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ABSTRACT 

A growing body of evidence has shown that alcohol alters the activity of the 

innate immune system and that changes in innate immune system activity can influence 

alcohol-related behaviors (Cui et al., 2014; Vetreno & Crews, 2014). Here we show that 

the Toll innate immune signaling pathway modulates the level of alcohol resistance in 

Drosophila. In humans, a low level of response to alcohol is correlated with increased 

risk of developing an alcohol use disorder (Schuckit, 1994). The Toll signaling pathway 

was originally discovered in, and has been extensively studied in Drosophila. The Toll 

pathway is a major regulator of innate immunity in Drosophila, and mammalian Toll-like 

receptor signaling has been implicated in alcohol responses. Here, we use Drosophila-

specific genetic tools to test eight genes in the Toll signaling pathway for effects on the 

level of response to ethanol. We show that increasing the activity of the pathway 

increases ethanol resistance while decreasing pathway activity reduces ethanol resistance. 

Furthermore, we show that gene products known to be outputs of innate immune 

signaling are rapidly induced following ethanol exposure. The interaction between the 

Toll signaling pathway and ethanol is rooted in the natural history of Drosophila 

melanogaster. 
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Chapter 1: Introduction 

DROSOPHILA MELANOGASTER AS A MODEL FOR ALCOHOL STUDIES 

Alcoholism and addiction have devastating consequences for the user, the user’s 

friends and family, and society as a whole. Although alcohol and other drugs of abuse 

differ widely in their pharmacology, the pathways and processes that underlie addiction 

are thought to have substantial overlap. It is estimated that 10-20% of men and 5-10% of 

women will be alcoholics at some point in their life, and that at any given time 

approximately 4% of the United States population could be defined as alcoholic (Grant et 

al., 2004).  

Addiction is difficult to study in a model organism, in part because the definition 

of the disease is couched in terms of human interactions and motivations. The working 

definition of an addict used by many groups is a person who chronically abuses a drug 

despite negative effects to their health, relationships and/or career. This broad definition 

makes addiction difficult to study in model organisms such as Drosophila, so researchers 

focus on a specific aspect of addiction, such as tolerance or resistance to a drug. 

Tolerance is defined as a reduced response to a drug caused by previous drug exposure 

(Sellers, 1978). In this manuscript, the level of response to a drug when ingested for the 

first time is referred to as resistance. Some authors refer to this as sensitivity; both terms 

reflect the level of response in a naïve subject. In humans, a low level of response to 

alcohol is correlated with increased risk of developing an alcohol use disorder (Schuckit, 

1994), and was identified as the strongest predictor of later alcohol addiction in a 25 year 

longitudinal study (Schuckit & Smith, 2011). 

Tolerance is another important component of addiction. In humans, tolerance can 

drive users to take more of their drug of choice in order to achieve the same effect, 
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thereby leading them toward addiction. The mechanisms that produce functional 

tolerance are thought to persist after drug clearance and lead to withdrawal and 

physiological dependence, core components of addiction. We have demonstrated this by 

showing that drug-induced up-regulation of slowpoke (slo) leads to enhanced seizure 

susceptibility, a withdrawal phenotype (Ghezzi et al., 2010). Work in our lab using 

Drosophila melanogaster has identified slowpoke, a gene that encodes the pore forming 

subunit of the BK type Ca
2+

-activated K
+
 channel, as a key player in the acquisition of 

tolerance to benzyl alcohol and ethanol. We have shown that null mutations in slo block 

tolerance (Cowmeadow et al., 2005), that ethanol sedation induces slo expression, and 

that artificial induction of slo mimics the tolerant state (Cowmeadow et al., 2006).  

 

THE INNATE IMMUNE SYSTEM  

Immunity and the Sickness Response 

Everyone reading this is familiar with the discomfort that comes with an 

infection. The exhaustion, loss of appetite and general malaise that come with a cold can 

seem like unnecessary suffering lumped on top of the illness, but these symptoms are 

actually part of an adaptive response that helps the immune system fight the infection.  

When discussing the immune system, the responses that typically come to mind 

are those that involve the activation of B-cells and T-cells and the production of 

antibodies that are capable of specifically recognizing virtually all foreign antigens. The 

adaptive immune system earns its name because it forms a cellular memory of invading 

pathogens, and upon subsequent infection mounts a rapid and massive response to the 

antigen. However, no less important is the innate immune system, which has been 

evolutionarily pre-programmed to recognize common molecular motifs of infectious 
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agents and which helps to activate and coordinate adaptive immunity. Above and beyond 

its role in combating pathogens, the innate immune system also influences animal 

behavior. 

The innate immune system is an ancient branch of immunity and is conserved 

across the animal kingdom, from sponges to humans. The innate immune system is hard-

wired in the genome and responds to danger signals that are associated with broad classes 

of pathogens. For example, human Toll-like Receptor 4 (TLR4) is activated by 

lipopolysaccharide (LPS), a common component of the coat of Gram-positive bacteria. 

Activation of the innate immune system leads to rapid responses meant to contain the site 

of infection and eliminate the pathogen. These responses include inflammation, 

production of antimicrobial peptides, and the release of cytokines to attract immune cells. 

The fruit fly Drosophila melanogaster and other invertebrates lack an adaptive 

immune system, making them an excellent model system for studying the innate immune 

system in isolation. The Drosophila innate immune system is composed of two main 

branches, the Toll pathway and the Imd pathway. The Imd pathway (named for the 

immune deficiency gene) is activated by Gram-negative bacteria, while the Toll pathway 

is activated by Gram-positive or fungal infection. Stimulation of either pathway leads to 

the activation of nuclear factor-κ B (NF-κB) family transcription factors, which in 

Drosophila are named Dorsal, Dif (dorsal-related immunity factor), and Relish. The 

signaling systems that regulate the activity of NF-κB and the innate immune system are 

well conserved from insects to mammals (Ghosh et al., 1998). 

The innate immune system implements physiological responses that clear the 

pathogen, as well as complex changes in behavior that redistribute resources in ways that 

promote recovery from infection. The suite of behavioral changes induced by infection is 

often called the sickness response, and includes lethargy, loss of appetite, anhedonia, 
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cognitive deficits, social withdrawal, heightened pain sensitivity, and effects on sleep. 

The sickness response is triggered by the innate immune system and has been 

documented in a wide range of animals, ranging from insects to humans (Ayres & 

Schneider, 2009; Shattuck & Muehlenbein, 2015). The systems that drive the sickness 

response are well conserved across taxa, and innate immune signaling has been shown to 

affect a variety of Drosophila behaviors. In addition, the innate immune system responds 

to stress and to an animal’s mental state. In this review we will examine the interaction 

between the innate immune system and Drosophila behavior. 

Drosophila Innate Immunity 

The Toll signaling cascade, a major regulator of innate immune signaling in 

Drosophila, was initially described for its role in establishing the dorsal-ventral axis of 

the embryo. C. Nüsslein-Volhard and E. Wieschaus (1980) initiated a  series of saturation 

mutagenesis screens that identified genes regulating embryonic polarity and 

segmentation, and they were later awarded a Nobel prize for their efforts. The genes that 

encode the Toll pathway members are maternal effect genes: females lacking functional 

copies of these genes are healthy, but their offspring die during development. In a healthy 

embryo, maternally-provided mRNA transcripts establish a gradient of Toll pathway 

activity, which in turn defines the dorsal-ventral polarity of the embryo.  

The mechanisms that drive Toll pathway signaling have been well described, and 

an extensive literature review of the Drosophila Toll pathway was recently written by 

Valanne et al. (2011). As per convention, in the text, gene names are italicized while the 

encoded protein is capitalized and typeset in roman. Under normal conditions Spätzle 

exists as an inactive precursor outside the cell, and in the cytoplasm Cactus (the sole 

Drosophila homolog of mammalian IκB) detains NF-κB transcription factors Dorsal and 
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Dif, preventing their translocation to the nucleus. Upon stimulation, Spätzle is cleaved by 

a protease, and the C-terminal domain binds to the transmembrane receptor Toll. Bound 

Toll then associates with the death-domain containing proteins Myd88, Tube, and Pelle. 

Assembly of this complex stimulates Pelle to phosphorylate Cactus, which causes the 

degradation of Cactus at the proteasome. The destruction of Cactus allows the Dif and 

Dorsal transcription factors to enter the nucleus and regulate target genes (Fig. 1; Valanne 

et al., 2011). 

More than a decade after the description of the Toll pathway’s role in 

development, the Toll pathway was found to be a potent regulator of the Drosophila 

innate immune system (Lemaitre et al., 1995; Lemaitre et al., 1996). The Toll signaling 

cascade responds to a wide variety of insults, including infection by fungi or Gram-

positive bacteria, aseptic injuries, danger-associated molecular pattern molecules, and 

low dose radiation (Meyer et al., 2014; Seong et al., 2012). After stimulation of innate 

immune signaling, massive amounts of antimicrobial peptides (AMPs) are produced, with 

many AMP genes inducing 100-fold over their basal transcription level, and some 

reaching beyond 1000-fold induction (Yokoi et al., 2012). 

A comprehensive review of the history of Drosophila and insect immunity was 

recently published by Imler (2014). Below is a brief recounting of some of the findings 

that helped shape the field. In 1972 it was first reported that Drosophila possess an 

inducible defense mechanism, when it was shown that injection of killed bacteria 

protected the flies from a subsequent bacterial infection. The translation blocker 

cyclohexamide blocked this effect, indicating that a protein product was used to fight 

infection (Boman et al., 1972). This is not the result of cellular memory as seen in 

mammals with an adaptive immune system. Rather, this finding reflects the induction of 

antimicrobial effectors that persisted to the time of the second, live infection. The 
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antimicrobial peptide effectors of innate immunity in insects were first identified in the 

larvae of silkmoths. The large size of these larvae made biochemical characterization of 

proteins more practical than in Drosophila. Immunization of as many as 30,000 

Drosophila larvae would have been required to obtain enough protein to replicate the 

early biochemical studies performed in silkworms (Imler, 2014). These early studies 

identified several families of proteins with antimicrobial activity, whose names still 

reflect the species from which they were isolated, for example Cecropin family peptides 

were identified in Hyalophora cecropia (Faye et al., 1975; Hultmark et al., 1980) . The 

subsequent cloning and sequencing of AMPs such as Cecropins led to the realization that 

some of these genes are conserved from plants to mammals (Steiner et al., 1981; Selsted 

et al., 1983; Cammue et al., 1992). As biochemical techniques progressed, these studies 

moved back to the genetically tractable fruit fly. 

Cloning of the Drosophila Diptericin and Cecropin genes identified conserved 

NF-κB binding sites (κB motifs) in their promoter regions (Reichhart et al., 1992; Sun et 

al., 1991). At this time a role for NF-κB as a regulator of immunoglobulin light chain 

expression in B cells had been described in mammals (Sen & Baltimore, 1986). This was 

interpreted to mean that the immunological role of NF-κB was likely conserved. Testing 

of Dorsal, the only known Drosophila NF-κB at the time, provided confounding results. It 

was determined that Dorsal could bind to the κB sequences in AMP promoters, but 

dorsal loss-of-function mutants did not lose the ability to induce the AMP genes under 

investigation (Reichhart et al., 1993). Shortly thereafter another group identified and 

cloned Dif (dorsal-related immunity factor), another NF-κB family member with 

significant homology to dorsal, which is located adjacent to dorsal on the second 

chromosome (Ip et al., 1993). Dif was then shown to be responsible for inducing the 

AMP gene CecropinA1 (Petersen et al., 1995). A year later these strands of evidence 
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were brought together when it was shown that the core members of the Toll pathway 

were required, via Dif, for regulating the antifungal immune response (Lemaitre et al., 

1996). 

By the mid 1990’s it was clear that Dif can regulate some AMP genes, but there 

were still other AMP genes that were not regulated by Dif or Dorsal, indicating that there 

was a separate mechanism for inducing expression of some AMP genes (Petersen et al., 

1995; Lemaitre et al., 1995). This led to the discovery of a second pathway which later 

came to be known as the Imd pathway (Fig. 2). A family of peptidoglycan receptor 

proteins (PGRPs) are receptors for the Imd pathway. Unlike the Drosophila Toll receptor, 

which is stimulated by a protein intermediate, Drosophila PGRP-LC receptors can be 

directly activated by bacterial coat components. Ligand-bound PGRP-LC receptors 

stimulate signaling inside the cell. The death-domain containing protein Imd associates 

with Fadd and the caspase Dredd, and this leads to activation of the IKK complex. IKK 

phosphorylates Relish, which marks Relish for cleavage by Dredd. Cleavage releases the 

inhibitory domain of Relish, and allows the active N-terminal domain to enter the nucleus 

and induce expression of target genes (reviewed in Myllymäki et al., 2014, see Section 4 

for more details). 

 

The Toll Pathway 

Spätzle is the ligand for the Toll receptor. It circulates as an inactive precursor in 

the hemolymph of adult flies and in the perivitelline space of the embryo. Cleavage of 

Spätzle activates Toll-pathway signaling (Stein & Nüsslein-Volhard, 1992). During 

embryogenesis Spätzle is processed by the serine protease Easter, while during innate 

immune activation in mature animals Spätzle is cleaved by Spätzle Processing Enzyme 
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(SPE) (Jang et al., 2006; Chasan et al., 1992; DeLotto & DeLotto, 1998). The activity of 

SPE is controlled by two signaling cascades. Virulence factors secreted by fungi and 

Gram-positive bacteria can activate the protease Persephone, which in turn activates SPE. 

