao 

& Davis, 2009; Nässel & Elekes, 1992). Two main types of DA neurons innervate the 

MB: 12 protocerebral posterior medial lateral (PPL1) neurons innervate the vertical (α, 

α′, γ1 and γ2) lobes, and ~100 protocerebral anterior medial (PAM) neurons innervate 

the horizontal (β, β′, γ and α1) lobes. Together, these DA neurons innervate the parallel 

axons of intrinsic MB neurons, called Kenyon cells (KCs), and the dendrites of 

cholinergic, glutamatergic, or γ-aminobutyric acid (GABAergic) mushroom body output 

neurons (MBONs), which divide the MB axons into distinct compartments (Figure 1B; 

Aso, Hattori, et al., 2014; Stahl et al., 2022). DA neurons provide information about 

reward to both the KCs and MBONs to bias the fly toward engaging in behavior that 

leads to a rewarding outcome (Aso, Hattori, et al., 2014; Aso & Rubin, 2016; Aso, 



 9 

Sitaraman, et al., 2014; Huetteroth et al., 2015; Ichinose et al., 2021; Yamagata et al., 

2015). The mechanisms by which DA neurons encode reward within the MB depends 

on the type and timing of reward, the internal state of the fly, and which behavior is 

being executed to attain the reward. Accumulating data suggest that the two main DA 

neuron types that innervate the MB provide information about opposing valences, where 

PAMs largely convey information about reward. PAM neurons that innervate the α1, γ4, 

γ5, and β′2 compartments of the MB are activated by water, sucrose, and alcohol (Cohn 

et al., 2015; Li et al., 2020; C. Liu et al., 2012; Otto et al., 2020; Scaplen et al., 2020; 

Yamagata et al., 2015; Figure 1B). This compartmentalization makes it possible for the 

flies to encode multiple forms of reward memories such as the short-term memory for 

sugar taste simultaneously with the long-term memory for sugar calories (Burke & 

Waddell, 2011; Chouhan & Sehgal, 2022; Huetteroth et al., 2015; Pardo-Garcia et al., 

2023; Yamagata et al., 2015; Y. Zhang et al., 2015). The number of compartments 

involved appears to scale with the intensity of the reward. For example, alcohol 

indiscriminately activates all PAMs (Scaplen et al., 2020), whereas sucrose activates 

select compartments (Harris et al., 2015; C. Liu et al., 2012). Some MB compartments 

encode multiple reward types, whereas others assess value or are specific to long-

lasting cue-induced memories of reward (Huetteroth et al., 2015; Lin et al., 2014; 

Scaplen et al., 2020; Yamagata et al., 2015). An example of this is nicely highlighted 

with the β′2 compartment, which plays a key role in food reward but is also implicated in 

alcohol and water reward. β′2 DA neuron activity controls feeding rate for sucrose and 

subsequent satiation (May et al., 2020), whereas signaling from the neighboring γ5 PAM 

neurons is required for positive reinforcement of the nutritious quality of food/sucrose 
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(Huetteroth et al., 2015; Yamagata et al., 2015). These neurons both innervate MBON-

γ5β′2a, and optogenetic activation of this MBON is sufficient to induce sucrose memory 

formation (Otto et al., 2020). This process occurs through the interplay of neurons that 

encode both aversive and appetitive responses since the aversive GABAergic γ1pedc-

MBON induces an appetitive response through feedforward inhibition to the γ5β′2a and 

β′2mp MBONs (Owald et al., 2015; Perisse et al., 2016). Plasticity within this 

compartment is dependent on the previous food experience of the fly. Flies maintained 

on a high-sucrose diet show reduced activity of PAM-β′2 DA neurons in response to 

sugar (May et al., 2020). This increases activity of γ5β′2a and β′2mp MBONs in 

response to the odor paired with sucrose, causing an inability to form an associative 

sucrose memory (PardoGarcia et al., 2023). Subsequent activation of these PAM-β′2 

DA neurons reduces overeating in flies on high-sucrose diets (May et al., 2020). This 

suggests that β′2 DA neurons encode the appetitive properties of sugar and receive 

information about satiety to control sugar seeking and feeding rate. The β′2 MB 

compartment also plays a key role in alcohol response, which elicits a unique internal 

state. Activity in the β′2a PAM DA neurons and the corresponding compartmental 

MBON-β2β′2a neurons is required for cue-induced alcohol seeking (Scaplen et al., 

2020). In contrast, inhibiting in the neighboring MBON-β′2mp overnight during memory 

consolidation enhances alcohol memory, a response dependent on the inhibitory 

dopamine 2-like receptor (Dop2R; Scaplen et al., 2020). β′2a PAM DA neurons likely 

inhibit MBON-β′2mp during sleep to promote memory consolidation, and that activity of 

the β′2a compartment during cue presentation is required to express reward memory. 

This suggests that alcohol acts on a natural reward memory circuit but alters dynamics 
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within that circuit to induce long-lasting memories for alcohol reward. Internal state 

significantly influences DA-dependent reward encoding in the MB. Hunger enhances 

activity of PAM DA neurons projecting to the α1, β1, β′2, and γ4 MB compartments in 

response to an odor (Siju et al., 2020) and recruits involvement of the PAM DA neurons 

in food occupancy (Landayan et al., 2018). Hunger also promotes yeast food seeking by 

recruiting the γ1pedc>αβ MBON, which inhibits the β′2 MBON and α′1 MBON (Tsao et 

al., 2018), and the protocerebral posterior medial (PPM) DA neurons in protein seeking 

in adult females (Q. Liu et al., 2017). Likewise, DA input into the α1, β′1, β′2, and γ5 MB 

compartments inhibits the proboscis extension reflex to sucrose reward in hungry flies 

(Chia & Scott, 2020). Together, this suggests that hunger may act through DA MB 

circuits to both enhance reward perception and amplify behavioral responses to reward. 

PAM DA neurons also play a key role in water reward response. The β′1, β′2, and γ4 DA 

PAMs are all active in response to water consumption in both water-sated and water-

deprived files, with β′1 having the most robust response in thirsty flies and β′2 having a 

consistently high response regardless of state (Lin et al., 2014; Shyu et al., 2017). γ4 

DA neurons are necessary for water memory following associations between an 

olfactory cue and a water reward (Lin et al., 2014; Shyu et al., 2017). Inhibition of 

signaling from the MBON-γ3β′1 GABAergic neuron does not directly affect water 

consumption but disrupts water long-term memory (W.-P. Lee et al., 2021). Flies lacking 

dopamine 1-like receptors (Dop1R1) also have decreased water consumption and 

decreased proboscis extension reflex to water reward (Lau et al., 2017). This 

demonstrates that water reward, like food or alcohol reward, is largely encoded through 

DA neurons that innervate several adjacent horizontal MB compartments that act in 
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concert to elicit an appropriate behavioral response. The vertical MB compartments also 

play a key role in memory for sugar, water, and alcohol reward. Interestingly, these 

compartments are more associated with 24-hour memory as opposed to immediate or 

3-hour memory. The α1 PAM DA neuron is activated upon sucrose exposure and 

provides stimulatory input via the α1 KCs and the α1 MBON (Ichinose et al., 2015; 

Yamagata et al., 2015). During appetitive memory expression, the α1 MBON forms a 

feed-forward loop with α1 PAM DA neurons (Ichinose et al., 2015). Silencing the γ1pedc 

MBON and PPL1 γ1pedc DA neurons in hungry flies suppresses expression of 

appetitive memory formation. In contrast, satiated flies require activity of γ2a′1 MBON 

and the PPL1-γ2a′1 DA neurons for appetitive memory expression (Chouhan et al., 

2021). Activity of the α2α′2 PPL1 DA neurons and α′2 MBONs is required for odor cue-

induced alcohol seeking 24 hours after formation of alcohol–odor memories (Scaplen et 

al., 2020). Finally, the cholinergic α3 MBONs are required for odor-induced reward 

seeking 24 hours after an odor–sugar association (Ichinose et al., 2015; Plaçais & 

Preat, 2013). Similarly, inhibition of signaling from cholinergic MBON-α′2, or MBON-α′1, 

MBON-α′3m, and MBON-α3ap, does not alter water consumption directly but does 

disrupt preference for a water-paired odor during the first 4-hour period after training 

(W.-P. Lee et al., 2021). Although it is clear there are many connections between the 

horizontal and vertical MB compartments (Li et al., 2020; Scheffer et al., 2020), how 

these compartments interact in the context of reward is largely unknown. Thus, it 

appears that a complex interplay of DA-MBON compartments along KC axons within 

the MB encodes information about reward, memory, and internal state and is required 

for appropriate behavioral responses. Although the mechanisms through which multiple 
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rewards are encoded within PAM MB compartments seem complex, the relative 

simplicity of its anatomy allows for extraction of key principles of reward encoding. 

Study of the β′2 MB compartment in particular demonstrates that (a) multiple rewards 

activate this compartment through DA neurons, (b) odor cues encoded within KCs alter 

activity of the glutamatergic MBON as a consequence of concurrent DA activation, (c) 

activation of the glutamatergic MBON elicits learned reward seeking, (d) reward 

memory encoding within this compartment is dependent on activity of interconnected 

MB compartments, and (e) both internal state and previous experience alter dynamics 

within this compartment. Other compartments appear to be dependent on the type or 

timing of reward, or they are recruited as a response to a shift in internal state. DA 

neurons outside the MB also contribute to reward response. Activity of DA neurons 

projecting to the fan-shaped body is required for ethanol consumption preference 

(Shamsideen et al., 2019). DA neurons that project to the ellipsoid body, another central 

complex structure, and their postsynaptic GABAergic R2/R4 ring ellipsoid body neurons 

contribute to both ethanol-induced hyperactivity and tolerance (Kong et al., 2010; 

Scaplen et al., 2019; Urizar et al., 2007), which are behavioral components of alcohol 

reward memory formation (Berger et al., 2008; Nunez et al., 2018). Interestingly, these 

circuits overlap with those required for the ethologically advantageous ethanol 

oviposition preference (Azanchi et al., 2013). Mating is also rewarding to male flies 

(Shohat-Ophir et al., 2012; Zer-Krispil et al., 2018), and DA signaling is required for sex 

drive in both male and female Drosophila. Depleting DA via tyrosine hydroxylase 

inhibitor 3-iodo-tyrosine reduces the likelihood to copulate and increases the time to 

copulation in females (Neckameyer, 1998). Activation of protocerebral anterior lateral, 
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protocerebral posterior lateral (PPL) 2ab and 2c, PPM 2, and 3 DA neurons drives 

courtship behavior and increases duration of copulation in male flies (Zhang et al., 

2016). These DA neurons synapse on downstream circuitry acting through dopamine 1-

like receptor 2 (Dop1R2) expressing P1 interneurons that directly contribute to male sex 

drive (Kimura et al., 2008; Zhang et al., 2016). Activated P1 neurons will generate 

courtship behavior in males and, upon successful courting, result in copulation (Kimura 

et al., 2008). The role of DA receptors in appetitive response is less well understood, in 

part because cell type– specific manipulation of these receptors in the context of reward 

behavior is a fairly recent approach. Ablation of Dop1R1 leads to deficits in odor–sugar 

memory in adults but does not affect sucrose consumption (Y.-C. Kim et al., 2007), 

suggesting these behaviors are mediated by different DA receptors. More recent 

evidence suggests that Dop1R1 can act in parallel to Dop1R2 in the formation and 

updating of memories, as well as shaping behavioral responses (Cohn et al., 2015; 

Handler et al., 2019). Dop2R plays a key role in increased sucrose sensitivity and 

consumption in Drosophila raised on diets lacking sugar (Ganguly et al., 2021). As a 

general rule, DA signaling plays a role in arousal, learning, and memory, as well as 

valence encoding, for a wide-variety of reward modalities. Some DA neurons encode 

multiple types of reward, whereas others are reward specific, and the amount of DA 

neuron involvement scales with reward intensity. Modularity of DA circuits within the MB 

plays a pivotal role in encoding different types of reward and eliciting appropriate 

behavioral responses. Finally, behavioral responses are shaped by the excitatory and 

inhibitory properties of DA and how this is altered by experience, internal state, and 

environmental context. 
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1.4.2 – Octopamine 

In parallel with dopamine (DA) signaling, acquisition of the olfactory cues associated 

with sucrose consumption also requires octopamine (OA) signaling (Figure 1C). 

Mutations in tyramine-β-hydroxylase (Tβh), the enzyme required for OA synthesis, or 

the OA receptor in mushroom bodies (OAMBs) reduces the ability of flies to form a 

positive odor–sucrose association (Y.-C. Kim et al., 2013; Schwaerzel et al., 2003) and 

decreases ethanol preference (Scheiner et al., 2014). Moreover, Drosophila will 

optogenetically self-stimulate OA neurons (Schneider et al., 2012). These OA neurons 

simultaneously act on Kenyon cells (KCs) and protocerebral anterior medial DA neurons 

through OAMBs in KCs and OA receptor Octopamine Beta-2 Receptor (OctB2R) in 

γ1pedc mushroom body (MB) DA neurons to signal positive reinforcement for sucrose 

consumption (Burke et al., 2012). OA also plays a key role in how the internal state 

influences reward response. For example, hunger significantly suppresses the activity of 

OA neurons (LeDue et al., 2016). In addition, foodand sex-deprived flies will choose to 

participate in feeding behavior over courtship behavior, and this behavior is caused by a 

decrease in excitatory tyramine, a metabolite of OA, acting on P1 neurons to activate 

courtship and decreased inhibitory tyramine acting on Posterior Lateral Protocerebrum 

(PLP) neurons that activate feeding behavior (Cheriyamkunnel et al., 2021). Positive 

reinforcement from OA-releasing neurons is necessary and sufficient for ethanol 

attraction, with a very specific subset of OA neurons being required for manifestation of 

ethanol preference (i.e., G3a/AL2 and VMI–VMIII; Schneider et al., 2012). When 

Drosophila lack the ratelimiting enzyme for producing OA, they are unable to form 

ethanol preference, but this lack of ethanol preference is reversed if flies are prefed 
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ethanol food at least 3.5 hours prior to testing (Claßen & Scholz, 2018). Together, these 

data suggest OA is required and necessary for innate ethanol attraction, but ethanol 

exposure itself could alter non-OA circuits to induce ethanol preference. As a general 

rule, OA seems to play a role in general state setting that contributes to the direction in 

which other neurotransmitter systems influence reward behavior. 

1.4.3 – Serotonin 

Serotonin (5-HT) also appears to play a key role in reward in the Drosophila brain 

(Figure 1D). Although evidence suggesting 5-HT directly encodes a reward response is 

lacking, current evidence points to its role in mediating how the internal state influences 

reward. Activation of a subset of 5-HT neurons induces starvation-like feeding in sated 

flies, suggesting that activation of these neurons elicits a hunger response, thereby 

increasing motivational response for sucrose (Albin et al., 2015). Similarly, serotonergic 

ellipsoid body R4 neurons increase food consumption when artificially activated (J.-Y. 

Park et al., 2016). In the subesophageal zone (SEZ), 5-HT neurons that encode stimuli 

with opposing valences dictate balanced sucrose consumption through feedback 

signals from enteric neurons (Yao & Scott, 2022). Two different populations of 5-HT 

neurons are required for sucrose memory: neurons that project outside of the 

mushroom body (Albin et al., 2015) and the Dorsal Paired Medial (DPM) neurons that 

innervate Kenyon cell axons (Krashes & Waddell, 2008; Sitaraman et al., 2012). The 

DPM neurons also promote sleep (Haynes et al., 2015), which is required to learn an 

appetitively reinforced operant task in Drosophila (Wiggin et al., 2021). Finally, 

pharmacologically increasing 5-HT signaling decreases ethanol odor attraction, 

whereas prolonged signaling from the 5-HT neurons provides greater attraction to 
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higher concentrations of ethanol (Xu et al., 2016). This may be because restriction of 

the 5-HT transporters to different neuronal compartments differentially alters ethanol 

attraction (Kasture et al., 2019). Thus, 5-HT generally functions to modulate sucrose 

behavior and ethanol response, which could reflect its role in both natural and drug 

reward encoding. However, most evidence suggests that like OA, 5-HT modulates state 

setting, which contributes to how other neurotransmitter systems influence reward 

behavior. 

1.4 – Neuropeptides and Hormones 

Similar to mammals, stress hormones and peptides modulate reward behavior in 

Drosophila (Figure 1E). Drosophila will optogenetically self-activate neurons expressing 

neuropeptide F (NPF), the Drosophila ortholog to neuropeptide Y (Shao et al., 2017; 

Wen et al., 2005). Activation of NPF neurons enhances preference for an odor 

associated with sucrose (Krashes et al., 2009), whereas knockdown of NPF receptors in 

shock-encoding dopamine (DA) neurons reduces preference for an odor associated 

with sucrose (Aso, Hattori, et al., 2014; Aso et al., 2012; Krashes et al., 2009). NPF 

signaling is also critical for the increase in ethanol intake that occurs in males as a 

consequence of sexual rejection, and this occurs in concert with corazonin (Crz) 

signaling. During and after copulation, Crz neurons are activated, ultimately resulting in 

ejaculation and cessation of sexual behavior (Tayler et al., 2012). Flies will 

optogenetically self-activate Crz neurons and approach odors associated with 

optogenetic activation of these neurons (Zer-Krispil et al., 2018). Successful mating or 

activation of Crz neurons ultimately generates an increase in NPF levels in the brains of 

males (Zer-Krispil et al., 2018), which decreases the likelihood of engaging in reward-
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seeking behavior (Shohat-Ophir et al., 2012). Thus, optogenetic activation of Crz 

neurons in males is rewarding and gates release of NPF, which reduces ethanol self-

administration in males by inducing a hedonic-like state (Shohat-Ophir et al., 2012). 

Together, these data suggest that monoaminergic signaling influences alcohol reward 

and preference, and peptidergic signaling appears to modulate alcohol attraction due to 

complex social interactions. Crz-releasing neurons also contribute to food reward. RNA 

interference–mediated Crz receptor knockdown in adipocytes and salivary glands, as 

well as Crz production knockdown, significantly reduces food intake in flies (Kubrak et 

al., 2016). Similarly, gain of function of short NPF (sNPF) increases food consumption, 

whereas the loss of function of sNPF suppresses food consumption (K. S. Lee et al., 

2004). Knockdown of sNPF in the mushroom body and sNPF receptors on 

protocerebral anterior medial (PAM) neurons reduces the efficacy of odor–sugar 

memory encoding (Knapek et al., 2013; Lyutova et al., 2019). Hormones in Drosophila 

also play a key role in sugar reward. Neurons releasing diuretic hormone 44 (Dh44), 

orthologous to the mammalian stress hormone corticotropin releasing factor (Cannell et 

al., 2016; Lovejoy & Jahan, 2006), are key sensors for promoting food consumption 

(Yang et al., 2018). Dh44, released from neurons in the central brain, is necessary and 

sufficient for the detection and consumption of nutritive sugar (Dus et al., 2015). Dh44 

binds to the Dh44 receptor in R1 neurons and R2 cells in the gut, which are required for 

behavioral responses to the nutritional value of sugar (Dus et al., 2015). Allatostatin A 

(AstA) neurons function in response to hunger and thirst. Activating AstA neurons in 

food-deprived animals suppresses feeding, and this effect is reversed by activating NPF 

neurons (Hergarden et al., 2012). Additionally, AstA neurons act on the allatostatin A 
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receptor 1 (DAR1) in PAM-γ3 DA neurons to suppress their activity after sucrose 

consumption. γ3 PAM inactivation mediates reward during sucrose consumption and 

associative learning (Yamagata et al., 2016). AstA also enhances water seeking while 

simultaneously suppressing feeding via AstA receptor 2 in NPF neurons (Landayan et 

al., 2021). The neuropeptides drosulfakinin (Dsk) and tachykinin contribute to reward 

indirectly. Activating or silencing Dsk neurons (Agrawal et al., 2020; Wu et al., 2020) 

elicits social isolation-induced fighting behavior phenotypes in Drosophila (Y.-K. Kim et 

al., 2018). Activation of tachykininreleasing neurons is sufficient to induce same-sex 

aggression in males (Asahina et al., 2014). Since winning or losing a fight influences 

subsequent risk taking, social behavior, and reward behavior (Y.-K. Kim et al., 2018; 

Trannoy et al., 2016), activity from both Dsk and tachykinin neurons could disrupt 

reward perception. As a rule, hormone, peptidergic, and neurotransmitter circuits 

function together to directly modulate reward behavior, although the exact mechanisms 

through which this occurs remains to be understood. 

1.6 – Larval Reward Circuits 

One of the advantages of studying Drosophila is the unique ability to compare circuit 

frameworks within the same animal across different life stages. Despite having 10-fold 

fewer neurons than adults, larvae appear to have remarkable similarities in reward 

circuit form and function. Emerging research suggests a rich network of feeding circuits 

in larvae, making larvae an ideal model to study the mechanisms of food reward. Much 

of the larval feeding circuitry has been mapped with high resolution and is organized 

into a series of parallel pathways that connect sensory to motor neurons with 

interneuron signaling to the mushroom body (MB; Miroschnikow et al., 2018, 2020). In 
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larvae, as in adults, a complex interplay of neuropeptidergic and dopaminergic circuits 

mediates the behavioral response to food (Figure 2). Feeding initiation is regulated by 

insulin signaling in the MB (Zhao & Campos, 2012), whereas subsets of neurons 

expressing cyclic guanosine monophosphate (cGMP)-dependent protein kinase 

regulate the amount of food consumed and triglyceride levels in larvae, suggesting they 

play a role in feeding cessation (Allen et al., 2018). Adipokinetic hormone (AKH)–

releasing cells release AKH and receive modulatory input from midgut neuropeptide F 

(NPF) and Allatostatin-C (AstC) neurons to alter hunger and satiation (Nelson et al., 

2021). Similarly, cholinergic neurons that also release the neuropeptide hugin suppress 

feeding behavior by increasing searching behavior (Melcher & Pankratz, 2005; Schlegel 

et al., 2016). Interestingly, these neurons project to distinct parts of the larval brain 

(Figure 2), although it is unclear how these circuits function together to guide food 

consumption in larvae. As with adults, the dopamine (DA)–NPF circuit also plays a role 

in reward response in larvae. Neurons expressing NPF contribute to gustatory 

stimulation by sugar (Shen & Cai, 2001), contribute to odor-induced appetitive arousal 

(Pu et al., 2018), and interact with DA neurons to gate appetitive response (Wang et al., 

2013). The Dopamine Neuron (DAN) k1 DA neurons (DANk1) directly contribute to 

fructose seeking and consumption (Saumweber et al., 2018). Similarly, ablation of 

dopamine 1 receptor 1 (Dop1R1) reduces odor–sugar memory of larvae but does not 

affect sucrose consumption (Honjo & Furukubo-Tokunaga, 2009; Selcho et al., 2009). 

Larval DA neuron activation is sufficient to induce reward memory (Thoener et al., 

2022), suggesting this induces a pleasurable interoceptive state. DA neurons may be 

mediated by octopamine (OA) neurons (Eichler et al., 2017), as OA is required to 
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rescue reduced preference for consuming sucrose in larval Drosophila exposed to 

artificial repeated failure in reward pursuit (Fei et al., 2018). Larval Drosophila will 

optogenetically self-stimulate Kenyon cells (KCs; Lyutova et al., 2019) and sugar-

sensing gustatory neurons (Nuwal et al., 2012; Seidenbecher et al., 2020). The γ-

aminobuacid (GABAergic) anterior paired lateral neuron, which broadly innervates KC 

axons and contributes to odor discrimination (Amin et al., 2020; Prisco et al., 2021), is 

also critical for appetitive memory in larvae (Amin et al., 2020; Sabandal et al., 2020; 

Saumweber et al., 2018). Drosophila larvae display diversity in sensing and subsequent 

preference for amino acids (Kudow et al., 2017), which requires glutamatergic input to 

larval taste neurons (Croset et al., 2016). DA neurons contribute to Drosophila larvae by 

rejecting food that lacks essential amino acids (Bjordal et al., 2014). DL1 DA neurons in 

larvae are necessary and sufficient for the expression of preference for amino acids 

(Bjordal et al., 2014). When Drosophila larvae are reared in a proteindeficient diet, they 

reduce food seeking and consumption, which is dependent on OA neurons in the 

subesophageal zone (Bjordal et al., 2014; Fei et al., 2018). Together, this suggests that 

glutamate, OA, and DA function together to shape amino acid, and thus protein, 

preference. 5-HT also conveys information on the nutritional value of protein. Of the five 

known 5-HT receptors, serotonin 2A (5-HT2A) receptors are the main mechanism by 

which Drosophila establish the value of dietary protein (Ro et al., 2016), and 5-HT2A 

receptors are necessary for normal larval feeding (Gasque et al., 2013). Together, the 

above circuits function in larvae to sense and consume amino acids and proteins 

required for proper development. Despite larvae being a different developmental stage, 

with large differences in morphology and behavior, their reward circuits look remarkably 
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similar to those in adults. Peptidergic, hormone, OA, and 5-HT neurons signal 

information about arousal and internal state to DA neurons, which modulate valence 

and drive responses in cue-encoding neurons and premotor neurons required for 

eliciting reward behaviors. 

 

1.7 Discussion 

As understanding of the structure and function of Drosophila reward circuits develops, it 

is increasingly clear why Drosophila is an effective model for comprehending key basic 

principles underlying reward circuit function. In both larvae and adult Drosophila, slow, 

long-acting neuropeptidergic neurons connect to neurons that release faster-acting 

neurotransmitters that influence premotor and motor neurons to control directionality 

(goal orientation). Reward circuits thus act in concert to integrate internal state and 

reward sensation to produce reward behavior, much like a five-piece band works 

together to produce music for an audience (Figure 3). Octopaminergic or serotonergic 

state-setting neurons (Figure 3B1) act as percussive instruments (Figure 3A1), setting 

the tempo for the rest of the players. Slow-acting peptidergic neurons (Figure 3B2) work 

together with these state-setting neurons to layer rhythm, similar to the slow tones of a 

bass guitar (Figure 3A2). Bass guitars can alter the perception of music by providing 

notes that act as a bridge between treble (guitar) and percussion, similar to how 

neuropeptide F (NPF) can induce wakefulness that alters reward perception. 

Dopaminergic neurons (Figure 3B3) provide valence in the same way the lead guitar 

(Figure 3A3) drives the direction of the music. Cue-encoding Kenyon cells (KCs; Figure 

3B4) sparsely activate in response to sensory information in the same way that a 
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synthesizer (Figure 3A4) sporadically punctuates the music. Sequential activation of KC 

compartments helps encode the memory the way keys on a piano/ synthesizer are 

activated to produce a melody (Owald & Waddell, 2015). Finally, the mushroom body 

output neuron (MBONs; Figure 3B5) are the star of the show as they guide the behavior 

in the same way the vocalist of the band communicates to the audience an overall 

message of the music through lyrics (Figure 3A5). Together, the percussion, bass, 

guitar, synthesizer, and vocalist act in concert to produce a song in a similar way that 

octopamine (OA), NPF, dopamine (DA), acetylcholine, and fast-acting neurotransmitter 

circuits directly produce reward behavior. Although this metaphor is based on 

mushroom body (MB) circuits, other circuits in the Drosophila brain encompass the 

described overlapping motifs for responses to sugar, water, and alcohol reward, 

suggesting it is a generalized model (Ichinose et al., 2015; Lin et al., 2014; Scaplen et 

al., 2020; Shyu et al., 2017; N. Yamagata et al., 2015). This pattern of connectivity is 

repeated across different types of reward in Drosophila (Figure 4). Remarkably, this also 

appears to be functionally similar across development, across different structures within 

the same brain, and across species. This suggests that key principles extracted from 

how reward circuits are structured and function in flies can enhance knowledge of the 

function of reward circuits and brain systems pivotal for reward behavior in mammals 

(Borst & Helmstaedter, 2015; Hunter et al., 2021; Kaiser, 2015; Scaplen & Kaun, 2016). 

Some of the key principles that can already be extracted include the following: 

• Rewards are encoded through the actions of monoaminergic, peptidergic, and 

hormone signaling within the brain. 

• Reward response is dependent on the internal state of the animal. 
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• Reward encoding is dependent on timing and intensity of reward. 

• A compartmentalized code within reward structures defines reward response. 

• There are common circuits for all forms of reward. 

• Unique circuits for different rewards are dependent on the context in which the 

reward was received. 

A noticeable gap in understanding includes identifying which neurons directly contribute 

to appetitive internal states and which elicit the appropriate appetitive response. This is 

further complicated by how prior experiences can influence internal state and reward 

experience. Sleep is an excellent example of this. Hungry flies sleep less than satiated 

flies, and hunger-induced sleep deprivation during memory consolidation reduces 

sucrose-associated odor cue seeking (Chouhan et al., 2021). This effect is dependent 

on the activity of the γ2α′1 DA neuron–MBON circuit (Chouhan et al., 2021). DA 

neurons also likely contribute reward prediction error (RPE). Although direct data 

demonstrating this RPE are still lacking, the anatomy and function of the DA–MB circuit 

suggest it would be an ideal model to identify the detailed circuit mechanisms 

underlying this phenomenon (i.e., Adel & Griffith, 2021; Bennett et al., 2021). Future 

research using synthetic manipulation of neurons will help elucidate this and further 

interrogate how reward-encoding and reward-expressing circuits function distinctly and 

collaboratively to modulate appetitive behavior. Ultimately, understanding how 

experience and internal state alters neuromodulation and neural dynamics is key to 

understanding the mechanisms underlying motivational behavior for reward seeking and 

consumption. 
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Figure 1.1 

 

Figure 1. Reward circuits in adult Drosophila. Circuits identified in behavioral responses 
to a variety of rewards in Drosophila include (A) dopaminergic circuits; (B) dopamine 
mushroom body (MB) neurons implicated in reward synapse onto distinct MB 
compartments as follows: α1–α3, α′1–α′3, β1 and β2, β′1 and β′2, and γ1–γ5; (C) 
octopaminergic circuits, (D) serotonergic circuits, and (E) neuropeptidergic circuits. 
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Figure 1.2 

 

Figure 2. Reward circuits in larval Drosophila. Acetylcholine-releasing neurons as well 
as GABA and DAergic neurons contribute to the expression of reward behavior. 
Acetylcholine-expressing Hugin neurons differ in their projection to protocerebrum (PC), 
pharynx (PH), and two populations that project to the ring gland (RG). 
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Figure 1.3 

 

Figure 3. General model for reward signaling using a metaphor of a five-member band. 
Band components such as percussion (A1), bass (A2), guitar (A3), synthesizers (A4), 
and vocalists (A5) function similarly to state-setting (B1), arousal-eliciting (B2), valence-
encoding (B3), cue-encoding (B4), and premotor/motor (B5) neurons to produce music 
or reward-related behaviors, respectively. Our inset circuit motif demonstrates the 
synapse between modulatory, sensory, and output neurons that contribute to reward 
behavior expression. 
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Figure 1.4 

 

Figure 1.4 Circuits for different rewards in Drosophila. Illustrations of neurons that are 
directly involved in (A) food, (B) water, (C) sugar, (D) alcohol, and (E) social reward in 
the adult Drosophila central brain (gray). Neuron types are identified by color (see key), 
and coverage is based on peer-reviewed publications referenced in the article or from 
the Janelia FlyLight Split-Gal4 Driver Collection. 
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2.1 ABSTRACT 

Alcohol-associated cues can induce cravings, but the neural mechanisms through which 

ambient sensory cues become associated with the pharmacological properties of 

alcohol aren’t well understood. Dopaminergic reinforcement is a crucial part of encoding 

reward memories across multiple brain structures. To clarify how dopamine dynamics 

change across reward-related learning, we investigate changes in dopamine signaling 

across multiple-spaced cue-ethanol associations in the Drosophila mushroom body. We 

found that alcohol in the absence of a cue does not increase dopaminergic activity 

across sessions. However, dopamine and post-synaptic cholinergic cue-encoding 

neurons potentiate with each alcohol-cue association. This potentiation occurs as a 

consequence of both increased neuronal activity, and recruitment of additional neurons 

with subsequent sessions. These findings demonstrate that changes in dopamine over 

multiple-spaced sessions modulate cue-encoding neurons to generate lasting memories 

linked to alcohol experiences.  
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2.2 SIGNIFICANCE 

Investigating the neural dynamics that occur during alcohol-cue memory formation is 

critical for understanding how cue associations can drive maladaptive behaviors. We 

found that reward-encoding dopamine neurons and cue-encoding cholinergic neurons 

increase their activity over trials in response to repeated cue-ethanol presentations, but 

not in response to repeated exposure to alcohol alone or a complex odor. These results 

fill a previous gap in the field of understanding how cue-alcohol associations impact 

reward circuits differently than alcohol or cue-alone.  
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2.3 INTRODUCTION 

The ability to associate a reward with a cue is essential for an animal’s survival, 

and dopamine has an established role in this process (Krause, 2015; Morand-Ferron, 

2017).As cues become associated with a water, food, or sucrose reward, dopaminergic 

neural activity gradually shifts from signaling the actual reward to responding to the 

predictive cue associated with that reward (Amo et al., 2022; Cohen et al., 2012; Hsu et 

al., 2020; Schultz et al., 1997; Stuber et al., 2008). This phenomenon is evident across 

organisms, and within mammals, across several brain systems (Day et al., 2007; Lee et 

al., 2014; Lefner et al., 2022; Sias et al., 2024). Psychostimulants like alcohol, cocaine, 

and methamphetamines co-opt these neural mechanisms, leading to the formation of 

persistent cue-associated memories linked to the euphoric properties of intoxication 

(Bijoch et al., 2023; Di Chiara et al., 2004; Imperato & Di Chiara, 1986; Kufahl et al., 

2005; Leyton et al., 2002; Mandeville et al., 2011; Volkow et al., 2004). Numerous 

studies have investigated the neurophysiological changes induced by alcohol exposure.  