SPE can also be activated by a cascade that includes recognition factors PGRP-SA, 

PGRP-SD, gram-negative binding protein (GNBP) 1, and GNBP3. The downstream 

effectors of these recognition factors are ModSP, Grass, Sphinx, Spirit, and Spheroid, 

which act to regulate SPE. Active SPE cleaves the inactive Spätzle precursor. After 

cleavage the carboxy-terminal 106 residues of Spätzle bind to Toll receptors as a dimer 

and stimulate signaling (Weber et al., 2003; Weber et al., 2005). Binding by Spätzle 

causes multimerization of Toll receptors, and this leads to activation of downstream 

events (Hu et al., 2004). Spätzle is sometimes referred to as a cytokine, but a vertebrate 

homolog of spätzle has yet to be identified and it is not related to mammalian cytokines 

(Irving et al., 2005; Weber et al., 2003; Ligoxygakis et al., 2002). 

Toll is a transmembrane receptor (Hashimoto et al., 1988) that was identified in 

screens for embryonic patterning mutants. The first human homolog of Toll, TLR1, was 

identified by Taguchi et al. (1996). Follow-up studies found additional human homologs 

of Toll, named TLR1-5, based on sequence similarity to Drosophila Toll (Rock et al., 

1998). In 1997 it was found that the human TLRs shared more than just sequence 

similarity with the Drosophila Tolls. As in Drosophila, human TLR4 is activated by 

infection and stimulates NF-κB (Medzhitov et al., 1997). Mammalian TLR4 directly 

detects LPS, unlike Drosophila Toll which is activated after a protein intermediate 

(Spätzle) is processed (Poltorak et al., 1998; Hoshino et al., 1999; Qureshi et al., 1999). 

There are currently ten known human TLRs. Their ligands include lipid components of 

bacterial cell walls, nucleic acids, and certain proteins, a review of human Toll genes can 

be found in De Nardo (2015). 
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The next member of the pathway is Myd88, which was first identified in mice 

(Lord et al., 1990) and then identified in Drosophila (initially called krapfen) for its role 

in immune signaling (Horng & Medzhitov, 2001; Tauszig-Delamasure et al., 2001). 

Upon activation Myd88 associates with Toll, participating in the assembly of the 

Toll/Myd88/Tube/Pelle complex that is required for active signaling (Horng & 

Medzhitov, 2001). It was not until 2003 that it was confirmed that Myd88 also plays a 

role in dorsal-ventral patterning (Charatsi et al., 2003; Kambris et al., 2003).  

Myd88, Tube and Pelle interact via their death domains and associate with Toll 

when the pathway is active (Sun et al., 2002). Myd88 and Tube act as adapter proteins 

that are necessary to transmit the signal from Spätzle-bound Toll to the kinase Pelle 

(Grosshans et al., 1994). Likewise, association of Pelle with the Toll/Myd88/Tube 

complex is required for activation of the pathway (Galindo et al., 1995). It is thought that 

the interaction between Tube and Pelle stimulates Pelle kinase activity. 

For some time direct evidence that Pelle phosphorylates Cactus remained elusive. 

It had been shown that Pelle kinase activity is necessary for the degradation of Cactus to 

occur (Reach et al., 1996), and no other mutants that prevent Cactus degradation were 

identified in large scale RNAi screens (Kuttenkeuler et al., 2010; Valanne et al., 2010). 

Recently, Daigneault et al. (2013) overcame the technical hurdle of Pelle kinase being 

lethal to bacteria; as a result they were able to show that Pelle directly phosphorylates 

Cactus. Direct evidence of in vivo interaction between Pelle and Cactus proteins has still 

evaded the best efforts of researchers. 

Cactus is the Drosophila homolog of IκB, and in the quiescent state it sequesters 

NF-κB proteins Dorsal and Dif in the cytoplasm. Like the rest of the Toll pathway genes, 

cactus is a maternal effect gene and embryos from females lacking functional cactus have 

disrupted dorsal-ventral patterning. Since Cactus is a negative regulator of the system, 
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cactus-null homozygotes have a constitutively active Toll pathway. As a result, cactus 

loss-of-function mutations lead to the production of ventralized embryos (Schüpbach & 

Wieschaus, 1989). In addition, the cactus-null mutations result in constitutively active 

immune signaling and the production of melanotic tumors in larvae and adults (Roth et 

al., 1991). These tumors are the result of a constitutively active encapsulation response 

that is enacted by the proliferation of lamellocytes that surround a pathogen and produce 

a melanized mass. Encapsulation is one output of the Toll pathway (in addition to AMP 

production) and a constitutively active Toll pathway can lead to overproliferation of 

hemocytes and overactive encapsulation response that attacks self tissue (Qiu et al., 

1998). After phosphorylation by Pelle, Cactus is degraded (Roth et al., 1991; Manfruelli 

et al., 1999; Geisler et al., 1992). In embryos and cell cultures, the Slimb β-TrCP protein 

recognizes phosphorylated Cactus and targets Cactus for ubiquitination by recruiting a 

ubiquitin ligase (Daigneault et al., 2013). However, in adults, Slimb mutants are still able 

to induce the AMP gene Drosomycin, therefore, it is not clear what gene is responsible 

for Cactus ubiquitination in adults (Leulier, Marchal, et al., 2003). Cactus levels are 

tightly regulated. After Cactus is degraded it is rapidly re-synthesized, which enables the 

cell to produce a transient pulse of NF-κB gene induction (Nicolas et al., 1998).  

Cactus and mammalian IκB proteins can shuttle in and out of the nucleus and 

regulate gene expression via a number of unique mechanisms. In a human cell line it has 

been shown that inside the nucleus newly synthesized IκB-α represses NF-κB activity by 

transporting NF-κB out of the nucleus (Arenzana-Seisdedos et al., 1997). Mammalian 

IκB-α and Drosophila Cactus were shown to enter the nucleus and regulate the expression 

of some developmental genes. IκB was found to bind near the promoter region of certain 

genes, where it directly interacts with histone tails and known histone-modifying proteins 

(Mulero et al., 2013). Histone acetylation can control how tightly the chromatin is 
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packed, which affects the accessibility of the underlying DNA to the transcriptional 

machinery. Mammalian IκB proteins have also been shown to downregulate expression 

by recruiting histone deacetylase (HDAC) enzymes to the promoters of some genes. IκB 

binding at promoters is sensitive to tumor necrosis factor alpha (TNF-α) innate immune 

signaling (Viatour et al., 2003; Aguilera et al., 2004). 

The canonical endpoint of Toll pathway stimulation and Cactus degradation is the 

nuclear translocation of NF-κBs Dorsal and Dif. Dorsal is required for normal embryonic 

development while Dif is dispensable during embryogenesis and plays a large role in the 

innate immune system during the adult and larval stages. Despite their sequence 

similarities, neighboring locations on the chromosome, and shared regulatory mechanism, 

these two genes have quite different functions. First, dorsal transcripts are maternally 

provided and are necessary for establishing the dorsal-ventral axis during embryogenesis. 

dorsal null mothers produce completely dorsalized embryos, while null mutations in Dif 

have no effect on development. While both proteins translocate to the nucleus after 

infection, Dif is required for the induction of the AMP genes Drosomycin, Defensin, and 

CecropinA1, while Dorsal is not required for normal induction of any AMP genes 

(Lemaitre et al., 1996; Pal et al., 2008). However, when Dorsal is overexpressed it can 

bind to the promoter regions of, and even induce, several AMP genes. Nonetheless, 

Dorsal is not normally required for their induction (Reichhart et al., 1993; Lemaitre et al., 

1995). Similarly, transgenic expression of Dif can recapitulate the expression pattern of 

some but not all known targets of Dorsal regulation and can rescue the dorsal-ventral 

patterning phenotype of dorsal null mutants, even though Dif is not normally required for 

this process (Stein et al., 1998). Thus, while misexpression experiments show that Dif 

and Dorsal can induce some common targets, their normal roles are quite distinct. 
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From the time of their initial description, Dif and Dorsal were known to be 

transcription factors, yet a comprehensive description of the adult targets of Dif and 

dorsal is still lacking. An investigation of their targets was performed by Pal et al. (2008) 

by comparing infection-induced changes in gene expression in wild-type animals and 

mutants for each of the three Drosophila NF-κB genes. Of the 68 genes affected by either 

Dif or dorsal mutation, only 12 are shared. Additionally, in uninfected animals, 

transgenic expression of epitope-tagged Dif and Dorsal proteins was used to identify 

binding sites for these transcription factors. In the overexpression experiment, 53 of 168 

genes regulated by either Dif or Dorsal were shared. Together this shows that while some 

of the targets of Dif and Dorsal are shared, most of the targets are distinct. Dif also 

regulates many genes whose functions are indirectly related to physiological changes 

associated with immune induction (Pal et al., 2008). Together these findings show that 

Dif and Dorsal regulate distinct sets of target genes. Genome-wide chromatin 

immunoprecipitation followed by next-generation sequencing (ChIP-seq) with antibodies 

for these two transcription factors would prove very interesting. 

The Imd pathway  

The Drosophila melanogaster Imd pathway shares similarity with the TNF-α 

pathway from mammals. Relish is the NF-κB transcription factor activated by the 

Drosophila Imd pathway and it is regulated via two mechanisms: retention in the 

cytoplasm and phosphorylation of the activation domain. The C-terminal domain of 

Relish masks the nuclear localization sequence and retains Relish in the cytoplasm. 

Cleavage of Relish releases this inhibitory domain and allows the activating domain to 

enter the nucleus. The protein responsible for cleaving Drosophila Relish is Dredd, a 

peptidase whose activity is also regulated by the Imd pathway. Relish requires 
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phosphorylation in order to induce transcription of target genes, and the IκB kinase (IKK) 

complex carries out this phosphorylation. For an extensive review of the Imd pathway, 

see Myllymäki et al. (2014). The main receptor for the Imd pathway is PGRP-LC (Gottar 

et al., 2002; Choe et al., 2002). PGRP-LC is a transmembrane protein that recognizes a 

form of peptidoglycan (PGN) found on Gram-negative bacteria and some Bacillus 

species (Leulier, Parquet, et al., 2003). Another PGRP family member, PGRP-LE, can 

detect an overlapping set of bacterial coat components. A secreted form of PGRP-LE 

stimulates Imd signaling through the transmembrane PGRP-LC receptor. Full-length 

PGRP-LE remains in the cytoplasm where it detects intracellular bacterial markers and 

acts directly on the Imd protein (without PGRP-LC) to stimulate signaling (Kaneko et al., 

2006). After PGRP binds its ligand, a number of death-domain containing adapters are 

recruited, analogous to the oligomerization of the Toll signaling complex after Spätzle 

binds. During Imd pathway signaling, peptidoglycan binding to PGRP-LC attracts the 

binding of Immune Deficiency (Imd), dFadd, and Dredd proteins (Georgel et al., 2001; 

Leulier et al., 2002; Leulier et al., 2000). Dredd is then ubiquitinated by inhibitor of 

apoptosis 2 (Diap2 or Iap2), which activates Dredd activity (Meinander et al., 2012). 

Once Dredd is activated it is able to cleave Imd and Relish (Stöven et al., 2003; Paquette 

et al., 2010). Removal of the inhibitory C-terminal domain of Relish releases one of the 

two means of Relish inhibition. Cleavage of the Imd protein (by Dredd) exposes a site 

which is recognized and then polyubiquitinated by Diap2. Cleaved and ubiquitinated Imd 

is then able to recruit the Tab2/Tak1 complex. The Tab2/Tak1 complex then 

phosphorylates the IKK (IκB Kinase) complex, which is composed of Kenny and Ird5 

proteins (Lu, 2001). After the IKK complex is activated it is responsible for 

phosphorylating Relish (Silverman, 2000). Once Relish is phosphorylated and its N-
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terminal domain is released it is able to enter the nucleus and induce transcription of 

target genes. 

 

Immunity and Sleep 

Increased sleep helps the immune system fight off infections, and the lethargy 

generated by the sickness response is an example of the immune system altering 

behavior. Conversely, not getting enough sleep (sleep deprivation) can weaken the 

immune system and make one more susceptible to infection (Ibarra-Coronado et al., 

2015). There is ample evidence from flies of crosstalk between the innate immune system 

and the circadian clock. The molecular genetic basis of circadian rhythms have been 

studied in Drosophila since the 1970s and the history of this field has been recently 

reviewed in detail by Ozkaya & Rosato, (2012). The first circadian gene was discovered 

in the lab of Seymour Benzer, where they described the period locus (Konopka & 

Benzer, 1971). Null alleles of period abolish the fly’s circadian rhythm. This group also 

identified the so-called long and short alleles that lengthened or shortened the circadian 

period, respectively. Further studies worked out the molecular mechanisms driving this 

circadian timekeeping. At the core of this system is a cell-autonomous negative feedback 

loop between four genes: period, timeless, clock, and cycle. The clock and cycle genes 

encode transcription factors that bind E-box containing enhancers in the period and 

timeless genes and stimulate expression (Darlington et al., 1998; Hao et al., 1997; 

McDonald & Rosbash, 2001; Wang et al., 2001). During the night, Period-Timeless 

dimers accumulate in the cytoplasm, and as they accumulate they are phosphorylated (see 

Hardin, 2005). After approximately six hours, when Period-Timeless have been 

extensively phosphorylated, the dimer can enter the nucleus (Price et al., 1998; 
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Nawathean & Rosbash, 2004). Inside the nucleus Period-Timeless inhibit DNA binding 

of Clock and Cycle (Lee et al., 1999). Since Clock-Cycle was driving the induction of 

period and timeless, the Period and Timeless proteins effectively shut off their own 

production. Period and Timeless protein levels fall, and the Clock and Cycle proteins 

once again accumulate and induce E-box containing promoters. This cycle takes 

approximately 24 hours, and is necessary for circadian rhythms (Hardin, 2005). In 

addition to regulating the expression of period and timeless, the Clock and Cycle 

transcription factors also bind conserved E-box sequences in the promoter region of 

hundreds of genes directly causing their expression to undergo circadian oscillation 

(Claridge-Chang et al., 2001; Ceriani et al., 2002; McDonald & Rosbash, 2001; Ueda et 

al., 2002). The cohort of such genes differs between cell types (Meireles-Filho et al., 

2014). These fluctuations alter many attributes of cells and can alter behavior. 

The first hint of a link between innate immunity and circadian rhythms came from 

microarray studies that showed that some innate immune genes oscillate throughout the 

day (McDonald & Rosbash, 2001; Claridge-Chang et al., 2001; Cirelli et al., 2005). 

McDonald and Roshbash (2001) went on to show that numerous innate immunity genes, 

including ten AMP genes, showed increased expression in clock mutants. Cirelli et al., 

2005 identified “defense response to infection” as a gene ontology class that significantly 

fluctuated throughout the day. A subsequent study found that a large number of innate 

immune genes are induced in fly brains after sleep deprivation, including AMP genes. 

However, the mechanical stimulation that was used to disrupt sleep also led to induction 

of AMP genes, and their induction may have been a response to injury and not caused by 

lack of sleep (Zimmerman et al., 2006). Direct evidence came later when it was found 

that NF-κB transcriptional activity is regulated by the circadian clock (Tanenhaus et al., 

2012) and that the oscillation of antimicrobial peptide gene expression level is timeless 
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dependent (Stone et al., 2012). Mutations in clock genes can also affect the outcome of an 

infection: timeless and period mutants have decreased survival after infection by Gram-

positive bacteria (Shirasu-Hiza et al., 2007).  

Infection leads to changes in sleep patterns in Drosophila. After infection flies 

sleep more, and as the infection worsens sick flies lose behavioral circadian rhythmicity 

(Shirasu-Hiza et al., 2007). Relish mutant animals fail to increase sleep after infection but 

this can be rescued with expression of a Relish transgene in the fat bodies (Kuo et al., 

2010). Increased sleep is one outcome of the sickness response, and here we see that flies 

display this response. Together these data indicate that information flows in both 

directions: the circadian clock affects the innate immune system, and the innate immune 

system affects sleep, a behavior under heavy circadian regulation. 

 

The Innate Immune System and Neurodegeneration 

Neurodegenerative diseases are a class of disorders defined by progressive 

degeneration and loss of neurons. Evidence from mammalian systems shows that acute 

stimulation of innate immune signaling can have neuroprotective effects, but chronic 

neuroinflammation is thought to contribute to many neurodegenerative diseases 

(reviewed in Cicchetti and Barker, 2014). The Drosophila innate immune system is 

known to play a role in neurodegeneration (reviewed in Cantera & Barrio, 2015). To 

model Alzheimer’s disease in flies, β-amyloid peptides are overexpressed and this leads 

to age-dependent declines in learning and locomotion. In order to rapidly screen 

modulators of this response, the rough eye phenotype is used to assay neurodegeneration. 

The Drosophila compound eye has a stereotypic repeating geometric structure of 

photoreceptor neurons, but when β-amyloid peptide Αβ42 is expressed in the eye this 
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structure is disrupted and the eye develops a visibly rough surface. A screen for 

modulators of this phenotype first identified Toll, and further analysis showed that 

heterozygous mutations in Toll, pelle, tube, dorsal, and Dif reduced the severity of 

neurodegeneration, but spätzle had no effect. Likewise, genetic activation of the pathway 

increased the severity of the phenotype (Cao et al., 2008; Tan et al., 2008). This has been 

interpreted to mean that the inflammatory response driven by the innate immune system 

is driving neurodegeneration in diseased individuals. 

An overactive Imd pathway can also lead to neurodegeneration. The gene defense 

repressor 1 (dnr1) is a repressor of Relish activity, and animals mutant for dnr1 display 

neurodegeneration (Cao et al., 2013). Likewise, overexpression of constitutively active 

Relish can lead to neurodegeneration (Petersen et al., 2013). Overexpression of Drosocin, 

Drosomycin, Attacin, and Defensin (AMP genes induced after infection) in either glia or 

neurons all increased neurodegeneration in the fly brain (Cao et al., 2013). Activation of 

the innate immune system can cause neurodegeneration, and exacerbate disease states 

which cause neurodegeneration. Neurodegenerative diseases cause a significant burden 

on society. It is estimated that Alzheimer’s disease, a neurodegenerative disease expected 

to increase prevalence as the baby boomer generation ages, cost the United States 

economy $226 billion in 2015 (Alzheimer’s Association, 2015). 

 

The Innate Immune System and Sex 

Mating is risky, even for insects. There are the energetic costs associated with 

producing offspring and the elaborate behaviors involved in animal courtship place the 

animal at risk of predation. In addition, insects carry sexually transmitted diseases. The 

prevalence of some insect sexually transmitted diseases reaches a peak infection rate of 
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more than 70% (Knell & Webberley, 2004). The pervasiveness of these diseases means 

that, at certain times, mating carries a significant risk of infection for insects. 

Strikingly, female Drosophila upregulate their immune system in anticipation of 

mating. Female flies exposed to the courtship song of conspecific males, without any 

other cues (e.g. physical, olfactory), induced a cohort of genes. This cohort included a 

large number of genes encoding antennal proteins, as well as innate immune genes and 

AMPs (Immonen & Ritchie, 2012). Among the induced genes were Turnadot M and 

Turandot C. Further studies suggest that these Turandot family genes help fight 

infections contracted during mating, as evidenced by increased lethality of Turandot M 

mutant females following mating (Zhong et al., 2013). Oddly, the Drosophila male’s 

immune response to courtship is the opposite of the female response. Naive males who 

have been paired with and courted a virgin female for five minutes show decreased 

expression of a cohort of innate immune genes (Carney, 2007). Carney hypothesizes that 

male flies divert resources from the immune system to increase their chances of 

successful courtship. This provides a remarkable example of experience affecting the 

physiology of the animal. 

During mating, Drosophila males transfer sperm along with a cocktail of peptides 

that elicits female post-mating behavior (Chapman, 2001). Among these peptides is a 

small protein appropriately named Sex Peptide, which is sufficient to increase egg laying 

and decrease receptivity in mated females (Chen et al., 1988). In addition to these 

behavioral effects, Sex Peptide activates both the Toll and Imd pathways and induces 

expression of a number of antimicrobial peptides (Peng et al., 2005). Furthermore, 

another peptide delivered by Drosophila males during copulation has antimicrobial 

properties. Andropin, a protein produced exclusively in ejaculatory duct of males, has 
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antimicrobial properties thought to reduce the risk of pathogen damage to gametes and 

embryos (Samakovlis et al., 1991; Lung et al., 2001). 

 

The Innate Immune System and Alcohol 

Alcohol and other drugs of abuse can activate the innate immune system. This 

activation has been shown to promote alcohol preference in drinking assays and to 

influence sensitivity to ethanol intoxication. Alcohol-induced innate immune signaling 

causes increased NF-κB transcriptional activity, which sensitizes further activation by 

inducing expression of proinflammatory innate immune genes (Crews et al., 2011). 

Continued alcohol drinking has been proposed to lead to a chronic inflammatory state 

that compromises brain function (Crews & Vetreno, 2015; Cui et al., 2014). These 

changes may make additional contributions to alcohol addiction. Furthermore, 

neuroimmune activation can produce a depression-like state linked to the sickness 

response (Miller et al., 2005) which may significantly promote additional alcohol use to 

alleviate these symptoms. Drugs of abuse give a high or buzz that seduces users and 

brings them back for more. But in a dependent individual, the pleasure experienced 

during the drug high is grossly outweighed by the dysphoric effects experienced during 

drug withdrawal. This observation is central to a school of thought called the "dark side" 

of addiction, in which the aversive effects of withdrawal are powerful motivators of drug 

use that outweigh pleasurable drug effects in the addictive process (Koob, 2015). The 

neuroimmune system may be an important contributor of "dark side" effects of 

alcoholism (Crews, 2012; Breese et al., 2008).  

The link between alcohol consumption and innate immune signaling has been 

described in both mammalian and Drosophila experimental systems. Stimulation of the 
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rodent innate immune system with LPS leads to increased alcohol consumption. This 

LPS-induced increase in drinking is dependent on the presence of functional CD14, a 

protein required for TLR4 signaling in mammals (Blednov et al., 2011). The effect of 

reduced TLR4 signaling on the regulation of drinking is less clear. Mice with an 

engineered knockout of TLR4 show no effect on drinking compared to wild-type controls 

(Pascual et al., 2011). However, siRNA knockdown of TLR4 message in the central 

amygdala of rat brains reduced ethanol consumption (Liu et al., 2011). Correlative 

findings suggest that TLR signaling is related to ethanol consumption in humans. In 

expression data from human alcoholic brains, TLR2, TLR3, TLR4 and HMGB1 levels all 

correlated with lifetime ethanol consumption (Crews et al., 2013). HMGB1 (high 

mobility group box protein 1) is a potent activator of TLR4 that is induced following 

ethanol exposure (reviewed in Crews & Vetreno, 2015). A survey of mutations affecting 

neuroimmune signaling downstream of the the Toll pathway also revealed effects on 

ethanol consumption. Blednov et al. (2011) used mutant mice, and a variety of drinking 

paradigms, to show that the following additional neuroimmune genes also influence 

alcohol drinking: B2m (beta-2 microglobulin), CD14, Ctsf (cathepsin F), Ctss (cathepsin 

S), IL-1rn (interleukin 1 receptor antagonist ), and IL-6 (interleukin 6). 

In Drosophila, infection-driven alcohol consumption seems to play a medicinal 

role. Drosophila larvae are the targets of endoparasitoid wasps of the genus Leptopilina, 

which inject eggs into Drosophila larvae. The wasp then develops within and consumes 

the developing fly. The Schlenke lab showed that fly larvae infected by these wasps 

chose food containing ethanol over standard food, and that ethanol-laced food helped to 

kill the invading wasp (Milan et al., 2012). In a subsequent study they found that not only 

do infected larvae use ethanol to fight infection, but also that female Drosophila choose 

to lay eggs on ethanol-laced food after seeing female wasps (Kacsoh et al., 2013).  
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In rodents, the innate immune system has been shown to modulate ethanol 

resistance. Mice lacking functional copies of TLR4 or the adaptor Myd88 are more 

resistant to the sedative effects of alcohol, and pharmacological inhibition of Toll 

signaling increases resistance to sedation in a loss-of-righting reflex assay (Wu et al., 

2012). Conversely, activation of Toll signaling with LPS injection in mice reduces 

alcohol resistance, measured as recovery of motor skills after injection of alcohol in the 

rotarod test (Drugan et al., 2007). A separate study showed that TLR4, Myd88, and TLR2 

mutations all increased resistance to alcohol (Corrigan et al., 2015). This group also went 

on to examine how the innate immune system modulates the interaction of alcohol and 

morphine, as opiates are also known to induce innate immune signaling. They found that 

TLR2 and Myd88 mutations conferred resistance against the additive effects of the two 

drugs, but loss of TLR4 had no effect (Corrigan et al., 2015). Interleukin 1 (IL-1) is a 

cytokine factor that acts through Myd88 to stimulate innate immune signaling. 

Application of IL-1 receptor antagonist (IL-1ra or IL-1rn) increases resistance, measured 

as a faster recovery from sedation and faster recovery of motor skills in the rotarod test 

(Wu et al., 2011). This study provides an independent line of evidence that inhibiting 

immune signaling acting through Myd88 increases resistance to ethanol. 

In adult Drosophila, we have shown that the innate immune system can modulate 

ethanol resistance in adult flies. Increased signaling activity of the Toll pathway 

increased resistance to the sedative effects of ethanol. Likewise, decreasing Toll pathway 

activity via mutation or knockdown of Toll pathway genes reduced resistance to ethanol. 

Specifically, we showed that mutations in, or RNAi-mediated knockdown of, spätzle, 

Toll, Myd88, tube, pelle, Dif, and Relish expression all decreased resistance to ethanol. 

Furthermore, transgenic expression of a constitutively active Toll, the activation domain 
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of Relish, or Dif increased resistance to ethanol. Likewise mutation or knockdown of the 

inhibitor cactus increased resistance (Troutwine et al., 2016).  

To date, immune-induced alcohol consumption has only been observed in larvae, 

and immune-induced alcohol resistance has only been observed in adult flies, but it seems 

reasonable to suspect that these responses translate across development stages of the 

animal. This collection of studies shows that the link between the innate immune system 

and alcohol consumption is conserved across taxa. 