Together they show that alcohol increases the activity of dopaminergic neurons (Brodie, 

2002; Deehan et al., 2016; Ericson et al., 1998; Imperato & Di Chiara, 1986; Juarez et 

al., 2017; Koyama et al., 2007; Y. Liu, Montgomery, et al., 2020; Myrick et al., 2004; 

Sharma et al., 2024; Siciliano et al., 2016; Stuber et al., 2008; Weiss et al., 1996), and 

repeated exposure is reported to increases the resting membrane potential of 

dopaminergic neurons thereby increasing their excitability (Hopf et al., 2007; Mulholland 

et al., 2009; Tateno & Robinson, 2011). 

 Understanding how alcohol-associated cues modify an animal’s internal 

representation of alcohol’s rewarding properties is crucial to understanding the 
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mechanisms underlying intense cravings. Cues can trigger powerful cravings for alcohol 

(Jones et al., 2013; Pina & Williams, 2016), which may progressively evolve into 

problematic drinking patterns (Koob & Volkow, 2016), leading to harmful consequences 

for those afflicted (Evans-Polce et al., 2024; Patrick & Terry-McElrath, 2021; Varghese & 

Dakhode, 2022). However, little is known about how the addition of a cue might 

modulate alcohol’s impact on dopaminergic circuitry dynamics. Further how these cues 

are encoded to form memories powerful enough to elicit maladaptive behavioral 

responses remains unclear. Understanding how dopaminergic circuits are responding to 

cue-ethanol pairings is critical for understanding problematic substance use. 

Drosophila melanogaster offer a powerful model for investigating how neural 

dynamics within memory circuits change across multiple cue-alcohol pairings because 

of its well-characterized circuity, expanding toolkit for circuitry dissection, cost-

effectiveness, and short lifespan which enables faster experimental timelines—

advantages not available in mammalian models (Aso, Hattori, et al., 2014; Fiala & Kaun, 

2024; Hernandez et al., 2023; Margulies et al., 2005; Scaplen & Kaun, 2016). Indeed, 

Drosophila has a long history of being used as a model to study the neurological effects 

of alcohol from a molecular, genetic, and behavioral standpoint (Devineni & Heberlein, 

2009; Heberlein, 2000; Scholz et al., 2000; Wolf & Heberlein, 2003; Xu et al., 2012), 

and more recent associative conditioning protocols provide an opportunity to investigate 

the development of alcohol-associative preference (Kaun et al., 2011; Nunez et al., 

2018). 

In Drosophila, activation of the cholinergic mushroom bodies (MB) and 

dopaminergic reward-encoding Protocerebral Anterior Medial (PAM) neurons are 
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required for the formation of odor-alcohol associative memories (Kaun et al., 2011; 

Scaplen et al., 2020). Adding a pharmacologically relevant dose of alcohol to an odor 

cue increases PAM dopamine neural activity throughout 10 minutes of presentation, 

whereas presentation of alcohol alone, or odors alone results in consistent neural 

activity throughout the presentation (Scaplen et al., 2020). However, it remains unclear 

how PAM dopamine neural activity changes in response to multiple-spaced pairing 

sessions, which is required for long-lasting memory. 

Here, we implement three different paradigms to investigate the effects of cue-

alcohol associations on MB and PAM neural dynamics (Figure 2.1D). To understand 

how alcohol in the presence of cues shapes the activity of reward circuitry, we used an 

associative paradigm (Figure 2.1D). We used a complex odor paradigm to discriminate 

the activity of PAM and MB neurons during association between two odors without 

alcohol (Figure 2.1D).  Finally, we used a non-associative paradigm to dissociate the 

changes in PAM and MB dynamics in response to the presentation of alcohol and the 

presentation of a cue in the absence of an association (Figure 2.1D).  

We show that dopamine neural activity, measured at the MB axon terminals, 

gradually increases across multiple sessions of alcohol-odor pairings. Similarly, MB 

axon terminals increase their activity and recruit additional MB neurons across multiple 

sessions of alcohol-odor pairing. This phenomenon was only evident when odors were 

paired with pharmacologically relevant doses of alcohol, and not when alcohol alone 

was presented to the fly, or when two different odors were presented simultaneously. 

Together, these data suggest that during learning, cues that predict alcohol increase the 

representation of alcohol’s rewarding properties by increasing dopaminergic activity. 
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Additionally, the recruitment of additional cue-responding neurons potentially 

strengthens the association between cues and intoxicating doses of alcohol. These 

results further our understanding of how cue-ethanol pairings shape neural dynamics 

within memory circuitry to generate long-lasting memories. 

2.4 RESULTS 

2.4.1 - Sequential odor-ethanol pairings increase the activity of dopaminergic PAM 

neurons 

Previous work from our lab showed that dopaminergic PAM neurons are required for the 

formation of cue-ethanol memory, and increase their activity when ethanol is added to 

an odor stimulus (Scaplen et al., 2020). We hypothesized that compared to an unpaired 

odor, alcohol-odor pairings would increase the activity of the PAM neurons, and this 

response would be enhanced across training sessions. To test this hypothesis, we 

exposed flies expressing GCaMP7b under the control of the PAM neuron driver line 

R58E02 to three separate sessions of 10 minutes of an odor alone, followed by 10 

minutes of a different odor paired with psychoactive doses of ethanol (Figure 2.2A, B). 

Each session was separated by a 50-minute intersession interval. Calcium activity was 

simultaneously recorded at the axon terminals and cell bodies. 

In the first training session (Figure 2.2C), the unpaired odor (Odor A) initially increased 

the activity of PAM neurons (Figure 2.2Di; Baseline vs first 15 seconds of Odor A W = 

78, p < 0.001). However, continued odor exposure over 10 minutes inhibited the activity 

of PAM neurons (Figure 2.2Ei, odor alone 1st minute vs last minute W = 5, p = 0.0195,). 

On the other hand, the ethanol-odor pairing did not increase activity upon initial 
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exposure (Figure 2.2Di, last 15 seconds of odor alone vs first 15 seconds of ethanol-

odor pairing W = 19, p = 0.583). Continued ethanol-odor exposure inhibited the activity 

of PAM neurons (Figure 2Eii; Session 1 alcohol-odor pairing 1st minute vs Last minute 

W = 0, p = 0.00195).  

During the second training session (Figure 2F), the unpaired odor again caused an 

initial increase in activity (Figure 2.2Gi, last 15 seconds of baseline vs first 15 seconds 

of odor alone W = 103, p = <0.001). Following the initial response, unpaired odor 

presentation once again elicited a decrease in activity over the 10 minutes (Figure 

2.2Hi; odor alone first minute vs last minute W = 65, p = 0.042). Ethanol-odor pairing 

generated an increase in activity but was not statistically significant (Figure 2.2Gi; last 

15 seconds of odor alone vs first 15 seconds of ethanol-odor pairing W = 59, p = 0.068), 

followed by a reduction in calcium activity over 10 minutes (Figure 2.2Hii; Session 2 

ethanol-odor pairing First-minute min vs Last minute W = 21, p = 0.049).  

Finally, during the third training session (Figure 2.2I), the unpaired odor once again 

causes an initial increase in activity (Figure 2.2Ji; last 15 seconds of baseline vs first 15 

seconds of odor alone W = 85, p = 0.005), however, this activity remained constant 

during the 10 minutes of presentation as opposed to the first and third sessions (Figure 

2.2Ki; first-minute odor alone vs. last-minute odor alone W = 23, p = 0.502). Ethanol-

odor pairing also generated an initial increase in activity (Figure 2.2Ji; last 15 seconds 

odor alone vs first 15 seconds of ethanol-odor pairing W = 63, p = 0.049), that was once 

again followed by a decrease in activity over 10 minutes (Figure 2.2Kii, first minute vs. 

last-minute W = 71, p = 0.0245). Similar to the second session, the response to ethanol 
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paired with odor was not significantly different than the response to the unpaired odor 

(Figure 2.2Kiii; W = 34, p = 0.204).  

A Friedman test was conducted to determine whether activity significantly changed 

across sessions within the odor-alone condition. The results show a significant 

difference (Figure 2.2Li, c2 (df) = 8.71, p = 0.013; Session 1 vs Session 2 posthoc Dunn 

p =0.042, Session 1 vs Session 3 posthoc Dunn p-value = 0.024).  Similarly, alcohol-

odor pairing potentiates the activity of PAM axon terminals over the three sessions 

(Figure 2.2Lii; c2 (df)= 7.8, p = 0.018, Session 1 vs Session 3 Nemenyi posthoc = 

0.022).  

We hypothesized that PAM potentiation of activity across sessions was due to a gradual 

recruitment of PAM neurons over subsequent sessions as opposed to an increase in 

activity of the same PAM neurons. To test this, we extracted signals from single cells 

and tracked them through multiple recordings. Cells that were not overlapped with other 

cells were selected for analysis. We observed heterogeneity in patterns of activity in 

response to both odor and ethanol paired with an odor (Figure 2.2Ni-iii). To categorize 

cellular activity profiles, we segregated them into three groups. Cells that had at least a 

10% increase in activity across a session were considered “responders”, cells that had 

their activity decreased by 10% were considered “suppressed”, and activity profiles that 

did not increase or decrease by 10% were considered “non-responders” (see Methods).   

During session 1 (Figure 2.2Ni), most of the recorded cells responded with an increase 

in activity to the presentation of odor alone (Figure 2.2Oi, 55 responders, 1 suppressed, 

22 non-responders). Most cells also responded to ethanol paired with odor, although 
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there were more suppressed cells in this condition (Figure 2.2Oi; 65 responders, 9 

suppressed, 14 non-responders). A Fisher’s exact test was conducted to examine the 

distribution of response profiles between odor and odor paired with ethanol. The results 

revealed a significant difference (Figure 2.2Oi; p = 0.003).  

During session 2 (Figure 2,2Nii), presentation of odor alone and ethanol paired with 

odor again resulted in most of the recorded cells increasing their activity (Figure 2.2Oii; 

51 responders for odor alone, 47 responders for ethanol paired with odor), with a not 

significant increase in suppressed cells for ethanol paired with an odor compared to 

odor alone (Figure 2.2Oii; 14 suppressed cells for odor alone, 23 suppressed cells for 

ethanol paired with odor; Fisher’s exact test p-value = 0.213).  

In the final session (Figure 2.2Niii), most of the recorded cells were still responding with 

an increase in activity to odor alone (Figure 2.2Oiii; 65 responders) and odors paired 

with ethanol (Figure 2.2Oiii; 62 responders). Once more, ethanol paired with odor had a 

higher number of suppressed cells (Figure 2.2Oiii; 17 suppressed) compared to odor 

alone (Figure 2.2Oiii; 9 suppressed cells). Despite these differences, a Fisher’s exact 

test revealed that the overall response distributions were not statistically significantly 

different (Figure 2.2Oiii; p = 0.171). 

To gain a better understanding of how the numbers of responders, suppressed and non-

responders evolve, we aimed to examine any potential changes within each condition 

across the sessions. We compared the distribution of responders, suppressed, and non-

responders within session 1 to session 3 for odor alone. A Fisher’s exact test revealed 

significant differences between the two distributions (Figure 2.2Oi and iii; p = 0.013). 

Specifically, session 3 contained more suppressed cells than session 1. Conversely, we 
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observed no differences between the distribution of cellular responses for ethanol 

paired with odor and a Fisher’s exact test reported no significant differences (Figure 

2.2Oi and iii; p = 0.063). 

To measure whether cells were recruited, we isolated cells that could reliably be tracked 

over all three sessions (supplemental Figure 2.S1A) and categorized these cells as 

recruited (10% increase or more from session 1 to session 3), inhibited (10% decrease 

or more from session 1 to session 3), or consistent (see methods). In contrast to our 

hypothesis, we did not observe greater recruitment of PAM cell bodies in response to 

alcohol-odor pairing compared to odor alone (Figure 2.2P; 16 recruited, 15 inhibited, 3 

consistent for odor A, 17 recruited, 14 inhibited, 3 consistent for ethanol paired with 

odor). Of the 17 cells that were categorized as recruited for ethanol paired with odor, 13 

of them were responders during the initial exposure. These data suggest that the 

potentiation across sessions seen at PAM axons is due to active cells becoming more 

active.  

Collectively these results suggest the ethanol-odor pairing increases the activity of 

dopaminergic axon terminals across sessions. Interestingly, rather than the recruitment 

of dopaminergic cells to respond to odors paired with ethanol, we saw that this increase 

in the axon terminals is likely due to initially active dopamine neurons increasing their 

activity during training in response to the ethanol-odor pairing.  
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2.4.2 - Odor-ethanol pairing potentiates axon terminals of MB neurons and recruits MB 

neurons 

The changes observed within the axon terminals of PAM neurons during associative 

conditioning could have functional consequences for the postsynaptic MB neurons 

(Figure 2.3B). We hypothesized that alcohol paired with odor would also increase 

calcium dynamics within MB neurons when compared to the presentation of odor alone 

and generate potentiation of the axon terminals across multiple-spaced sessions.  

During the first session (Figure 2/3C), calcium dynamics measured at the MB axon 

terminals increased in response to the unpaired odor (Figure 2.3Di; baseline vs first 15 

seconds of odor alone W = 87, p = <0.001). Ethanol-odor pairing also elicited an 

increase in response initially (Figure 2Di; last 15 seconds of odor alone vs. first 15 

seconds of ethanol-odor pairing W = 91, p = <0.001), however, this was followed by a 

decrease throughout the 10 minutes of presentation (Figure 2.3Ei, first minute vs last 

minute W = 7, p =0.0093).   

During the second session (Figure 2.3F), again we observed that the unpaired odor 

elicited an initial increase in activity (Figure 2.3Gi; baseline vs. first 15 seconds odor 

alone W =91, p =<0.001) that was consistent throughout the 10 minutes of exposure 

(Figure 3Hi). Ethanol-odor pairing also resulted in an initial increase (Figure 2.3Gi; last 

15 seconds of odor alone vs first 15 seconds of ethanol-odor pairing W = 91, p = 

<0.001), but was again followed by a decrease in activity during exposure (Figure 

2.3Hii, ethanol-odor pairing first minute vs last minute W = 60, p =0.016). However, 

when comparing the first minute of activity for both the unpaired odor and the ethanol-

odor pairing, we find that the ethanol-odor pairing increased activity more than the 
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unpaired odor (Figure 3Hi and ii, odor alone first minute vs ethanol-odor first minute W = 

70, p = 0.012). The increase observed during the first minute is not maintained when 

comparing the average activity across the ten minutes (Figure 2.3H, odor alone 10-

minute average vs ethanol-odor pairing 10-minute average W = 51, p = 0.38). 

During the final session (Figure 2.3I), the unpaired odor once again caused an increase 

in activity (Figure 2.3Ki; baseline vs. first 15 seconds odor alone W =91, p =<0.001) that 

remained constant throughout the 10 minutes (Figure 2.3Ki). Ethanol-odor pairing also 

generated an increase in initial activity (Figure 3Ji; last 15 seconds of odor alone vs first 

15 seconds of ethanol-odor pairing W = 90, p = <0.001), however, this did not 

significantly decrease across the 10 minutes, unlike sessions 1 and 2 (Figure 2.3Kii, 

Ethanol-odor pairing first minute vs last minute W =18, p = 0.10). Additionally, overall 

activity throughout the 10 minutes was higher when comparing average activity during 

the 10 minutes of the pairing to the unpaired odor (Figure 2.3Kiii, odor alone 10-minute 

average vs Ethanol-odor pairing 10-minute average W = 68, p = 0.021) 

Using a Friedman test to evaluate calcium dynamics across sessions within the same 

stimulus condition, we observe that axon terminal calcium dynamics remain consistent 

in response to Odor A (Figure 2.3Li, Friedman c2 =3.600, p =0.165 ), but with the 

ethanol-odor pairing there was a significant increase in activity when comparing session 

1 to session 3 (Figure 2.3Lii; c2 =  8.4, p =0.015, Session 1 vs Session 3 posthoc 

Nemenyi p = 0.0185) suggesting that alcohol-odor pairing is potentiating the activity of 

MB neurons during cue-ethanol learning. Thus, we provide evidence that sequential 

ethanol-odor pairings enhanced the activity of MB axon terminals compared to odor 
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alone, as seen in session 3. Furthermore, the activity in response to odor-alcohol 

pairing increases throughout the three sessions.  

To gain a detailed understanding of which MB cells were active, we analyzed the 

calcium dynamics of MB cell bodies. It is possible that the increase in calcium dynamics 

in response to odors paired with intoxicating doses of alcohol observed in the MB axon 

terminals was a result of an increase in the number of cue-responsive MB neurons. 

Thus, we hypothesized that alcohol-associative training would increase calcium activity 

within cell bodies and expected to see a large increase in the number of cells 

responding to the paired condition.  

In session 1 (Figure 2.3Ni, n = 125 cells), there was a significant difference in the 

distribution of cell activity profiles for odor alone compared to alcohol-odor pairing 

(Figure 2.3Oi ,N=125; c2,p = 0.015). With odor alone, 50% of cells were identified as 

responders whereas with alcohol-odor pairing only 33% of cells were identified as 

responders (Figure 2.3Oi). Additionally, only 26% of the cells were suppressed by odor 

presentation alone, but 40% were suppressed during the odor-alcohol pairing.   

During session 2 (Figure 2.3Nii, n = 161 cells), the activity profiles dramatically shifted 

with both odor alone and odor-alcohol pairing generating mostly responders (Figure 

3Oii; Session 2 odor alone responders = 88%, Session 2 ethanol-odor pairing 

responders = 96%). However, a Fisher’s exact test revealed that the number of non-

responders within odor alone was greater than the alcohol-odor pairing (Session 2 odor 

alone non-responders = 8.6%, odor-alcohol pair non-responders = 2.5%, p = 0.0281). 
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During session 3 (Figure 2.3Niii; n = 140 cells), the percentage of responders did not 

change during odor-alcohol pairing whereas, within the odor-alone condition, a 

significant number of cells stopped responding. (Figure 2.3Oiii; Session 3 odor alone 

responders = 81%, odor-alcohol responders = 97%, p <0.0001). 

Comparing the distributions of responses for session 1 to session 3, we observed that 

odor alone had a large increase in the number of responsive cells from session 1 to 

session 3. A Fisher’s exact test revealed a statistically significant distribution between 

the two time points (Figure 2.3Ni and Niii; p <0.0001). Similarly, ethanol-odor pairing 

also caused a large increase in the number of responding cells compared to session 1 

(Figure 2.3P; p <0.0001). 

When single cells were tracked across the three sessions (Supplemental Figure 2.1B), 

we observed that the paired condition recruits more cells when compared to the 

presentation of odor alone (Figure 2.3P; p = 0.0013, n = 43 cells). These data provide 

support for our hypothesis that alcohol-odor pairing is uniquely recruiting cells to 

respond to cues. The increase in activity observed at the axon terminals during learning 

is likely due to the recruitment of more cue-encoding neurons during spaced, sequential 

exposures to ethanol-odor pairings. 

2.4.3 - Compartment-Specific Responses to Ethanol-Odor Pairing 

Mushroom body axons can be segregated into compartments based on the innervation 

patterns of dopaminergic neurons and extrinsic Mushroom Body Output Neurons 

(MBON; Aso et al., 2014; Tanaka et al., 2008).The balance of activity across these 

compartments dictates approach and avoidance behaviors and is important for 
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associative learning. (Aso, Sitaraman, et al., 2014; Cohn et al., 2015; Hattori et al., 

2017; Owald & Waddell, 2015; Scaplen et al., 2020; Tanaka et al., 2008; Wang et al., 

2023; Yamagata et al., 2015). We previously demonstrated that the encoding of alcohol 

memory requires the activity of the entire dopaminergic population encompassed in the 

R58E02 driver line (Scaplen et al., 2020). Thus, for this study, we investigated 

compartments of the horizontal lobe where the majority of the R58E02 dopaminergic 

axon terminals innervate. We outlined compartments to best match the innervation 

patterns represented in Aso et al., 2014a, and measured responses occurring within the 

third session of the associative paradigm. We focused on compartments innervated by 

the PAM neurons (γ3β`1, γ4, y5β’2a). Because of the established role of the β`2a 

compartment in the expression of alcohol memory (Scaplen et al., 2020) we 

hypothesized that this region would respond greater to ethanol-odor pairings as 

compared to odor alone. 

When measuring PAM γ3β`1 axon responses during the third session (Figures 2.4Ci 

and ii), we observed a consistent response to odor alone (Figure 2.4Di), however, there 

was a decrease in activity during the 10 minutes of exposure for ethanol-paired with 

odor (Figure 2.4Dii; ethanol-odor first minute vs last minute W = 54, p = 0.034). 

However, overall activity during the 10 minutes of exposure was similar for odor alone 

and the ethanol-odor pairing (Figure 2.4Diii). This pattern was also observed within the 

γ3β`1 region of the MB axon terminals (Figure 2.4Eii). Odor-alone responses remained 

stable (Figure 2.4Fi), but ethanol-odor pairing caused a decrease in activity throughout 

the 10 minutes of exposure (Figure 2.4Fii; ethanol-odor first minute vs last W =48, p = 

0.032). 
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There were similar responses to both odor alone and ethanol-odor pairing during the 

third session for the γ4 region of the PAM axon terminals (Figure 2,4Gi and Figure 

2.4Gii). There were no observed changes throughout the ten minutes in response to 

odor alone or ethanol-odor pairings (Figure 2.4Hi and 2.4Hii). Additionally, there were no 

differences in 10-minute average activity between odor alone and ethanol-odor pairing 

(Figure 2.4Hiii). Odor alone generated constant activity levels within the γ4 of the MB 

axon terminals (Figure 2.4Iii, 2.4Ji), but ethanol-odor pairing caused a decrease over 

the 10 minutes of exposure (Figure 2.4Jii; ethanol-odor first minute vs last minute W = 

50, p = 0.024). Average activity remained similar between odor alone and ethanol-odor 

pairing (Figure 2.4Jiii). 

Within the y5β’2a region of the PAM axon terminals, we observed similar responses to 

odor alone and ethanol odor pairing, with no changes in levels of activity during 

exposure (Figure 2.4Ki – 4Liii). However, at the y5β’2a region of the MB axon terminals 

(Figure 2.4Mi, and 2.4Mii) we observed decreases in activity during the 10 minutes of 

exposure for odor alone (Figure 2.4Ni; odor alone first minute vs last minute W = 46, p 

=0.042) and ethanol odor pairing (Figure 2.4Nii; ethanol-odor first minute vs last minute 

W =50, p =0.024). The overall responses were similar between the odor alone and 

ethanol odor pairing (Figure 2.4Niii). Data suggest compartment-specific responses to 

odor alone and ethanol odor pairing conditions, however, perplexingly, none of the 

compartments demonstrated an increase in response to ethanol-odor pairing compared 

to odor alone in the third session.  
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2.4.4 - A non-associative paradigm does not generate increased calcium dynamics 

within dopaminergic axon terminals or recruit dopaminergic neurons 

Previous work demonstrates that the presentation of intoxicating doses of alcohol 

unpaired from odor cues is not sufficient to generate odor-induced alcohol memory 

(Kaun et al., 2011).  We hypothesized that alcohol in the absence of an odor cue would 

not be sufficient to generate potentiation of PAM axon terminals with repeated exposure. 

To test this, we used a non-associative paradigm (Figure 2.5A, Kaun et al., 2011), while 

recording R58E02>GCaMP7b fluorescent signals (Figure 2.5B). Like the associative 

paradigm, we exposed the flies to 10 minutes of each of the stimuli (Figure 2.5A). A ten-

minute gap of air was presented between odor B and ethanol to ensure no association 

was made between the odors and ethanol.  

During session 1, we observed that the PAM neurons respond to the presentation of 

both odors as well as ethanol (Figure 2.5C). Presentation of the first and second odors 

increased activity (Figure 2.5Di; baseline vs odor a first 15 seconds W = 54, p =0.004, 

last 15 seconds of odor a vs first 15 seconds of odor B W = 41, p = 0.037) that was 

sustained throughout the 10 minutes of presentation (Figure 2.5Ei, 2.5Eii). Ethanol 

alone also generated an increase initially (Figure 2.5Di; pre-ethanol baseline vs. first 15 

seconds of ethanol W = 47, p =0.014), but was followed by a decrease in activity 

throughout the ten minutes of presentation (Figure 2.5Eiii; Session 1 W =16, p = 0.015). 

Strikingly, overall activity between the three stimuli (odor 1, odor 2, and ethanol) did not 

differ (Figure 2.5Eiv; Friedman c2 =0.800, p = 0.710).  

During session 2, the presentation of the first odor increased activity (Figure 2.5Gi; 

baseline vs first 15 seconds of odor A W = 55, p = 0.002). This increase in activity was 
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stable throughout the ten minutes of stimulation (Figure 2.5Hi). Presentation of the 

second odor on the other hand generated an increase in activity (Figure 5Gi; last 15 

seconds of odor A vs first 15 seconds of odor b W  = 41, p = 0.037) that gradually 

decreased throughout the ten minutes of presentation (Figure 2.5Hii; Odor B 1st minute 

vs last minute W  = 49, p = 0.010). Ethanol alone again caused an increase in activity 

(Figure 5Gi; last 15 seconds of pre-ethanol vs first 15 seconds of ethanol W = 53, p = 

0.004) that gradually decreased to below baseline levels of activity (Figure 2.5G). There 

was a significant decrease when comparing activity during the first minute to the last 

minute (Figure 2.5Hiii; Session 2 W= 49, p = 0.009). Overall activity levels between the 

conditions did not differ (Figure 2.5Hiv; Friedman c2 =0.200, p =0.973). 

For the final session, the first odor produced an increase in activity (Figure 2.5Ji; 

baseline vs. first 15 seconds odor A W = 55, p = 0.0002) that remained constant 

throughout the ten minutes of exposure (Figure 2.5Ki), whereas the second odor 

caused an increase in activity that was not statistically significant (Figure 2.5Ji; last 15 

seconds odor A vs first 15 seconds odor B W =46, p =0.064) and slightly decreased 

throughout the 10 minutes (Figure 2.5Kii; Odor B first minute vs last minute W = 45, p = 

0.195). Again, ethanol caused an increase in activity (Figure 2.5Ji; last 15 seconds pre-

ethanol exposure vs. first 15 seconds ethanol W = 54, p = 0.004) that was followed by a 

return to baseline levels of activity. The decrease from ethanol exposure’s first minute to 

the last minute was significant (Figure 2.5Kiii; alcohol alone Session 3 W = 5, p =0.019). 

As with sessions 1 and 2, there was no difference in overall activity between the 

different stimuli (Figure 2.5Kiv; Friedman  c2 =0.800, p =0.710).  
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Looking across sessions we see that both odors alone and alcohol alone were 

insufficient to drive changes in activity across sessions (Figure 2.5Li-5Liii; odor A 

Friedman c2 =1.400, p =0.601; odor B Friedman c2 =1.400, p = 0.601; odor A Friedman 

c2 =0.800, p =0.710). 

Altogether, data demonstrate that alcohol in the absence of an odor cue does not 

increase the activity of PAM axon terminals relative to the presentation of odor alone 

within each of the three sessions. Additionally, both alcohol alone and odor alone did not 

drive increases in activity across sessions as observed with the associative 

conditioning. 

We hypothesized that we would not observe the recruitment of PAM neurons during the 

non-associative paradigm based on the lack of changes observed across sessions for 

the axon terminal.  

During the first session (Figure 2.5Ni), both the first odor and the second odor had 

similar numbers of cells in each category (Figure 2.5Oi; 32 responders, 27 suppressed, 

28 non-responders for odor A, 24 responders, 39 suppressed, 24 non-responders for 

odor B). Conversely, most of the cells were suppressed by alcohol alone (Figure 2.5Oi; 

28 responders, 53 suppressed, 6 non-responders). When comparing the distributions, a 

Fisher’s exact test revealed a significant difference between conditions (Figure 2.5Oi; p 

= <0.0001). 

During the second session (Figure 2.5Nii), the cellular responses to the first odor were 

mostly divided into responders and non-responders (Figure 2.5Oii; 37 responders, 12 

suppressed, 31 non-responders for odor A). The second odor generated an even 
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distribution between responders, suppressed, and non-responding cells (Figure 2.5Oii; 

27 responders, 28 suppressed, 25 non-responders for odor B). Once again, ethanol had 

many inhibited cells relative to responding and non-responding cells (Figure 2.5Oii; 27 

responders, 34 suppressed, 19 non-responders for ethanol alone). Similar to session 1, 

a Fisher’s exact test revealed that these distributions were also significantly different 

(session 2 p =0.002). 

In the final session (Figure 2.5Niii; n = 73), we observed that most cells were not 

responding to the first odor (Figure 2.5Oi; 20 responders, 7 suppressed, 46 non-

responders). The second odor cellular responses were predominantly responders and 

suppressed cells (Figure 2.5Oiii; 34 responders, 26 suppressed, 13 non-responders). 

Suppression of cell body activity was most frequently observed during the final 

exposure to ethanol alone (Figure 2.5Oiii; 60 responders, 15 suppressed, 68 non-

responders). A Fisher’s exact test revealed that the distribution of cellular activity was 

again significantly different between the three conditions (Figure 2.5Oiii; p = <0.0001). 

From session 1 to session 3, a Fisher’s exact test revealed a significant increase in 

suppressed cells for the first odor (Figure 2.5Oi and 2.5Oiii; p <0.0001). The second 

odor also significantly increased the number of suppressed cells when compared to the 

first odor, resulting in significantly different distributions of responses (Figure 2.5Oi and 

2.5Oiii, p =0.0404). Similarly, ethanol exposure increased the number of suppressed 

cells in session 3 as compared to session 1, resulting in significant differences between 

the populations during the two different time points as revealed by a Fisher’s exact test 

(Figure 2.5Oi and 2.5Oiii; p = 0.0390). 
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Looking at the subset of cells that were tracked across all three sessions (supplemental 

Figure 1E), we observed that for the first odor, inhibited cells comprised the largest 

portion of the distribution (Figure 2.5P; 5 recruited, 14 inhibited, 10 consistent). For the 

second odor, consistent cells were the most numerous (Figure 2.5P; 7 recruited, 5 

inhibited, 17 suppressed). Similarly, ethanol alone was unable to recruit many cells to 

respond to ethanol (Figure 2.5P; 5 recruited, 7 inhibited, 10 consistent). This data 

suggests that alcohol in the absence of an odor cue is not sufficient to drive changes in 

calcium dynamics within the cell bodies of the PAM neurons. 

2.4.5 - A non-associative paradigm does not generate increased calcium dynamics 

within MB axon terminals or recruit neurons 

Like the PAM axon terminals, associative training generated an increase in calcium 

dynamics at the MB axon terminals across sessions. Based on our findings within the 

PAM axon terminals, we hypothesized that alcohol in the absence of an odor cue would 

not be sufficient to drive dynamic changes within MB axon terminals. Using 

MB010B>GCaMP7b flies, we observed MB calcium dynamics during non-associative 

training (Figure 2.6A). Both odors (Figure 2.6Dii; baseline vs odor a first 15 seconds W 

= 54, p = 0.004, last 15 seconds of odor a vs first 15 seconds of odor B W = 52, p = 

0.0186), as well as ethanol alone increased MB activity (Figure 2.6Di, last 15 seconds 

of pre-ethanol baseline vs. first 15 seconds of ethanol W = 64, p = 0.002 ), with no 

significant differences between the first minute and last minute of activity (Figure 2.6Ei-

2.6Eiii). We observed that the overall activity was consistent between the odors and 

ethanol alone (Figure 2.6Eiv; Friedman chi-square statistic = 1.273, p = 0.629). 
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Again, in session 2, both odor A and ethanol alone generated an increase in activity 

(Figure 2.6Gi; baseline vs odor a first 15 seconds W = 66, p = 0.001, last 15 seconds of 

pre-ethanol baseline vs. first 15 seconds of ethanol W = 66, p = 0.001) that was stable 

throughout the 10 minutes of exposure (Figure 2.6Hi and 2.6Hiii). Odor B, on the other 

hand, was not able to generate a significant increase from prior levels of activity (last 15 

seconds of odor a vs first 15 seconds of odor B W = 38, p = 0.101,) The overall activity 

between the conditioned remained similar as well (Figure 2.6Hiv; Friedman c2 = 0.181, 

p-value = 0.9761). 

During the final session, both odors alone generated an increase in response (Figure 

2.6Ji; baseline vs odor A first 15 seconds W = 64, p = 0.002, last 15 seconds of odor A 

vs first 15 seconds of odor B W = 46, p = 0.042) as in sessions 1 and 2, however this 

increase in activity was not sustained throughout the 10 minutes of exposure. When 

comparing the first minute to the last minute of activity for the first odor and the second 

odor we observed a decrease during the final minute of exposure (Figure 2.6Ki and 

2.6Kii; odor a W = 3, p = 0.005; odor B W =10, p = 0.042). Alcohol alone did not 

experience a significant decrease from the initial increase in activity (Figure 2.6Ji; last 

15 seconds of pre-ethanol exposure vs. first 15 seconds of ethanol W = 66, p = 0.001) 

when comparing it to the final minute of exposure (Figure 2.6Kiii; W = 15, p = 0.123). 

(Figure 2.6Kiv; Friedman c2 = 1.400, p = 0.601). 

Similar to the responses recorded at the dopamine neuron axon terminals, odor alone 

was also unable to increase the activity of the MB axon terminals across the three-

spaced sessions (Figure 2.6Li and 2.6Lii; Odor A Friedman c2 = 0.181, p = 0.976; Odor 

B Friedman c2 = 0.181, p = 0.976). Similarly, alcohol in the absence of an odor cue did 
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not cause potentiation of MB axon terminals with repeated exposure (Figure 2.6Loii; 

Friedman c2 = 0.545, p = 0.844). As predicted, repeated exposure to alcohol in the 

absence of an odor cue did not cause an increase in activity relative to odor alone, nor 

did it increase activity in response to alcohol alone across the spaced sessions.  

Because we did not observe changes within calcium dynamics in response to alcohol 

alone, we hypothesized that alcohol alone would not be sufficient to drive increased 

responsivity and recruitment of MB cells. During the first exposure (Figure 2.6Ni; n = 

122), most of the cells respond to the presentation of the first odor (Figure 2.6Oi, 69 

responders, 2 suppressed, 51 non-responders for odor A), the second odor (Figure 

2.6P, 77 responders, 6 suppressed, 39 non-responders for odor B), and ethanol alone 

(Figure 2.6P, 87 responders, 9 suppressed, 26 non-responders for ethanol alone). 

Despite most of the cells being responders, a Fisher’s exact test revealed that the 

distributions of cellular responses were significantly different during session 1 (Figure 

2.6Ni; p = 0.005). 

For the second session (Figure 2.6Nii; n = 119), cellular activity in response to the first 

odor was comprised of mostly non-responsive cells (Figure 2.6Oii; 33 responders, 5 

suppressed, 81 non-responders), whereas with the second odor, there was a more even 

split between responsive and non-responsive cells (Figure 2.6Oii; 49 responders, 14 

suppressed, 56 non-responders). Ethanol had slightly more suppressed cells compared 

to both odors but was still mostly comprised of responsive and non-responsive cells 

(Figure 2.6Oii; 49 responders, 21 suppressed, 49 non-responders). A Fisher’s exact test 

revealed that the distribution of cellular activity between the three stimuli was different 

(Figure 2.6P; p < 0.0001) 
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In the last session (2.6Niii; n = 144), the first odor still did not generate an increase in 

activity from a majority of the cells (Figure 2.6Oiii; 59 responders, 2 suppressed, 82 

non-responders). For the second odor, most of the cellular responses were either 

responders or non-responders as observed in session 2 (Figure 5Oiii; 62 responders, 9 

suppressed, 72 non-responders). Interestingly, ethanol alone had the a higher number 

of suppressed cells, but most of the responses were split between responders and non-

responders (Figure 2.6Oiii; 60 responders, 15 suppressed, 68 non-responders). Again, 

a Fisher’s exact test revealed that the distribution of the cellular responses was different 

between the stimuli (p = 0.016). 

In the associative paradigm, we saw recruitment of MB neurons across sessions, 

however, the same phenomenon was not evident when tracking subsets of cells during 

the presentation of alcohol alone (Supplementary Figure 2.S1F). For both odors, most 

of the cells were inhibited (Figure 2.6P; 5 recruited, 38 inhibited, 4 consistent for odor A, 

8 recruited, 34 inhibited, 5 consistent). Interestingly, alcohol also caused inhibition of 

most of the tracked cells (Figure 2.6P; 5 recruited, 36 inhibited, 6 consistent). We 

observed no significant difference between the distribution of cellular responses for the 

three conditions (odor 1, odor 2, ethanol, Figure 2.6P; p = 0.845). This increase in 

inhibited cells is likely due to responsive cells becoming non-responsive. Overall, 

alcohol presentation in the absence of an odor cue does not recruit cue-encoding 

neurons. Like with PAM neurons, we did not observe potentiation of MB axon terminal 

dynamics or recruitment of MB neurons when flies are exposed to alcohol in the 

absence of an odor cue. This further underscores that associations between odor and 
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alcohol are driving distinct dynamics at both the axon terminals and cell bodies, 

ultimately contributing to the formation of long-lasting, appetitive memories. 

2.4.6 - Complex odor presentation does not potentiate dopamine axon terminal 

responses or recruit dopaminergic neurons 

To investigate whether the increase in activity during the associative paradigm within the 

dopaminergic and MB neurons is a general memory process, we presented the 

R58E02>GCaMP7b flies with three spaced sessions of 10 minutes of odor alone (Odor 

A), followed by 10 minutes of two different odor presented simultaneously, termed a 

complex odor (Odor B and Odor C; Figure 2.7A). This methodology allowed us to 

delineate the effects of ethanol-odor pairing from general associative learning 

mechanisms within dopaminergic circuits. We hypothesized that a complex odor would 

not be sufficient to drive increased activity within dopaminergic axon terminals relative 

to odor alone, and would not be able to drive the recruitment of dopaminergic neurons.  

During session 1 (Figure 2.7C), we observed that the presentation of odor alone was 

able to increase the activity of the dopaminergic axon terminals (Figure 2.7Di; baseline 

vs first 15 seconds of odor alone W = 47, p = 0.014), that remained constant throughout 

the 10 minutes (Figure 2.7Ei). Likewise, the complex odor elicited a consistent increase 

in activity (Figure 2.7Di; last 15 seconds Odor A vs. first 15 seconds Odor B + Odor C W 

= 52, p = 0.010) throughout the 10 minutes (Figure 2.7Eii). Additionally, the activity 

during exposure to the complex odor did not differ from the activity during odor alone 

(Figure 2.7Eiii). 
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During session 2 (Figure 2.7F), both odor alone and the complex odor again generated 

a consistent increase in activity (Figure 2.7Gi; baseline vs first 15 seconds of Odor A, W 

= 55, p = 0.002, last 15 seconds of Odor A vs first 15 seconds of Odor B + Odor C W = 

39, p = 0.049) across the 10 minutes of exposure (Figure 2.7Hi and 2.7Hii). There were 

no observed differences between the activity during odor alone and the activity during 

exposure to the complex odor (Figure 2.7Hiii). 

During session 3 (Figure 2.7I), again odor alone elicits an increase in activity (Figure 

2.7Ji; baseline vs first 15 seconds of Odor A, W = 50, p = 0.019) that remains consistent 

throughout the 10 minutes of presentation (Figure 2.7Li). In contrast, the complex odor 

initially caused an increase in activity compared to the end of Odor A (Figure 2.7Ji; last 

15 seconds of Odor A vs first 15 seconds of Odor B + Odor C, W = 49, p = 0.027) that 

remained below baseline throughout the 10 minutes of exposure (Figure 2.7J and 

2.7Ki). Activity in response to complex odor did not differ significantly from odor alone 

(Figure 2.7Kiii). Additionally, there was no significant difference in activity across 

sessions in response to odor A or the complex odor (Figure 2.7Li and 2.7Lii; Odor A, c2 

=0.200, p = 0.974, Complex Odor, Friedman c2 =0.600, p = 0.830). These data 

demonstrate that, in contrast to what was observed with ethanol-odor pairings, there is 

no change occurring within the axon terminals of the dopaminergic neurons in response 

to repeated, spaced exposure to a complex odor. Taken together, this suggests that the 

dopamine neural dynamic changes in response to ethanol-odor pairing are distinct from 

non-associative experiences and a general memory process. 

We hypothesized that the lack of change observed at the axon terminals of the 

dopaminergic neurons in response to repeated, spaced exposure to a complex odor 
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would be mirrored by similar levels of cell body activity and cell body recruitment in 

response to odor alone and complex odor. 

During session 1 (Figure 2.7Ni; n = 30), most of the cells are responding to both odor 

alone (24 cells out of 30) and the complex odor (29 cells out of 30), and a Fisher’s exact 

test revealed no significant difference in the distribution of the responders, suppressed 

cells, and non-responders (Figure 2.7Oi; session 1 p = 0.102).  

Our observations for the second session (Figure 2.7Nii; n = 40), showed most of the 

cells respond to both odor alone (Figure 2.7Oii; 28 responders, 1 suppressed, 11 non-

responders) and the complex odor (Figure 2.7Oii; 28 responders, 3 suppressed, 9 non-

responders). A Fisher’s exact test revealed no significant difference in the distribution of 

cellular activity (Figure 2.7Oii; p = 0.681). 

During session 3 (2.7Niii; n= 29), there was an increase in the number of suppressed 

cells for both the odor alone (Figure 2.7Oiii, P; 7 suppressed cells of 29) and complex 

odor conditions (Figure 2.7Oiii; 8 suppressed cells of 29). However, many of the cells 

were still responding (Figure 2.7Oiii; odor A responding cells: 15 of 29; complex odor 

responding cells: 15 of 29). The increase in suppression of cellular responses was 

common to both stimuli. A Fisher’s exact test revealed no differences in the distribution 

of cellular activity between responding, suppressed, and non-responding cells (Figure 

2.7Oiii; p = 0.886). 

When comparing the ratio of responders, suppressed, and non-responders from 

session 1 to session 2 for odor alone and the ethanol-odor pairing, a Fisher’s exact test 

revealed that the distribution of responses was significantly different (Figure 2.7Oi and 
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2.7Oiii; p = 0.023). Notably, there were more suppressed cells in the odor-alone 

condition. Likewise, the increase in the number of suppressed cells relative to non-

responders and responders was also obvious between session 3 and session 1. A 

Fisher’s exact test revealed that the distribution of responses in session 3 and 1 were 

significantly different (Figure 2.7Oi and 2.7Oiii; p  <0.0001) 

When comparing activity from session 3 to session 1 in a subset of cells tracked across 

all three sessions (Supplemental Figure 2.S1C), we find that most of the cells were 

inhibited by repeated, spaced exposure to odor alone (Figure 2.7P; 6 recruited, 10 

inhibited 3 consistent) and the complex odor (Figure 2.7P; 5 recruited, 12 inhibited, 2 

consistent). A Fisher’s exact test revealed that the distributions between odor alone and 

complex odor were not significantly different (Figure 2.7P; p = 0.816).  

These data collectively suggest that complex odor, representative of arbitrary 

associations, is not sufficient to cause potentiation of dopaminergic axon terminals or 

recruit dopaminergic neurons to respond to the complex odor.  

2.4.7 -Complex odor Presentation does not potentiate mushroom body axon terminal 

responses or recruit mushroom body neurons 

Like the dopaminergic axon terminals, MB axon terminals also showed an increase in 

activity in response to repeated exposure to ethanol-odor pairings. The dopaminergic 

axon terminals and the cell bodies did not undergo increases in activity in response to 

complex odor presentation. We sought to determine whether MB axon terminals, which 

serve as a locus for associative learning, responded similarly. We hypothesized that like 
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the PAM neurons, the MB would not increase its activity in response to repeated, 

spaced complex odor exposure.  

During session 1 (Figure 2.8C), we observed that the presentation of odor alone 

induced an increase in the activity of the MB axon terminals (Figure 7Di; baseline vs 

first 15 seconds of odor A W = 49, p = 0.001), that remained constant throughout the 10 

minutes (Figure 2.8Ei; first minute vs last minute Odor A W = 7, p = 0.769). Immediate 

presentation of the complex odor did not change activity compared to the final seconds 

of odor alone exposure (Figure 2.8Di; last 15 seconds of Odor A vs first 15 seconds of 

Odor B + Odor C, W =13, p = 0.556) that was sustained for the 10 minutes of exposure 

(Figure 2.8Eii; first minute vs last minute Odor B + Odor C, W = 13, p = 0.695). The 

activity observed during both stimuli did not differ from one another (Figure 2.8Eii, W = 

7, p = 0.770). 

During session 2 (Figure 2.8F), odor alone again increased activity (Figure 2.8Gi; 

baseline vs first 15 seconds of Odor A, W = 53, p = 0.004) that is sustained throughout 

the 10 minutes of exposure (Figure 7Hi; first minute Odor A vs last minute Odor A W = 

19, p = 0.375). The second exposure to the complex odor exposure initially resulted in 

similar levels of activity compared to odor alone (Figure 2.8Gi; last 15 seconds of Odor 

A vs first 15 seconds of Odor B + Odor C, W = 13, p = 0.556). Interestingly, the complex 

odor generates a decrease in activity from the first minute to the last (Figure 2.8Eii; First 

minute vs Last Minute W = 55, p = 0.002).  Additionally, when comparing the average 

activity during odor alone to the average activity with exposure to the complex odor, we 

also observed a decrease during exposure to the complex odor (Figure 2.8Eiii; odor 

alone vs complex odor, W = 53, p = 0.027).  
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During session 3 (Figure 2.8I), odor alone once again generated an increase in activity 

(Figure 2.8Ji; baseline vs first 15 seconds of Odor A, W = 55, p = 0.002), however, this 

significantly decreased throughout the 10 minutes of exposure (Figure 2.8Ki, first minute 

vs last minute W = 39, p = 0.048). The complex odor initially generated activity levels 

similar to the odor alone (Figure 2.8Ji; last 15 seconds of Odor A vs first 15 seconds of 

Odor B + Odor C W = 43, p = 0.131), which dropped below baseline levels of activity 

(Figure 7I). Despite this, no differences were observed between the first minute of 

complex odor exposure and the last minute (Figure 2.8Kii, first minute vs last minute W 

= 15, p = 0.234). Again, we observed that the average activity in response to complex 

odor was significantly lower than activity during odor alone (Figure 2.8Kiii, odor alone vs 

complex odor W = 8, p = 0.048). When looking across sessions, however, we observed 

no changes in average activity for odor alone (Figure 2.8Li; Friedman c2 =0.800, p = 

0.7103) or the complex odor (Figure 2.8Lii; Friedman c2 = 0.600, p = 0.830). 

 We hypothesized that there would be no increase in activity at the axon terminals in 

response to the complex odor.  However, we observed an unexpected decrease when 

comparing odor alone to the complex odor during sessions 2 and 3. This is in stark 

contrast to the potentiation observed during the presentation of repeated ethanol-odor 

pairings and further supports our hypothesis that arbitrary associations are not sufficient 

to cause plasticity within MB circuitry.  

Once again, we looked to the cell bodies of the MB to better understand the dynamics 

occurring at the axon terminals during complex odor presentation. We observed that 

complex odor presentation resulted in decreased activity during sessions 2 and 3 of 

exposure when compared to odor alone. We hypothesized that this decrease in activity 
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may be the result of an increase in the number of cells suppressed by the complex odor, 

or an increase in the number of nonresponding cells across the sessions. 

During session 1 (Figure 2.8Ni, n=52), there is heterogeneity in cell body responses to 

both odor alone and complex odor. A plurality of the cells were responders for odor 

alone (Figure 2.8Oi; 23 responders, 13 suppressed, 16 non-responders), however for 

complex odor, a majority were suppressed (Figure 2.8Oi; 17 responders, 23 

suppressed, 12 non-responders). However, the distribution of cellular activities was 

overall similar during session 1 between odor alone and complex odor as determined by 

a Fisher’s Exam Test (Figure 2.8Oi; p = 0.125). 

During session 2 (Figure 2.8Nii; n = 74), we observed that many of the cells are 

responding to odor alone (Figure 2.8Oii; 45 responders, 8, suppressed, 21 non-

responders). Similarly, the complex odor also caused most of the recorded cells to 

respond (Figure 2.8Oii; 45 responders, 12, suppressed, 17 non-responders). Again, the 

distributions remained consistent between odor alone and the complex odor (p = 0.575). 

During session 3 (Figure 2.8Niii; n= 89), most of the recorded cells did not respond to 

odor alone (Figure 2.8Oiii; 32 responders, 6 suppressed, 51 non-responders). The 

complex odor also exhibited an increase in non-responders during session 3 (Figure 

2.8Oiii; 36 responders, 16 suppressed, 37 non-responders). However, when comparing 

the distributions we observed that there was a significant difference between the two 

conditions as determined by a Fisher’s exact test (Figure 2.8Oiii; p = 0.0313). 

Both the odor alone and the complex odor conditions experienced a large shift from 

session 1 to session 3, with a majority of the cells becoming nonresponsive as 
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determined by Fisher’s exact tests (Figure 2.8Oi and 2.8Oiii; odor alone session 3 vs 

session 1, p = 0.001; complex odor session 3 vs session 1, p = 0.003). 

When measuring the change in activity from session 1 to session 3 within a subset of 

tracked cells (Supplementary Figure 2.S1D), we observed no large-scale recruitment of 

neurons to either odor alone or the complex odor (Figure 2.8P; 8 recruited, 6 inhibited, 5 

consistent for odor alone; 6 recruited, 3 inhibited, 10 consistent for complex odor), and 

the distribution of recruited, inhibited, and consistent cells were not significantly different 

between the two conditions (Figure 2.8P; p = 0.2914).  

2.5. DISCUSSION 

We set out to understand how cue-ethanol memories influence the activity of 

dopaminergic circuits. We implemented functional imaging within dopaminergic neurons 

and their post-synaptic partners to investigate ethanol-odor associations. Here we 

provide evidence that repeated, spaced exposures to intoxicating doses of alcohol in 

the presence of an odor cue potentiates the activity of dopaminergic neurons and post-

synaptic cue-encoding neurons. Potentiation was not observed when flies were 

exposed to ethanol alone, or when two stimuli presented simultaneously, suggesting 

that alcohol in the presence of an odor cue is uniquely acting upon dopaminergic 

circuits. This work provides novel insight into the dynamic changes in the activity of 

dopaminergic circuits during the association of cues with intoxicating doses of alcohol, 

as opposed to looking after repeated exposure to alcohol alone or in the presence of a 

cue (Y. Liu, Jean-Richard-Dit-Bressel, et al., 2020; Schreiner et al., 2023).  
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We observe that multiple sessions of spaced alcohol-odor pairing increased the 

activity of PAM dopamine axon terminals. However, this increase in activity at the axon 

terminals was not accompanied by increased activity at the PAM cell bodies. When 

looking at post-synaptic MB axon terminals, we observed that alcohol-odor memory 

formation increased activity across the three-spaced sessions. MB neurons were also 

recruited to respond to the odor-alcohol pairing at higher rates when compared to the 

odor alone. We propose that the stability of alcohol-cue memories is caused by the 

increased recruitment of many cue-encoding neurons to respond to ethanol-associated 

cues (Figure 2.9). These effects were not seen when flies were presented with alcohol 

in the absence of an odor cue (non-associative paradigm) or an arbitrary association of 

odors (complex odor paradigm). Taken together, we conclude that changes in 

dopaminergic neurons during alcohol-cue learning correspond to increased activity and 

recruitment of cue-encoding neurons. This likely results in strong cravings and 

maladaptive behavior in response to alcohol-associated cues that are characteristic of 

AUD.  

Interestingly, we observed that alcohol-odor pairings generate a decrease in 

dopamine neuron activity as measured by GCaMP during the initial association. This is 

in contrast to what we observed during the presentation of alcohol alone in the non-

associative paradigm, and what previous literature has observed in mice (Juarez et al., 

2017), rats (Gessa et al., 1985), and humans (Boileau et al., 2003; H.-S. Kim et al., 

2014; Oberlin et al., 2015). The hypoactivity observed during session 1 could be 

reflective of the aversive nature of the intoxicating dose of ethanol, decreasing activity at 

reward-encoding PAMs. However, this decrease in dopamine neuron activity is absent 
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during the last presentation of odors paired with alcohol, where the activity elicited in 

session 3 is significantly greater than the activity present in session 1. This increase in 

the response to alcohol-associated cues is consistent with studies demonstrating 

increased dopamine neuron activity in mice (Lei et al., 2024, p. 202), rats (Katner et al., 

1996; Weiss et al., 1993), and humans (Filbey et al., 2008; Kareken et al., 2004; Myrick 

et al., 2004), following formation of alcohol-cue memory.  

We observed that alcohol-cue pairings during learning increased the activity of 

postsynaptic MB axon terminals during the later stage of acquisition (Session 3) when 

compared to odor alone. This is in agreement with previous literature that has found 

increased activity within cue-encoding medial prefrontal cortex neurons in response to 

cues associated with alcohol (Filbey et al., 2008; Myrick et al., 2004). Here we extend 

the field’s understanding, by demonstrating that increases in activity from cue-encoding 

neurons are the result of increased recruitment during the learning process, similar to 

what has been observed during sucrose-cue associations in mice (Ottenheimer et al., 

2023). In contrast when odor was paired with another odor, as well as when ethanol 

was presented alone in the absence of an odor cue, we observed the MB cell bodies 

shifted towards being non-responsive or suppressed and a large-scale inhibition of cells 

when comparing their third-session activity to the first-session activity suggesting that 

the recruitment of neurons during learning is unique to alcohol associations.  

In the context of the dopamine neurons, there were more subtle changes 

occurring during all three of the paradigms. Unlike the MB cell bodies, we did not 

observe any major shifts in cell body dynamics. This is especially surprising in the 
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context of the associative paradigm, given the necessity of the entire PAM neuron 

population during the acquisition of alcohol memory (Scaplen et al., 2020).  

Our recordings at the cell bodies illustrated that alcohol alone is not able to 

recruit the cue-encoding MB neurons at the same rate as alcohol in the presence of an 

odor cue. These findings may provide insight into the classification of alcohol as a 

depressant (Eckardt et al., 1998) or a stimulant (Eckardt et al., 1998). Alcohol may elicit 

disparate behavioral responses depending on context, stimulating in the presence of 

environmental cues, or depressing in the absence of them, as seen with our results. 

The PAM axon terminal compartmentalized data suggests that the y5B’2a 

compartment is a central locus for encoding ethanol-odor memories. However, when 

investigating this compartment within the MB axon terminals, we were unable to 

replicate the increase in activity across sessions. There may be additional dopaminergic 

signaling that occurs during sleep that modifies the plasticity of the compartment, as 

suggested by Scaplen et al., 2020. 

Perplexingly, overall dopamine release onto the MB from the PAM dopamine 

neurons remained consistent in response to the alcohol-odor pairings (as measured by 

fluorescent dopamine sensor, dLight, Supplementary Figure 3), despite their increased 

calcium dynamics from the R58E02>GCaMP7b recordings. There may be a need for 

higher activity levels within PAM neurons to generate and release the same amount of 

dopamine. It is also possible that PAMs, known to co-transmit nitric oxide (Aso et al., 

2019) and glutamate (Aso et al., 2019; Buck et al., 2021), are releasing another 

neurotransmitter. Nitric oxide can change the valence of a reinforcer (insert citation) 

Thus, perhaps nitric oxide plays a role in changing the innately aversive concentrations 
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of alcohol to a stimulus that can drive approach. Glutamate could also increase the 

activity of the mushroom bodies by binding glutamate receptors on the axon terminals, 

which could lead to more active MBs during alcohol-odor pairings. Lastly, it is also 

possible that dopamine signaling could be affecting other modulatory neurons like the 

anterior paired lateral (APL) or dorsal paired median (DPM) neurons, both of which 

modulate the mushroom body. 

Dopamine released from PAM neurons could be acting on a multitude of 

dopamine receptors in postsynaptic neurons. Gas-engaging Dopamine-1-like receptors 

(Dop1R1), are critical for olfactory memory formation (Y.-C. Kim et al., 2007), and could 

be a critical molecule for signaling. Gai-interacting Dopamine-2-like receptors (Dop2R) 

expressed on the APL have been implicated in shaping olfactory responses (Okray et 

al., 2023; Zhou et al., 2019) and could suppress GABAergic inhibition of the MBs during 

alcohol-odor conditioning, leading to increased activity with repeated exposures. 

Furthermore, Dop2R within the mushroom body is critical for the formation of alcohol 

memory (Petruccelli et al., 2018). Additionally, PAM neurons are likely releasing 

dopamine onto negative-valence, mushroom body output neurons (MBONs) which may 

be the site of increased dopamine release.  

Dopamine released by the PAM neurons onto the MB could also be acting on Gas 

Dopamine-1-like receptors on the axon terminals of the MB, potentiating their activity 

due to coincident activity-associated calcium increases and dopaminergic modulation 

(Tomchik & Davis, 2009). Gai D2-receptors, which have also been shown to be 

important for alcohol-odor memory formation (Petrucelli et al., 2018, Scaplen et al., 

2020) may also be depressing the connections between the MBON dendrites and 
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horizontal lobe Kenyon cell compartments, weakening avoidance behaviors in response 

an odor associated with alcohol.  

Another means by which activity within MB circuitry could be changing is through 

the molecular mechanisms underlying alcohol tolerance. The impacts of alcohol on 

large conductance calcium channels (BK) are important for organisms to develop rapid 

alcohol tolerance (Bettinger & Davies, 2014; Dopico et al., 2014; Scaplen & Petruccelli, 

2021; Treistman & Martin, 2009). The modification in the clustering and activity of these 

channels may drive changes in underlying circuit dynamics. Alcohol also interacts with 

the presynaptic SNARE complex protein, Dunc13 (Munc18 in mammals), and may alter 

synaptic transmission through a Dunc13-mediated pathway (Das et al., 2013). 

It is still unclear how neural dynamics change in the context of alcohol-associated 

memory retrieval. Future studies should investigate how internal representations of 

alcohol’s rewarding properties are changing throughout learning and retrieval. Ideally, 

these studies would be conducted all within the context of the imaging environment, 

recording neural signatures during training, and 24 hours later recording the responses 

to odor cues. There are previously identified alcohol memory retrieval microcircuits, 

α2α`2 PPL1>α`2 MBON and PAM-β`2a innervating MBON-β`2mp and MBON- β`2β2a,  

(Scaplen et al., 2020) that are likely the loci for the largest change in plasticity. Using 

this approach, it is possible to get an even more detailed understanding of how odor 

cues induce craving by analyzing single neurons known to contribute to cued approach. 

Repeating the methodology of this study in the context of chronic exposure to alcohol 

over multiple days could also provide insights into how chronic alcohol use further co-

opts reward circuitry to lead to drug dependence.  
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In summary, we have uncovered how dopaminergic circuits are uniquely 

impacted by alcohol-odor associations in comparison to alcohol and complex odor 

presentations. We found that repeated, spaced exposure to odors paired with 

intoxicating doses of ethanol increases the activity of multiple neural substrates 

important for encoding reward. Additionally, odor-alcohol associations are potentially 

stabilized by the recruitment of multiple cue-encoding neurons which can drive stronger 

behavioral responses when cues associated with alcohol are encountered. Using this 

approach, we have further established Drosophila as a model for understanding 

substance use disorders by leveraging its expansive genetic toolkit and tractability to 

investigate how alcohol shapes reward circuitry in the presence of a cue. Elucidating 

how these associations co-opt reward circuits further our understanding of how alcohol-

associated cues drive strong cravings and seeking for alcohol. This knowledge will help 

us develop better therapeutics for treating AUD and other substance use disorders. 
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2.6. MATERIALS AND METHODS 

2.6.1 - Key Resources Table 

Reagent type 
(species) or 
resource 

Designation Source or 
reference 

Identifiers Additional 
information 

Genetic 
reagent (D. 
melanogaster) 

UAS-GCaMP7b Dana et al., 
2019 

FLYB: 
FBal0061578 

RRID: 
BDSC_9313 

 

Genetic 
reagent (D. 
melanogaster) 

MB010B-Gal4 Courtesy of 
Yoshinori 
Aso 

Aso et al., 
2014 

FLYB: 
FBst0009313 

 

 

Genetic 
reagent (D. 
melanogaster) 

UAS-dLight Courtesy of 
Vivek 
Jayaraman 

  

Genetic 
reagent (D. 
melanogaster) 

R58E02-Gal4 Heberlein 
Lab 

Liu et al., 
2012 

  

Chemical Iso-amyl alcohol Fisher 
Scientific 

Cat#A393 (1:36) 

Chemical Ethyl-acetate Fisher 
Science 

Cat#S25305 (1:36) 

Chemical Iso-amyl acetate Fisher 
Science 

Cat#15066250
0 

(1:36) 

Chemical Mineral oil Fisher 
Science 

Cat#BP2629 N/A 

Chemical CaCl2 Sigma Cat#C1016 2 mM 
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Chemical KCl Sigma Cat#P9541 5 mM 

Chemical HEPES Sigma Cat#H0887 5 mM 

Chemical MgCl2 New 
England 
BioLabs 

Cat#B9021S 8.2 mM 

Chemical NaCl Sigma Cat#S9888 108 mM 

Chemical NaHCO3 Boston 
BioProduct 

Cat#BB-2612 4 mM 

Chemical NaH2PO4 Sigma Cat#S5011 1 mM 

Chemical Ribose Sigma R9629 15 mM 

Chemical UV-cured 
adhesive 

Loctite Cat# AA 3106 N/A 

 

2.6.2 -Fly Husbandry 

All Drosophila melanogaster lines were raised on standard cornmeal-agar media with 

tegosept anti-fungal agent and maintained at 24C humidity-controlled chambers under 

14/10 hr light/dark cycles on standard cornmeal-agar media with tegosept anti-fungal 

agent. If flies were C02 anesthetized, they were given 2 days of recovery before use for 

two-photon imaging. 