With respect to the relationship between innate immune signaling and ethanol 

resistance, rodent and Drosophila studies reveal opposing outcomes. In flies increased 

Toll signaling leads to increased resistance, whereas in rodents reduced pathway activity 

increases resistance (Drugan et al., 2007; Wu et al., 2012; Corrigan et al., 2015; 

Troutwine et al., 2016). While these contrary effects are perplexing, the conservation of 

alcohol-immune interactions indicates that the trigger mechanism that activates the innate 

immune system in response to alcohol is conserved. That innate immune signaling 

generates the opposite effect in flies as it does in mammals may reflect the natural history 

of flies and the apparent medicinal value of ethanol to the fly. A speculative explanation 

is that if certain types of innate immune signaling promote increased ethanol 

consumption to kill a parasite, one might expect that it would also confer ethanol 

resistance so that the effort at self medication does not itself compromise the animal’s 

effort to survive. This suggests that, for some animals, there is an ancient link between 

innate immunity and alcohol-related consumption which is not dependent on the 

pleasurable effects of this drug. 
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DISSERTATION OVERVIEW 

The overall goal of this work is to dissect how the innate immune system 

regulates alcohol-induced behaviors. I have used a number of genetic tools to show that 

Toll pathway activity regulates resistance to alcohol sedation. 

In Chapter 1 I provide background information on the functioning of the 

Drosophila innate immune system and how innate immune signaling affects behavior. In 

Chapter 2 I describe my findings, where I show that increased Toll pathway activity 

increases resistance, while mutations that block Toll signaling decrease resistance to 

sedation with alcohol. I also show that antimicrobial peptide gene expression is induced 

after ethanol exposure. In Chapter 3, discussion possible mechanisms for the phenomena 

described in Chapter 2 and discuss future directions. Appendix 1 includes description of a 

project tangentially related to the rest of this work. Findings from mammalian systems 

identified an amino acid substitution that reduced the effect of ethanol on NMDA 

receptors, and I sought to construct a mutant fly with the same mutation. This project 

involved the generation of two separate amino acid substitution mutants in the NMDAR1 

gene using the CRISPR/Cas9 system, and then examination of these flies with a battery 

of behavioral assays.  
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FIGURES 

 

Figure 1.1 The Drosophila Toll Pathway 
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Figure 1.2 The Drosophila IMD Pathway 
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Chapter 2: Alcohol resistance in Drosophila is modulated by the Toll 

pathway 

INTRODUCTION 

Alcohol1 use is pervasive in our society, and alcohol abuse has been estimated to 

cost the United States economy $223.5 billion per year (Bouchery et al., 2011). A survey 

of more than 36,000 American adults found that 29.1% of respondents met the criteria for 

DSM-5 diagnosis of an alcohol use disorder at some time in their life, and 13.9% had met 

the criteria in the past 12 months (Grant et al., 2015). A 25 year longitudinal study in 

humans found that baseline resistance to alcohol was the strongest predictor of future 

alcoholism (Schuckit, 1994; Schuckit & Smith, 2011). Alcoholism has a strong genetic 

component, and while no single alcoholism gene has been identified, large networks of 

genes with small individual effects sum to generate predisposition for addiction (Enoch, 

2013). 

A growing body of evidence shows that chronic alcohol consumption changes the 

expression of conserved gene networks in the human brain, members of which have been 

demonstrated to regulate alcohol behaviors in model systems (Ponomarev et al., 2012; 

Zhou et al., 2011; Liu et al., 2007; Liu et al., 2006; Iwamoto et al., 2004; Flatscher-Bader 

et al., 2005; Liu et al., 2004; Sokolov et al., 2003; Mayfield et al., 2002; Lewohl et al., 

2000; Farris et al., 2014). One such network contains a set of genes that control the innate 

immune system. Studies in fruit flies, rodents, and humans have all shown that innate 

immune system genes increase expression after alcohol exposure (Crews et al., 2013; Liu 

                                                 
1 This work has been published in: Troutwine, B.R., Ghezzi, A., Pietrzykowski, A.Z., Atkinson, N.S., 

2016. Alcohol resistance in Drosophila is modulated by the Toll innate immune pathway. Genes. Brain. 

Behav. doi:10.1111/gbb.12288. BR Troutwine is the primary author, collected and analyzed the data and 

wrote the manuscript. 
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et al., 2006; Kong et al., 2010; Zou & Crews, 2014). Recent rodent work has shown that 

numerous innate immune system pathways affect alcohol consumption, including 

chemokines, interleukins, peroxisome proliferator-activated receptors (PPARs), and Toll-

like receptor pathways (Robinson et al., 2014). Furthermore, it has been reported that 

Toll-like receptor signaling can modulate neural activity. In brain slice preparations from 

the central amygdala of mice, treatment with lipopolysaccharide, the activator of Toll-

like receptor 4 (TLR4), can directly modulate GABAergic signaling, and ethanol and 

lipopolysaccharide treatment can have additive effects on GABAergic signaling (Bajo et 

al., 2014). 

The innate immune system is a branch of the immune system that invokes a rapid, 

pre-programmed, and generalized response to pathogens. Whereas the adaptive immune 

system recognizes, responds to, and remembers essentially any foreign antigen, the innate 

immune system is hardwired to respond to the antigens stereotypical of pathogens. Innate 

immune system responses include inflammation to seal off a site of infection, recruitment 

of immune cells, and production of antimicrobial peptides (Turvey & Broide, 2010). In 

Drosophila, there are two major branches of the innate immune system: the Toll pathway 

and the immune deficiency (IMD) pathway (Buchon et al., 2014). 

The Toll pathway was initially described by the Nüsslein-Volhard lab for its role 

in the establishment of the dorsal-ventral axis during embryonic development of 

Drosophila melanogaster. In larvae and adult flies however, the same pathway is reused 

to regulate the innate immune system (Lemaitre et al., 1996). The Toll pathway is 

conserved across metazoans, from sponges to humans (Song et al., 2012), and the 

Drosophila Toll pathway is related to the mammalian Toll-like receptor Myd88-

dependent pathway. As depicted in Fig. 2.1, in Drosophila the Toll ligand is a protein 

called Spätzle, which circulates in the hemolymph as an inactive precursor. Upon fungal 
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or Gram-positive bacterial infection Spätzle is cleaved, binds to Toll, and activates the 

pathway. Myd88, Tube, and Pelle are adaptor proteins that associate with Toll. After 

activation, Pelle phosphorylates the NF-κB inhibitor Cactus, which causes Cactus 

degradation and allows NF-κB homologs Dorsal and Dif to enter the nucleus and activate 

transcription of target genes (reviewed in Imler, 2014). 

The other main branch of the Drosophila innate immune system is the IMD 

pathway, which responds to Gram-negative bacterial infection. There is evidence for 

cross-talk between the Toll and IMD signaling pathways: simultaneous stimulation of the 

Toll and IMD pathways has an additive effect on expression of some antimicrobial 

peptide genes (Tanji et al., 2007) and infection with some pathogens leads to activation of 

both pathways (Mansfield et al., 2003; Hashimoto et al., 2009; Luce-Fedrow et al., 2008; 

Lau et al., 2003). Relish is the Drosophila NF-κB that is primarily associated with and 

activated by the IMD pathway (Buchon et al., 2014). All three NF-κB proteins (Dif, 

Dorsal, and Relish) can form heterodimers with one another, providing a means for 

integration of information from the Toll and IMD pathways (Tanji et al., 2010).  

In recent years, an intriguing connection between ethanol consumption and the 

innate immune pathway has become apparent in Drosophila. In experiments detailed in 

Milan et al. (2012) and Kacsoh et al. (2013) it was found that fruit flies use alcohol to 

help fight infection by parasitic wasps. There are several species of endoparasitoid wasps 

of the genus Leptopilina that inject their eggs into fruit fly larvae. The wasp offspring 

then develop within and feed on the fruit fly larva, eventually killing them during 

pupariation. The Toll innate immune pathway is a regulator of the anti-parasite immune 

response in Drosophila (Paddibhatla et al., 2010; Schlenke et al., 2007; Sorrentino et al., 

2004; Small et al., 2012). Infection by endoparasitic wasps activates the melanization 

response, which is controlled by the Toll pathway. Under standard culture conditions fly 
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survival is quite low after infection by these wasps. However, when standard fly food is 

replaced with food containing 6% ethanol, wasp survival decreases and fly survival 

increases. When given a choice between standard food and ethanol-containing food, a 

greater portion of infected larvae chose ethanol food than did uninfected larvae (Milan et 

al., 2012). A subsequent study showed that, after seeing a female wasp, female 

Drosophila were more likely to lay eggs on ethanol-containing food. This reaction was 

sex-specific and did not occur in response to a male wasp (Kacsoh et al., 2013). Indeed, 

flies respond to a parasitic infection in a way that suggests that the fly innate immune 

system modulates ethanol-related behaviors. Here we ask whether genetically 

manipulating the Toll pathway affects resistance to ethanol. 

 

RESULTS 

To test whether the Toll pathway modulates ethanol-induced behaviors in 

Drosophila melanogaster, we tested the effect of mutations, RNAi knockdown, and 

overexpression of Toll pathway genes on the rate of recovery from ethanol sedation. In 

this study, experimental and control animals were simultaneously exposed to vaporized 

ethanol until sedated, then switched to a humidified air stream to recover and the rate of 

recovery was measured (Krishnan et al., 2012; Cowmeadow et al., 2005). If the 

experimental group recovered from sedation faster than the control group, the 

experimental group is said to be more resistant to ethanol. Conversely, flies that 

recovered significantly slower than the control are said to be less resistant (or more 

sensitive). There is day-to-day variability in resistance to ethanol, for this reason all of the 

direct comparisons that we make are sedated in tandem on the same day. As per 
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convention, in the text, gene names are italicized while the encoded protein is capitalized 

and typeset in roman. 

Spätzle is the Drosophila ligand of Toll, and Spätzle binding to Toll activates the 

pathway (Lemaitre et al., 1996; Weber et al., 2003). Transheterozygotes are often used 

when studying maternal effect lethal mutations. This is necessary because the stocks are 

maintained over a balancer chromosome, and it is thought that the chromosome of 

interest accumulates secondary lethal mutations, making homozygotes unobtainable 

without first backcrossing the mutation. Thus, animals lacking functional spätzle were 

obtained as a heteroallelic combination of two null alleles, spz
2
 and spz

4
 (Lemaitre et al. 

1996).These spätzle null animals were less resistant to ethanol than wild-type controls, as 

can be seen by their slower recovery rate (p<0.0001, Fig. 2.2A). Additionally, animals 

heterozygous for a null allele of spätzle (spz
2
) and a wild-type chromosome were less 

resistant to ethanol than wild-type controls (p<0.0001, Fig. 2.2B). If the spätzle mutant is 

less ethanol resistant because of reduced signaling down the Toll pathway, then one 

would expect that reducing signaling at subsequent steps in the pathway would also 

reduce ethanol resistance. We tested this idea with a variety of genetic tools. 

We manipulated Toll receptor activity with mutant alleles, a gene-specific RNAi 

knockdown transgene, and a Toll overexpression transgene (Fig. 2.3). Toll mutant 

animals were generated by combining two loss-of-function alleles of Toll (Toll
R3

 and 

Toll
rv19

) to yield a transheterozygous animal. When compared to wild-type, these Toll 

mutant animals were less resistant than controls in a recovery from sedation assay 

(p<0.0001, Fig. 2.3A). Other researchers have reported similar findings for Toll mutants: 

animals with a transposon inserted near the Toll locus were less resistant than wild-type 

controls in an ethanol sedation assay (Morozova et al., 2007; Morozova et al., 2011). To 

confirm the involvement of Toll, we suppressed Toll expression with an RNAi transgene. 
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For this experiment we used the Actin-GeneSwitch driver. An important advantage of the 

GeneSwitch system is that it permits adult-specific expression, which avoids disruption 

of normal development. In this system, a fusion protein between the Gal4 transcription 

factor and progesterone receptor activates UAS transgenes only in the presence of the 

RU-486 inducer (Osterwalder et al., 2001; Roman et al., 2001). The GeneSwitch system 

allowed us to perform experiments in which all flies have the same genotype, and the 

transgene of interest is expressed only in adults fed an inducer for three days prior to the 

experiment. Feeding RU-486 to animals carrying the Actin-GeneSwitch transgene but not 

a UAS responder transgene has no effect on ethanol resistance at the dose used here (Fig. 

2.11 C & D). In concert with the Toll mutant analysis, animals in which Toll expression 

was suppressed with an Actin-GeneSwitch driven RNAi transgene also showed reduced 

ethanol resistance (p<0.0001, Fig. 2.3B).  

Increased Toll activity produced the opposite response. To increase Toll signaling 

activity we used a transgene that expresses a constitutively active Toll variant (Toll
10B

). 

Expression of the UAS-Toll
10B

 transgene (Hu et al., 2004) enhanced ethanol resistance in 

our sedation assay. Driving the UAS-Toll
10B

 construct ubiquitously with tubulin-Gal4 

increased behavioral ethanol resistance (p<0.0001 vs. either parental control, Fig. 2.3C). 

Additionally, overexpressing Toll
10B

 in neurons with the Appl-Gal4 driver increased 

ethanol resistance (p<0.0001 vs. either parental control, Fig. 2.3D). Appl-Gal4 is a 

neuron-specific, pan-neural driver (Torroja et al., 1999; Scholz et al., 2005; Fang et al., 

2013). In addition, the Actin-GeneSwitch driver was used to overexpress UAS-Toll
10B

. 