2.6.3 - Preparation of flies for 2-Photon Calcium Imaging 

To generate flies for imaging, virgin females carrying UAS-GCaMP7B (Chromosome III) 

(Dana et al., 2019), were crossed to MB010B-Gal4 (Bräcker et al., 2013) for imaging the 

mushroom body, R58E02-Gal4 (C. Liu et al., 2012, p. 2)for imaging the Protocerebral 

Anterior Medial dopaminergic neurons Flies (4-10 days old) were briefly cold 
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anesthetized (up to 15 minutes in a plastic vial) and mounted on custom-built stages 

using Loctite ultraviolet-cured glue. Flies then had the cuticle above the region of 

interest removed using a tungsten wire (Roboz Surgical Instruments Tungsten 

Dissecting Needle, 125 mm, Ultra Fine) and forceps #5. The imaging area was covered 

in a chilled, adult-hemolymph-like solution (formula here, osmolality ~7.1). Flies had 

trachea and fat bodies above the imaging area removed or pushed to the edges of the 

region of interest to provide a clear imaging area. Flies were then placed under a 

Scientifica 2-photon Microscope on a levitating polystyrene ball, allowing them to walk. 

(flow rate supporting the ball ~65ml/min).  Z-stack volumes (ranging from 100um to 

150um) were acquired using SciScan software at 1.08Hz/30.94 frames per second with 

resonant scanning. The field of view was 512 x 512 and saved as 16-bit raw files. Flies 

were presented with stimulus at flow rates from 5-7.5 ml/min. Recordings were 

performed at 18.5°C room temperature and 59% humidity. 

2.6.4 -Imaging Paradigm for Odor-Ethanol Memory Acquisition 

Flies were exposed to an odor-alcohol associative memory paradigm (Kaun et al., 2011, 

Nunez et al., 2018) while under the scope. Flies received 2 mins of airflow at 5ml/min, 

followed by 5ml/min of Odor A for 10 minutes. Flies were then exposed for 10 minutes 

to 2.5ml/min of Odor B, and 5 ml/min of 50% ethanol before air again for an additional 

minute before the end of the recording. Recording sessions were spaced by 50 minutes. 

2.6.5 - Imaging Paradigm for Non-associative Odor-Ethanol Memory Acquisition 
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Flies were exposed to 2 mins of air, followed by 5ml/min of Odor A for 10 minutes. Flies 

were then exposed for 10 minutes to 5ml/min of odor B. 10 minutes of air flow was 

given before presenting flies with 5 ml/min of Ethanol to prevent any associations from 

occurring between odors and ethanol. Flies were then exposed to air again for an 

additional minute before the end of the recording. Flies were then given 30 minutes to 

fully metabolize ethanol before recording the subsequent session.  

2.6.6 - Imaging paradigm for Mixed odor presentation 

Flies were exposed to 2 mins of air, followed by 5ml/min of Odor A (Isoamyl Acetate) for 

10 minutes. Flies were then exposed for 10 minutes to 3.75ml/min of Odor B (Isoamyl 

Alcohol) and Odor C (Ethyl Acetate). Flies were then exposed to air again for an 

additional minute before the end of the recording. Flies were then given 50 minutes to 

rest before the subsequent session.  

2.6.7 - Imaging Data Analysis Pipeline 

16-bit raw files were converted to hyperstacks, then to max-intensity projections, and 

subsequently saved as tiffs. If tiffs required motion correction, Caiman and NoRMCore 

MATLAB scripts were used to perform motion correction. Tiffs were then manually 

segmented using the image-analysis GUI developed by Dr. Chris Deister (available 

here: https://github.com/cdeister/imageAnalysis_gui). Raw fluorescence traces from the 

GUI were then imported into custom Python Scripts as CSVs (available here:) to 

perform baseline normalization and for data visualization. The baseline fluorescence 

was defined for each stimulus-response as the mean fluorescence from 30 s before 
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stimulus presentation. Baseline normalization was conducted as follows F – BaselineF / 

BaselineF. 

2.6.8 - Single Cell Analysis 

Using max-intensity projections, individual cellular-shaped ROIs were selected. ROIs 

were preferentially selected based on the amount of movement, and lack of overlap with 

neighboring cells. The maximal number of identifiable cells was measured from each 

video. If possible, single cells were tracked across the same fly based on anatomical 

similarity. 

Cells were categorized based on the following equations: 

Responder = (Session𝜇t1–t2 – Sessionbaseline) > 0.1 (Delestro et al., 2020) 

Suppressed = (Session𝜇t1–t2 – Sessionbaseline) < -0.1  

Non-responder = 0.1 >   Session𝜇  >   -0.1 

Recruited = (Session	3𝜇t1–t2 – Session 1𝜇t1–t2 ) > 0.1 

Inhibited = (Session	3𝜇t1–t2 – Session 1𝜇t1–t2 ) < -0.1  

Consistent = = 0.1 >   Session	3𝜇t1–t2 – Session 1𝜇t1–t2 >   -0.1 

2.6.8 - Odor delivery system 

Teflon tubing was positioned directly in front of the fly. Tubing received input from up to 

4 separate tubes that could carry odor. These tubes were connected to vials that carried 
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3ml of odorant or 15ml of 50% ethanol. Odorants were diluted in mineral oil. Pure 

ethanol was diluted to 50% using distilled water. The odor was delivered by manually 

turning stopcocks at appropriate times.  
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Figure 2.1 

 

Figure 2.1: Paradigms investigating the impact of alcohol-odor associations on 

Drosophila memory circuitry.  

(A) Representation of in vivo imaging of neural circuits under a 2-photon. (B) Dorsal 

(Top) and Anterior (Bottom) view schematics of PAM and MB neural population in the 

Drosophila brain. (C) Virtual Fly Brain depictions of R58E02 and MB010B Gal4 

expression patterns (Top). Representative images of R58E02>GCaMP7b and 

MB010B>GCaMP7b (Bottom). D. Different paradigms implemented to investigate the 

impact of cues-alcohol pairing on neural dynamics  
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Figure 2.2 

 

Figure 2.2: Acquisition of alcohol memory increases dopaminergic axon terminal activity. 

(A) Representative schematic of the associative paradigm. (B) Schematic of the 

Drosophila brain with the PAM axon terminals highlighted in purple. (C) PAM axon 
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terminal activity during the first session of the associative paradigm (n = 14 flies). Odor 

alone causes an increase in activity, however odor paired with ethanol decreases 

activity during the stimulation period. (D) Overlay of odor-alone response (grey) with 

ethanol paired with odor response (red) for the first session. The arrow marks the onset 

of the stimulus. (Di) Zoom in on the first 15 seconds of stimulation for both odor alone 

and ethanol paired with odor for the first session. (Ei) Bar plot comparing the first minute 

of odor alone to the last-minute during session 1. (Eii) Comparison between the first 

minute of exposure to ethanol paired with odor to the last minute of exposure for the first 

session. (Eiii) Average activity during the entire 10-minute stimulation period for odor 

alone and ethanol paired with odor. (F) PAM axon terminal activity during the second 

session of the associative paradigm. Pairing ethanol with odor still decreases the 

activity of the PAM axon terminals. (G) Overlay of odor alone response with ethanol 

paired with odor response for the second session. (Gi) Zoom in on the first 15 seconds 

of stimulation for both odor alone and ethanol paired with odor for the second session. 

(Hi) Bar plot comparing the first minute of odor alone to the last-minute during session 

2. (Hii) Comparison between the first minute of exposure to ethanol paired with an odor 

to the last minute of exposure for the second session.  (Hiii) Average activity during the 

entire 10-minute stimulation period for odor alone and ethanol paired with odor for the 

second session. (I) PAM axon terminal activity during the third session of the associative 

paradigm. Pairing ethanol with odor still decreases the activity of the PAM axon 

terminals. (J) Overlay of odor alone response with ethanol paired with odor response for 

the third session. (Ji) Zoom in on the first 15 seconds of stimulation for both odor alone 

and ethanol paired with odor for the third session. (Ki) Bar plot comparing the first 
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minute of odor alone to the last minute during session 3. (Kii) Comparison between the 

first minute of exposure to ethanol paired with an odor to the last minute of exposure for 

the third session. (Kiii) Average activity during the entire 10-minute stimulation period for 

odor alone and ethanol paired with odor for the second session (right). (Li) Bar plot 

comparing the response to odor alone across the three sessions (left, pink = Session 1, 

purple = Session 2, dark purple = Session 3). (Lii) Bar plot comparing the activity of the 

axon terminals across the three sessions to odor paired with ethanol. (M) Schematic of 

Drosophila brain highlighting the cell bodies of the PAM neurons. Heatmaps of the cell 

bodies responses during session 1 (Ni), session 2 (Nii), and session 3 (Niii). Distribution 

of within-session cellular responses to odor alone and odor paired with ethanol for 

sessions 1 (Oi), 2 (Oii), and 3 (Oiii). Responders (increased their activity by 10% from 

baseline) are red, suppressed (decreased their activity by 10% or more from baseline) 

are blue, and non-responders (-10% < activity < %10) are grey. (P) Categorization of 

cells based on whether they increased their activity by 10% from session 1 to session 3 

(Recruited, pink), decreased their activity by 10% or more from session 1 to session 3 

(Inhibited, light blue), or remained consistent across the sessions (Consistent, gray). 
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Figure 2.3 

 

Figure 2.3: Acquisition of alcohol memory increases MB axon terminal activity and 

recruits MB neurons. 
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(A) Representative schematic of the associative paradigm. (B) Schematic of the 

Drosophila brain with the MB axon terminals highlighted in green. (C) MB axon terminal 

activity during the first session of the associative paradigm. (D) Overlay of odor-alone 

response with ethanol paired with odor response for the first session. The arrow marks 

the onset of the stimulus. (Di) Zoom in on the first 15 seconds of stimulation for both 

odor alone and ethanol paired with odor for the first session. (Ei) Bar plot comparing the 

first minute of odor alone to the last minute during session 1. (Eii) Comparison between 

the first minute of exposure to ethanol paired with an odor to the last minute of exposure 

for the first session. (Eiii) Average activity during the entire 10-minute stimulation period 

for odor alone and ethanol paired with odor. (F) MB axon terminal activity during the 

second session of the associative paradigm. Pairing ethanol with odor still decreases 

the activity of the PAM axon terminals. (G) Overlay of odor alone response with ethanol 

paired with odor response for the second session. (Gi) Zoom in on the first 15 seconds 

of stimulation for both odor alone and ethanol paired with odor for the second session. 

(Hi) Bar plot comparing the first minute of exposure to odor alone to the last minute 

during session 2. (Hii) Comparison between the first minute of exposure to ethanol 

paired with an odor to the last minute of exposure for the second session. (Hiii) Average 

activity during the entire 10-minute stimulation period for odor alone and ethanol paired 

with odor for the second session (right). (I) MB axon terminal activity during the third 

session of the associative paradigm. Pairing ethanol with odor still decreases the 

activity of the PAM axon terminals. (J) Overlay of odor alone response with ethanol 

paired with odor response for the third session. (Ji) Zoom in on the first 15 seconds of 

stimulation for both odor alone and ethanol paired with odor for the third session. (Ki) 
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Bar plot comparing the first minute of odor alone to the last-minute during session 3. 

(Kii) Comparison between the first minute of exposure to ethanol paired with an odor to 

the last minute of exposure for the third session. (Kiii) Average activity during the entire 

10-minute stimulation period for odor alone and ethanol paired with odor for the second 

session (right). (Li) Bar plot comparing the response to odor alone across the three 

sessions (left, pink = Session 1, purple = Session 2, dark purple = Session 3). (Lii) Bar 

plot comparing the activity of the axon terminals across the three sessions to odor 

paired with ethanol. (M) Schematic of Drosophila brain highlighting the cell bodies of the 

MB neurons. Heatmaps of the cell bodies responses during session 1 (Ni), session 2 

(Nii), and session 3 (Niii). Distribution of within-session cellular responses to odor alone 

and odor paired with ethanol for sessions 1 (Oi), 2 (Oii), and 3 (Oiii). (Q) Categorization 

of cells based on whether they increased their activity by 10% from session 1 to session 

3 (Recruited, pink), decreased their activity by 10% or more from session 1 to session 3 

(Inhibited, light blue), or remained consistent across the sessions (Consistent, gray). 
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Figure 2.4 

 

Figure 2.4: Compartmentalized responses to the acquisition of alcohol memory. 

(A) Schematic of the Drosophila brain with the PAM axon terminals highlighted in 

purple. (B) Schematic of the Drosophila brain with MB axon terminals highlighted in 

green. (Ci) y3B’1 compartment highlighted within the axon terminals of the PAM 

neurons (R58E02>GCaMP7b). (Cii) (C) Odor alone response (gray) overlaid with odor 

paired with ethanol (red) for y3B`1 during the third session (n = 12).  Bar plots showing 

the first and last-minute responses for odor alone (Di, gray) and odor paired with 

ethanol (middle, red).  Bar plots quantifying the first and last-minute response for odor 

alone (Di) and the pairing (Dii). Overall activity during session 3 quantified in a bar plot 

(Diii). (Ei) y3B’1 compartment highlighted within the axon terminals of the MB neurons 
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(MB010B>GCaMP7b). (Eii) Odor alone response (gray) overlaid with odor paired with 

ethanol (red) for y3B`1 during the third session (n = 11).  Bar plots showing the first and 

last-minute responses for odor alone (Fi, gray) and odor paired with ethanol (Fii, red). 

Bar plot comparison of overall activity during each stimuli’s 10-minute presentation (Fiii).  

(Gi) y4 compartment highlighted within the axon terminals of the PAM neurons 

(R58E02>GCaMP7b). (Gii) (C) Odor alone response (gray) overlaid with odor paired 

with ethanol (red) for y4 during the third session (n = 12). Bar plots showing the first and 

last-minute responses for odor alone (Hi, gray) and odor paired with ethanol (Hii, red). 

Bar plot comparison of overall activity during each stimuli’s 10-minute presentation (Hiii). 

(Ii) y4 compartment highlighted within the axon terminals of the MB neurons 

(MB010B>GCaMP7b). (Iii) (C) Odor alone response (gray) overlaid with odor paired 

with ethanol (red) for y4 during the third session (n = 11). Bar plots showing the first and 

last-minute responses for odor alone (Ji, gray) and odor paired with ethanol (Jii, red). 

Bar plot comparison of overall activity during each stimuli’s 10-minute presentation (Jiii).  

(Ki) y5 compartment highlighted within the axon terminals of the PAM neurons 

(R58E02>GCaMP7b). (Kii) (C) Odor alone response (gray) overlaid with odor paired 

with ethanol (red) for y5 during the third session (n = 12). Bar plots showing the first and 

last-minute responses for odor alone (Li, gray) and odor paired with ethanol (Lii, red). 

Bar plot comparison of overall activity during each stimuli’s 10-minute presentation (Liii). 

(Mi) y5 compartment highlighted within the axon terminals of the MB neurons 

(MB010B>GCaMP7b). (Mii) (C) Odor alone response (gray) overlaid with odor paired 

with ethanol (red) for y5 during the third session (n = 11). Bar plots showing the first and 
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last-minute responses for odor alone (Ni, gray) and odor paired with ethanol (Nii, red). 

Bar plot comparison of overall activity during each stimuli’s 10-minute presentation (Niii).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 128 

Figure 2.5 

 

Figure 2.5: Alcohol unpaired from odors does not potentiate dopaminergic axon 

terminals. 
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(A) Representative schematic of the non-associative paradigm. (B) Schematic of the 

Drosophila brain with the PAM axon terminals highlighted in purple. (C) PAM axon 

terminal activity during the first session of the associative paradigm (n = 10). (D) 

Overlay of odor A response with odor B (gray) response (dark gray) and ethanol alone 

(yellow) for the first session. The arrow marks the onset of the stimulus. (Di) Zoom in on 

the first 15 seconds of stimulation for odors and alcohol. Bar plot comparison between 

the first minute of exposure to Odor A (Ei), Odor B (Eii), and alcohol alone (Eii) to the 

last minute of exposure for the first session. (Eiv) Average activity during the entire 10-

minute stimulation period for odors and alcohol alone. (F) PAM axon terminal activity 

during the second session of the non-associative paradigm. (G) Overlay of odor alone 

response with ethanol paired with odor response for the second session. (Gi) Zoom in 

on the first 15 seconds of stimulation for each stimulus during the second session. Bar 

plot comparison between the first minute of exposure to Odor A (Hi), Odor B (Hii), and 

alcohol alone (Hiii) to the last minute of exposure for the second session. (Hiv) Average 

activity during the entire 10-minute stimulation period for each stimulus during the 

second session. (I) PAM axon terminal activity during the third session of the non-

associative paradigm. (J) Overlay of odors and alcohol response for the third session. 

(Ji) Zoom in on the first 15 seconds of stimulation for each stimulus during the third 

session. Bar plot comparison between the first minute of exposure to Odor A (Ki) and 

odor B (Kii) and alcohol alone (Kiii) to the last minute of exposure for the second 

session (Kiv). Average activity during the entire 10-minute stimulation period for odor 

alone and ethanol paired with odor for the second session. (Li) Bar plot comparing the 

response to odor A across the three sessions (pink = Session 1, purple = Session 2, 
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dark purple = Session 3). (Lii) Bar plot comparing the activity of the axon terminals 

across the three sessions to odor B. (Liii) Bar plot comparing the activity of axon 

terminals across three sessions to ethanol. (M) Schematic of Drosophila brain 

highlighting the cell bodies of the PAM neurons. Heatmaps of the cell bodies responses 

during session 1 (Ni), session 2 (Nii), and session 3 (Niii). (P) Distribution of within-

session cellular responses to both odors and the ethanol odor for sessions 1 (Oi), 2 

(Oii), and 3 (Oiii). (P) Categorization of cells based on whether they increased their 

activity by 10% from session 1 to session 3 (Recruited, pink), decreased their activity by 

10% or more from session 1 to session 3 (Inhibited, light blue), or remained consistent 

across the sessions (Consistent, gray). 
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Figure 2.6 

 

Figure 2.6: Alcohol unpaired from odors does not potentiate MB axon terminals. 
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(A) Representative schematic of the non-associative paradigm. (B) Schematic of the 

Drosophila brain with the MB axon terminals highlighted in green. (C) MB axon terminal 

activity during the first session of the associative paradigm (n = 11). (D) Overlay of odor 

A response with odor B (gray) response (dark gray) and ethanol alone (yellow) for the 

first session. The arrow marks the onset of the stimulus. (Di) Zoom in on the first 15 

seconds of stimulation for odors and alcohol. Bar plot comparison between the first 

minute of exposure to Odor A (Ei), Odor B (Eii), and alcohol alone (Eii) to the last minute 

of exposure for the first session (Eiv). Average activity during the entire 10-minute 

stimulation period for odors and alcohol alone. (F) MB axon terminal activity during the 

second session of the non-associative paradigm. (G) Overlay of odor alone response 

with ethanol paired with odor response for the second session. (Gi) Zoom in on the first 

15 seconds of stimulation for each stimulus during the second session. Bar plot 

comparison between the first minute of exposure to Odor A (Hi), Odor B (Hii), and 

alcohol alone (Hiii) to the last minute of exposure for the second session. (Hiv) Average 

activity during the entire 10-minute stimulation period for each stimulus during the 

second session. (I) MB axon terminal activity during the third session of the non-

associative paradigm. (J) Overlay of odors and alcohol response for the third session. 

(Ji) Zoom in on the first 15 seconds of stimulation for each stimulus during the third 

session. Bar plot comparison between the first minute of exposure to Odor A (Ki), Odor 

B (Kii), and alcohol alone’s (Kiii) to the last minute of exposure for the second session. 

(Kiv) Average activity during the entire 10-minute stimulation period for odor alone and 

ethanol paired with odor for the second session. (Li) Bar plot comparing the response to 

odor A across the three sessions (green = Session 1, light blue = Session 2, dark blue = 



 133 

Session 3). (Lii) Bar plot comparing the activity of the axon terminals across the three 

sessions to odor B. (Liii) Bar plot comparing the activity of axon terminals across three 

sessions to ethanol. (M) Cartoon of Drosophila brain highlighting the cell bodies of the 

MB neurons. Heatmaps of the cell bodies responses during session 1 (Ni), session 2 

(Nii), and session 3 (Niii). (P) Distribution of within-session cellular responses to both 

odors and the ethanol odor for sessions 1 (Oi), 2 (Oii), and 3 (Oiii). (P) Categorization of 

cells based on whether they increased their activity by 10% from session 1 to session 3 

(Recruited, pink), decreased their activity by 10% or more from session 1 to session 3 

(Inhibited, light blue), or remained consistent across the sessions (Consistent, gray). 
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Figure 2.7 
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Figure 2.7: Complex odor presentation does not generate plasticity within dopaminergic 

axon terminals and does not recruit neurons. 

(A) Representative schematic of the complex odor paradigm. Flies are exposed to 10 

minutes of odor alone, followed by 10 minutes of two odors presented simultaneously. 

This is repeated for a total of 3 spaced sessions. (B) Schematic of the Drosophila brain 

with the PAM axon terminals highlighted in purple. (C) PAM axon terminal activity during 

the first session of the complex odor paradigm. Both the odor alone and the complex 

odor increase the activity of the dopaminergic axon terminals. (D) Overlay of odor-alone 

response (gray) with complex odor response (black) for the first session. The arrow 

marks the onset of the stimulus. (Di) Zoom in on the first 15 seconds of stimulation for 

both odor alone and ethanol paired with odor for the first session. (Ei) Bar plot 

comparing the first minute of odor alone to the last minute during session 1. (Eii) 

Comparison between complex odor first minute of exposure to the last minute of 

exposure for the first session. (Eiii) Average activity during the entire 10-minute 

stimulation period for odor alone and complex odor. (F) PAM axon terminal activity 

during the second session of the complex odor paradigm. (G) Overlay of odor alone 

response with complex odor response for the second session. (Gi) Zoom in on the first 

15 seconds of stimulation for both odor alone and ethanol paired with odor for the 

second session. (Hi) Bar plot comparing the first minute of odor to the last minute during 

session 2. (Hii) Comparison between the first minute of exposure to the complex odor to 

the last minute of exposure for the second session. (Hiii) Average activity during the 

entire 10-minute stimulation period for odor alone and complex odor for the second 

session (right). (I) PAM axon terminal activity during the third session of the complex 
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odor paradigm. (J) Overlay of odor alone response with complex odor response for the 

second session. (Ji) Zoom in on the first 15 seconds of stimulation for both odor alone 

and the complex odor for the second session. (Ki) Bar plot comparing the first minute of 

exposure to the odor alone to the last minute during session 2. (Kii) Comparison 

between the first minute of exposure to the complex odor to the last minute of exposure 

for the second session. (Kiii) Average activity during the entire 10-minute stimulation 

period for odor alone and complex odor for the second session. (Li) Bar plot comparing 

the response to odor alone across the three sessions (left, pink = Session 1, purple = 

Session 2, dark purple = Session 3). (Lii) Bar plot comparing the activity of the axon 

terminals across the three sessions to odor paired with ethanol. (M) Schematic of 

Drosophila brain highlighting the cell bodies of the MB neurons. Heatmaps of the cell 

bodies responses during session 1 (Ni), session 2 (Nii), and session 3 (Niii). Distribution 

of within-session cellular responses to odor alone and complex odor for sessions 1 (Oi), 

2 (Oii), and 3 (Oiii). (P) Categorization of cells based on whether they increased their 

activity by 10% from session 1 to session 3 (Recruited, pink), decreased their activity by 

10% or more from session 1 to session 3 (Inhibited, light blue), or remained consistent 

across the sessions (Consistent, gray). 
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Figure 2.8 

 

Figure 2.8: Complex odor presentation suppresses MB axon terminal activity and does 

not recruit cells.  
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(A) Representative schematic of the complex odor paradigm. (B) Schemaitc of the 

Drosophila brain with the MB axon terminals highlighted in green. (C) MB axon terminal 

activity during the first session of the associative paradigm. (D) Overlay of odor-alone 

response with ethanol paired with odor response for the first session. The arrow marks 

the onset of the stimulus. (Di) Zoom in on the first 15 seconds of stimulation for both 

odor alone and complex odor for the first session. (Ei) Bar plot comparing the first 

minute of exposure to the odor alone to the last minute during session 1. (Eii) 

Comparison between the first minute of exposure to the complex odor to the last minute 

of exposure for the first session (middle). (Eiii) Average activity during the entire 10-

minute stimulation period for odor alone and complex odor (right). (F) MB axon terminal 

activity during the second session of the associative paradigm. (G) Overlay of odor 

alone response with ethanol paired with odor response for the second session. (Gi) 

Zoom in on the first 15 seconds of stimulation for both odor alone and complex odor for 

the second session. (Hi) Bar plot comparing the first minute of odor alone to the last 

minute during session 2. (Hii) Comparison between the first minute of exposure to 

ethanol paired with an odor to the last minute of exposure for the second session. (Hiii) 

Average activity during the entire 10-minute stimulation period for odor alone and 

ethanol paired with odor for the second session. (I) MB axon terminal activity during the 

third session of the associative paradigm. (J) Overlay of odor alone response with 

complex odor response for the second session. (Ji) Zoom in on the first 15 seconds of 

stimulation for both odor alone and ethanol paired with odor for the second session. (Ki) 

Bar plot comparing the first minute of odor alone to the last minute during session 2. 

(Kii) Comparison between the first minute of exposure to the complex odor to the last 
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minute of exposure for the second session. (Kiii) Average activity during the entire 10-

minute stimulation period for odor alone and complex odor for the second session 

(right). (Li) Bar plot comparing the response to odor alone across the three sessions 

(left, pink = Session 1, purple = Session 2, dark purple = Session 3). (Lii) Bar plot 

comparing the activity of the axon terminals across the three sessions to complex odor. 

(M) Schematic of Drosophila brain highlighting the cell bodies of the MB neurons. 

Heatmaps of the cell bodies responses during session 1 (Ni), session 2 (Nii), and 

session 3 (Niii). Distribution of within-session cellular responses to odor alone and the 

complex odor for sessions 1 (Oi), 2 (Oii), and 3 (Oiii). (P) Categorization of cells based 

on whether they increased their activity by 10% from session 1 to session 3 (Recruited, 

pink), decreased their activity by 10% or more from session 1 to session 3 (Inhibited, 

light blue), or remained consistent across the sessions (Consistent, gray). 
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Figure 2.9 

 

Figure 2.9: Dopamine neurons drive the recruitment of MB neurons during the 

acquisition of alcohol memory.  

(A) Representation of PAM (purple) and MB (green) dynamics during the first session of 

the associative paradigm. Initially, there is low dopaminergic drive (purple arrow) that 

corresponds to a smaller number of MB neurons responding to odors paired with 

alcohol. (B) Representation of PAM and MB dynamics during the final session of 

ethanol-odor pairings. By the third session, there is increased activity at the axon 

terminals of the dopamine neurons, likely driving an increased number of MB neurons to 

respond to odors paired with ethanol. 
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Supplementary Figure 1 
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Supplemental Figure 2.S1: Subset of tracked cell bodies for each experimental 

paradigm 

Heatmap for cells tracked across all three sessions during: R58E02>GCaMP7b 

associative paradigm (A), MB010B>GCaMP7b associative paradigm (B), 

R58E02>GCaMP7b complex odor paradigm (C), MB010B>GCaMP7b complex odor 

paradigm (D), R58E02>GCaMP7b non-associative paradigm (E), MB010B>GCaMP7b 

non-associative paradigm (F). 
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Supplementary Figure 2.S2 

 

Supplemental Figure 2.S2: Vertical lobe compartments during the associative paradigm. 

 (A) Schematic representations of the MB axon compartments being recorded. (B) 

Responses to odor alone (grey) and odor paired with ethanol (red) for session 1 (left), 

session 2 (middle), and session 3 (right) for each compartment. (C) Quantification of 

responses to each of the stimuli for each compartment across the three sessions. 
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Supplementary Figure 2.S3 

 

Supplementary Figure 2.S3: Dopamine release onto the mushroom bodies remains 

consistent throughout the associative paradigm.  

(A) Representation of the associative paradigm. (B) Schematic depicting expression of 

dLight under control of the MB010B split gal4. (C) MB010B>dLight signal during 

Sessions 1 (left), 2 (middle), and 3 (right), of the associative paradigm (n = 14). The 

grey line and shaded overlay represent the average signal and SEM during odor alone. 
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The red line and shaded overlay represent the average response and SEM to odor 

paired with ethanol. (D). Overlay of all three sessions with session 1 represented as 

green, session 2 as light blue, and session 3 as dark blue. 
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Supplemental Figure 2.S4 
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Supplemental Figure 2.S4: Compartments of the MB during dLight acquisition 

recordings. 

(A) Schematic representations of the MB axon compartments being recorded. (B) 

Responses to odor alone (grey) and odor paired with ethanol (red) for session 1 (left), 

session 2 (middle), and session 3 (right) for each compartment. (C) Quantification of 

responses to each of the stimuli for each compartment across the three sessions. 
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CHAPTER 3 

Alcohol Causes Lasting Differential Transcription in Drosophila Mushroom Body 
Neurons 
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3.1. ABSTRACT 

Repeated alcohol experiences can produce long-lasting memories for sensory cues 

associated with intoxication. These memories can problematically trigger relapse in 

individuals recovering from alcohol use disorder (AUD). The molecular mechanisms by 

which ethanol changes memories to become long-lasting and inflexible remain unclear. 

New methods to analyze gene expression within precise neuronal cell types can provide 

further insight toward AUD prevention and treatment. Here, we used genetic tools 

in Drosophila melanogaster to investigate the lasting consequences of ethanol on 

transcription in memory-encoding neurons. Drosophila rely on mushroom body (MB) 

neurons to make associative memories, including memories of ethanol-associated 

sensory cues. Differential expression analyses revealed that distinct transcripts, but not 

genes, in the MB were associated with experiencing ethanol alone compared to forming 

a memory of an odor cue associated with ethanol. Adult MB-specific knockdown of 

spliceosome-associated proteins demonstrated the necessity of RNA-processing in 

ethanol memory formation. These findings highlight the dynamic, context-specific 

regulation of transcription in cue-encoding neurons, and the lasting effect of ethanol on 

transcript usage during memory formation. 
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3.2 INTRODUCTION 

Alcohol use disorder (AUD) affects millions of individuals and constitutes one of the 

most serious public health problems in the world today (Kendler et al. 2016; Grant et 

al. 2017; Cheng et al. 2018). This chronic, relapsing brain disorder can affect individuals 

for extremely long periods of time regardless of alcohol abstinence. Relapse is often 

triggered by exposure to cues that predict alcohol availability, as they evoke memories 

of the drug’s effects to result in cravings (Jasinska et al. 2014; Courtney et 

al. 2016; Groefsema et al. 2016; Valyear et al. 2017; Clemens and Holmes 

2018; Logge et al. 2019). The complexity of alcohol’s molecular actions and our limited 

understanding of how these actions change distinct neurons in the brain’s reward 

memory circuitry has prevented our understanding of the mechanisms underlying these 

maladaptive memories. 

Unlike the majority of other abused drugs, ethanol does not act on a particular 

molecular target, but instead affects a variety of molecules (Nestler 2013; Trudell et 

al. 2014). Many of the molecules implicated in ethanol-induced behaviors have broad 

roles in regulating diverse processes such as cell signaling, transcription, and neuronal 

plasticity (Ron and Barak 2016; Erickson et al. 2019). Furthermore, these roles are 

often dependent on both cell type and developmental stage. This complexity, as well as 

the diversity of experimental approaches in AUD research, often obscures ethanol’s 

context-specific molecular effects. However, recent advances in cell-type-specific 

isolation and sequencing technology can reveal the precise consequences of ethanol 

exposure on gene expression. 
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The genetic tools available in the fruit fly Drosophila melanogaster provide the ability to 

define where, when, and how alcohol may be acting in the nervous system, including 

within memory circuitry. Drosophila demonstrate ethanol-induced hyperactivity, 

tolerance (Wolf et al. 2002), and consummatory preference (Devineni and Heberlein 

2009). They also remember and prefer the experience of intoxication, and this process 

requires mushroom body (MB) neuron activity (Kaun et al. 2011; Nunez et al. 2018). 

The MB integrates both sensory odor information from olfactory projection neurons and 

valence (aversive/rewarding) information from dopamine neurons. Downstream MB 

output neurons then drive avoidance of, or approach toward, an odor cue (Aso et 

al. 2014). 

Long-term memory formation in many species requires both de novo transcription and 

protein synthesis (Bailey et al. 1996; Alberini and Kandel 2014; Sweatt 2016). Although 

long-term memory formation requires transcriptional changes (Alberini and Kandel 

2014; Uchida and Shumyatsky 2018), it remains unclear how repeated ethanol 

experiences influence these processes. Similarly, whether the presentation of ethanol 

alone or ethanol paired with an odor induces the same transcriptional events is 

unknown. We hypothesized that ethanol exposures, alone or paired with an odor, would 

produce lasting transcriptomic changes within memory-associated MB neurons, thus 

altering memory formation. 

Recent RNA-sequencing (RNA-seq) analysis in Drosophila (hereafter “flies”) has 

systematically identified the transcriptomic profiles of various cell types within MB 

circuitry (Shih et al. 2019), and examined gene expression changes in the context of 

associative memory formation (Crocker et al. 2016; Widmer et al. 2018). Here, we used 
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nuclear, MB-specific RNA-seq to better understand transcriptional changes after the 

formation of odor-cue-induced ethanol memory. We found that ethanol exposures 

caused lasting expression changes at the transcript level, but not gene level, and that 

altered transcript usage was distinct between ethanol alone and ethanol cue memory 

groups. This suggests that differences in RNA-processing provide a distinct molecular 

landscape for encoding behavioral experiences. 

3.3 RESULTS 

3.3.1 RNA-seq library characterization 

We generated trans-heterozygous flies that express the nuclear-tagged GFP “INTACT” 

transgene (5xUAS-unc84-GFP) (Henry et al. 2012) in all MB neurons (MB010B-Gal4). 

Expression of INTACT was MB-specific (Supplemental Material, Figure 3.S1, A and B) 

and did not disrupt odor-cue-induced ethanol memory (Figure 3.S1C). MB-INTACT flies 

were subjected to one of four treatment paradigms—air, EtOH, odors, or trained—and 

flash frozen the following day (Figure 3.1A). MB nuclei were isolated and RNA-

sequenced to a depth of ∼30 million reads per sample (Figure S3.2). Nearly all libraries 

showed >80% uniquely mapped reads and ∼15 million fragments per kilobase of 

transcript per million mapped reads (FPKM) per sample. 

Across treatment conditions there was a similar frequency distribution of mean 

expression of the fly’s 17560 annotated genes (Figure S3.1D). Within the entire data 

set, 7984 genes (45%) showed little to no expression [arbitrarily defined as log2(FPKM 

+ 1) < 2], whereas 9576 genes (55%) had robustly detected levels of gene expression 
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[log2(FPKM + 1) ≥ 2]. Thus, adult MB nuclei were actively transcribing roughly 55% of 

annotated genes in the genome at the time of isolation. 

The BDGP6 Dm6 annotation of the fly transcriptome is comprised of 17560 genes, with 

34741 corresponding transcript isoforms, where 10010 genes are uniquely represented 

by a single transcript isoform. According to the current information (flybase.org), the 

Dm6 contains roughly 85% protein-coding isoforms, 2% noncoding RNAs, 1.5% 

microRNAs, 0.9% transfer RNAs, 0.8% small nucleolar RNAs, and 9.7% 

other/nonannotated biotype sequences. When pooling all expression counts across 

treatments, our data were comprised of 92% protein-coding genes/isoforms, 0.9% 

noncoding RNAs, 0.06% microRNAs, 0.06% transfer RNAs, 0.05% small nucleolar 

RNAs, and 6.3% other/nonannotated sequences (Figure S3.1E). The characterization of 

our RNA-seq libraries shows that adult MB neurons are actively transcribing detectable 

protein-coding genes to allow for interesting differential expression analyses. 

 

3.3.2 Expression of a priori and novel gene lists across treatments 

In light of the cell-type-specific RNA-seq and exposure conditions assayed (Figure 

3.1A), we expected to see prominent expression of genes previously associated with 

MB function and or previously implicated ethanol-related behaviors. Using the 

“Vocabularies” search function on FlyBase (flybase.org), a list of genes was acquired 

representing “adult mushroom body” (FBbt:00003684) and ethanol-associated genes 

termed “behavioral response to ethanol” (FBbt:0048149). As expected, many of the MB-

associated genes showed robust mean expression across our treatment libraries 
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(Figure 3.1A, Figure 3.S3A). Interestingly, many ethanol-associated genes were also 

detectable (Figure 3.S3B). 

We next determined the highest 20 expressed genes detected across treatments and 

found the “INTACTlabel” (manually added to the Dm6 transcriptome) was highly 

expressed across the libraries, demonstrating the robust nature of the GAL4/UAS binary 

expression system and further validating the specificity of the MB isolation technique. 

Most of the highly transcribed genes were RNA-associated genes (Figure 3.S3Ci), 

which we posit to be a mix of transcripts from rough endoplasmic reticulum that was 

pulled down during nuclear isolation, as well as newly transcribed or nuclear-localized 

RNAs. We further curated the highest 20 mean expressed genes by excluding RNA-

associated genes (Figure 3.1B). Together, these descriptive analyses indicate that the 

libraries represent comparable MB data sets in which lasting experience-dependent 

molecular effects could be explored. 

 

3.3.3 Experience-dependent differential gene expression 

To uncover experience-dependent effects on transcription, we examined genes that 

showed the greatest variance in expression (log-transformed counts per million means) 

across repeated air, ethanol, odors, and paired ethanol-odor (trained) treatments. 

Among the 100 most variable genes, many ribosomal proteins and previously 

uncharacterized (unnamed CG#) genes were identified (Figure 3.S3D). Also included 

were Esterase-6 (Est-6), Cytochrome P450-4g1 (Cyp4g1), la costa (lcs), Mucin related 

18B (Mur18B), alpha and beta Trypsin (αTry, βTry), yippee interacting protein 
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7 (yip7), fab1 kinase (fab1), Troponin C (TpnC73F and TpnC47D), Odorant binding 

protein 51a (Obp51a), obstructor-B (obst-B), inaF-B (inaF-B), Autophagy-related 

10 (Atg-10), short spindle 2 (ssp2), neurotransmitter transporter-like (Ntl), Multiple 

inositol polyphosphate phosphatase 2 (Mipp2), and a number of Jonah peptidase 

transcripts (Figure 3.1C). Excluding RNA-associated genes further revealed Maltase 

Ai (Mal-A1), Sarcolamban B (SclB), Cuticular protein 49Ab (Cpr49Ab), and Coiled-coil 

domain containing 56 (Ccdc56) (Figure 3.1C). 

To determine statistically significant differential expression between treatment 

conditions, we used “Ballgown” (Pertea et al. 2016), an R Bioconductor package. No 

genes or transcripts were removed from analyses and the adjusted P-value (a.k.a. q-

value) was set to the standard false discovery rate < 0.05. All pairwise condition 

contrasts were examined at both the gene and transcript level. Only two genes were 

found to be differentially expressed 24 hr after the various treatments, the actin filament 

nucleating protein cappuccino (capu) (air vs. odors) (Figure 3.1D) and the nuclear DNA-

binding protein pre-mod(mdg4)-G (odors vs. EtOH) (Figure 3.1E). 

 

3.3.4 Intersectional analysis of differential transcript expression 

In contrast to gene-level analysis, there were more statistically significant differences 

found at the transcript level, despite this data being subjected to more repeated 

measure corrections (Figure S4A). This implicates altered transcriptional start/stop site 

or RNA-processing events that influence transcript diversity. In light of this finding, 
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subsequent analyses focused on the differential expression of transcripts between 

treatments. 

Using air treatment as a control, we compared the top 200 most significantly 

differentially expressed (lowest P-values) transcripts from air vs. odors (Figure 3.2Ai), 

air vs. EtOH (Figure 3.2Aii), and air vs. trained (Figure 3.2Aiii). There was surprisingly 

little intersectional overlap in specific transcripts between condition comparisons, 

including between air vs. EtOH and air vs. trained (Figure 3.2B). This indicated that 

experiencing odors, ethanol intoxication, or making ethanol-odor memories produced 

distinct, molecularly separable changes in the lasting transcriptional state of MB nuclei. 

Using hypergeometric statistics, the number of overlapping transcripts was found to be 

statistically greater than would be expected by chance alone (Figure S4B). The extent 

of intersection was visualized with an upgraded Venn diagram plot generated by an R 

package called “UpSetR” (Figure 3.2B, Figure 3.S4B). Overlapping top P-value isoforms 

and their predicted human orthologs between condition comparisons are listed in Figure 

3.2C. 

 

We furthered compared the top 200 transcripts with the largest fold changes in 

expression (Figure S5). This approach demonstrated that specific transcripts have 

greater dynamic range in expression in response to experiencing odors, ethanol, or 

ethanol-odor training. Interestingly, there were more overlapping transcripts between 

pairwise comparisons than observed in the top P-value transcripts intersection analysis 

(Figure S5C), suggesting that particular transcripts in the MB neurons are more plastic 

than others. Hypergeometric statistics again showed that the number of overlapping 
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transcripts was statistically greater than would be expected by chance alone (Figure 

S4C). A subset of the overlapping top fold-changing transcripts between treatment 

conditions are listed in Figure S5D. 

3.3.5 Enrichment of genes associated with differential transcripts 

To determine which types of transcripts are enriched in the top 200 P-value 

comparisons, a DAVID Gene Ontology (GO) analysis was performed on the associated 

gene IDs for each treatment: 167 air, 175 odor, 175, ethanol, and 188 trained genes. 

Using default DAVID settings, the top three GO annotations were identified (Figure S6). 

Compared to air controls, repeated ethanol exposures produced statistically significant 

GO terms: “Alternative splicing” (P-value = 0.0002), “Phosphoprotein” (P-value = 0.041), 

and “Coiled Coil” (P-value = 0.047). Interestingly, the response to trained treatment also 

produced “Alternative splicing” (P-value = 0.062) as a high-scoring enrichment category. 

It is important to note that the “Alternative splicing” GO term does not refer to 

spliceosome genes, but rather to genes that are “known to be alternatively spliced.” The 

enrichment analysis results further support the idea that there are experience-

dependent changes in transcript usage, but not overall gene-level changes. Optimally, 

future ontology databases will include transcript-specific functional categorization. 

 

3.3.6 - Candidate transcripts underlying ethanol cue memories 

Motivated by our interest in identifying lasting gene expression changes associated with 

formation of ethanol-cue-induced memories, we focused on the comparisons between 

odor vs. ethanol, ethanol vs. trained, and odor vs. trained flies (Figure 3.3). 
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Seven transcripts (six genes) were found to be differentially expressed in response to 

ethanol treatment as compared to odors-only controls (Figure 3.3A). One transcript was 

downregulated (CG17982-RA) and six were upregulated {translational 

regulator Dodeca-satellite-binding protein 1 (Dp1-RH), transcription factor elbow B (elB-

RD), transcription factor modifier of mdge 4 [pre-mod(mdg4)-G-RA], hypoxia-induced 

protein CG11825-RA, eukaryotic translation release factor 3 (eRF3), and a gene of 

unknown function CG17982-RB}. 

Four transcripts (three genes, all of unknown function) were found to be differentially 

expressed in response to trained treatment as compared to ethanol alone (Figure 3.3B). 

One transcript was downregulated (CG10809-RB) and three were upregulated 

(CG11970-RA, CG13055-RB, and CG10809-RA). 

Eight transcripts (seven genes) were found to be differentially expressed in response to 

trained treatment as compared to odors-only controls (Figure 3.3C, Figure 3.S7). Three 

of these transcripts were downregulated: the Sterol Regulatory Element Binding Protein 

SREBP (HLH106-RC), the Drosophila homolog of dynamin shibire (shi-RP), and a 

predicted Ras guanine-nucleotide exchange factor CG9098-RA. Four transcripts were 

upregulated: [a retinoic acid-like protein CG3558-RB, the same predicted Ras guanine-

nucleotide exchange factor CG9098-RB, a Coat Protein Complex II factor Secretory 

31 (Sec31-RA), and a transmembrane heparin sulfate proteoglycan Syndecan (Sdc-

RK)], as well as a transcription factor that functions in the JAK/STAT pathway, Signal-

transducer and activator of transcription protein at 92E (Stat92E-RH). Using the DRSC 

Integrative Ortholog Prediction Tool (DIOPT) (Hu et al. 2011), we identified, when 
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possible, the human genes corresponding to the implicated fly genes (Figure 

3.3Aiii, Figure 3.3Biii, Figure 3.3Ciii). 

 

3.3.7 Molecular interactions with candidate ethanol-cue-induced memory genes 

To visualize and probe deeper into the known functions of differentially expressed 

transcripts, we used the open source Cytoscape platform (Shannon et al. 2003) and 

MIST database (Hu et al. 2018) to identify proteins that interact with odor vs. trained 

transcripts of interest (Figure 3.4). By overlaying our data set information including 

expression level and fold change onto this network, we provided a foundation for 

prospective hypothesis-driven bioinformatic inquiries and experiments. Notably, Stat92E 

had the largest known network, including a number of proteins associated with 

nucleosome remodeling (HDAC1, brm, mor), transcriptional regulation (Taf1, Ada2b, 

kay, Jra, CG13510), and splicing (Cdc5, CG7564, tsu) (Figure 3.4). 

Considering our finding of differential transcript usage, we were intrigued to follow up on 

the possible requirement of spliceosomal proteins such as cell division cycle 5-like 

protein (Cdc5). A GFP-tagged version of Cdc5 was expectantly observed within nuclei 

throughout the adult central brain (Figure 3.5A, i and ii), including within MB neurons 

(Figure 3.5A, iii and iv). To test the necessity of Cdc5 in ethanol-cue-induced 

memory, Cdc5-RNAi was expressed during the adult stage using a pan-MB-specific 

Gal4 driver (R19B03-Gal4) (Figure S9A). Flies with adult Cdc5 knockdown had 

significant impairment in ethanol-cue-induced memory as compared to genetics controls 

(Figure 3.5B). To determine whether Cdc5 could affect individual Stat92E transcript 
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expression, we performed whole-head quantitative RT-PCR with primers specific to 

each alternative first exon in the Stat-92E transcripts, where Exon1 includes Stat92E-

RH and Exon1a includes Stat92E-RI (Henriksen et al. 2002) (Figure 3.5C, Figure 

3.S8A). Decreasing expression of Cdc5 in all adult neurons significantly altered the ratio 

of Exon1 to 1a (Stat92E-RH to -RI) transcripts (Figure 3.5D, Figure 3.S8B). 

3.3.8 -  Knockdown of splice factors impairs ethanol-cue-induced memory 

In light of differential transcript usage, GO analysis, and Cdc5 requirement, we 

assessed the detectable expression of FlyBase’s “spliceosome complex” gene list 

(GO:0005681) (Figure 3.6A). We predicted that decreasing expression of highly 

expressed splice factors in the MB neurons would affect alcohol associative memories. 

We choose candidate targets RNA export and export binding protein 1 (Ref1), Protein 

on ecdysone puffs (Pep), RNA helicase Rm62 (also referred to as p68), and CG7971, 

which is orthologous to serine/arginine repetitive matrix 2 (SRRM2) (Figure 3.6B). Adult 

MB-specific knockdown of each of these targets impaired ethanol-cue-induced memory 

without affecting odor sensitivity (Figure 3.6C, Figures 3.S9 and 3.S10). 

3.4 DISCUSSION 

The nuclear, cell-type-specific nature of our data provides a unique analysis of genes 

actively transcribed in memory-encoding neurons 24 hr after experience with ethanol or 

ethanol cue associative memory formation. The RNA-seq analysis highlighted the 

differential expression of particular transcripts. This work supports the essential role of 

RNA processing in the lasting transcriptional changes encoding ethanol-cue-induced 

memory. 
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3.4.1 - Confirmation of known genes implicated with memory 

Two of the genes implicated in this work have been previously implicated in memory 

and or ethanol-related behaviors. shi, the fly homolog of Dynamin (van der Bliek and 

Meyerowitz 1991), plays a role in endocytosis, which is critical for synaptic transmission 

in MB neurons during memory formation (McGuire et al. 2001; Kasuya et al. 2009) and 

in ethanol tolerance (Krishnan et al. 2012). We have also previously shown that 

expression of a temperature-sensitive form of shi in MB neurons disrupts ethanol cue 

memory at higher temperatures (Kaun et al. 2011). Stat92E, a transcription factor in the 

JAK/STAT signaling pathway, plays a role in long-term memory in Drosophila (Copf et 

al. 2011), and we have recently shown that reducing Stat92E in MB neurons similarly 

reduces ethanol cue memory (Petruccelli et al. 2018). Other targets identified in this 

work have been implicated in long-term memory in Drosophila (Figure 3.S11). Similarly, 

a recent study showing the effects of acute response to alcohol shows some overlap in 

transcriptomic targets (Figure 3.S11) (Signor and Nuzhdin 2018). 

3.4.2 - Context-specific transcript expression 

An intriguing pattern that emerged from the data is that administration of repeated mild 

doses of ethanol, odors alone, or odors paired with ethanol all produced significantly 

altered transcript isoforms. Remarkably, the particular transcripts identified were specific 

to the behavioral paradigm the animals experienced. Even altered transcripts 

associated with the presentation of ethanol alone were very different from those when 

ethanol was presented concomitantly with an odor. This suggests that transcript 

expression is specific to the type of behavioral context flies experienced. 
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3.4.3- Alternative splicing associated with behavior in MB neurons 

Alternative transcripts can be created through the use of alternative transcriptional start 

sites or alternative splicing. Alternative splicing of pre-mRNA transcribed from a finite 

genetic sequence enhances proteomic diversity. It is estimated that 95% of human 

genes undergo alternative splicing (Pan et al. 2008) and disruptions in the 

splicing status quo can lead to various human disease (Cieply and Carstens 2015). The 

most common cause of abnormal splicing is due to a mutation in the core splicing 

consensus sequences (Cieply and Carstens 2015). Our data, however, are derived from 

animals with the same genetic backgrounds and environmental conditions. This 

suggests that mutagenesis is not the cause of the potential transcript usage differences 

we observed. 

Our data did not demonstrate differential expression in spliceosome factors with 

behavior condition, but indirectly implicated spliceosomal machinery. Specifically, known 

protein-protein interactions were revealed between Stat92E and spliceosome complex 

associated proteins, including Cdc5, CG7564, and tsu (Guruharsha et al. 2011) (Figure 

3.4). The lack of differentially expressed splicing factors with treatment condition does 

not, however, rule out the possibility that spliceosome-associated proteins were acutely 

affected during treatment exposure. Consequently, our data may represent the 

aftermath of these, or post-translational response, effects. 

A caveat to our data is that because we did not a priori expect to see splicing 

differences, our sequencing data were not performed with long-read sequencing 

techniques. Nor were statistical considerations, such as k-means clustering of 

transcripts or weighting exon-exon junction reads, used to compare splicing across 
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genes. However, our data do show that reducing gene expression of five known 

spliceosome associated proteins in the adult MB disrupts formation of ethanol-cue-

induced memory. Thus, we believe that the alternative transcript usage in our data, is in 

part, due to splicing that occurs during memory formation. 

3.4.4 - Splicing associated with memory formation 

Splicing of particular targets in response to memory formation is not without precedent. 

For example, the splicing of the Orb2A transcript is required for both associative 

appetitive and courtship suppression memory in Drosophila (Gill et al. 2017). There is 

also evidence that this phenomenon may be conserved across species, since 

contextual fear conditioning induces differential splicing in the hippocampus of mice 

(Poplawski et al. 2016). It is, therefore, conceivable that while splicing may occur during 

all forms of synaptic plasticity, the isoform targets may be specific to the type of memory 

formed. The broad implication of this prediction is that the molecular engram of memory 

within relevant cells uses transcriptional diversity to provide the cellular plasticity 

associated with the type of memory being formed. This cellular encoding is bolstered by 

the diversity of epigenetic changes caused by neuronal activity associated with memory 

formation. For example, activity-induced histone modifications caused a late-onset shift 

in Neurexin-1 splicing reduced the stability of memories (Ding et al. 2017). Our data 

suggest that alcohol can affect transcriptional events, and thus shape how context is 

encoded during formation of memories. 

 

 



 167 

3.4.5 - Alcohol regulates splicing in cue-encoding neurons 

Several recent studies have shown that alternative splicing is correlated to chronic 

alcohol consumption. Chronic self-administration of alcohol in cynomolgus macaques 

(Macaca fascicularis) is associated with alternative splicing of AMPA subunits in the 

prefrontal cortex (Acosta et al. 2012). Broader transcriptomic analysis demonstrated 

overrepresentation of genes associated with splicing across brain regions in chronic 

ethanol self-administrating rhesus macaques (Macaca mulatta) (Iancu et al. 2018). 

Similar alcohol-induced effects on splicing extend to humans (Farris and Mayfield 

2014). Postmortem analysis of the brains of patients with AUD showed novel splicing 

in GABAB1 that decreased expression of the GABA binding site (Lee et al. 2014). 

Similarly, alcohol-induced splicing events also occurred in the developing human 

cortex in utero, potentially resulting in devastating neurodevelopmental consequences 

(Kawasawa et al. 2017). 

Our data suggest that mild repeated alcohol exposures have lasting consequences on 

the transcript isoforms expressed in Drosophila. Importantly, altered isoform 

transcription occurred in a diversity of genes, including transcription factors like Stat92E, 

which could have long-lasting and broad effects on transcription within memory circuits 

(Copf et al. 2011). As alcohol alone did not induce expression of alternative transcripts 

of Stat92E, this suggests that splicing of this gene might occur due to memory 

formation. Since our analysis was restricted to neurons necessary for memories 

associated with punishment or reward, it is possible that even small effects could have 

widespread consequences for subsequent memory formation and vulnerability to 

dependence on drugs of abuse. Uncovering whether this is a broader phenomenon will 
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require identifying lasting transcriptional events that occur in the same cell types across 

a diversity of memory and drug exposure paradigms. 

3.4.6 - Diverse splicing mechanisms across addictions 

Alternative splicing has been recently implicated in cocaine addiction (Cates et 

al. 2018). Transcription factor E2F3a regulates cocaine-induced alternative splicing in 

the mouse nucleus accumbens, and E2F3b mediates cocaine responses in the 

prefrontal cortex (Cates et al. 2019). Drosophila E2F1 was expressed in our MB nuclei 

data set (Figure 1Cii), although it was not alternatively spliced in response to alcohol or 

alcohol-cue training (see transcript count data in Gene Expression Omnibus). We 

speculate that cocaine utilizes the E2F transcription factor family more than alcohol 

does to drive drug-cue memory formation and retention. Future investigations will likely 

identify both conserved drug-specific and convergent molecular mechanisms that 

influence transcriptional activity in reward circuitry. 

 

3.5. METHODS AND MATERIALS 

3.5.1 - Fly husbandry 

Flies were raised on cornmeal agar food at 24°, 70% humidity, and with a 14:10 

light:dark cycle. All flies used in this study were male. Male 4- to 5-day-old flies were 

isolated under CO2, given 1 day to recover, and then conditioned with specified 

paradigms detailed below. The fly lines used in this study include two pan-MB specific 

drivers, a MB010B split Gal4 line [#68293; Bloomington Drosophila Stock Center 

(BDSC)] (Aso et al. 2014) and R19B03 Gal4 line (#49830; BDSC) (Jenett et 



 169 

al. 2012), tubP-Gal80ts-7 (#7018; BDSC) (McGuire et al. 2004) recombined 

with R19B03-Gal4, a 5xUAS-unc84-2xGFP “INTACT” line (Henry et al. 2012), UAS-

Cdc5-RNAi (#57425; BDSC) (Perkins et al. 2015), UAS-Rm62-RNAi (#34829; BDSC) 

(Perkins et al. 2015), UAS-Ref1-RNAi (#34626; BDSC) (Perkins et al. 2015), UAS-Pep-

RNAi (#32944; BDSC) (Perkins et al. 2015), UAS-CG7971-RNAi (#52936; BDSC) 

(Perkins et al. 2015), GFP-RNAi (9330; BDSC), yw (Janelia Research Campus), and 

TRiP control (#36303; BDSC) (Perkins et al. 2015). elavC155-Gal4 (#458; BDSC) 

and Act5C-Gal4 (#25374; BDSC) were used to test efficacy of the RNA interference 

(RNAi) lines. Unless otherwise specified, experimental flies were heterozygous for 

transgenes. Control heterozygote crosses were performed with consideration to the 

respective genetic background of the trans-heterozygous Gal4 > UAS flies. 

3.5.2 - Odor-cue-induced ethanol memory 

Odor-cue-induced ethanol memory was performed as published previously (Kaun et 

al. 2011; Nunez et al. 2018; Petruccelli et al. 2018). One minor difference for the RNA-

seq data were the use of 50 flies per 14 ml training vial for the isolation of nuclei tagged 

in specific cell types (INTACT) experiment, whereas memory experiments were 

performed with 30 flies per vial. Humidified ethanol vapor (90:60 EtOH:air) for 10 min 

causes a moderate 13.8 ± 3 mM (0.01 g/dl) internal body ethanol concentration. 

Ethanol, odors (1:36 odorant:mineral oil with ethyl acetate or isoamyl alcohol), or both 

were delivered to flies in perforated vials for 10 min, followed by a 50 or 60 min rest 

before second and third trainings were performed (Figure 3.1A). Vapor treatments were 

delivered to flies on 1% agar and supplemented with yeast pellets overnight before 

being tested or killed the next day. 
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Memory testing was performed in a Y-Maze where flies were given a choice between 

the paired and unpaired odor. Conditioned preference index was calculated by counting 

the number of flies that moved toward the paired odor, subtracting the flies that moved 

toward the unpaired odor, and dividing that number by the total number of flies. The 

average conditioned preference index for pair of reciprocal tests was used as 

biological n = 1 for each genotype. Odor controls were performed similarly, but with 

preference indices corresponding to the number of flies facing a choice of either an odor 

(ethyl acetate or isoamyl alcohol) or no odor. 

3.5.3 - Isolation of MB nuclei (INTACT procedure) 

INTACT was adapted from the method described in Pankova and Borst (2016) and 

pioneered in flies by Henry et al. (2012). The INTACT method of extracting nuclear RNA 

for sequencing provides several advantages compared to a general RNA-seq approach. 

First, the ability to use flash-frozen tissue, in contrast to FACS or dissected tissue 

samples, allows for an accurate examination of the current transcriptional profile of 

genetically targeted cells. Second, nuclear RNA from neurons contributes to the integrity 

of the active transcriptome snapshot by minimizing contamination from messenger RNA 

(mRNA) stored in the cytoplasm, along dendrites, and within axons, while allowing for 

the detection of experience-dependent differential expression (Lacar et al. 2016). 

Finally, given evidence that mRNA handling in subcellular compartments has been 

implicated in the formation and memory storage (Bramham and Wells 2007; Richter 

2010; Shigeoka et al. 2016; Nakahata and Yasuda 2018; Biever et al. 2019), this 

approach provides a robust profile of the stable postexposure transcriptome 

unencumbered by the diversity of whole-cell RNA. 
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For each biological replicate used for INTACT RNA-seq, flies were pooled such that 

2000 fly heads were collected via liquid nitrogen freezing and sieve-separated 24 hr 

after treatment conditioning. Flies were treated with one of four exposure paradigms 

(Figure 3.1A). Biological replicates were performed for air (n = 3), EtOH (n = 3), odors 

(n = 4), and trained (n = 4) conditions. Odors and trained conditions were performed 

with reciprocal odor groups (n = 2 ethyl acetate→isoamyl alcohol; n = 2 isoamyl 

alcohol→ethyl acetate). 

Frozen heads were homogenized in a Kontes glass homogenizer (D9938-1SET; Sigma, 

St. Louis, MO) with 10 ml of Dounce buffer (10 mM β-glycerophosphate, 2 mM MgCl2, 

0.5% IGEPAL buffer) and homogenized for ∼2 min with the loose A pestle. Homogenate 

was passed through a 190-µm nylon net filter (CMN-0185-C; Small Parts). The filter was 

subsequently rinsed with 2 ml of the same buffer before discarding. Homogenate was 

subsequently further homogenized gently ∼6–7 times with the tight B pestle, passed 

through a 20-µm filter (F020N-12-C; Small Parts), brought up to 50 ml by adding 

sucrose buffer (10 mM β-glycerophosphate, 2 mM MgCl2, 25 mM KCl, 250 mM 

sucrose). Next, 300 µl of Dynabead A magnetic beads (10001D; Thermo Fisher) were 

preincubated with rabbit α-GFP antibody (G10362; Thermo), and incubated with the 

homogenate for 30 min at 4° with gentle agitation. Beads were then captured with a 

magnet for 15 min and washed five times with 600 µl of sucrose buffer for 5 min at 4° 

with gentle agitation. Finally, RNA was extracted from bead-bound nuclei using TRIzol 

(Ambion, Life Technologies), resuspended in RNA-ase free water and DNA-ase treated 

according to manufacturer’s instructions (Ambion DNA-Free Kit). 
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3.5.4 - RNA-seq 

RNA libraries were polyA-enriched to identify mRNA transcripts ready for nuclear export 

and sequenced using a Hi-Seq 4000 (Illumina) machine at a depth of ∼30 million single-

end 1 × 50 bp reads by GENEWIZ (South Plainfield, NJ). Read quality was assessed 

using FastQC 0.11.5 (Babraham Bioinformatics). Adapters were removed and trimmed 

using Trimmomatic 0.36 (Bolger et al. 2014). The “new tuxedo suite” was used to further 

process reads (Pertea et al. 2016). Reads were aligned with HISAT2 2.0.5 (Pertea et 

al. 2016) to the Ensembl BDGP6_transcriptome reference (Dm6), modified to include 

the 5xUAS-unc-84-2xGFP sequence present in our flies. Next, samtools 1.3.1 (Li et 

al. 2009) and Stringtie 1.3.3 (Pertea et al. 2016) were used to sort, merge, and quantify 

transcripts. Lastly, assembly and analysis of Ballgown objects (Pertea et al. 2016) and 

data visualization with ggplot2 was performed in RStudio 1.0.136 (Wickham 2009). No 

samples were discarded, and default settings were used for the pipeline unless 

otherwise noted; command line code as follows: 

#Trimmomatic: 

TruSeq3-SE.fa:2:30:10:8:true LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 

MINLEN:36 

#HISAT2: 

hisat2 -q -x <reference index> -U <input fastq file> -S <output sam file> -p 50 

#Samtools: 

samtools view -Su alns.sam | samtools sort -o alns.sorted -@ 4 
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#StringTie: 

stringtie <input.sorted.bam> -b <path to Ballgown tables> -o <output.gtf> -G 

<reference.gtf> 

3.5.5 - Immunohistochemistry 

Fly brains were dissected in 1 × PBS solution and fixed in 2% paraformaldehyde S2 

media overnight at 4°. Brains were continuously rocked on a nutator throughout the 

remainder of the protocol. Brains were washed four times for 15 min with PBS with 

0.5% Triton X-100 (PBT), blocked at room temperature for 1 hr in PBT with 5% goat 

serum (PBT-GS). Primary antibodies (1:400 or 1:20) in PBT-GS were incubated 

overnight at 4°. Brains were then washed four times for 15 min with PBT, and secondary 

antibodies (1:500) in PBT-GS were incubated at room temperature for 2 hr. Again, 

brains were washed four times for 15 min with PBT, then mounted in DAPI 

Fluoromount-G (SouthernBiotech) or ProLong Diamond Antifade Mountant (Invitrogen, 

Carlsbad, CA). 