When these animals were fed RU-486 inducer for three days, resistance increased 

compared to carrier-fed controls (p=0.03, Fig. 2.3E). Increasing or reducing Toll activity 

transgenically does not affect ethanol absorption or metabolism (Fig. 2.11 A and B). 
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In all Gal4 overexpression experiments, we also individually examine the parental 

Gal4 driver line (black triangles in plots) and the parental UAS-responder line (black 

square in plots) to verify that changes in behavior are caused by expression of the 

responder transgene and are not the consequence of mutational insertion of a single 

transgene into the genome nor are they caused by off-target effects of the Gal4 

transcription factor. The parental lines were crossed to wild-type Canton S so that the 

parental controls carry only a single copy of the transgene, as is the case in the 

experimental group.  

Myd88 is an adapter protein that interacts with Toll and is required for the 

immune response to infection (Tauszig-Delamasure et al., 2001; Marek & Kagan, 2012). 

Only transgenic RNAi knockdown of Myd88 was tested in this study. When Myd88 was 

knocked down for three days with the Actin-GeneSwitch driver, resistance to ethanol was 

reduced (p<0.0001, Fig. 2.4A). Tube is part of the adapter complex that assembles along 

with Toll, Myd88, and Pelle during Toll activation and is required for Toll signaling 

(Letsou et al., 1991; Moncrieffe et al., 2008). We generated tube null animals by a 

transheterozygous cross; animals carrying the tube
2
 null allele were mated with animals 

carrying a chromosomal deficiency (deletion) that removes the tube locus, producing 

tube
2
/tube

DF
 null animals (Hecht & Anderson, 1993). These mutant animals are less 

resistant to ethanol than the wild-type control (p=0.0013, Fig. 2.4B). Furthermore, a 

reduction in resistance was also produced when tube was knocked down in an adult-

specific manner using an Actin-GeneSwitch driven RNAi transgene (p<0.0001, Fig. 

2.4C). 

Pelle is a kinase that assembles with Toll, Myd88, and Tube after Toll pathway 

activation, and it is thought that Pelle is the kinase that phosphorylates Cactus (Huang et 

al., 2010; Towb et al., 2001). The phosphorylation of Cactus causes its degradation, 
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which frees the Dif and Dorsal transcription factors that were sequestered outside of the 

nucleus by Cactus. Blocking the destabilization of Cactus reduces downstream nuclear 

signaling by Dif and Dorsal (Fig. 2.1). When two pelle loss-of-function alleles (pelle
2
 and 

pelle
7
) were combined to generate a pelle mutant transheterozygote (Hecht & Anderson, 

1993; Anderson & Nüsslein-Volhard, 1984), ethanol resistance was reduced (p=0.0058, 

Fig. 2.5A). We also examined the effect of pelle knockdown using the inducible 

GeneSwitch system to drive ubiquitous expression of a pelle RNAi transgene. Similar to 

the pelle mutant, a three day pelle RNAi knockdown reduced resistance (p=0.0008, Fig. 

2.5B). 

When the Toll pathway is inactive, the NF-κB inhibitor Cactus sequesters Dif and 

Dorsal transcription factors in the cytoplasm. After stimulation of the Toll pathway, 

Cactus is degraded and the NF-κB proteins Dif and Dorsal are able to enter the nucleus 

and activate target genes (Fig. 2.1, Geisler et al., 1992; Roth et al., 1991). Thus, reduction 

of cactus expression via mutation or knockdown should mimic a stimulated pathway 

where NF-κB proteins are allowed to enter the nucleus. We show that cactus mutant 

animals (transheterozygous for two separate loss-of function alleles, cactus
7
 and cactus

E8
) 

were more resistant to ethanol (p<0.0001, Fig. 2.6A) than the paired control, and that 

adult-specific RNAi knockdown of cactus expression increases resistance (p=0.0091, Fig. 

2.6B). These findings align with the phenotypes seen when Toll pathway activity was 

stimulated with the UAS-Toll
10B

 transgene (Fig. 2.3C-E). 

Dif is one of the three NF-κB family members in Drosophila, and upon activation 

of the Toll pathway functions in the induction of target genes including antimicrobial 

peptides (Petersen et al., 1995). Dif mutant animals (Dif
1
/Dif

1
) are less ethanol resistant 

than wild-type animals (p<0.0001, Fig. 2.7A), and RNAi knockdown of Dif expression in 

the adult decreases resistance (p<0.0001, Fig. 2.7B). Next we used overexpression of a 
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Dif transgene to mimic active Toll pathway signaling. We observed that overexpression 

of Dif (UAS-Dif, Yagi & Ip, 2005) leads to increased resistance when driven by the 

ubiquitous tubulin-Gal4 driver (p<0.0001 vs. either parental control, Fig. 2.7C). 

Resistance is also increased when the neural Appl-Gal4 driver is used to drive expression 

of the UAS-Dif transgene (p<0.0001 vs. UAS-Dif alone, p=0.0005 v Appl-Gal4 alone, 

Fig. 2.7D). However, three day overexpression of Dif using the Actin-GeneSwitch driver 

had no effect on ethanol resistance (p=0.4895, Fig. 2.7E). 

dorsal is another NF-κB transcription factor, and while Dif and Dorsal are both 

stimulated by Toll pathway activation and are redundant in some contexts, they have 

some distinct roles. dorsal, but not Dif is required for embryonic development. On the 

other hand Dif plays the greater role in the adult innate immune system (see Discussion). 

Nevertheless we also examined the role of dorsal on ethanol resistance. When we tested 

dorsal null animals – transheterozygotes carrying a null allele of dorsal (dorsal
1
) and a 

deficiency removing dorsal (dorsal
DF

) – the mutants were more resistant than the wild-

type control (p=0.0079, Fig. 2.8A). Knockdown of dorsal with an RNAi transgene also 

led to increased resistance (p<0.0001, Fig. 2.8B). Conversely, when a dorsal transgene 

(Yagi & Ip, 2005) was driven in the nervous system using the Appl-Gal4 driver we 

observed that the animals had reduced resistance to ethanol (p=0.003 vs. Appl-Gal4 

alone, p<0.0001 vs. UAS-dorsal alone, Fig. 2.8C). However, dorsal overexpression might 

have reduced ethanol resistance because the animals are less fit and have physical 

defects. We observed that these flies had crumpled, unexpanded wings. Furthermore, 

overexpressing dorsal using a tubulin-Gal4 was lethal. We also observed lethality when 

the UAS-dorsal was combined with the Actin-GeneSwitch driver. Lethality occurred even 

when the animals were raised without inducer at 18°C to minimize expression from the 

transgenes (Duffy, 2002). 
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Relish is a third NF-κB family transcription factor in Drosophila. It is primarily 

activated by the IMD innate immune pathway, which responds to infection by Gram-

negative bacteria. We included Relish in this study because there is evidence of cross-talk 

between the Toll and IMD pathways, and because Relish has been shown to 

heterodimerize with both Dif and Dorsal (Tanji et al., 2010; Dushay et al., 1996; 

Hedengren et al., 1999). Animals homozygous for the loss-of-function Relish
E38

 allele 

(Hedengren et al., 1999) showed reduced resistance to ethanol (p<0.0001, Fig. 2.9A). 

Knockdown of Relish in adults using RNAi and the Actin-GeneSwitch driver also reduced 

resistance (p=0.0023, Fig. 2.9B). In contrast to Dif and Dorsal, where functional 

regulation is achieved via sequestration by Cactus protein, Relish has an autoinhibitory 

domain that is cleaved after IMD pathway activation (Stöven et al., 2000). 

Overexpression of the active form of Relish (UAS-RelN, Yagi & Ip, 2005) with tubulin-

Gal4 or Appl-Gal4 increases resistance (tubulin-Gal4: p<0.001, Fig. 2.9C; Appl-Gal4: 

p<0.0001, Fig. 2.9D). However, three day overexpression with the GeneSwitch system 

significantly reduces resistance (p<0.0001, Fig. 2.9E). These results will be discussed 

further in the discussion. 

To establish that overexpression of Toll is acting through the canonical signaling 

pathway to increase resistance, we overexpressed a constitutively active Toll in a Dif 

mutant background. To do so we generated Dif
1 

/ UAS-Toll
10B

; Actin-GeneSwitch/+ 

animals and fed them RU-486 inducer for three days. Feeding inducer had no effect on 

resistance, indicating that for the increased resistance response, Toll acts through Dif 

(p=0.38, Fig. 2.10A). This experiment utilized animals heterozygous for the Dif
1
 loss-of-

function allele, and here we show that animals heterozygous for Dif
1
 over a wild-type 

chromosome are more sensitive to ethanol (p<0.0001, Fig. 2.10B), mimicking the 

phenotype of the homozygote reported in Fig. 2.7A. 
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The innate immune system is stimulated by ethanol sedation. 

To determine whether the Drosophila Toll innate immune signaling pathway is 

activated after ethanol sedation we performed RNA-seq 30 minutes after ethanol 

sedation. Activation of the Toll pathway results in increased transcription of 

antimicrobial genes. We observed a change in abundance of 137 mRNAs purified from 

adult heads (Table 1.2). This includes eight antimicrobial peptide genes that represent 

38.1% of the microbial peptide genes encoded in Drosophila (p<0.0001; Table 1.2; Hetru 

et al., 2003). Furthermore, the top two DAVID gene ontology clusters were stress-

response genes and innate immune genes (Table 1.2; Huang et al., 2009b; Huang et al., 

2009a). In addition to the enriched subset of innate immune genes, we saw induction of 

genes linked to heat shock response, stress response, programmed cell death, and calcium 

sensing. However, there is a dearth of genes whose ontology is neural specific or 

behavioral specific.  

The Toll signaling pathway is not required for animals to acquire 24h ethanol 

tolerance. 

The observation that genetic manipulation of the Toll-signaling pathway affects 

resistance and the observation that ethanol sedation activates the Toll-signaling pathway 

led us to hypothesize that Toll signaling might be a trigger for the production of ethanol 

tolerance. Ethanol tolerance is a reduced response to an effect of ethanol caused by prior 

ethanol exposure (ethanol-induced ethanol resistance). We tested for the capacity to 

acquire ethanol tolerance by comparing the rate of recovery from ethanol sedation in 

animals that are recovering from their first ethanol sedation to the rate of recovery of 

animals recovering from their second ethanol sedation (24h between first and second 

sedation; Cowmeadow 2005). The activity of the Toll pathway was manipulated in the 

same way in both first and second sedation animals. We activated the Toll pathway using 
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the constitutively active Toll receptor (Actin-GeneSwitch driven expression of UAS-

Toll
10B

) or blocked signaling from the pathway with loss-of-function mutations in the Dif 

transcription factor. Whereas both manipulations altered innate ethanol resistance, neither 

affected the capacity to acquire 24h tolerance (Fig. 2.12). 

 

DISCUSSION 

In this study we examined resistance to ethanol sedation because baseline 

resistance to the effects of ethanol can be used as a real world predictor of drinking 

problems in humans. In a 25 year study, the baseline resistance of college-aged 

participants was a strong predictor of alcohol use disorders later in life (Schuckit & 

Smith, 2011). An individual’s level of response to alcohol has been shown to have a 

strong genetic component (Heath et al., 1999; Schuckit et al., 2004). Individuals who 

have a lower response to alcohol have to drink more to experience the pleasurable effects 

of alcohol and can also drink longer. As a result, they expose themselves to higher levels 

of alcohol, which in turn promotes addiction and increases their risk for alcohol toxicity. 

Here we show that the Toll innate-immune signaling pathway can profoundly influence 

resistance to ethanol sedation in adult Drosophila. 

Consistent with the hypothesis that ethanol sedation rapidly promotes signaling 

down the Toll innate immune signaling pathway, 30 minutes after ethanol sedation, we 

observed increased expression of a number of antimicrobial peptide genes—these genes 

are outputs of innate immune signaling pathways. Eight of the 21 canonical antimicrobial 

peptide genes were upregulated. Previously, Kong et al. (2010) reported that the genes 

encoding core members of the innate immune signaling pathways, Toll, Myd88, cactus, 

Imd, and Relish, are induced less than two fold about 90 minutes after the start of ethanol 
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exposure and return to baseline within three hours. We did not observe induction of these 

pathway genes in our analysis and Kong et al. only reported dro5 antimicrobial peptide 

gene induction. This difference may be because we did not accept changes that were less 

than two fold, or because of differences in the treatment protocol. Stimulation of the 

signaling pathway and induction of expression of the signaling pathway genes are 

fundamentally distinct events. However, upregulation of the pathway genes themselves is 

also interesting because it could sensitize this pathway to future ethanol or inflammatory 

stimuli and might contribute to acute tolerance (see below). It is not known how alcohol 

exposure promotes innate immune signaling in the fruit fly, but evidence from 

mammalian systems indicates that ethanol exposure may allow bacteria to leak from the 

gut and activate innate immune signaling (Purohit et al., 2008). 