3.5.6 - Imaging 

Images were obtained using a Nikon A1R Multiphoton Upright Confocal Microscope 

using NIS-Elements Software. Nonsaturating laser power and gain were determined for 

each channel and held constant throughout an experiment. We used 2-μm Z-sections 

with a ×20 air objective, and 0.5-μm Z-sections with a ×60 oil objective. Max stack 

images vary in depth shown. Z-series are available upon request. FIJI was used to 

apply contrast and brightness settings for visualization purposes. 

 



 174 

3.5.7 - Quantitative PCR 

Total RNA was extracted from ∼90 heads or 30 bodies using TRIzol (Ambion, Life 

Technologies). RNA samples were treated with DNase (Ambion DNA-Free Kit), and 

equal amounts of RNA (1 μg) were reverse-transcribed into complementary DNA 

(Applied Biosystems). Biological and technical replicates were then analyzed with SYBR 

Green Real-Time PCR (ABI PRISM 7700 Sequence Detection System; Bio-Rad) and 

performed using the following PCR conditions: 39 cycles (30 s at 95°, 30 s at 60°, 30 s 

at 72°). The Ct threshold was manually adjusted to 0.6 across all samples and targets. 

Then, each of the target genes was normalized to rp49 expression for the comparative 

ΔCt method analysis following subsequent comparison to the control genotype to 

assess fold enrichment (ΔΔCT method). Primers, listed below, were all tested for 

efficiency before using for experiments. 

Stat92E-Exon1a_for TGCGCAACCAGTTGAATTCTT 

Stat92E-Exon1a _rev CATTACACACACGACGCAGT 

Stat92E-Exon1_for GGTAGTCGCGTTCGCAAAAA 

Stat92E-Exon1_rev GCAGGTGTTGGGGGAAAAAC 

Pep_for CGTCGTTCGGATCGGAG 

Pep_rev GTCGAGAAGCGATGGTGG 

Rm62_for GCGAGATCGTCATTGCCACAC 

Rm62_rev GCGGAACTCACGGAGC 

Ref1_for CGTCGGTAACCTGGACTAC 
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Ref1_rev CACGGCCACGTCTGAG 

Rp49_for CATACAGGCCCAAGATCGTGAAG 

Rp49_rev CACGTTGTGCACCAGGAACTTC 

3.5.8 - Statistical analysis 

For RNA-seq, libraries were statistically analyzed in R to determine differential 

expression between treatment conditions. Raw P-values are shown, as well as 

corrected P-values (false discovery rate < 0.05). The freely available Ballgown package 

(Pertea et al. 2016) afforded generalized linear modeling statistics for differential 

expression analysis and data visualization tools. Libraries were normalized with 

Ballgown package default – sum of each library’s log expression measurements below 

the 75th percentile (Frazee et al. 2015). For intersectional analyses, hypergeometric 

statistics were performed on pairwise comparisons and considered different from 

chance at P-value < 0.05. 

Memory and quantitative PCR experiment statistical analyses were performed using 

JMP Pro 14. Levene’s test was used to determine homogeneity of variance; Shapiro–

Wilk goodness-of-fit was used to test normality. Data that did not violate assumptions of 

homogeneity of variance or normality were tested using an ANOVA test followed by 

Student’s t-test post hoc comparisons. Data that violated assumptions of normality and 

homogeneity of variance were tested with a rank-sums Wilcoxon test followed by 

Wilcoxon post hoc analysis for each pair. For all figures, the bar represents mean, error 

bars represent SE of the mean, and significance defined by *P < 0.05. 
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3.5.9 - Data availability 

Raw sequencing files and count data presented in this work are freely available on 

NCBI Gene Expression Omnibus via accession number GSE108525. Supplemental 

material available at figshare: https://doi.org/10.25386/genetics.11929458. 
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Figure 3.1 

 

Figure 3.1: Exposure paradigms and differentially expressed genes in MB nuclei. 

(A) Paradigm depicting three spaced 10 min exposures of “Air”, “Ethanol”, “Odors”, or 

“Trained” (odor + ethanol) and flies killed 24 hr later. RNA for each biological replicate 

(n) was extracted from mushroom body nuclei isolated from ∼2000 male heads [Air: n = 

3, Ethanol: n = 3, Odors: n = 4 (two reciprocals of opposite odor order), Trained: n = 4 

(two reciprocals of opposite odor order)]. (B and C) Volcano plots showing fold change 
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of gene expression [log2(fc+1)] compared to the inverse of statistical significance 

[−log10(P-value)] (dark outline, FDR < 0.05). Both (B) Air vs. Odors and (C) Odors vs. 

EtOH had one statistically significant differentially expressed gene. (D and E) Density 

histogram and normalized FPKM expression (blue, yellow, and red color representing 

relative levels) of (D) the 100 most variable genes—the squared deviation from the 

mean—and (E) the 20 highest expressed genes postfiltering of RNA-associated genes. 

FDR, false discovery rate. 
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Figure 3.2 

 

Figure 3.2:  Comparison of differential transcripts in response to odor, ethanol, or 

trained (odor-ethanol) treatment. 

(A) Volcano plots showing fold change of transcript expression [log2(fc+1)] compared to 

the inverse of statistical significance [−log10(P-value)] (dark outline, FDR < 0.05). Plots 

for (i) Odors, (ii) EtOH, and (iii) Trained (ethanol-odor pairing) compared to Air (colors 

depict the top 200 P-value transcripts). (B) An upgraded Venn Diagram plot generated 

by an R package called “UpSetR” demonstrating the intersection in top 200 P-value 

transcripts (abbreviated by first letter in treatment). (C) A few of the transcripts from 

intersectional analysis are listed, along with the corresponding highest DIOPT-scored 
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human genes. Hypergeometric statistics, *P < 0.05 (Figure S4C). FDR, false discovery 

rate. 
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Figure 3.3 

 

Figure 3.3: Differential transcripts in particular pairwise treatment comparisons.  

(Ai–Ci) Volcano plots depicting (A) how EtOH differentially affects transcript expression 

compared to odors, (B) how Training (ethanol-odor pairing) differentially affects 

transcript expression compared to EtOH alone, and (C) how Training (ethanol-odor 
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pairing) differentially affects transcript expression compared to Odors alone (dark 

outline, FDR < 0.05). (Aii–Cii) Significantly altered transcripts are depicted alongside the 

most highly expressed isoform of the same gene, gray shaded regions denote 

sequence differences between isoforms. (Aiii–Ciii) Transcripts are listed, along with the 

corresponding highest DIOPT-scored human genes. FDR, false discovery rate. 
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Figure 3.4 

 

Figure 3.4. Protein interaction network analysis of alternatively expressed transcripts. 

Protein interaction network of proteins associated with “Odor vs. Trained” significant 

transcripts. Each node represents a protein, dark outlines denote proteins associated 

with significant “Odor vs. Trained” transcripts. Attributes of the nodes include fold 

change [log2(fc+1)] as color, expression level as size [log2(FKPM+1)] and edge 

thickness between nodes represents the extent of protein-protein interaction evidence 

from the MIST database. 
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Figure 3.5 

 

Figure 3.5: Spliceosome complex gene Cdc5 is required for cue-induced ethanol 

memory in adult MB neurons.  

(A) A Cdc5-GFP fusion shows that Cdc5 is expressed diffusely in the (i) anterior and (ii) 

posterior adult central brain, including (iii and iv) within MB nuclei (red). Bar in i, ii, and iii 

is 50 µM, Bar in iv is 5 µM). (B) Expression of Cdc5-RNAi in adult MB neurons 

significantly reduced conditioned preference for odor-cue-induced ethanol memory 

[F(2,56) = 21, *P < 0.0001]. Expression pattern of R19B03-Gal4 is shown in Figure S9A, 

and efficacy of the RNAi in Figure S10. (C) Primers designed to measure expression of 
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transcripts that include the Stat92E–RH (Exon 1) or –RI (Exon 1a) isoforms (Henriksen 

et al. 2002), see Figure S8A for depiction of all Stat92E transcripts. (D) Decreasing 

expression of Cdc5 in adult neurons significantly alters the ratio of Exon1/1a transcripts 

in whole-head tissue [F(2,14) = 5.7, *P = 0.02]. 
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Figure 3.6 

 

 

Figure 3.6: Knockdown of splice-associated targets in MB neurons reduces odor-cue-

induced ethanol memory.  



 198 

(A) Density histogram and normalized FPKM expression (blue, yellow, and red color 

representing relative levels) of genes associated with the spliceosome; arrows mark 

selected candidate targets for testing. (B) Table listing four top-expressed spliceosome-

associated genes and Cdc5, along with their corresponding highest DIOPT-scored 

human genes (Herold et al. 2009; Berson et al. 2019), and schematic demonstrating the 

complexes associated with these genes during splicing. (C) Expression of RNAi 

targeting Rm62 [F(2,49) = 5.72, P = 0.02], CG7971 [F(2,55) = 3.75, P = 0.03], Ref1 

[F(2,44) = 6.96, P = 0.002], or Pep [F(2,43) = 9.30, P = 0.0004] in adult MB neurons 

significantly reduced conditioned preference for odor-cue-induced ethanol memory. 
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Figure 3.S1 

 

Figure 3.S1: MB INTACT paradigm and initial analysis. 

(A) RNA-seq was performed on MB nuclei of flies expressing the INTACT transgene 

(MB010B-Gal4 > UAS-unc-84-GFP). Each fly brain contains ~4000 MB nuclei. (B) A 

representative immunohistochemical staining of the restricted INTACT (unc-84-GFP) tag 

expressed in MB010B-splitGal4 neurons in a 3-5-day-old adult male brain (DAPI 

staining DNA, Blue; anti-GFP staining GFP, Green). Confocal max stack image taken at 

20x resolution (Scale bar 50 μm). (C) Expression of the INTACT transgene (unc84-GFP) 
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in MB neurons did not interfere with odor cue-induced ethanol memory F(2,56)=71.36, 

p=0.68). (D) Histogram of the mean gene expression in fragments per kilobase (FPKM) 

across treatment libraries. Inset silhouette lacking fill color for increased visibility 

between treatments. (E) Percent distribution of biotypes according to current annotated 

Flybase ‘feature’ types across treatment libraries.  
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Figure 3.S2 

 

Figure 3.S2: QualiMap (BAM QC) analysis of the RNA-seq libraries.  

The total sequences, uniquely mapped reads %, genomic biotype, and normalized 

transcript counts (FPKM) are displayed for all 14 libraries.  

 

 

 

 

 



 203 

Figure 3.S3 
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Figure 3.S3: Expression of genes-of-interest, highest expressed, and most variable 

genes across behavioral conditions  

(A-D) Density histogram and normalized FPKM expression (blue, yellow, and red color 

representing relative levels) of (A) MB-associated, (B) ethanol- associated, (C) the 

highest 20 genes expressed genes without filtering, and (D) 100 most variable genes 

without filtering. All gene expression represented as condition means (log2(FPKM+1)) 

and ordered by mean expression.  
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Figure 3.S4 

 

Figure 3.S4: Comparison of top differentially expressed transcripts across treatments, 

as compared to ‘Air’  

(A) The number of genes or transcripts reaching statistical significance at FDR < 0.05 

between all pairwise comparisons: ‘Air vs Odors’, ‘Air vs EtOH’, ‘Air vs Trained’, ‘Odors 

vs EtOH’, ‘EtOH vs Trained’, and ‘Odors vs Trained’. Colors depict treatment condition. 

(B) An upgraded Venn Diagram plot generated by an R package called ‘UpSetR’ 



 206 

demonstrating the intersection between top 200 p-value transcripts (abbreviated by first 

letter in treatment). (C) The phyper function in R was used to determine hypergeometric 

p-values. The ‘universe’ test number was 34,741 transcripts from the current Dm6 

transcriptome. Values are as follows: phyper(q, m, n, k, lower.tail=FALSE) ... eg. 

phyper(overlap#, 200, (34741-200), 400, lower.tail=FALSE).  
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Figure 3.S5 

 

Figure 3.S5: Comparison of top 200 folding-changing transcripts in response to odor, 

ethanol or trained (odor- ethanol) treatment. 

(A) Volcano plots showing fold change of transcript expression (log2(fc+1) compared to 

the inverse of statistical significance (-log10(p-value) (dark outline, FDR < 0.05). Plots 

for (i) Odors, (ii) EtOH and (iii) Trained (ethanol-odor pairing) compared to Air (colors 

depict the top 200 fold changing transcripts). (B) An upgraded Venn Diagram plot 

generated by an R package called ‘UpSetR’ demonstrating the intersection in top 200 

fold changing transcripts (abbreviated by first letter in treatment). (C) The 19 transcripts 
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found to be similar across all pairwise intersectional analyses are listed, along with the 

corresponding highest DIOPT-scored human genes.  
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Figure 3.S6 

 

Figure 3.S6: DAVID analysis of gene ontology (GO) of top 200 p-value genes.  

Enrichment of current GO terms within the top 200 p-value genes found between Air vs 

Odor, Air vs Ethanol, and Air vs Trained pairwise comparisons (Bolded adjusted p-value 

< 0.05).  
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Figure 3.S7 

 

Figure 3.S7: Sashimi plots (IGV, Broad Institute) for alternatively expressed transcripts. 

Sashimi plots help to visualize splice junctions across merged ‘Odors’ and ‘Trained’ 

samples for differentially expressed transcripts.  
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Figure 3.S8 

 

Figure 3.S8: Decreasing expression of Cdc5 in adult neurons affects Stat92E 

expression.  
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(A) All transcripts of Stat92E expressed in MB neurons of flies treated with odors, or 

odor-ethanol pairings. Stat92E-RI was most highly expressed in MB nuclei of control 

flies whereas Stat92E-RH was more highly expressed in trained flies. (B) Average fold 

change of Stat92E Exon1 transcripts (including Stat92E-RH) and Exon 1a transcripts 

(including Stat92E-RI). Data for both graphs are normalized to elav-Gal4;;tub-Gal80ts/+. 

Decreasing Cdc5 in adult neurons did not significantly affect Stat-92E Exon 1 

(F(2,16)=2.56, p=0.45) or Exon 1a (F(2,16)=0.99, p=0.40) transcript expression alone.  
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Figure 3.S9 

 

Figure 3.S9: Knockdown of splice-associated targets in adult MB neurons does not 

affect odor responses. 

(A) R19B03-Gal4 is expressed in all MB neurons when using a UAS-mcd8-GFP 

reporter. Temporal expression was achieved by rearing flies in 18○C, then permitting 

expression by shifting one-day-old flies to 30○C for 3 days. (Scale bar 50uM) (B) 
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Expressing GFP-RNAi in all MB cells using R19B03-Gal4 did not reduce ethanol-odor 

memory (F(2,41)=4.45, p=0.02 with Student’s t-test UAS/Gal4 vs Gal4,G80/+ p=0.007, 

and UAS/Gal4 vs UAS/+ p=0.54). (C) Odor responses as defined by preference 

between an odor or no odor in a Y-maze test to 1:36 ethyl acetate in mineral oil or 1:36 

isoamyl alcohol in mineral oil were not significantly affected by expressing RNAi’s for 

Cdc5, CG7971, Pep, Ref1 or Rm62 in adult MB neurons, as compared to their 

respective genetic controls.  
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Figure 3.S10 

 

Figure 3.S10: Efficacy of RNAis of spliceosome associated genes.  

(A) Expressing RNAi for Ref1, Pep, CG7971 or Cdc5 in all neurons throughout the life 

of the flies significantly affected the number of non-balanced flies eclosed, resulting in 

decreased survival to adulthood. Expressing RNAi for Rm62 significantly decreased the 

number of non-balanced flies eclosed. Wilcoxon rank sum tests were performed for 

experimental lines vs respective heterozygous controls. p<0.05 are depicted in a red 

color with an *. (B) Expressing RNAi for Ref1 (p<0.001), Rm62 (p<0.001) or Pep 

(p<0.001) in all neurons using elav-Gal4 significantly reduced the ability to climb to a 5 
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cm mark in a plastic vial within 10 seconds after tap down. (C) Expressing RNAi in all 

adult cells using actin5c-Gal4 significantly reduced expression of Ref1 in adult fly heads 

(p<0.001).  
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Figure 3.S11 

 

Figure 3.S11: RNA-seq comparison to previous studies. 
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The gene lists from previous studies (in no particular order), most relevant to this study. 

Study details are provided to bear in mind contextual relevance.  
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Chapter 4: 

Alcohol-Induced Alternative Splicing of Dopamine-2-receptors in Drosophila Memory 

Circuits 
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4.1 ABSTRACT 

Sensory memories for the feeling of being intoxicated can problematically trigger 

relapse in individuals recovering from alcohol use disorder (AUD). However, the 

molecular mechanisms underlying these memories have yet to be fully understood. 

Dopamine-2 receptor (D2R) is thought to be an important factor in determining 

susceptibility to AUD. Splicing of D2R from the long isoform (D2RL) to the short isoform 

(D2RS) changes subcellular localization, altering the properties of dopaminergic 

signaling and potentially conveying increased risk for AUD. In Drosophila, Dopamine-2-

Receptor (Dop2R) isoform expression changes with alcohol exposure in memory-

encoding neurons in Drosophila melanogaster. To understand the functional 

consequences of this alcohol-induced splicing, we generated mutant Drosophila that 

have CRISPR modifications that only permit the expression of the naive or trained 

isoform of DOP2R. We observed that Dop2R splicing affected the way flies consumed 

alcohol and sucrose, without impacting memory for these rewards. These findings 

demonstrate that alcohol-induced splicing directly alters reward consumption.  
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4.2 SIGNIFICANCE 

Alcohol-induced alternative splicing is conserved across species from flies to mice to 

humans. However, the functional consequences of this alternative splicing are not well 

understood. We found that alcohol-induced alternative splicing of the Dopamine-2-

Receptor in Drosophila impacts both alcohol and natural reward consumption. These 

results suggest that Dop2R splicing plays an important role in dictating reward 

response. 
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4.3 INTRODUCTION 

Alcohol is the most abused drug in the United States (World Health Organization, 2018). 

The pharmacological properties of alcohol are anxiolytic, and induce euphoric feelings 

(Baum-Baicker, 1985; Gilman et al., 2008; Sayette et al., 2012). However, there are 

negative consequences associated with its consumption at both the molecular and 

behavioral level (Evans-Polce et al., 2024; Patrick & Terry-McElrath, 2021; Varghese & 

Dakhode, 2022). The increased willingness to endure the negative consequences 

association with alcohol consumption can result in the development of alcohol use 

disorder (AUD (Koob & Volkow, 2016)). AUD is a substantial burden on health systems, 

having an economical toll of ~$250 billion dollars within the United States annually 

(Sacks et al., 2015). According to the 2023 National Survey on Drug Use and Health, 

28.9 million people ages 12 and older were had AUD in 2022-2023 (SAMSHA, 2024) 

While current therapeutics are effective for a subset of the population (Celik et al., 2024; 

Mattle et al., 2022), they are not substantial long-term solutions (Fuller et al., 1986; 

Lyons et al., 2017). The molecular mechanisms that change the function of neural 

circuits, and thus behavior, require further investigation to develop better 

pharmaceutical interventions.  

An under-explored possible contributor to the development of AUD is the alternative 

splicing that occurs within neural circuits following ethanol exposure (Donadoni et al., 

2019; Downing et al., 2012; Farris et al., 2015; Huggett et al., 2023; Iancu et al., 2018; 

Petruccelli et al., 2018; Signor & Nuzhdin, 2018) Alternative splicing is a fundamental 

biological mechanism that allows our cells to generate multiple forms of proteins from a 

single genetic template, and occurs within approximately 95% of genes (Gilbert, 1978; 



 226 

Marasco & Kornblihtt, 2023; Pan et al., 2008). This is an essential process that expands 

genetic diversity and allows cells to flexibly adapt their proteins to better suit the 

environment they reside within (Liu et al., 2022; Wright et al., 2022). AUD causes global 

changes in splicing in the human brain (Van Booven et al., 2021). In recent years, 

alternative splicing has also been associated with alcohol use in the brains of non-

human primates (Iancu et al., 2018), rats (Hardy et al., 1999; Petrie et al., 2001), mice 

(Wolfe et al., 2019), chicks (Al-Shaer et al., 2019), and flies (Petruccelli et al., 2018, 

2020; Signor & Nuzhdin, 2018). The conservation of this process across such a 

diversity of species suggests it is a fundamental mechanism through which alcohol 

affects the molecular composition and function of cells.  

Alcohol-induced alternative splicing has been observed in immune-related genes (Li et 

al., 2023; Petruccelli et al., 2018) and plasticity-associated genes (Li et al., 2023; 

Petruccelli et al., 2018) including dopamine receptors (Oomizu et al., 2003), GABA 

receptors (Edenberg et al., 2004; Lee et al., 2014). Of these genes, Dopamine-2 

receptors (D2R) have a conserved role in learning and memory across species (Puig et 

al., 2014), and D2R is a therapeutic target for multiple neuropsychiatric diseases 

(Creese et al., 1976; Jiménez-Urbieta et al., 2015; Lawford et al., 1995; Zhang et al., 

2020). Thus, D2R is an interesting candidate to better understand the contributions of 

alcohol-associated splicing to changes in behavior and the development of AUD. 

Along with its conserved role in memory, the splicing of D2R is observed across 

species, including flies (Petruccelli et al., 2018), mice (Monsma et al., 1989), rats (Giros 

et al., 1989), and humans (Dal Toso et al., 1989). D2R splicing manifests as the removal 

of a 29-amino acid insert in the third intracellular loop of the protein (Dal Toso et al., 
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1989; Giros et al., 1989; Monsma et al., 1989; Żuk et al., 2020). In vitro and in vivo 

studies have demonstrated that the third intracellular loop, and serines within the 29-

amino acid stretch are instrumental to the function of D2R, determining the strength of 

protein-protein interactions(Fernández-Dueñas et al., 2012; Guiramand et al., 1995; 

Senogles et al., 2004) and ability to signal through βarrestin (Mann et al., 2021). D2R-

Long is predominantly expressed on dendrites on a subset of neurons within the 

striatum (Hernandez-Lopez et al., 2000; Khan et al., 1998). Conversely, D2R-short is 

mainly expressed on the presynaptic sites at the axon terminals dopaminergic neurons 

(Anzalone et al., 2012; Khan et al., 1998; Lindgren et al., 2003; Usiello et al., 2000). 

There are many single nucleotide polymorphisms (SNPs) associated with AUD that bias 

the splicing of D2R towards the short isoform, and overall decreases in the expression 

of D2 receptors (Bertolino et al., 2009; Eisenstein et al., 2016; Konishi et al., 2004; 

Smith et al., 2017). This decrease in D2 receptors can lead to excitatory D1-receptors 

on MSNs being preferentially stimulated by upstream dopaminergic circuits, causing 

increased approach to reward (Walle et al., 2024). These changes in the form and 

density of D2 receptors need to be further investigated to understand how alcohol-

induced splicing of D2 receptors is changing the properties of reward circuitry and 

behavioral responses to natural and alcohol reward. 

While previous studies have been able remove splicing of certain isoforms of genes 

implicated in AUD (Bulwa et al., 2011; Radl et al., 2018; Wang et al., 2000), studying the 

impact of splicing using mammalian models has been difficult due the lack resolution to 

make precise splicing alterations and manipulate and record from precise circuits. 

Drosophila melanogaster has been an effective model for understanding the 
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development of AUD for decades (Cummins-Beebee et al., 2023; Kaun et al., 2011; 

Nunez et al., 2018; Singh & Heberlein, 2000). Drosophila’s behavioral responses to 

intoxication often mirror that of humans, and they develop lasting preferences for 

intoxicating doses of ethanol (Devineni & Heberlein, 2013; Kaun et al., 2011; Singh & 

Heberlein, 2000).  

We have previously shown that splicing machinery is required for the formation of 

alcohol memory in Drosophila melanogaster (Petruccelli et al., 2020), and following 

formation of odor-alcohol memory, aberrant splicing occurs in multiple genes with 

functions involved in synaptic plasticity, regulation of transcription, and G-protein 

coupled receptors (GPCR) like Drosophila Dopamine-2-like receptor (Dop2R), the 

Drosophila ortholog of D2R (Hearn et al., 2002; Petruccelli et al., 2018).  

Dop2R is broadly expressed in memory relevant neuropil, such as the mushroom body 

(Figure 4.S2). Dop2R is expressed within the axon terminals, calyx, and cell bodies of 

the mushroom body (Figure 4.S2). Previous work has demonstrated the necessity of 

Dop2R in the mushroom body for odor-alcohol memory formation (Petruccelli et al., 

2020; Scaplen et al., 2020). Odor-alcohol memory formation results in the omission of a 

single serine (S658) within the third intracellular loop of Dop2R that changes Dop2R 

transcript-H (Dop2R-RH), to Dop2R transcript-I (Dop2R-RI) (Figure 3.1A) 

To better understand the functional consequences of this alcohol-induced alternative 

splicing of Dop2R, we generated CRISPR-Cas9 splice mutants that have forced 

expression of Dop2R-RH or Dop2R-RI by modifying the splice donor and acceptor sites 

sites preceding exon 8 (Figure 4.1D and 4.1E). With this technique we restricted 

expression within mutants to just Dop2R transcripts B, G, and H (herby referred to as 
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Dop2R-RH) or mutants that have forced expression of Dop2R transcript-I (hereby 

referred to as Dop2R-RI). Because the only difference between these two isoforms is 

the presence of a serine-658 within the protein structure, we also generated mutants 

that have a phosphoinactive alanine (Dop2R-S658A), or a phosphomimetic aspartic 

acid (Dop2R-S658D), which will provide insight into whether the serine is driving 

functional differences between the isoforms. In this work, we use Dop2R splice mutants 

to investigate the relationship between alternative splicing and reward-associated 

behaviors involving reward consumption, choice, and motivation.  

4.4 RESULTS 

4.4.1 - Alternative splicing of Dop2R increases alcohol and sucrose consumption. 

Previous work has shown that decreased D2R-long expression in mice leads to 

increased alcohol and sugar consumption (Bulwa et al., 2011). Since Drosophila Dop2R 

enhances sugar taste response following a reduction in sugar intake (Ganguly et al., 

2021) and is required for formation of ethanol memory (Petruccelli et al., 2018), we 

hypothesized that expression of specific Dop2R isoforms would change sucrose and 

alcohol consumption. Because lack of the long isoform within mice increased alcohol 

and sucrose consumption, we expected the Dop2R-RH-deficient Dop2R-RI flies would 

exhibit greater consumption of both sucrose and ethanol-containing food compared to 

Dop2R-RH and Dop2R-RI. We further hypothesized that Dop2R-RI mutants would 

exhibit higher preference for both sucrose-containing food and ethanol-containing food 

using the food-liquid interaction counter (FLIC) assay (Figure 3.2A (Ro et al., 2014)) 

which provides real-time monitoring of consumption. Flies were allowed to consume a 

food in the form of 5% sucrose in one well or 15% ethanol in 5% sucrose in another well 
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for up to 5 days. We measured the number of times the fly contacted the food port 

(Approaches), the number of times they extend their proboscis to feed (Licks), the time 

they spend at the food ports (Duration), and how frequently they return to the food port 

(Latency).  

Over the 5 days of the flies were monitored within the assay, behavior trends were 

consistent within each strain (Figure 4.S4), so we report data on day 1 below, and days 

2-5 in the supplement.  

We observed that control, Dop2R-RH and Dop2R-RI flies approached both the sucrose 

port to consume food (Figure 4.2Bi), however, Dop2R-RI flies approached the sucrose 

containing food port almost twice as many times on average compared to Dop2R-RH 

and control flies (Figure 4.2Bi). There were no differences observed in the number of 

approaches between control and Dop2R-RH flies. Control and Dop2R-RH flies also 

licked a similar amount from the sucrose containing food port (Figure 4.2Bii), whereas 

Dop2R-RI licked at significantly higher amount from the sucrose food (Figure 4.2Bii). 

Interestingly, there were no differences between the genotypes in the amount of time 

per feeding bout (Figure 4.2Biii). Control flies took longer to return to the sucrose-

containing food port when compared to the RH flies. From this data, we can conclude 

that Dop2R-RI flies are engaging more with sucrose compared to Dop2R-RH or control 

flies. Stats are reported in Table 4.S1. 

A similar trend emerges with ethanol-containing food. On the first day, Dop2RI flies 

approached the ethanol containing food port more than the control and Dop2R-RH flies 

(Figure 4.2Ci). Also, Dop2R-RI flies lick more from the ethanol-containing food port 

when compared to both RH and control flies, which did not differ from one another. 
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Feeding bout duration is consistent across genotypes (Figure 4.2Ciii), and Dop2R-RI 

flies have a significant decrease in the latency between approaches when compared to 

both control and Dop2R-RH flies. Thus, we conclude that the Dop2R-RI flies are 

engaging more with ethanol compared to Dop2R-RH or control flies. Stats are reported 

in Table 4.S1. 

When investigating the minute-to-minute fluctuations for engagement with the sucrose-

containing food and ethanol-containing food ports (Figure 4.2Di-4.2Div, 4.2Ei- 4.2Eiv), 

we observed that all genotypes predominantly fed between zeitgeber time 6 and 

zeitgeber time 10 (Figure 4.2Dii and 4.2Eii; 200 to 500 minutes, lights on at 9:00AM). 

For both sucrose and ethanol, we observed that the Dop2R-RI flies engaged with the 

port during this period more than control and Dop2R-RH flies. Stats are reported in 

Figure 4.S20. 

4.4.2 - Alternative splicing of Dop2R does not influence alcohol-cue response 

Dop2R is critical for the encoding of odor-alcohol memory (Petruccelli et al., 2018). 

Additionally, our FLIC recordings have provided evidence that the Dop2R-RI isoform 

increases alcohol engagement. This increased drive for alcohol could influence 

preference for cues associated with alcohol. We hypothesized that the change from 

transcript-H to transcript-I is a driving factor for approach to alcohol-associated odor 

cues. More specifically, we hypothesized that the Dop2R-RH-expressing mutants would 

exhibit lower preference for cues associated with alcohol after Pavlovian conditioning 

compared to Dop2R-RI-expressing mutants. To test approach toward cues associated 

with alcohol, we conditioned flies to associate intoxicating doses of ethanol with odor 
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cues (Figure 4.3A (Kaun et al. 2011, Nunez et al., 2018). We subsequently tested 

examined cue-memory in the well-established memory assay, Y-maze (Figure 4.3B; 

(Kaun et al., 2011; Mohandasan et al., 2022; Nunez et al., 2018)). 

When cue-memory was assessed using the Y-maze, Control flies exhibited expected 

levels of memory within this assay (Figure 4.4C). Unexpectedly though, both Dop2R-RH 

and Dop2R-RI exhibited normal levels of memory (Figure 4.4C; Table 4.S3 for stats). 