Every member of the Toll signaling pathway that we tested had an effect on 

resistance to ethanol in at least one paradigm. Suppressing Toll pathway signaling by 

mutation or by knockdown of pathway members decreases resistance to ethanol sedation, 

while increasing Toll pathway activity increases resistance to ethanol sedation (Table 1) 

with one notable exception — dorsal. Whereas, the effects of manipulating Dif 

expression fit the model that increased and decreased Toll pathway activity increases and 

decreases ethanol resistance, respectively, the manipulation of dorsal produced the 

opposite result. Overexpression of dorsal, however, also caused developmental defects 

affecting adult fitness while overexpression of Toll, Dif, or Relish did not obviously 

affect fitness. Furthermore, there is strong evidence that Dif and dorsal play distinct roles 

in Drosophila embryos and adults (Rutschmann et al., 2000; Lemaitre et al., 1996; 

Lemaitre et al., 1995; Gross et al., 1996; Meng et al., 1999). An absence of Dorsal protein 

in the embryo lethally disrupts dorsal-ventral patterning while the absence of Dif protein 

does not perturb embryogenesis. Whereas, in the innate immune system Dif is a strong 
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regulator of antifungal genes, dorsal is not required for normal immune function. For 

instance, dorsal mutations do not affect the induction of Drosomycin after infection, 

while Dif mutants show a substantial reduction in the ability to induce Drosomycin after 

infection (Rutschmann et al., 2000; Lemaitre et al., 1996). In Drosophila, the fat body is a 

major hub of immune signaling activity, and fat body explants have been used to assay 

Toll and IMD pathway activity after exposure to various pathogens and pathogen 

components. In dissected fat bodies, the nuclear translocation of Dif protein can be 

stimulated by bacterial coat components, but the movement of Dorsal into the nucleus 

requires components of the hemolymph (Bettencourt et al., 2004). In at least one context 

Dorsal was shown to have the opposite effect of Dif. In the case of CecropinA1 

transcriptional control, Dorsal was shown to suppress gene activation by Dif, reducing 

expression of a CecropinA1 reporter construct when co-expressed with Dif (Petersen et 

al., 1995). Finally, mutations that constitutively activate Toll signaling, such as Toll
10B

 or 

cactus loss-of-function alleles, cause the formation of melanotic tumors in larvae. dorsal 

is not involved in this process, as null mutations in dorsal do not block the appearance of 

tumors (Lemaitre et al., 1995). Together these studies show that dorsal and Dif have 

distinct and sometimes opposing roles, and our results extend these observations to 

include effects on ethanol resistance. 

Our experiments using Actin-GeneSwitch to drive overexpression of either Dif or 

Relish yielded results that did not match the results obtained when the UAS transgene 

was driven by tubulin-Gal4 or Appl-Gal4. Dif overexpression led to resistance when 

driven by the two Gal4 drivers, but had no effect when driven by the Actin-GeneSwitch 

driver, and Relish overexpression driven by Actin-GeneSwitch decreased resistance, as 

opposed to increased resistance when driven by the Gal4 constructs. This conflict may 

result from poor GeneSwitch induction of the Dif and Rel transgenes or may indicate that 
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the overexpression phenotype for these transcription factors has a developmental 

component. 

The observations that Toll signaling modulates resistance, and that the innate 

immune system is rapidly activated by ethanol exposure led us to speculate that the Toll 

pathway might be involved in the generation of ethanol rapid tolerance (rapid tolerance 

has been defined as the tolerance manifest after ethanol clearance). However, in our 

experiments perturbation of Toll pathway activity did not affect the ability to acquire 24h 

rapid tolerance, indicating that the Toll pathway is not necessary for producing 24h rapid 

alcohol tolerance despite the fact that modulating its activity affects ethanol resistance. 

This is not unusual in that mechanisms that produce resistance and rapid tolerance have 

been shown to be distinct before. Genes that contribute to resistance are not necessarily 

required for the acquisition of rapid tolerance, and genes necessary for the acquisition of 

rapid tolerance do not always affect baseline resistance. For instance, measurement of the 

magnitude of resistance and rapid tolerance in 205 inbred, sequenced Drosophila lines 

did not show a correlation between the magnitudes of resistance and rapid tolerance (see 

Fig.2.1 in Morozova et al., 2015). Furthermore, Drosophila experiments describing 

circadian fluctuation in ethanol-induced behaviors also exposed a disconnect between 

resistance and rapid tolerance. In a loss of righting reflex assay, baseline resistance 

oscillated in a circadian manner, peaking in the early evening, but rapid tolerance did not 

oscillate—the magnitude of rapid tolerance was the same regardless of time of day (van 

der Linde & Lyons, 2011). Although the innate immune signaling pathway does not 

appear to have a role in producing 24h rapid tolerance, our data predicts that it may 

contribute to the production of a transient form of tolerance called acute tolerance 

(defined as tolerance that appears during a drug experience). Expression data suggests 

that ethanol causes a sudden activation of innate immune signaling. Because increased 
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Toll activity increases resistance, we would expect animals to become ethanol resistant 

during immune activation. This increase in resistance (acute tolerance) is perhaps later 

subsumed by a distinct mechanism responsible for 24h rapid tolerance. 

Our findings mesh well with how Drosophila interact with ethanol in their natural 

environment. The findings in Milan et al. (2012) demonstrate that Drosophila seek 

ethanol-containing food after becoming infected by parasitic wasps, and that ethanol 

consumption helps kill the invading wasp. In order to promote maximum fitness, an 

animal that is driven to self medicate with ethanol might be expected to increase its 

resistance to the sedative effects of the drug, lest it become intoxicated and become easy 

prey. It has been shown that infection by endoparasitic wasps activates the Toll Pathway, 

so perhaps increasing resistance to ethanol arose as an adaptive response in anticipation 

of ethanol consumption. While it has not been shown that the Drosophila Toll pathway 

modulates drinking in the adult fly, in mammals innate immune signaling through 

pathways related to Drosophila Toll such as IL-1 and TLR4 have been shown to increase 

drinking (Robinson et al., 2014). Here we have shown that in Drosophila the innate 

immune system regulates how the animal responds to ethanol sedation, and that innate 

immune signaling is rapidly induced by ethanol exposure. 

 

METHODS 

Stocks and Fly Husbandry 

All flies were maintained on a standard cornmeal/molasses/agar medium under 

12:12 light:dark conditions. In order to collect age-matched flies, a bottle with eclosing 

flies is cleared of adult flies and three days later the adult females are harvested and 

allowed to age for three more days, yielding a group of flies that are 3-6 days old. The 
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full genotype of stocks used in this study and additional information about alleles or 

transgenes can be found in Table 1.3. Canton S was used as the wild-type control where 

appropriate. Heterozygous animals were produced by crossing stocks to our wild-type 

Canton S stock before testing. All transgenes were tested as heterozygotes. 

Stocks were from the Bloomington Drosophila Stock Center (NIH 

P40OD018537) or the Tübingen Drosophila Stock Collection (provided by Dr. David 

Stein at the University of Texas at Austin). The UAS-V5-Dif, UAS-V5-RelN, and UAS-

Toll
10B

-FLAG stocks were provided by Dr. Y. Tony Ip (University of Massachusetts 

Medical School). Animals carrying the Actin-GeneSwitch transgene were derived from 

the stock BSC# 9431. This stock carries other mutations that did not interest us. A stock 

bearing only the w
1118

 allele and the Actin-GeneSwitch transgene was generated by 

genetic crossing. Each of the UAS overexpression transgenes and the Actin-GeneSwitch 

line were backcrossed to our wild type Canton S stock seven times to remove any 

second-site mutations and to ensure they are in the same genetic background. RNAi lines 

acquired from the TRiP consortium (Transgenic RNAi Project) were used to knock down 

expression of eight Toll pathway genes. The TRiP stocks have the same genetic 

background and all carry their respective RNAi construct at the same attP insertion site 

(except for the cactus RNAi line). A stock with no RNAi construct inserted at the attP 

insertion site was used as a control for RNAi experiments (BSC# 36303). Dif
1
 was 

acquired in a background that contained Dipt and Drs reporter constructs, but was 

separated from these transgenes by crossing. 

Activation of GeneSwitch Transgenes 

The GeneSwitch system has been described in Osterwalder et al. (2001) and 

Roman et al. (2001), and makes use of a fusion of Gal4 and progesterone receptor 
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domains to generate a transcription factor that activates UAS transgenes in the presence 

of RU-486 (a.k.a. mifepristone, Cayman Chemical, Ann Arbor, MI, USA). To generate 

drug-laced food, a stock solution of 25 mM RU-486 in 80% ethanol was added to molten 

fly food to produce food with a final concentration 200 µM RU-486, alongside control 

food that was melted and mixed with carrier (modified from McGuire et al., 2004). The 

RU-486 food was distributed to fly vials and allowed to cool and dry for at least one 

hour. Flies were kept on drug- or carrier-containing food for three days. Because RU-486 

has poor solubility in water, the stock solution used 80% ethanol as the solvent, and 

therefore both the RU-486 and carrier-fed flies were housed on food that initially 

contained 0.64% ethanol v/v. 

Ethanol Resistance Assay 

Experiments were performed in the inebriator as described in Krishnan et al. 2012 

and Cowmeadow et al. 2005. All experiments are performed with age-matched female 

flies being sedated with ethanol for the first time. Groups of 10 flies are placed in plastic 

vials and exposed to a stream of concentrated ethanol vapor until all flies are sedated 

(typically 15-18 minutes). Then the ethanol-saturated air stream is replaced with a 

humidified air stream and recovery from sedation is recorded. Flies are considered 

recovered when they regain postural control. n=4-6 vials for each group. All experiments 

were performed between 11:00 and 16:00 (zeitgeber time 3-8). 

Determination of Ethanol Concentration in flies 

The Enzymatic Ethanol Assay Kit (Diagnostic Chemicals Ltd. Oxford, CT) was 

used to measure internal ethanol concentration of flies. Flies were sedated in the 

inebriator, and then collected at the designated time. 10 flies were ground with a plastic 

pestle in 500µl of 50mM TRIS pH 7.5, vortexed, centrifuged for 2 minutes, and the 
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supernatant was transferred to a fresh tube. 6µl of this solution was incubated in 370µl of 

reagent solution for 10 minutes at 37°C. 340nm absorbance was then recorded with a 

NanoDrop ND-1000 (Thermo Scientific, Wilmington, DE) and plotted against a standard 

curve. The ethanol concentration in fly hemolymph was then calculated assuming a 

0.85µl volume per fly (Cowmeadow et al., 2005). 

Statistical Analysis 

 Behavioral recovery data was entered into GraphPad Prism 6 for graphing and 

statistical analysis. Statistical significance was determined using the log rank test. Error 

bars represent standard error of the mean in all figures. Ethanol absorption and 

metabolism data were analyzed in Prism 6 using linear regression to compare the slope 

and intercepts of the data sets, and using multiple Student t-tests and the Holm-Sidak 

method to correct for multiple comparisons. 

RNA Isolation and Sequencing. 

RNA was extracted from the heads of 3-5 day old adult female flies that were 

either treated with ethanol or left untreated as controls. Approximately 180 fly heads 

were used per group. The ethanol treated group was exposed to an ethanol-saturated air 

stream until all flies were sedated (15 minutes), followed by a 30 minute ethanol-free air 

stream. For the untreated control group, flies were exposed to an ethanol-free air stream 

for the entire 45 minutes. At the end of the treatment (30 minutes post-sedation), both 

groups of flies were transferred to a 50 ml conical tube and snap frozen in liquid nitrogen. 

Heads were snapped off from the body by briefly vortexing the tubes. The frozen heads 

were sorted from the bodies using a series of cooled metal mesh sieves. Total RNA was 

isolated from the heads using the guanidinium thiocyanate single-step method (Ausubel, 

1994). After isolation, RNA was treated with DNAse I (Life Technologies, Grand Island, 
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NY) and purified by acid-phenol/chloroform extraction and ethanol precipitation. RNA 

concentration and quality was assessed using a 2100 Bioanalyzer RNA 6000 Pico Chip 

(Agilent Technologies, Inc., Santa Clara, CA). RIN values for the control and ethanol-

treated samples were 6.80 and 6.40, respectively. 

 Poly(A)+ RNA was prepared from an aliquot of each total RNA sample with 

magnetic oligo-(dT) beads (Dynabeads® Oligo (dT), Life Technologies, Grand Island, 

NY). cDNA synthesis and Illumina library construction were performed with the TruSeq 

RNA Library Preparation Kit using standard Illumina protocols and sequenced to at least 

20M reads in an Illumina HiSeq 2000 (Illumina, Inc., San Diego, CA) using paired-end 

chemistry and 100-bp cycles. Raw sequences have been deposited in the public 

functional genomics data repository from NCBI: Gene Expression Omnibus (GEO). Data 

can be found on the GEO website (http://www.ncbi.nlm.nih.gov/geo/) using accession 

number GSE77792. All essential sample annotation and experimental design information 

including sample data relationships have been included in the repository according to the 

Minimum Information About a Microarray Experiment (MIAME) guidelines (Brazma et 

al., 2001). 

RNA-Seq Data Processing and Statistical Analysis. 

RNA-seq reads were aligned and mapped to the Drosophila reference genome 

(BDGP Release 5) using SOAPaligner/SOAP2, allowing no more than 5 bp mismatches. 

Low-quality reads (containing adapters or high content of unknown bases) were filtered 

out. Expression levels for genes were calculated using RPKM (reads per kilobase 

transcriptome per million mapped reads) method (Mortazavi et al., 2008) using the CLC 

Genomics Workbench (CLC bio, Boston, MA). Differential expression analysis was 

conducted using Cluster 3.0, and Java TreeView software (Eisen et al., 1998; Saldanha, 



 46 

2004) and expressed as log2 Ratios (EtOH/Ctrl). We used FDR ≤ 0.0001 and an absolute 

value of log2 Ratio ≥ 1 as the threshold to judge the significance of expression difference. 

Gene ontology analysis was conducted using the Database for Annotation, Visualization 

and Integrated Discovery (DAVID) web-accessible tool, version 6.7 (Huang et al., 

2009b; Huang et al., 2009a). For gene ontology annotation search and clustering, 

significant gene categories for each cluster were identified using default High 

Classification Stringency parameters (Kappa Similarity Term Overlap: 3; Similarity 

Threshold: 0.85; Initial Group Membership: 3; Final Group Membership: 3; Multiple 

Linkage Threshold: 0.5) and official gene symbols as input. The statistical significance of 

over-representation of antimicrobial peptide genes was determined using a binomial test 

in GraphPad Prism. The observed frequency of eight antimicrobial peptide genes in the 

137 differentially expressed genes was compared to the 124 Humoral Immune Response 

genes (GO:0006959) in the Drosophila melanogaster genome (17,717 genes in FlyBase 

release 6.06).  
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FIGURES 

 

Figure 2.1: Schematic diagram of the interacting proteins in the Toll signalling pathway. 

An inactive Spätzle precursor is cleaved after infection and binds to the Toll 

receptor. Upon Toll pathway activation, Myd88, Tube, and Pelle associate 

with Toll, and Cactus is phosphorylated. Phosphorylation of Cactus leads to 

degradation of Cactus at the proteasome, which releases the inhibition of 

NF-κB proteins. Once released, NF-κB transcription factor family members 

(Dif, Dorsal) enter the nucleus and can regulate target genes. 
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Figure 2.2: spätzle mutants show reduced resistance to ethanol in a recovery from ethanol 

sedation assay. Age-matched females are placed in vials and exposed to 

ethanol vapor until sedated, and then animals are allowed to recover in a 

humidified air stream. 0 minutes denotes the beginning of the recovery. A) 

spätzle-null transheterozygotes recover from sedation more slowly than 

Canton S wild-type control animals (***, p<0.0001). B) Heterozygotes 

carrying a null allele of spätzle and a wild type chromosome recover from 

sedation more slowly than Canton S wild-type control animals (***, 

p<0.0001). 
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Figure 2.3: A Toll loss-of-function mutation or a Toll knockdown decreases resistance, 

while expression of a constitutively active Toll increases resistance in a 

recovery from ethanol sedation assay. 0 minutes denotes the beginning of 

the recovery period. A) Transheterozygous Toll
R3

/Toll
rv19

 loss-of-function 

animals recover more slowly than wild-type Canton S (***, p<0.0001). B) 

RNAi knockdown of Toll via a UAS transgene driven by Actin-GeneSwitch, 

in which the GeneSwitch inducer was provided for three days prior to 

testing. Inducer-fed animals (RU-486) recovered more slowly than carrier-

fed controls (***, p<0.0001). C) Overexpression of the constitutively active 

Toll
10B

 allele using the ubiquitous tubulin-Gal4 driver increased resistance 

(***, p<0.0001 vs. either parental control). D) Overexpression of Toll
10B 

in 

neurons using the Appl-Gal4 driver increased resistance (***, p<0.0001 vs. 

either parental control). E) Inducible overexpression of Toll
10B 

only in adults 

increased resistance (*, p=0.03).  
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Figure 2.4: Loss of Myd88 or tube reduces resistance in a recovery from ethanol sedation 

assay. 0 minutes denotes the beginning of the recovery period. A) When an 

RNAi transgene is expressed in the adult to knock down Myd88 expression, 

resistance to ethanol is reduced compared to carrier-fed controls (***, 

p<0.0001). B) tube null transheterozygotes recover from sedation more 

slowly than wild type flies (**, p=0.0013). C) Knockdown of tube in the 

adult reduces resistance (***, p<0.0001). 
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Figure 2.5: Loss of pelle via mutation or knockdown reduces resistance in a recovery 

from ethanol sedation assay. 0 minutes denotes the beginning of the 

recovery period. A) pelle loss-of-function transheterozygotes recover from 

sedation more slowly than wild type flies (**, p=0.0058). B) Knockdown of 

pelle in the adult reduces resistance (***, p=0.0008). 
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Figure 2.6: Loss of cactus increases resistance in a recovery from ethanol sedation assay. 

0 minutes denotes the beginning of the recovery period. A) 

Transheterozygous cactus loss-of-function animals (cactus
7
/cactus

E8
) are 

more resistant to ethanol than wild type (***, p<0.0001). B) RNAi 

knockdown of cactus increases resistance to ethanol (**, p=0.0091). In A 

and B all animals recovered. 
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Figure 2.7: Reduction of Dif reduces resistance, and overexpression of Dif can increase 

resistance as measured in a recovery from ethanol sedation assay. 0 minutes 

denotes the beginning of the recovery period. A) Dif mutant animals show 

reduced resistance (***, p<0.0001), as seen by their slower recovery from 

sedation. B) Three day knockdown of Dif using the inducible GeneSwitch 

system leads to decreased resistance (***, p<0.0001). C) Overexpression of 

a Dif transgene with the ubiquitous tubulin-Gal4 driver increases resistance 

(***, p<0.0001 vs. either parental). D) Overexpression of Dif in neurons 

increases ethanol resistance (***, p<0.0001 vs. UAS-Dif alone, p=0.0005 v 

Appl-Gal4 alone). E) Three day overexpression of Dif using the GeneSwitch 

system had no effect on alcohol resistance (p=0.4895). 
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Figure 2.8: Loss of dorsal increases resistance, while overexpression of dorsal decreases 

resistance in a recovery from ethanol sedation assay. 0 minutes denotes the 

beginning of the recovery period. A) dorsal-null animals carrying a dorsal 

null allele and a deficiency uncovering dorsal are more resistant than wild 

type animals (**, p=0.0079). B) Knockdown of dorsal expression in the 

adult increases resistance (***, p<0.0001). C) Overexpression of a UAS-

dorsal transgene in neurons caused decreased resistance (***, p=0.003 vs. 

Appl-Gal4 alone, p<0.0001 vs. UAS-dorsal alone). 
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Figure 2.9: Relish affects resistance to ethanol in a recovery from ethanol sedation assay. 

0 minutes denotes the beginning of the recovery period. A) Homozygous 

loss-of-function Rel
E38

 animals recover more slowly than wild type animals 

(***, p<0.0001). All animals eventually recover, this graph is clipped. B) 

Three day RNAi knockdown of Relish using Actin-GeneSwitch reduces 

resistance (**, p=0.0023). C) Expression of the N-terminal active domain of 

Relish (RelN) using the tubulin-Gal4 driver increases resistance (**, 

p<0.0001 vs. UAS-RelN alone, p=0.001 vs. tubulin-Gal4 alone). D) 

Overexpression of RelN in the nervous system increases resistance (***, 

p<0.0001 vs. either parental). E) Three day overexpression of RelN using 

Actin-GeneSwitch reduces resistance (***, p<0.0001). 
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Figure 2.10: Increased Toll activity produces ethanol resistance in a Dif-dependent 

manner. 0 minutes denotes the beginning of the recovery period. A) A Dif
1
 

mutation blocks the effect of overexpressing constitutively active UAS-

Toll
10B

 using Actin-GeneSwitch (p=0.38). Overexpressing Toll
10B

 with 

functional Dif increases resistance (see Fig. 3E). B) Dif is haploinsufficient 

with respect to ethanol resistance: Dif
1
 heterozygotes are less resistant to 

ethanol sedation (p<0.0001). The animals in Fig. 10A are heterozygous for 

Dif
1
, whereas the Dif

1 
mutants reported in Fig. 7A were homozygous.  
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Figure 2.11: Additional Controls. Manipulation of Toll expression does not affect ethanol 

absorption or metabolism (panels A & B). A) Overexpression of a constitutively active 

Toll
10B

 isoform does not affect ethanol absorption or metabolism (2 way ANOVA 

treatment effect p=0.5499, n.s. difference at each point). B) Knockdown of Toll 

expression with a UAS-driven RNAi construct targeting Toll driven by Actin-

GeneSwitch does not affect ethanol absorption or metabolism (2 way ANOVA 

treatment effect p=0.0520, n.s. difference at each point). Treatment with RU-486 

inducer does not affect alcohol resistance but does induce a GFP reporter (panels C & 

D). C) Actin-GeneSwitch animals were crossed to the TRiP RNAi background stock, 

and tested for effects on alcohol resistance in the presence of RU-486 or carrier. No 

difference in resistance was seen (p=0.4289). D) Actin-GeneSwitch was crossed to our 

wild type Canton S strain once and tested for effects on alcohol resistance. RU-486 

feeding caused no change (p=0.8477). Feeding adults RU-486 induces target gene 

expression. E) UAS-GFP; Actin-GeneSwitch animals were tested for induction of GFP 

after drug feeding. Fluorescence is notably brighter in dissected brains of inducer fed 

animals (RU-486, top) than in controls (Carrier, bottom). 
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Figure 2.12: Manipulation of Toll pathway activity does not block the ability to acquire 

24h tolerance. In these tolerance tests, on the day prior to data collection 

half of the animals received a sedating dose of ethanol and the control group 

received no ethanol. 24h later both groups were sedated and the rate of 

recovery recorded. A) Overexpression of the constitutively active Toll
10B

 

allele using the ubiquitous Actin-GeneSwitch driver does not block the 

acquisition of tolerance, as can be seen in the faster recovery for the group 

receiving its second sedation (***, p<0.0001). All animals were fed RU-486 

inducer for three days prior to the experiment. B) Dif
1
 homozygous loss-of-

function animals are able to acquire tolerance, as can be seen in the faster 

recovery for the group receiving its second sedation. (**, p=0.0012). 
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Gene  Mutant 

Allele  
Inducible 

RNAi  
Overexpression  

Tub-Gal4  Appl-Gal4  Actin-G.S.  

spätzle  Sensitive  
    

Toll  Sensitive  Sensitive  Resistant  Resistant  Resistant  

Myd88  
 

Sensitive  
   

tube  Sensitive  Sensitive  
   

pelle  Sensitive  Sensitive  
   

cactus  Resistant  Resistant  
   

Dif  Sensitive  Sensitive  Resistant  Resistant  n.s.  

dorsal  Resistant  Resistant  Lethal  Sensitive  Lethal  

Relish  Sensitive  Sensitive  Resistant  Resistant  Sensitive  

Table 2.1: Summary of Behavior Experiments 
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2 Table 2.2 (cont.) Findings from our RNA-seq study.  

2Regulation 

Flybase 

SYMBOL Flybase NAME Regulation 

Flybase 

SYMBOL Flybase NAME 

Down a10 antennal protein 10 Up Gadd45 Gadd45 

Up Adk1 Adenylate kinase-1 Down GstE4 Glutathione S transferase E4 

Up alphaCop alpha-coatomer protein Up h hairy 

Up AttA Attacin-A Up Haspin Haspin 

Up AttC Attacin-C Up Hexim HEXIM ortholog 

Down bond james bond Up Hnf4 Hepatocyte nuclear factor 4 

Up CaMKII 

Calcium/calmodulin-

dependent protein kinase II Down Hsl 

Hormone-sensitive lipase 

ortholog 

Down CAP CAP Up Hsp26 Heat shock protein 26 

Up cbt cabut Up Hsp27 Heat shock protein 27 

Up CCHa2 CCHamide-2 Up Hsp67Bc Heat shock gene 67Bc 

Up CecC Cecropin C Up Hsp68 Heat shock protein 68 

Up Cen Centrocortin Up Hsp70Aa Heat-shock-protein-70Aa 

Up CG10186 - Up Hsp70Bb Heat-shock-protein-70Bb 

Down CG10710 - Up Hsromega Heat shock RNA omega 

Down CG11391 - Up IM23 Immune induced molecule 23 

Up CG12112 - Down Jhedup 

Juvenile hormone esterase 

duplication 

Down CG12213 - Down kek5 kekkon5 

Up CG12643 - Down klu klumpfuss 

Down CG12912 - Down kst karst 

Up CG13116 - Down Mcm3 

Minichromosome 

maintenance 3 

Up CG13551 - Up mod(mdg4) modifier of mdg4 

Up CG13936 - Up mol moladietz 

Down CG14329 - Up mRpS10 

mitochondrial ribosomal 

protein S10 

Down CG14608 - Down Msp-300 Muscle-specific protein 300 

Up CG14823 - Up Mtk Metchnikowin 

Up CG15093 - Down Nckx30C Nckx30C 

Up CG15673 - Down Ncoa6 - 

Down CG16711 - Down nes nessy 

Down CG1674 - Down NFAT NFAT homolog 

Up CG16926 - Down Obp19a Odorant-binding protein 19a 

Down CG17786 - Down Obp59a Odorant-binding protein 59a 

Up CG18563 - Down Or42b Odorant receptor 42b 

Up CG2137 - Down Os-C Os-C 

Up CG2177 - Up PGRP-SB1 PGRP-SB1 

Down Cg25C Collagen type IV Up PGRP-SC2 PGRP-SC2 
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Table 2.2: Findings from our RNA-seq study. List of genes significantly regulated 

30 min after ethanol sedation. 