These results provide evidence that Dop2R mutants, regardless of their splicing profile, 

can learn to associate an odor-cue with intoxicating doses of ethanol.  

Though Y-maze may lack the sensitivity to thoroughly distinguish between the mutant 

phenotypes. As such, we have implemented a novel two-choice assay to better 

understand choice dynamics (Tandem two-choice assay; Figure 4.3E). Given that the 

Dop2R-RI isoform also increased approach towards sucrose as measured by the FLIC 

assay, Dop2R-RI might also be influencing associative learning with natural reward. We 

hypothesized that Dop2R-RI mutants would have higher preference for cues associated 

with sucrose compared to Dop2R-RH flies (but not controls). We trained flies to 

associate an odor with sucrose (Figure 4.3D). by exposing flies to 15 seconds of air, 

followed by 2 minutes of simultaneous presentation of both the paired odor and the 

unpaired odor. Flies were allowed to freely move to the side of the arena containing the 

paired or unpaired odor. Flies were then given 15 seconds of air after the stimulation 

period.  

We observed that the control flies approached the odor paired with sucrose after odor 

onset (Figure 4.3Fi). Likewise, Dop2R-RH and Dop2R-RI flies also approached the odor 

paired with sucrose (Figure 4.3Fii, and Figure 4.3Fiii). We found that there were no 
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differences between the genotypes when looking at overall cue memory (Figure 4.3G; 

Table 4.S4). However, Dop2R-RI flies appear to be less active when expressing the 

memory. Dop2R-RI flies had less transitions (Figure 4.3H), and distance moved in both 

paired and unpaired regions (Figure 4.3J) compared to Control and Dop2R-RH flies 

(Table 4.S4 for statistical comparisons). Although overall cue memory remained 

consistent between genotypes, using the Tandem two-choice assay we were able to 

identify behavioral metrics that could potentially be indicative of how Dop2R-RI flies 

engage differently with reward cues compared to Dop2R-RH and controls. 

4.4.3- Alternative splicing of Dop2R has mixed effects on operant alcohol response 

Previous studies have shown that D2R expression levels impact self-administration of 

alcohol in both rats and mice (Phillips et al., 1998; Thanos et al., 2001). However, these 

studies have lacked the ability to look at splice-specific alterations within the D2 

receptor and their connection to alcohol self-administration. Using the Operant Assay for 

Behavioral Reinforcement Response (OPEN BARR; Figure 4.4A & 4.4B), we 

investigated how Dop2R splicing affected operant self-administration for alcohol. In this 

assay, flies obtain volatilized ethanol when in a demarcated region of self-administration 

(ROSA, Hernandez et al., unpublished data). Otherwise, flies can spend their time in a 

non-marked portion of the arena and receive humidified air (Region of Non-self-

Administration, RONSA).  

Within a typical wild-type population, some flies engage at less frequently in 

administering ethanol (low responders) and some escalate their alcohol preference over 

three days (high responders (Hernandez et al., unpublished data)). We hypothesized 

that if Dop2R-RI is connected to increased approach to alcohol, then Dop2R-RI 
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expressing flies should exhibit the highest occupation within ROSA compared to control 

(only on Day 1) and Dop2R-RH flies.  

As observed within wildtype populations, control flies showed a variety of response 

profiles (Figure 4.4C). By Day 3, the control fly population exhibited various self-

administration patterns (Figure 4.4C). These flies could be segregated into quartiles 

based on their self-administration on Day 3. Of particular interest are the high engagers 

(Quartile 1; Figure 4.4C). Distribution of responses and the quartile breakdown for 

Dop2R-RH and Dop2R-RI flies can be found in Supplemental Figure 4.S8. 

When comparing ROSA occupation on the first day between genotypes (Figure 4.4Di), 

we observed that control flies self-administered vaporized ethanol more compared to 

both Dop2R-RH and Dop2R-RI flies (Table 4.S5). There were no differences observed 

between the splice mutants (Figure 4.4D; See Supplemental Table 4.S5). The increased 

time spent within ROSA for the control flies appears to be concentrated within the first 5 

minutes of the 15-minute recording period (Figure 4G).  The average bout duration 

within ROSA on the first day were also similar between groups, with RH and RI flies 

spending a non-significantly less amount of time within ROSA (Figure 4.4Ei, 

Supplemental Table 4.S5).  

By Day 3, Control flies exhibited greater occupation of ROSA (Figure 4.4Di) paired with 

longer bout durations compared to Dop2R-RH flies, but not Dop2R-RI flies (Figure 4.4E; 

Supplemental Table 4.S5).  

The distance moved within the ROSA could also be an important factor in determining 

motivation, as moderate doses of ethanol have been shown to increase fly locomotion 
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(Scaplen et al., 2019). We hypothesized that Dop2R-RI flies should also have a higher 

amount of distance traversed within the ROSA compared to control (only on Day 1) and 

Dop2R-RH flies. However, we did not observe any differences between the genotypes 

(Figure 4.4Fi and 4.4Fii).  

By the third day, Control flies were only self-administering more than Dop2R-RH flies 

(Figure 4.4Dii, Table 4.S5). The mutant flies self-administered at similar levels (Figure 

4.4Dii; Table 4.S5). Unexpectedly, we found that control flies had higher rates of self-

administration compared to Dop2R-RH and Dop2R-RI. We were not able to observe 

differences in ROSA occupation between Dop2R-RH and Dop2R-RI flies.  

4.4.4 – Highest engaging Dop2R-RI increase their occupation of ROSA in Open BARR 

At the population level, Dop2R-RH and Dop2R-RI behave similarly in response to 

intoxicating doses of ethanol vapor. Due to the subtlety of the mutation however, there 

could be potentially interesting interactions occurring within high and low responders 

exclusively. We hypothesized that high-engaging Dop2R-RI flies would have exhibit 

longer durations of ROSA occupation compared to control and Dop2R-RH flies. With 

this approach, we found that only the highest engaging (Figure 4.S8; Quartile 1) Dop2-

RI flies increased their total time in ROSA over the three days of self-administration 

(Figure 4.S11A). On day 3, both Dop2R-RI and control had longer bout durations 

compared to Dop2R-RH (Figure 4.S11; Table 4.S6), but Dop2R-RH and Dop2R-RI flies 

were not significantly different from each other. Movement in ROSA remained similar for 

all three days when comparing all three strains (Figure 4.S11; Table 4.S6).  
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Taken all together we see that alternative splicing has a variety of effects on alcohol 

engagement strategies in the OPEN BARR assay. High-engaging Dop2R-RI flies 

displayed increases in total time spent in ROSA. This is coupled by increased bout 

durations compared to Dop2R-RH on the final day of self-administration. This is in 

contrast with high-engaging Dop2R-RH that did not alter their behavior within the 

operant assay.  

4.5. DISCUSSION 

Understanding the functional consequences of alternative splicing on behavior is a 

rapidly developing field within neuroscience (Carvalho & Lasek, 2024; Nik & Bowman, 

2019; Petruccelli et al., 2020; Xu et al., 2021). We demonstrate that alcohol-induced 

alternative splicing of Drosophila Dop2R influences reward engagement. We observed 

that Dop2R-RI flies, which have an isoform lacking Ser658 in the 3rd intracellular loop, 

increase consumption of both natural and alcohol rewards.  

While previous studies have shown that splicing of D2R is a connected to alcohol 

consumption (Van Booven et al., 2021), our findings provide direct evidence to suggest 

that this splicing is causative in increased engagement with alcohol across multiple 

contexts. Additionally, we observed that the shift from Dop2R-RH to Dop2R-RI may also 

be driving increased approach to general reward, since Dop2R-RI flies had increased 

approach and consumption of both sucrose and alcohol. The increased sucrose 

engagement with Dop2R-RI flies may also be connected to a Dop2R-mediated 

mechanism that enables increased sucrose sensitivity following sucrose deprivation 

(Ganguly et al., 2021).  
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These phenotypes did not manifest as difference in overall preference in choice assays 

following Pavlovian conditioning for alcohol. This contradicted our hypothesis that 

Dop2R-RI flies would have higher levels of approach to alcohol-associated odor cues 

when compared to Dop2R-RH. It is possible that the presence of a natural reward is 

necessary to resolve the impacts of Dop2R splicing on behavior. However, since a 

previous study demonstrated that knockdown of Dop2R did not alter the rewarding 

properties of sucrose as determined by olfactory-sucrose conditioning (Sun et al., 

2020,), it could be that Dop2R splicing plays a role in consumption behavior as opposed 

to sensing the rewarding properties of reward. However, the Sun et al., 2020 study 

implemented an assay that is not capable of extracting multiple behavioral metrics to 

better characterize preference.  

This contrasts with apparati like FLIC, Tandem two-choice assay, and OPEN BARR that 

allow for real time monitoring of reward-motivated behavior in addition to providing the 

rewarding stimuli. These results highlight the importance of implementing behavioral 

assessments that can extract multidimensional behavioral data. Using higher resolution 

data, we were able to pull out differences in how Dop2R splice mutants were engaging 

with sucrose-associated cues (Figure 4.3), despite similarities in overall preference. The 

observed difference in overall movement between Dop2R-RI and Dop2R-RH could be 

indicative of different strategies used to engage with reward and reward-associated 

cues. Dop2R-RH constantly transitioned between the unpaired and paired odor, 

whereas Dop2R-RI remained more stationary when expressing memory for a sucrose 

cue.  
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Utilizing T-STEP, we were able to expand the number of known circuits that express 

Dop2R (Figure 4.S2) and provide a foundation for Dop2R is shaping other behaviors. 

Dop2R’s expression within the fan-shaped body (Figure 4.S2D) could be influencing 

behaviors like navigation (Matheson et al., 2022), and nociception (Hu et al., 2018). And 

the expression within the optic lobe may be important in visual perception, possibly 

aiding circuit formation during development (Tian et al., 2015). Dop2R and its splicing 

events may be fundamental to shaping circuit properties across a wide range of brain 

structures and possibly influencing behavior through multiple neural substrates.  

Future studies will also have the capacity to look at how the presence of Dop2R splice 

isoforms is directly changing neural dynamics using functional imaging. GCaMP sensors 

under the control of gal4 drivers could be expressed within the background of the 

mutants to observe how the different isoforms of Dop2R are changing the activity 

profiles of reward circuitry like the mushroom body and protocerebral anterior medial 

dopamine neurons. It is likely that the RI isoform which more closely resembles D2R-

short, is not able to signal as effectively as the Dop2R-RH due to the lack of the 

phosphorylation events at the 658th amino-acid residue. This could result in increased 

activity within neural circuits that express Dop2R-RI.  

In summary, our investigation into the alcohol-induced alternative splicing of Dop2R 

provides insight into how different isoforms of Dop2R might be shaping reward 

response. Our approach will serve as a model for future studies investigating the role of 

splicing in connection to neuropsychiatric disease. 
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4.6 MATERIALS AND METHODS 

4.6.1 List of Reagents 

Reagent type 

(species) or 

resource 

Designation Source or 

reference 

Identifiers Additional 

information 

Genetic 

reagent (D. 

melanogaster) 

Dop2R-Control This Paper N/A Chromosome I 

Genetic 

reagent (D. 

melanogaster) 

Dop2R-RH This Paper N/A Chromosome I 

Genetic 

reagent (D. 

melanogaster) 

Dop2R-RI This Paper 

 

N/A Chromosome I 

Genetic 

reagent (D. 

melanogaster) 

Dop2R-S658D This Paper N/A Chromosome I 

Genetic 

reagent (D. 

melanogaster) 

Dop2R-S658A This Paper 

 

N/A Chromosome I 
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Genetic 

reagent (D. 

melanogaster) 

Dop2R T-STEP 

 

 

This Paper N/A Chromosome I 

Genetic 

reagent (D. 

melanogaster) 

nSyb-Gal4 Courtesy of 

Kate 

O’Connor-

Giles 

BDSC#51635 Chromosome 

III 

Chemical Iso-amyl alcohol Fisher 

Scientific 

Cat#A393 (1:36) 

Chemical Ethyl-acetate Fisher 

Science 

Cat#S25305 (1:36) 

Chemical Mineral oil Fisher 

Science 

Cat#BP2629 N/A 

Chemical Triton-X Sigma-

Aldritch 

Cat#X-100 0.3% 

Chemical 10x PBS Buffer Thermo-

Fisher 

Cat#AM9624 N/A 

Chemical Normal Goat 

Serum 

Southern 

Biotech 

Cat#0060-01 (1:20) 
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Chemical Citifluor 

Antifadent 

Mountant 

Solution 

Agar 

Scientific 

Cat#AGR132

0 

~20uL 

Chemical 16% PFA Electron 

Microcopy 

Cat#15710 1 mM 

Chemical Poly-L-Lysine 

Hydrobromide 

Sigma Alrich Cat#P1524-

25MG 

N/A 

Antibody α-GFP (Rabbit 

polyclonal) 

Thermo-

Fisher 

Cat#G10362 (1:200) 

Antibody DSHB Life Tech nc82 (1:20) 

 

4.6.2 - Generation of Dop2R-Splice Mutants 

Dop2R-splice mutants were generated using CRISPR-Cas9. Splice acceptor sites 

preceding and within exon 8 of the Dop2R gene were modified to generate the Dop2R-

RH and Dop2R-RI mutants (Figure 4.1). Phosphomimetic and phosphoinactive mutants 

were generated by modifying the RH splice acceptor site and modifying the codon 

encoding the the 658th reisdue to generate either a aspartic acid or alanine, 

respectively. w1118 Embryos were injected with custom plasmids and guide RNAs using 

RainbowGene Inc. Plasmids that contained DsRed under the expression of the eyeless 

promoter were inserted into the target locus to allow tracking of flies positive for uptake 



 242 

of the plasmid. DsRed Positive flies were then backcrossed into w1118 flies to generate 

stable lines. DsRed was then removed using flies containing PBaC Transposase 

(Crossing Schematic in Figure 4.S21). Once DsRed was excised, flies were molecularly 

characterized using custom primers to confirm presence of the specific mutations. 

Sequencing was conducted using Eurofins Genomic SimpleSeq kits. 

4.6.3 - Generation of T-STEP lines 

The T-STEP cassette (Kohl et al., 2015) was inserted into the Dop2R locus of w1118 

embryos CRISPR Cas9 (RainbowGene Inc.). DsRed under expression of the eyeless 

promoter within the T-STEP cassette allowed for tracking of the insertion throughout 

crosses. Custom plasmids and guide RNAs were designed to target the c-terminus to 

capture all isoforms (Figure 4.S2). DsRed-containing flies were used for all crosses to 

tissue-specific Gal4s. 

4.6.4 - Immunohistochemistry 

Flies were cold anesthetized on ice. Brains were dissected in chilled 1% PBS. Brains 

are then placed in 2% PFA or 4% PFA. For experiments with 2% PFA, brains were left 

overnight at 4C nutating. For experiments with 4% PFA, brains were left on ice for up to 

2 hours. Brains were washed in 0.5% Phosphate buffer solution with Triton-X (PBT) for 

15 minutes, 4 times (exchanging for new washing buffer after each 15-minute interval). 

Brains were then placed in blocking solution (PBT with 5% Normal Goat Serum) 

nutating for 1 hour at room temperature before the addition of antibodies. Brains were 

left for 2 days in the solution containing primary antibodies before washing again using 

the protocol described above. Brains were then placed in fresh blocking solution with 
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the addition of secondary antibodies overnight. Brains were washed and mounted 

between 1.5mm thick coverslides that were dipped in Poly-L-Lysine to arrange brains in 

preferred orientations. Citifluor mounting solution is then applied to the edges between 

the two coverslides to allow capillary action to pull the mounting solution over the brains. 

The slides are then sealed together using nail polish and left to cure for 24 hours before 

imaging. Z-stack confical images were acquired using 20x or 60x oil objectives on either 

a Nikon Yokogawa CSUW1 Spinning Disk Confocal microscope, or an Olympus FV3000 

confocal microscope.   

4.6.5 - Fly Husbandry 

All Drosophila melanogaster lines were raised on standard cornmeal-agar media with 

tegosept anti-fungal agent and maintained at 24°C in humidity-controlled chambers 

under 14/10 hr light/dark cycles on standard cornmeal-agar media with tegosept anti-

fungal agent. 

4.6.6 - FlyGRAM 

The FlyGrAM (Fly Group Activity Monitor) was used for real-time monitoring and 

quantification of Drosophila group locomotion. 2-3 day-old male flies were collected 

using brief CO2 exposure, 2-3 days before experiment were performed and kept at 

24°C at 70% humidity under a 14:10 Light:Dark Cycle. During the day of experiments 10 

flies were placed in each of the four wells of the FlyGRAM apparatus. Genotypes were 

rotated through the four arenas during experimentation to control for any arena-specific 

effects. This protocol uses the standard 20-minute timeline in which flies receive air for 

5 minutes, ethanol vapor for 10 minutes at 70mL flow rate with 40mL flow rate of air, 
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followed by 5 minutes of just air. Experiments were conducted in the dark at 21-22°C. 

Data was processed and visualized using a custom python script. 

4.6.7. - Odor cue-induced ethanol memory 

Flies were collected 2 days prior to experimentation using brief CO2 exposure. 4-5 day 

old flies were trained using the Pavlovian paradigm described in Kaun et al., 2011 and 

Nunez et al., 2018, briefly summarized here: Experiments were performed using 30 flies 

in perforated conical culture tubes with plastic mesh lids containing 1ml of agar. Flies were 

exposed to 10 minutes of an unpaired odor, followed by 10 minutes of a paired odor with 

66% ethanol. Each training session is spaced by 50 minutes to allow flies to fully 

metabolize the ethanol. The odors used were isoamyl alcohol (1:36) and isoamyl acetate 

(1:36), and flies were reciprocally changed to account for any inherent odor preferences. 

Flies were then provided a yeast food source and allowed to rest in a 24°C incubator at 

70% humidity. 

4.6.8 - Y-Maze 

Memory retrieval was conducted in a vertical Y-Maze, where flies were given the choice 

between the unpaired and paired odors being streamed (at ~10ml/min) into the maze 

through 2 separate arms. Testing occurred 20-24 hours following training. Testing was 

conducted under red light illumination at 23°C-24°C with 70% humidity.  Flies were 

allowed to climb the maze and decide between the two arms. Preference Index was 

calculated as total number of flies in the paired odor, subtracting the number of flies in 

the unpaired odor, then dividing by the total number of flies that climbed. Conditioned 

preference index was calculated by averaging across reciprocally trained groups of flies 



 245 

4.6.9 - Open-BARR 

For the Operant Behavioral Apparatus for Reinforcement Response (OPEN-BARR), 

Virgin female and virgin male flies kept in food vials containing standard cornmeal-agar 

food supplemented with the antifungal agent tegosept. Vials were maintained at 24°C 

with 70% humidity, and kept on a 14:10 light:dark cycle. First-generation flies were 

collected following a brief CO2 exposure and grouped in separate vials containing 15 

flies each (housing females and males separately) 3 days before experimentation. Flies 

used in experiments were 3-4 days old at the start of each experiment. Flies were kept 

on food prior to experiments. Experiments were conducted starting at zeitgeber time 0-2 

(when the lights in the incubator turned on). On the experimental day, individual flies 

were removed from group-housed containers by gentle aspiration and placed in each of 

the 6 chambers for their first 15-minute self-administration session. The chambers were 

then placed within the OPEN-BARR apparatus box, which was kept at 24°C with 70% 

humidity. Before tracking, flies were allowed to acclimate to the arena for two minutes. 

When flies reach 4 days old, they were placed into individual arenas that have half of 

the arena marked with yellow tape on the bottom. Air flow was maintained via a 3-way 

solenoid valve (ASCO valves, St. Louis, MO) at 200 standard cubic centimeters per 

minute (sscm) and measured using a digital flow monitor (Alicat Scientific, Tucson, AZ) 

before experimentation. Once the flies entered the region demarcated by yellow tape, 

also called the Region of self-administration (ROSA), they receive vaporized ethanol 

(75%) controlled by a solenoid system.  Ethanol self-administration of individual flies 

was recorded for 15 minutes. Flies are then individually housed, and their ethanol self-

administration is recorded for 2 more days. Once flies finished their 15-minute self-
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administration session they were individually placed in food vials and maintained at 

24°C with 70% humidity. Overall time spent self-administering, locomotion, and other 

metrics are then characterized using custom scripts in MATLAB as well as Python.  

4.6.10 Fly Liquid-Food Interaction Counter 

For two-choice FLIC assays, male flies were collected after brief CO2 exposure. Flies 

were kept in food vials containing standard cornmeal-agar food supplemented with the 

antifungal agent tegosept. 6, male flies aged 3-5 days were placed in 6 individual 

chambers within a Drosophila feeding monitors (Ro et al., 2014) able to detect 

engagement with liquid food sources. Flies had access to either a well containing 5% 

sucrose liquid food, or a well containing 15% ethanol + 5% sucrose liquid food. Flies 

must stand on a conductive metal surface and extend their proboscis to access food. 

Upon contact, flies complete a voltage divider circuit, resulting in voltage changes 

measured by an external microcontroller board that then relays these signals to a data-

processing Master Control Unit before storing data in FLIC software. Flies’ engagement 

with the liquid food was measured over 5 consecutive days at room temperature (20-

21°C) at 50%-60% humidity. Flies that did not engage with food for longer than a 24-

hour period were excluded from analyses. Behavior was analyzed using publicly 

available R (Ro et al., 2014) scripts. 

4.6.11 - Statistical Analyses 

Statistical analyses were performed on GraphPad Prism 10 Version 10.4.0 (GraphPad 

Software) or Python. Y-Maze data was analyzed using nonparametric Kruskal-Wallis 
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statistical testing. Open BARR data was analyzed using the nonparametric Kruskal–

Wallis test followed by Dunn's multiple-comparisons test for within-day genotype 

comparisons, and Two-way ANOVAs with post-hoc Tukey to look at Open Barr 

behavioral metrics over time. FLIC data was analyzed using Kruskal-Wallis tests 

followed by Dunn’s multiple comparison for within-day genotype comparisons. The 

significance level of statistical tests was set to 0.05. For detailed statistics see 

Supplemental Tables. Asterisks indicate statistically significant differences, *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p<0.0001. 
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Figure 4.1 

 

Figure 4.1: Dynamic splicing of Dop2R and generation of Dop2R splice mutants. 

Volcano plots showing RNA-sequencing conducted against Drosophila mushroom body 

(MB) nuclei using the intact approach (Henry et al., 2012; Pankova & Borst, 2016; 
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Petruccelli et al., 2018, 2020). Volcano plots compare the expression levels of Dop2R 

transcripts following exposure to just odors or just ethanol (A), odors compared to flies 

repeatedly exposed to odors paired with intoxicating doses of ethanol, (B) flies who had 

odors paired with sucrose compared to odors unpaired with sucrose .(C) DOP2R 

protein structure prediction rendered by AlphaFold (Jumper et al., 2021), and 

comparison of splicing events within mammalian D2 receptor and Drosophila Dop2R.  

Red hyphens indicate regions omitted during alternative splicing. (D) Dop2R gene 

structure and representation of CRISPR-Cas9 mediated mutations in the Dop2R 

sequenc preceeding exon 8 to force isolation of specific isoforms. (E) Cartoon depiction 

of DOP2R with resultant amino acid sequences following CRISPR modifications.  
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Figure 4.2 

 

Figure 4.2: Dop2R-RI increases both natural and drug reward consumption 

(A) Cartoon depicting the two-choice Fly liquid-food interaction counter (FLIC) where 

flies can either consume 5% sucrose or 15% ethanol in 5% sucrose. Barplots 
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representing the average with swarmplot overlay for approaches (Bi), Licks (Bii), mean 

duration (Biii), and latency to return to sucrose (Biv). Barplots representing the average 

with swarmplot overlay for approaches (Ci), Licks (Cii), mean duration (Ciii), and latency 

to return to ethanol-containing food (Civ). Lineplots representing the average with SEM 

shaded overlay for approaches (Di), Licks (Dii), mean duration (Diii), and latency to 

return to sucrose (Div) over a 24 hour period. Lineplots representing the average with 

shaded SEM overlay for approaches (Di), Licks (Dii), mean duration (Diii), and latency 

to return to ethanolc(Div) over a 24 hour period. Gray is control (n =40 ), blue is Dop2R-

RH (n=22), and red is Dop2R-RI (n =40 ). Lineplots representing the average with SEM 

overlay for approaches (Di), Licks (Dii), mean duration (Diii), and latency to return to 

sucrose (Div) over a 24 hour period.  Stats reported in Supplemental Table 4.S1 and 

Supplemental Figure 4.S20. 
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Figure 4.3 

 

Figure 4.3: Pavlovian conditioning of Dop2R mutants for alcohol and sucrose cues. 

(A) Paradigm used to condition flies to associate intoxicating doses of ethanol with 

neutral odors. (B) Depiction of the vertical y-maze. (C) Y-maze preference indices for 

control (gray, n= 33), Dop2R-RH (blue, n =33), and Dop2R-RI (red, n =33) flies following 

alcohol-odor training paradigm. (D) Pavlovian conditioning of Drosophila for immediate 

scurse memory. (E). Depiction of Tandem two-choice assay where flies can move freely 

between two regions that are filled with odors. Preference index over time for the 2-

minute odor stimulation period for Control (Fi, n = 40 ), Dop2R-RH (Fii, n = 22 ), and 
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Dop2R-RI (Fiii, n = 40 ) flies. (G) Overall sucrose cue memory from the tandem two-

choice assay (Supplemental Table 4.S3 for stats). (H) Total number of transitions during 

the odor stimulation period. (I) Average amount of time spent in the paired (left) and 

unpaired (right) odor regions. (J) Average distance moved in  the paired (left), and 

unpaired (right) regions. (K) Average distance from the paired (left) and unpaired (right) 

odor ports. Bar plots represent the mean, and the scatterplot overlay represent 

individual flies’ metric value. Stats reported in Supplemental Table 4.S5. 
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Figure 4.4 

 

Figure 4.4: Behavioral metrics for control, Dop2R-RH, and Dop2R-RI within Open 

BARR. 

(A) Representation of the Open BARR apparatus. Flies are exposed to air when in the 

Region of Non-Self Administration (RONSA, white), but can be exposed to 75% ethanol 

when they enter the Region of Self-Administration (ROSA, yellow). (B) Paradigm used 

to assess alcohol motivation within flies. Flies are placed within an Open BARR arena 

and allowed to move freely within the arena for 15 minutes for three days consecutive 

days. (C) Heatmap of self-administration for control flies on the third day of self-

administration. Grey bar to the right of the heatmap labels the quartile breakdown for 

flies. Quartile 1 are high engaging flies, while quartile 4 are the low engaging flies. Total 

time within ROSA for each of the three genotypes on Day 1 (Di) and Day 3 (Dii) 

Average bout duration for Day 1 (Ei) and Day 3 (Eii). Total distance moved within ROSA 
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on Day 1 (Fi), and Day 3 (Fii). (Control = Gray, n =73, Dop2R-RH = Blue, n = 69, 

Dop2R-RI = Red, n =71).   
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Figure 4.S1 

 

Figure 4.S1: Alternative splicing of Do2R following ethanol exposure and sucrose cues. 

(A) Volcano plot comparing sequencing data from flies exposed to odors vs ethanol 

alone. Highlighted in purple are Dop2R isoforms, with Dop2R-RH and Dop2R-RI clearly 

labeled. Unlike Odors paired with ethanol compared to odors alone (Figure 4.1A), 

Dop2R-RH is upregulated, and Dop2R-RI is downregulated. (B) Volcano plot comparing 

sequencing data from flies that have been sucrose trained compared to flies that have 

been sucrose-trained and re-exposed to the sucrose-predicting cues. Dop2R-RH is 

downregulated compared to Dop2R-RI, which doesn’t change much between the two 

conditions.  
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Figure 4.S2 

 

Figure 4.S2: Resolving subcellular localization of DOP2R using an intersectional 

genetics approach.  

(A) Representation of the insertion site for the T-STEP cassette to allow for endogenous 

tagging of the DOP2R protein (See methods). (B) Representation of the genetics that 

allow for endogenous tagging of DOP2R in a tissue specific manner. (C) Pan-neuronal 

expression of DOP2R using nSyb-Gal4. (D) Midbrain sagittal slice revealing expression 

of Dop2R in multiple layers of the Fan-Shaped Body (arrows). (E). Max-intensity 

projection of nSyb>Dop2R T-STEP in the optic lobe. Arrows show expression in the 
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medulla (right) and lobula (left). (F) Saggital slice of the posterior portion of 

nSyb>Dop2R T-STEP highlighting the expression around the mushroom body calyx and 

within Kenyon cell bodies. 
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Figure 4.S3 

 

 

Figure 4.S3: Alcohol-induced locomotion in Dop2R splice mutants. 

(A) Splice mutant locomotor responses to stimulatory doses of ethanol vapor. Control is 

gray (n = 8 runs of 10 flies), Dop2R-RH (n = 8 runs of 10 flies) is blue, and Dop2R-RI (n 

= 8 runs of 10 flies) is red.  
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Figure 4.S4 

 

Figure 4.S4: FLIC metrics for days 2-5 for Control, Dop2R-RH, and Dop2R-RI flies. 

 (A) Average approaches to sucrose-containing food port on Days 2 through 5. (B) 

Average number of licks per contact for a sucrose-containing food port on days 2 



 278 

through 5. (C) Average duration spent feeding at a sucrose-containing food port on days 

2 through 5. (D) Average latency to return to a sucrose containing food port on Days 2 

through 5. (E) Average approaches to sucrose-containing food port on Days 2 through 

5. (F) Average number of licks per contact for a ethanol-containing food port on days 2 

through 5. (G) Average duration spent feeding at an ethanol-containing food port on 

Days 2 through 5. (H) Average latency to return to an ethanol-containing food port on 

Days 2 through 5. Stats reported in Supplemental Table 4.S2. 
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Figure 4.S5 

 

Figure 4.S5: FLIC Engagement with Sucrose over time across days 2-5. 

(A) Average number of sucrose approaches over a 24-hour period on days 2 through 5. 

(B) Average number of sucrose licks over a 24-hour period on days 2 through 5. (C) 
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Mean duration of sucrose approaches over a 24-hour period on days 2 through 5. (D) 

Average latency to return to a sucrose-containing food source over a 24-hour period on 

days 2 through 5. Stats reported in Supplemental figure 4.S19. 
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Figure 4.S6 

 

Figure 4.S6: FLIC Engagement with ethanol in sucrose over time across days 2-5.  

(A) Average number of ethanol approaches over a 24-hour period on days 2 through 5. 

(B) Average number of ethanol licks over a 24-hour period on days 2 through 5. (C) 
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Mean duration of ethanol approaches over a 24-hour period on days 2 through 5. (D) 

Average latency to return to an ethanol-containing food source over a 24-hour period on 

days 2 through 5. Stats reported in Supplemental figure 4.S20. 
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Figure 4.S7 

 

Figure 4.S7: Alcohol-cue memory assessment via Y-Maze for Control, Dop2R-S658D, 

and Dop2R-S658A flies.  

(A) Alcohol-odor training paradigm schematic. (B) Depicition of Y-Maze. (C) Alcohol-cue 

memory 24 hours after training for control and phosphomutant flies. Control Is gray (n = 

28), Dop2R-S658D is blue (n = 33), and Dop2R-S658A is pink (n =17). Stats reported in 

supplemental table 4.S3. 
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Figure 4.S8 

 

Figure 4.S8: Open BARR Heatmaps for Control, Dop2R-RH, and Dop2R-RI. 

Heatmaps for Control flies on day 1 (Ai), Day 2 (Aii), and Day 3 (Aiii). Heatmaps for 

Dop2R-RH flies on day 1 (Bi), Day 2 (Bii), and Day 3 (Biii). Heatmaps for Dop2R-RI flies 

on day 1 (Ci), Day 2 (Cii), and Day 3 (Ciii). 
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Figure 4.S9 

 

Figure 4.S9 Open BARR Behavioral Metrics for Control, Dop2R-RH, and Dop2R-RI 

(A) Total time spent in ROSA by each genotype for each of the three days. (B) Average 

bout duration in ROSA for each genotype on each of the three days. (C) Total distance 

moved in ROSA by each of the genotypes on each of the three days. (D) Total time 

spent in RONSA by each of the genotypes on each of the three days. (E) Average bout 

duration in RONSA for each the genotypes on each of the three days. (F) Total distance 

moved in RONSA by each genotype on each of the three days. Bar plots represent the 
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mean, and the scatterplot overlay represent individual flies’ metric value. Control is gray, 

Dop2R-RH is blue, and Dop2R-RI is red. 
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Figure 4.S10 

 

Figure 4.S10: Behavioral metrics in ROSA and RONSA over time for Control, RH, RI 
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Average time spent in ROSA over time for Day 1 (Ai), Day 2 (Aii), and Day 3 (Aiii). 

Average distance moved in ROSA over time for Day 1 (Bi), Day 2 (Bii), and Day 3 (Biii). 

Average time spent in RONSA over time for Day 1 (Ci), Day 2 (Cii), and Day 3 (Ciii). 

Average distance moved in RONSA over time for Day 1 (Di), Day 2 (Dii), and Day 3 

(Diii). Bold line represents mean, and shaded line represents SEM. Control is gray, 

Dop2R-RH is blue, and Dop2R-RI is red.  
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Figure 4.S11 

 

Figure 4.S11: High engaging fly metrics within ROSA and RONSA. 

(A) Total time spent in ROSA by each genotype for each of the three days. (B) Average 

bout duration in ROSA for each genotype on each of the three days. (C) Total distance 

moved in ROSA by each of the genotypes on each of the three days. (D) Total time 

spent in RONSA by each of the genotypes on each of the three days. (E) Average bout 

duration in RONSA for each the genotypes on each of the three days. (F) Total distance 

moved in RONSA by each genotype on each of the three days. Bar plots represent the 
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mean, and the scatterplot overlay represent individual flies’ metric value. Control is gray 

(n = 18 ), Dop2R-RH is blue (n =18 ), and Dop2R-RI is red (n = 18). 
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Figure 4.S12 
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Figure 4.S12 Open BARR metrics overtime for high engaging Control, Dop2R-RH, and 

Dop2R-RI flies.   

Time in ROSA per minute for high engaging control and flies on Day 1 (Ai), Day 2 (Aii), 

and Day 3 (Aiii). Average distance moved in ROSA over 15-minute bins on Day 1 (Bi), 

Day 2 (Bii), and Day 3 (Biii). Time spent in RONSA over the 15 minutes on Day 1 (Ci), 

Day 2 (Cii), and Day 3 (Ciii). Average distance moved for high engaging flies within 

RONSA on days 1(Di), 2 (Dii), and 3 (Diii).  
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Figure 4.S13 

 

Figure 4.S13: Open BARR metrics for low engaging flies 

(A) Total time spent in ROSA by each genotype for each of the three days. (B) Average 

bout duration in ROSA for each genotype on each of the three days. (C) Total distance 

moved in ROSA by each of the genotypes on each of the three days. (D) Total time 

spent in RONSA by each of the genotypes on each of the three days. (E) Average bout 

duration in RONSA for each the genotypes on each of the three days. (F) Total distance 

moved in RONSA by each genotype on each of the three days. Bar plots represent the 
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mean, and the scatterplot overlay represent individual flies’ metric value. Control is gray 

(n = 18), Dop2R-RH is blue (n = 18), and Dop2R-RI is red (n =18). 
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Figure 4.S14 

 

Figure 4.S14 Open BARR behavioral metrics over time for low engaging flies 

Behavioral metrics for low engaging (quartile 4 flies) 
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Time in ROSA per minute for high engaging control and flies on Day 1 (Ai), Day 2 (Aii), 

and Day 3 (Aiii). Average distance moved in ROSA over 15-minute bins on Day 1 (Bi), 

Day 2 (Bii), and Day 3 (Biii). Time spent in RONSA over the 15 minutes on Day 1 (Ci), 

Day 2 (Cii), and Day 3 (Ciii). Average distance moved for high engaging flies within 

RONSA on days 1(Di), 2 (Dii), and 3 (Diii).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.S15 
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Figure 4.S15: Heatmaps showing alcohol self-administration for Control, Dop2R-S658D, 

and Dop2R-S658A flies.  

(A) Depiction of the OPEN BARR assay. (B) Flies are grouped house before being 

placed in OPEN BARR and allowed to self-administer ethanol for 15 mins. Flies are 

then individually housed and allowed to self-administer again on days 2 and 3. (C) (Left) 

Day 1 self-administration for control (1st row), Dop2R-S658D (middle row), and Dop2R-
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S658A flies (bottom row). (Middle Column) Day 2 self-administration of ethanol vapor 

for control (1st row), Dop2R-RH (middle row), and Dop2R-RI (bottom row). (Right) Day 3 

self-administration of ethanol vapor for control (1st row), Dop2R-RH (middle row), and 

Dop2R-RI (bottom row). Flies are the row across heatmaps within genotype (e.g. Fly 3 

in Day 1 heatmap is the same as Fly 3 in Day 3 heatmap within the same row) 

Numbered bars at the end of 3rd columns heatmaps represent the quartile the fly is 

placed in. Time is binned into 30-second bins. Control n = 73, Dop2R-RH n = 70, 

Dop2R-RI n = 75. 

 

 

 

 

 

 

 

 

 

 



 299 

Figure 4.S16 

 

Figure 4.S16: Behavioral metrics for Control, Dop2R-S658D, and Dop2R-S658A. 

(A) Total time spent in ROSA by each genotype for each of the three days. (B) Average 

bout duration in ROSA for each genotype on each of the three days. (C) Total distance 

moved in ROSA by each of the genotypes on each of the three days. (D) Total time 

spent in RONSA by each of the genotypes on each of the three days. (E) Average bout 

duration in RONSA for each the genotypes on each of the three days. (F) Total distance 

moved in RONSA by each genotype on each of the three days. Bar plots represent the 
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mean, and the scatterplot overlay represent individual flies’ metric value. Control is gray, 

Dop2R-S658D is light blue, and Dop2R-S658A is pink. 
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Figure 4.S16 

 

Figure 4.S17: Behavioral metrics over time in ROSA for Control, Dop2R-S658D, and 

Dop2R-S658A. 

(A) Average time spent in ROSA over time for Day 1 (Left), Day 2 (Middle), and Day 3 

(Right). (B) Average distance moved in ROSA over time for Day 1 (Left), Day 2 
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(Middle), and Day 3 (Right). (C) Average Time Spent in RONSA over time for Day 1 

(Left), Day 2 (Middle), and Day 3 (Right). (D) Average distanced moved in RONSA over 

time for Day 1 (Left), Day 2 (Middle), and Day 3 (Right). Bold line represents mean, and 

shaded line represents SEM. Control is gray, Dop2R-S658D is light blue, and Dop2R-

S658A is pink.  

 

 

 

 

 

 

 

 

 

 

 

 



 303 

Figure 4.S18 

 

Figure 4.S18 Behavioral metrics for Quartile 1 (High Engaging) Control, Dop2R-S658D, 

and Dop2R-S658A flies 

(A) Total time spent in ROSA by each genotype for each of the three days. (B) Average 

bout duration in ROSA for each genotype on each of the three days. (C) Total distance 

moved in ROSA by each of the genotypes on each of the three days. (D) Total time 

spent in RONSA by each of the genotypes on each of the three days. (E) Average bout 

duration in RONSA for each the genotypes on each of the three days. (F) Total distance 

moved in RONSA by each genotype on each of the three days. Bar plots represent the 
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mean, and the scatterplot overlay represent individual flies’ metric value. Control is gray 

(n = 17), Dop2R-S658D (n = 18) is light blue, and Dop2R-S658A (n = 17) is pink. 
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Figure 4.S19 

 

Figure 4.S19 Open BARR metrics overtime for high engaging control, Dop2R-S658D, 

and Dop2R-S658A flies.   

(A) Time in ROSA per minute for high engaging control and phosphomutant flies on Day 

1 (left), Day 2 (middle), and Day 3 (right). (B) Average distance moved in ROSA over 



 306 

15-minute bins on Day 1 (left), Day 2 (middle), and Day 3 (right). (C) Time spent in 

RONSA over the 15 minutes on Day 1 (left), Day 2 (middle), and Day 3 (right). (D) 

Average distance moved for high engaging flies within RONSA on days 1(left), 2 

(middle), and 3 (right).  
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Figure 4.S20 

 

Figure 4.S19 – FLIC Metrics Overtime Significance 

P-value over the 5 days of observations for FLIC. Red dashed line indicates the 

significance level cut-off. Data is binned into 60-minute bins. 
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Figure 4.S21 

 

 

Figure 4.S20 Removal of DsRed from Dop2R-CRISPR mutants. 

DsRed under control of the eyeless promoter was removed from Dop2R-mutants using 

PBaC Transposase. 
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Table 4.S1 

 

Table 4.S1: Stats for Day 1 overall metrics for FLIC assay. 
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Table 4.S2 

 

Table 4.S2: FLIC Stats for days 2 through days 5 
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Table 4.S3 

 

 

Table 4.S3: Stats for Alcohol-Cur Memory (Y-maze) 
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Table 4.S4 

 

Table 4.S4: Stats table for Tandem-Two Choice Sucrose Memory 
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Table 4.S5 

 

Table 4.S5: Stats for Open BARR part 1. 
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Table 4.S6: 

 

 

Table 4.S6: Stats for Open BARR part 2. 
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Table 4.S7 

 

 

Table 4.S7 Repeated Measures Anova for Open BARR Metrics Overtime. 
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5.1. ABSTRACT 

Alcohol drives plasticity within circuits by influencing circuit dynamics and changing 

molecular profiles. In this work, I have elucidated the how cues are changing the 

internal representation of alcohol, and hopefully by extension, other substances of 

abuse (Chapter 2). We found that repeated exposure to an alcohol-cue pairing 

generates increased activity within the axon terminals of dopamine neurons, and cue-

encoding cells post-synaptic from those dopamine neurons. Additionally, I found that the 

memory is potentially stabilized and strengthened by the increased number of cue-

encoding neurons responding to cue-alcohol pairings. Additionally, I have also been 

able to illustrate the importance of neuropsychiatric-disease-associated alternative 

splicing by uncovering behavioral consequences associated with alcohol-induced 

alternative splicing (Chapter 3). We found that an isoform expressed after alcohol-

memory formation drives not only increased motivation for alcohol in multiple contexts 

but appears to generalize to increased motivation for naturally rewarding substances as 

well. The methodology implemented in this study will serve as an archetype for future 

work trying to understand neuropsychiatric diseases by analyzing genes, circuits, and 

behavior. 
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5.2. – THE EXPANSION OF DROSOPHILA’S UTILITY WITHIN MULTIPLE FIELDS 

This dissertation provides two clear methodologies for studying how a substance of 

abuse like alcohol is changing plasticity within reward circuitry. Firstly, we implemented 

the functional imaging to directly observe the acquisition of alcohol memory within 

dopaminergic circuits. Secondly, we used CRISPR-Cas9 technology to identify how the 

omission of a single amino acid shifts reward responses across contexts. This 

dissertation is another testament to the power of the Drosophila model and serves as an 

additional in not only our understanding of alcohol memory formation, but also an 

example of alternative splicing is behaviorally relevant. 

 

5.3. HETEROGENEOUS DOPAMINERGIC POPULATIONS 

One of the barriers to measuring alcohol’s effect of neural circuits was the imprecision of 

tools used in mammalian models. Many studies lack the resolution to properly 

differentiate subpopulations within large neural populations like the ventral tegmental 

area (VTA) (Juarez & Han, 2016; Lammel et al., 2014; Nelson et al., 2018; Robinson & 

Carelli, 2008; You et al., 2018)  This inability to home in on subpopulations of neurons 

via precise genetic manipulations and recordings makes it hard to develop conclusions 

about their functionality in reward response. We showed that we were able to narrow in 

on contributions of a well-characterized population of dopamine neurons to the 

formation of alcohol memory. This is thanks to the expansive genetic toolkit available 

within the Drosophila model. The previously observed dual role for VTA neurons in 

aversion and reward may also be investigated using Drosophila. We might be able to 
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identify a role for both in response to alcohol observed within mammals may also be 

elucidated using Drosophila. We have also expressed GCaMP7b in a separate subset 

of dopamine neurons thought to be important for aversive memory formation (Figure 

5.1). Like the PAM neurons, the Protocerbral Posterior Later-1 (PPL1) neurons are 

responsive to both odors and odors paired with intoxicating doses of ethanol (n = 8). 

Unlike the PAM neurons, PPL1 neurons do not change their responses to odor paired 

alcohol relative to odor or increase their activity in response to odors paired with 

alcohol.  In addition, we can also observe dynamics within single cells using the (Fig 

A.C.1D and 1E). The resolution at which Drosophila researchers can address questions 

surrounding the involvement of specific circuits has can be a transformative element in 

our understanding of the development of substance use disorders. 

In this work, we were able to observe changes in dopamine release using dLight within 

the context of cue-alcohol learning. We observed that alcohol-cue pairing generated the 

largest change in dopamine dynamics within the a3 compartment of the mushroom 

body. This is interesting, as previous studies have found that the a3 compartment is 

critical for expression of long-term appetitive memory (Plaçais et al., 2013). Other 

microcircuits had been identified as being necessary for the retrieval of alcohol memory 

(Scaplen et al., 2020), and we hypothesized that we would see unique dopamine 

dynamics within those compartments. It is possible that the dopamine dynamics are 

occurring outside of the learning context, potentially during consolidation or sleep (as 

proposed in Scaplen et al., 2020).   
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5.4. LOCALIZATION OF D2 AND BEHAVIOR 

One of the gaps in our understanding between the connection of D2 receptor availability 

and propensity to consume alcohol. There are many contradicting findings across 

species, some work stating that decreased D2 receptor availability has no connection 

with alcohol craving (Gleich et al., 2021; Jangard et al., 2023), while other work has 

been able to connect low D2 levels to increases in preference for alcohol and increased 

responsiveness to alcohol-associated cues (Bocarsly et al., 2019; Heinz et al., 2004). 

We used an intersectional genetics approach (T-STEP) to identify subcellular 

localization within specific neural populations (Koles et al., 2016). A clear next step for 

would to be to identify how subcellular localization of receptors are changing with 

alcohol consumption or alcohol memory formation to see how D2 receptor availability or 

localization is connected to preference. Although with the current tool, all isoforms are 

tagged with the reporter, it may be possible to still infer the localization of different 

isoforms based on exposure to reward-associated cues. One could condition flies to 

form an alcohol memory and compare Dop2R expression to flies that have received 

non-associative conditioning, where the odor cue was presented unpaired from ethanol. 

We know that following alcohol-memory formation Dop2R-RH is decreased, and 

Dop2R-RI is increased (Figure 4.1A; (Petruccelli et al., 2018)). Changes in Dop2R-

localization between the two conditions may provide evidence for differential isoform 

localization.  Additionally, using tools like this, we can also look concurrently at the 

distribution of both D1-like receptors and D2-like receptors.  

Previous studies have shown that rewarding substances like sucrose, and substances 

of abuse like ethanol and meth increase the expression of D1-like receptors in the 
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mushroom body without affecting Dop2R expression (Kanno et al., 2021) Recent results 

have also found bidirectional modifications of dopamine receptor levels depending on 

internal state within memory relevant circuitry (Hiramatsu et al., 2025). However, they 

have not been able to quantify the ratio between the two dopamine receptors within the 

same animal and connect it to behavior.  

Additionally, using T-STEP we found expression of Dop2R across a broad range of 

neural structures including the fan-shaped body and the optic lobe (Figure 4.S2). 

Splicing of Dop2R may also be impacting spatial information processing through 

alterations in the visual system (Souza et al., 2018), or by changing circuit dynamics 

within the navigation-relevant fan-shaped body (Matheson et al., 2022). Though it is 

important to note that our findings only resolved splicing of Dop2R following alcohol-

odor memory formation in the mushroom body.  

 

5.5 ALCOHOL’S ROLE AS DEPRESSENT, OR STIMULANT?  

Alcohol is classified as a depressant though has multiple effects associated with 

stimulants (Hendler et al., 2013). We observed alcohol acting in a stimulatory fashion 

when presented alongside an odor cue (Chapter 2 Figures 2.2, 2.5, 2.7), however we 

observed more depressant qualities when alcohol was presented alone (Chapter 2, 

Figure 2.13F). Alcohol alone was not sufficient to generate increased activity across 

repeated exposure in cue-encoding neurons or in dopaminergic neurons. This is in 

contrast to alcohol paired with a cue generating strong potentiation within the axon 

terminals of the MB, and more mild increases with the dopamine neurons. It is possible 
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that context is important for dictating the pharmacological effects of alcohol. These 

findings would help delineate the seeming paradoxical behavioral impacts of alcohol.  

 

5.6. COMPLEX ODOR SUPPREISON OF MB ACTIVITY  

The suppression of activity within MB was an unexpected consequence during 

presentation of a complex odor. Possible mechanisms underlying this depression is the 

lateral inhibition coming from MB neurons onto each other acting through nAchRB3 

receptors. Or Over activation of Kenyon cells by two food relevant odors causes 

increased release of GABA release from the anterior paired lateral neuron (APL) to 

normalize odor-evoked activity (Prisco et al., 2021) 

5.7. INVOLVEMENT OF APL/DPM  

The GABAergic APL neuron and serotonin and GABA releasing dorsal paired medial 

neuron (Lee et al., 2011) densely innervate the mushroom body and are electrically 

coupled (Wu et al., 2011).  APL neurons express Dop2R, and the increased release of 

dopamine during alcohol-odor pairing causes decreased APL activity, and subsequently 

less GABAergic inhibition of the MB. A possible source for the increased strength of the 

memory is enabled by serotonin increasing the associative window between the 

rewarding properties of alcohol and the odor stimulus allowing for more MB neurons to 

become responsive to alcohol (Zeng et al., 2023). 
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5.8. BEHAVIORALLY RELEVANT SUBTLE CHANGES IN SPLICING 

There have been many studies that have made connections between D2 receptors and 

AUD, whether that be through genome-wide association studies, splicing within the D2 

receptor following alcohol consumption (Oomizu et al., 2003; Petruccelli et al., 2018), or 

D2 receptor availability changing alcohol sensitivity and influencing alcohol cravings 

(Bocarsly et al., 2019; Heinz et al., 2004). The mechanism behind which D2 receptors 

were modifying alcohol response, and likely reward behavior in general (Bulwa et al., 

2011), remained poorly elucidated. Here we found a direct connection between splice 

isoform, and increased reward motivation in multiple contexts. Additionally, we were 

able to provide evidence that the isoforms functionality is likely dependent on a serine 

within the 3rd intracellular loop. This is a novel finding not just in the context of reward, 

but also broader implications to the role alternative splicing may be playing in 

determining behavior. The removal of a single serine from Dop2R was sufficient to drive 

a massive shift in behavior. The level of impact given the seemingly subtle nature of the 

splicing brings into question how subtle changes in other genes may be generating 

large shifts in behavior. 

A clear next set of experiments would be to merge the Drosophila reagents used in 

Chapter 3, with the techniques of Chapter 2 to look directly at how splicing is changing 

the internal representation of alcohol and other rewards. This can be accomplished by 

crossing GCaMP7b and Gal4 reagents into the background of the Dop2R splice 

mutants. This would allow for us to confirm whether Dop2R-RI’s impact on behavior is a 

result of decreased signaling, resulting in less inhibition of reward-relevant circuitry. 

Additionally, if the Dop2R-S658A mutants phenocopy the decreased inhibition, we 
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would have more solid evidence to conclude that the serine is a functionally relevant for 

Dop2R’s functionality. These findings would be among the first connecting splice 

isoforms to both neural physiology and behavioral consequences.   

The strategy of making splice specific mutations, observing behavioral differences, and 

uncovering the underlying neural dynamics, can be implemented to identify the 

behavioral relevance of other genes significantly alternatively spliced following alcohol 

odor training. This includes proteins like Stat92E and shibire (Petruccelli et al., 2018, 

Petruccelli et al., 2020). Stat92E is also a memory relevant transcription (Copf et al., 

2011), and shibire is a dynamin-like protein that is important for synaptic transmission 

(van der Bliek & Meyerowitz, 1991). The diversity of types of proteins alcohol odor 

memory formation is impacting  

 

5.9. CAS13 AS A TOOL TO HELP RESOLVE THE BEHAVIORAL CONSEQUENCES 

OF ALTERNATIVE SPLICING 

Due to the nature of the splicing event within Drosophila Dop2R, we were unable to 

develop tools with high enough resolution to tag the specific isoforms. However, there 

are newer tools that might be able to provide the resolution to not only tag the specific 

isoforms, but also modify them solely at the mRNA level (Kelner et al., 2019), and not 

the genomic level like CRISPR. This would allow for high spatial and temporal 

resolution for the modification of RNAs. We could potentially force switches in Dop2R 

splice isoform expression, something difficult to achieve using traditional approaches. 

This approach would unlock refined experiments looking at the evolution of behavior 
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because of the splicing event within individuals. Within the same a single fly, we could 

gauge initial reward response and see if we can alter it using Cas-13-mediated, time-

locked, ablation/knockdown of specific isoforms. This could even apply to broader 

neuropsychiatric diseases that have aberrant splicing associated with them. We could 

screen for potential antisense oligonucleotides by using Cas13 to knockdown isoforms 

in disease models. This approach could help make large advancements in treatment of 

splicing defects in diseases like Alzheimer’s, Parkinson’s and Huntington’s disease. 

(Dredge et al., 2001, Glatt et al., 2011, Nikom and Zheng). 

The results from both chapter 2 and chapter 3 converge to elucidate the role 

dopaminergic signaling in formation and of alcohol memory, and its enduring properties. 

Alcohol is recruiting more cells to respond to cues associated with alcohol, and within 

those cells, memory-relevant genes like Dop2R are being alternatively spliced. We 

know this splicing pattern is not observed when flies are presented with vs odors (Figure 

3.1A and 3.1B). We know that there is increased activity within Drosophila mushroom 

bodies during odor paired with intoxicating doses of ethanol. Is it possible that the 

splicing is not driven by ethanol, but rather activity? Perhaps the compartment specific 

increase in the release dopamine during odor-alcohol may be influencing MB activity, 

and subsequent activity dependent splicing events.  

5.10 CONCLUSION 

The co-opting of memory circuitry during the formation of drug-associative memories is 

a complex process. Understanding this phenomenon has been slowed by conflicting 

results within mammalian systems on the impact of alcohol, and the lack of tools to 

adequately access circuit dynamics. This work has made great strides in understanding 
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the signaling dynamics between dopaminergic neurons and cue encoding neurons 

during the formation of alcohol memory. Dopaminergic neurons increase their activity in 

response to repeated alcohol-odor cue pairings, potentially driving increased plasticity 

within downstream memory relevant circuitry. We also provide evidence that cue-

encoding neurons are recruited to generate long-lasting, intense memories. Additionally, 

we have produced a major finding within the splicing field by connecting the removal of 

a single amino acid in a memory-relevant protein to dramatic shifts in behavior. Together 

these results elucidate the consequences of plasticity that occurs within memory circuits 

following alcohol memory formation and advance the fields understanding of context-

dependent representation of reward, and behaviorally relevant splicing events. 
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Figure 5.1 

 

Figure 5.1 – Acquisition of odor-alcohol odor memory in PPL1 neurons 

MB065B was used to drive GCaMP7b in PPL1 neurons. (Left) Session 1 responses to odor 

alone (gray) and odor paired with ethanol (red). (Middle) Session 2 responses to odor alone 

and odor paired with ethanol. (Right) Session 3 responses to odor alone and odor paired 

with ethanol. Bold line represents mean and shaded line represents SEM. n = 8. 
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Appendix A: 

Tissue-specific Tagging of Drosophila D2-like receptor 
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A.A.1 RESULTS 

Previous studies have shown that Drosophila Dopamine-2-like receptor is broadly 

expressed across the Drosophila central nervous system using an intersectional 

genetics approach. Here, we implement a different intersectional genetics approach 

(Koles et al., 2016) to uncover subcellular localization of DOP2R. Using a MB010B splt-

gal4 (Bräcker et al., 2013),we were able to recapitulate previous findings of DOP2R 

within the mushroom bodies. We next wanted to know whether Dop2R might be acting 

as an autoreceptor in adult Drosophila dopaminergic neurons as suggested. Previous 

studies have investigated the role of Dop2R in suppressing the activity of the 

GABAergic anterior paired lateral neuron (APL) during olfactory learning (Zhou et al., 

2019), but were unable to uncover the subcellular localization of Dop2R within the APL. 

We hypothesized that Dop2R would be broadly expressed throughout the APL neuron. 

We used GAD1-Gal4 to drive expression T-STEP-tagged DOP2R. We uncovered 

expression of Dop2R throughout a putatively GABAergic structure that densely 

innervates the mushroom bodies (Fig A.B.1B). This anatomical structure is highly 

consistent with that of the APL neuron (Prisco et al., 2021). Though, APL neuron is has 

highly interconnected innervation patterns with the electrically coupled dorsal paired 

medial neuron (DPM;(Wu et al., 2011) ) which also expresses GAD1 and releases 

GABA (Aso et al., 2019; Haynes et al., 2015). As such, it is difficult to determine the 

exact identity of the putative GABAergic neuron(s) innervating the mushroom body. 

Previous work done in mice, rats, and guinea pigs have found that mammalian 

Dopamine-2 receptor functions as an autoreceptor for ventral tegmental area 

dopaminergic neurons (Anzalone et al., 2012; Courtney et al., 2012; Ford, 2014). Work 
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in Drosophila larva has also suggested that Dop2R acts as an autoreceptor (Vickrey & 

Venton, 2011). Using TH-Gal4, we were able to confirm expression within the axon 

terminals of the dopaminergic neurons innervating the mushroom body,  Results from 

our lab has also implicated the importance of Dop2R within the and PAM-β`2a>MBON-

β`2mp and MBON- β`2 β`2a microcircuit for the retrieval of alcohol-cue-induced memory 

(Scaplen et al., 2020). We hypothesized that Dop2R would be expressed in PAM-β`2a. 

We observed punctate expression of Dop2R specifically within the axon terminals of 

PAM-β`2a ( Fig A.B.1D.) 
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A.A.2 APPENIX A FIGURE 

 

 

A.A.2 Figure Subcellular localization of Dop2R using an intersectional genetics 

approach 
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(A) Expression of endogenously tagged Dop2R using mushroom body split gal4 drivier 

MB010B. (B) expression of endogenous Dop2R within GABAergic neurons using 

GAD1-gal4. (C) Expression of Dop2R within dopaminergic populations using TH-gal4. 

(D) Expression of Dop2R within the MB109B splot gal4, revealing subcellular 

localization to the axon terminals (outlined) of the PAM-β`2a. 
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Appendix B 

Retrieval of alcohol memory in Mushroom Body circuitry 
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A.B.1 RESULTS 

The work presented in this dissertation’s second chapter uncovered the changes in 

activity of reward-encoding circuitry during the acquisition of alcohol memory. We found 

that dopaminergic neurons and cue-encoding neurons increase their activity in 

response to odor paired with pharmacologically relevant doses of vaporized alcohol. 

However, whether this plasticity is maintained during cue-induced alcohol memory is yet 

to be seen within Drosophila. Previous literature has shown that alcohol-associated 

cues generate increased c-fos reactivity within rat medial prefrontal cortex (Pfarr et al., 

2015), and that rat ventral tegmental area neurons increase their activity during 

acquisition and reinstatement of reward response after extinction (Liu et al., 2020), but 

the expression of alcohol memory has yet to be investigated in reward-encoding 

dopaminergic neurons, and post-synaptic cue-encoding neurons. Work from our lab has 

identified microcircuits important for the retrieval of alcohol memory (Scaplen et al., 

2020). We sought to understand the neural dynamics underlying the expression of 

alcohol memory within relevant circuits. Using the split Gal4 MB010B, we expressed 

GCaMP7b in the Drosophila mushroom bodies, which are known to be important for 

alcohol memory retrieval (Kaun et al., 2011; Petruccelli et al., 2018). We trained 

MB010B>GCaMP7b expressing flies using an established odor-alcohol conditioning 

protocol in a behavior box (Kaun et al., 2011; Nunez et al., 2018), and recorded from 

mushroom body neurons 24 hours later (A.C.1A). We presented the flies with 2 mins of 

air, followed by 5 seconds of either the paired or unpaired odor, then 30 seconds of air 

followed by the other odor. Unexpectedly, we observed no change in calcium dynamics 

between the paired odor and unpaired odor (Figure A.C.1A, Wilcoxon p-value = 0.354, n 
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= 16). We also observed that following non-associative training, there were no changes 

in calcium dynamics between the paired and unpaired odor. (Figure A.C.1B, Wilcoxon p-

value = 0.74, n = 8). The failure resolve differences between the two stimuli may be due 

to the context in which the cues are being presented under the scope being too different 

from the context of the behavioral training boxes. We next sought to observe retrieval of 

aversive alcohol memory immediately following associative training under the scope 

(Figure A.C.1C, n = 2). Though the sample size is small, there is some evidence to 

suggest that the paired odor may be causing sustained responses within the MB axon 

terminals not observed with the unpaired odor. These should make for interesting 

follow-up experiments. We also wanted to see if calcium dynamics may be restricted to 

either downstream or upstream populations from the Kenyon cells, so we analyzed 

calcium dynamics of retrieval in a retrieval relevant microcircuit, PAM-B`2a (MB109B), 

MBON-B2B`2a (MB399B) (Scaplen et al., 2020). Again, we foundk no differences in 

calcium dynamics between the paired and unpaired odor. Potentially due to context 

being important for the retrieval of alcohol-odor memories. 
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A.B.2. FIGURE 

 

A.B.2 Figure – Calcium dynamics of retrieval. 

(A) (Left) Cartoon depicting a dorsal view of the Drosophila brain. Green are the axon 

terminals of the mushroom body. (Middle) Alcohol associative training paradigm used 
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prior to functional imaging. (Right) MB010B>GCaMP7b calcium responses to the 

unpaired and paired odor (n =16). (B). (Left) Cartoon depicting a dorsal view of the 

Drosophila brain. Green are the axon terminals of the mushroom body. (Middle) Non-

associative training paradigm used prior to functional imaging. (Right) Sham trained flies 

response to odors A and B (n = 8). (C) (Left) Cartoon depicting a dorsal view of the 

Drosophila brain. Green are the axon terminals of the mushroom body. (Middle) Alcohol 

associative training paradigm during functional imaging, and prior to retrieval of aversive 

memory 30 minutes later. (Right) Sample traces from 2 different flies following odor-

associative training under the scope. Red underline represents presentation of paired 

odor, and gray underline represents presentation of the unpaired odor.  (D) (Left) Virtual 

Fly Brain representation of MB109B split Gal4’s expression pattern. (Middle) Alcohol 

associative training paradigm used prior to exposure to odors under the scope. (Right) 

MB109B>GCaMP7b axon terminal responses to paired and unpaired odors (n = 8). (E) 

(Left) Virtual Fly Brain representation of MB399B split Gal4’s expression pattern. 

(Middle) Alcohol associative training paradigm used prior to exposure to odors under the 

scope. (Right) MB399B>GCaMP7b axon terminal responses to paired and unpaired 

odors (n = 8). Bold lines represent mean and shaded line represents SEM.  
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