Up CG2875 - Up Pino Pinocchio 

Down CG31683 - Up pirk 

poor Imd response upon 

knock-in 

Up CG31704 - Down ptip - 

Up CG32103 - Down Rab40 Rab40 

Up CG32512 - Down rdgA retinal degeneration A 

Up CG3306 - Down rdgB retinal degeneration B 

Up CG33129 - Down rn rotund 

Up CG3348 - Up roX1 RNA on the X 1 

Up CG3408 - Up RpS9 Ribosomal protein S9 

Down CG34398 - Up Sara 

Smad anchor for receptor 

activation 

Up CG4004 - Down shot short stop 

Up CG40228 - Up sowah sosondowah 

Up CG42235 - Down Sox100B Sox100B 

Up CG5059 - Down spri sprint 

Down CG5065 - Down Spt20 - 

Up CG5613 - Up Su(var)205 Suppressor of variegation 205 

Up CG5630 - Up sug sugarbabe 

Up CG5778 - Up Sytbeta Synaptotagmin beta 

Up CG6639 - Down Taf4 TBP-associated factor 4 

Up CG7033 - Down Tango11 

Transport and Golgi 

organization 11 

Up CG7130 - Up Tdc1 Tyrosine decarboxylase 1 

Up cmpy crimpy Up TM4SF 

Transmembrane 4 

superfamily 

Down Cyp4g1 Cytochrome P450-4g1 Up TotM Turandot M 

Up daw dawdle Down Tsp74F Tetraspanin 74F 

Up Diedel Diedel Down tutl turtle 

Up DnaJ-1 DnaJ-like-1 Up Uhg1 U snoRNA host gene 1 

Up dpr7 dpr7 Up Uhg2 U snoRNA host gene 2 

Up Dpt Diptericin Up Uhg4 Uhg4 

Up DptB Diptericin B Up Uhg8 Uhg8 

Up Drat 

Death resistor Adh domain 

containing target Down unc-104 unc-104 ortholog 

Up Dro Drosocin Up ZC3H3 ZC3H3 

Up Drs Drosomycin Down zfh1 Zn finger homeodomain 1 

Up 

E(spl)mbeta-

HLH 

Enhancer of split mbeta, 

helix-loop-helix Up Zyx Zyxin 

Up Fak Focal adhesion kinase 
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Name In Text Genotype Stock # (Source) 

Mutants 

  spätzle
2
 spz

2
 ca

1
/ + 3115 (Bloomington) 

spätzle
4
 mwh red e spz

4
 / + M317 (Tübingen) 

Toll
r3

 Tl
r3

 ca
1
/ + 106934 (Bloomington) 

Toll
rv19

 w- / +; +; Tl
rv19

 / + 780 (Tübingen) 

Tube
2
 st

1
 tub

2
 e

1
/ + 3116 (Bloomington) 

Tube
DF

 Df(3R)XM3, ru
1
 Diap1

1
 st

1
 kni

ri-1
 cu

1
 p

p
 e

1
/ + 1655 (Bloomington) 

Pelle
2
 e

1
 pll

2
 ca

1
/ + 3111 (Bloomington) 

Pelle
7
 e

1
 pll

7
 ca

1
/ + 3112 (Bloomington) 

cactus
7
 b

1
 cact

7
 pr

1
/ + 34501 (Bloomington) 

cactus
E8

 w
-
 / +; cact

E8
 / + M779 (Tübingen) 

Dif
1
 w

*
; Dif

1
 cn

1
 bw

1
 36559 (Bloomington) 

dorsal
1
 dl

1
 cn

1
 sca

1
/ + 3236 (Bloomington) 

dorsal
DF

 Df(dl)TW119/ + 6073 (Bloomington) 

Relish
E38

 w
1118

; Rel
E38

 e
s
 9458 (Bloomington) 

Drivers 

  Actin-GeneSwitch w
*
; + ; P{Act5C(-FRT)GAL4.Switch.PR}3/ + 9431 (Bloomington) 

Tubulin-Gal4 y
1
 w

*
; P{w

+mc
=tubP-GAL4}LL7/ + 5138 (Bloomington) 

Appl-Gal4 P{w
+m*

=Appl-GAL4.G1a}1, y[1] w[*] 32040 (Bloomington) 

Overexpression 

  UAS-Toll
10B

 w
*
; UAS-Toll

10B
-FLAG/ + na 

UAS-Dorsal y
1
 w

*
; P{UAS-dl.H}2/ + 9319 (Bloomington) 

UAS-Dif w
*
; UAS-V5-Dif/ + na 

UAS-RelN w
*
; UAS-V5-RelN/ + na 

RNAi Stocks 

  TRiP background y
1
 v

1
; P{CaryP}attP2/ + 36303 (Bloomington) 

spatzle y
1
 sc

*
 v

1
; P{TRiP.HMS01178}attP2/ + 34699 (Bloomington) 

toll y
1
 sc

*
 v

1
; P{TRiP.GL00474}attP2/ + 35628 (Bloomington) 

Myd88 y
1
 sc

*
 v

1
; P{TRiP.HMS00183}attP2/ + 36107 (Bloomington) 

Tube y
1
 sc

*
 v

1
; P{TRiP.GL01081}attP2/ + 36838 (Bloomington) 

Pelle y
1
 sc

*
 v

1
; P{TRiP.HMS01213}attP2/ + 34733 (Bloomington) 

cactus y
1
 sc

*
 v

1
; P{TRiP.GL00627}attP40/ + 37484 (Bloomington) 

Dif y
1
 sc

*
 v

1
; P{TRiP.HM05257}attP2/ + 30513 (Bloomington) 

Dorsal y
1
 sc

*
 v

1
; P{TRiP. HMS00028}attP2/ + 34938 (Bloomington) 

Relish y
1
 sc

*
 v

1
; P{TRiP.HMS00070}attP2/ + 33661 (Bloomington) 

Table 2.3: Drosophila stocks used in this study. Details on the full genotype of 

stocks used, as well as the source stocks of alleles and transgenes. 
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Chapter 3: Conclusion 

SUMMARY AND CONCLUSIONS 

I have clearly shown that the Toll pathway regulates resistance to alcohol in 

Drosophila. Mutations in or knockdown of spätzle, Toll, Myd88, tube, pelle, Dif, and 

Relish all reduced resistance in a recover-from-sedation assay. Mutation or knockdown of 

the inhibitor cactus increased resistance, as did overexpression of Toll, Dif, and Relish. 

The outcome of increased Toll pathway activity is induction of target genes, and we have 

shown that alcohol exposure leads to rapid induction of several known outputs of innate 

immune activation. In addition to alcohol resistance, I have discussed a number of 

behaviors regulated by the innate immune system. One obvious mechanism by which the 

innate immune system might regulate behavior is via NF-κB induction of target genes, 

however here we discuss non-canonical mechanisms by which the innate immune system 

might regulate behavior in Drosophila. 

A number of groups have found evidence of Toll pathway members acting outside 

of the nucleus to regulate synaptic activity. It has been known for some time that NF-κB 

proteins and their IκB counterparts can be found at the synapses of neurons, and that NF-

κB can be activated by synaptic activity (Kaltschmidt et al., 1993; Meffert et al., 2003; 

Bolatto et al., 2003; Cantera et al., 1999; Meberg et al., 1996). Given the length of 

neuronal processes, it seems odd to find a transcription factor so far from the nucleus. 

The most popular hypothesis has been that NF-κB transduces a signal from the synapse to 

the nucleus, where it can induce target genes necessary for altering synaptic strength and 

composition. Indeed this has been demonstrated by FRAP (fluorescence recovery after 

photobleaching) experiments which show NF-κB moving to the nucleus following 

stimulation (Meffert et al., 2003). However, others have speculated  that NF-κB family 

members may play a role at the synapse (Meffert & Baltimore, 2005), but direct evidence 
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of this was lacking until recently. Salles et al. 2015 found that NF-κB is activated at 

synapses more rapidly than it is activated at the nucleus. While this could reflect a delay 

from trafficking to the nucleus, they also found that there are two distinct pools of NF-κB 

at the synapse: a soluble and a membrane-associated pool. Shortly after mice were 

subjected to a training protocol, the pool of membrane-associated NF-κB increased at the 

expense of the soluble pool. This could imply anchoring and a local role for active NF-

κB. The authors speculate that active NF-κB could interact with posttranslational 

modifying enzymes such as ARD1, an acetyltransferase known to interact with NF-κB in 

the nucleus (Salles et al., 2015). 

Drosophila NF-κBs can also regulate synaptic function locally. Heckscher and 

colleagues showed that Drosophila Toll pathway members are present at the synapse 

where they directly regulate ion channel expression. Dorsal, Pelle, and Cactus proteins 

were found to regulate ionotropic glutamate receptor expression postsynaptically at the 

Drosophila larval neuromuscular junction (NMJ; Heckscher et al., 2007). Using 

immunohistochemistry it was confirmed that Dorsal and Cactus proteins are found 

postsynaptically at the neuromuscular junction (NMJ), and that Dorsal and Cactus 

surround glutamate receptor clusters. The authors also show that glutamate receptor 

(GluRIIA) levels were lower in dorsal, pelle, and cactus null animals at the protein level, 

and that glutamate receptor activity was lower using electrophysiological analysis. 

Analysis of a pelle allele lacking kinase activity showed that this domain was essential 

for regulation of glutamate receptor levels. A dorsal allele that disrupts the transcription 

activation domain of Dorsal did not show a decrease in glutamate receptor levels, 

indicating that the transcription factor activity of Dorsal was not responsible for this 

phenomenon. However, The Rel homology domain was still intact, and there is the 

possibility that this truncated dorsal product could repress expression of some targets. 
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Staining experiments were unable to detect Dorsal in the nuclei of postsynaptic cells, 

even in cactus mutants. A series of experiments with Dorsal reporter genes failed to show 

gene induction by Dorsal in this context, indicating that Dorsal regulates glutamate 

receptor levels in the cytosol (Heckscher et al., 2007). These data clearly show that Toll 

pathway members are regulating plasticity at the synapse, independent of transcriptional 

activation. 

NF-κB family members Dif and dorsal are closely related and share a similar 

gene structure. Dif and dorsal genes express two protein isoforms (A and B); all contain 

the Rel homology domain, and the B isoform is the result of alternative mRNA. A recent 

study found that only the Dorsal B protein isoform is present at larval NMJ. In embryos, 

Dorsal A stabilizes Cactus and when Dorsal A is removed Cactus is rapidly degraded. It 

was found that at the NMJ only Dorsal B is present and that it interacts with and 

stabilizes Cactus protein. Similar to the findings reported by Heckscher, Dorsal B is not 

present in the nucleus, and remains cytoplasmic even in the absence of Cactus (Zhou et 

al., 2015). 

 Dif also has a B isoform which is related to the Dorsal B isoform. Dif B is 

expressed throughout the larval mushroom bodies and Dif B, but not Dif A, stabilizes 

Cactus in the mushroom bodies (Zhou et al., 2015). The mushroom bodies are a higher 

order brain structure of Drosophila. They are processing centers that integrate sensory 

information and are important for drug responses as well as for learning and memory. It 

is not yet clear whether Dif is regulating receptor expression levels in the mushroom 

bodies, as was seen with Dorsal in the NMJ. However, if Dif B can interact with ion 

channels or regulate synaptic plasticity in the mushroom bodies, it could be a potent way 

for it to regulate the behaviors discussed in this review. 
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Another mechanism by which innate immune signaling could regulate neuronal 

function is via the action of AMPs. The mode of action of many AMPs is to form pores 

in the membrane of invading pathogens (Brogden, 2005). Cohen et al 2009 found that the 

Drosophila AMP Drosomycin is able to interact with the Drosophila voltage-gated 

sodium channel (DmNav, encoded by para). When applied to oocytes expressing 

DmNav, Drosomycin had no effect on its own. However, Drosomycin was able to 

allosterically modulate the activity of two other small proteins known to affect DmNav 

channels - reducing the effect of brevetoxin and enhancing the effect of a scorpion toxin 

(Cohen et al., 2009). This finding suggests that AMPs could have subtle effects on 

synaptic activity that have not yet been documented. 

In summary, there is an abundance of evidence from many distinct systems that 

show that innate immune activity is regulated by more than just infection, and that the 

innate immune system has broad effects on the state of the animal. As these “canonical” 

pathways are examined more closely in different contexts, new functions may become 

apparent and new interactions may be identified. I expect that closer examination of the 

outputs of innate immune signaling in the nervous system will provide new insights into 

the behavioral response to infection, as well as drug targets for treating addiction and 

sleep disorders. 

FUTURE DIRECTIONS 

This work shows that the Drosophila Toll pathway can regulate resistance to 

alcohol; however these findings lead to several open questions. For one, I have shown 

that manipulation of Relish can also affect resistance to alcohol. Relish is thought to be 

primarily regulated by the IMD pathway, and this suggests that the IMD pathway may 

regulate alcohol-related behaviors as well. Preliminary data from the early stages of this 
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project indicated that overexpression of PGRP-LC, a receptor for the IMD pathway, 

increased resistance to ethanol. At the time I elected to focus on the Toll pathway, but the 

IMD pathway may be just as important for regulated alcohol-induced behaviors. 

 Another open question is whether the innate immune system regulates alcohol 

consumption in adult Drosophila. The rodent innate immune system can increase alcohol 

consumption and preference, and Drosophila larvae seek ethanol after an infection. These 

findings suggest that activation of the Toll pathway could promote ethanol consumption 

in adult flies, but this has not yet been shown. 

The final and possibly most interesting question is how the innate immune system 

affects behaviors. As discussed above, there is evidence that Drosophila NF-κB proteins 

can regulate ion channels at synapses. Analysis of mutations that specifically ablate the 

synapse-specific Dif-B or the nuclear localization sequence-containing Dif-A could shed 

light on the mechanism for modulation of alcohol resistance. Evidence that Dif-B acts at 

the synapse to regulate any of the behaviors discussed here would garner a great deal of 

interest, and might spark new lines of inquiry in other systems. 

The established outcome of Toll pathway activation is movement of Dif and/or 

Dorsal into the nucleus. Our findings show that alcohol exposure induces the 

transcription of innate immune genes (especially AMPs) in Drosophila. Dorsal activity in 

the early embryo has been carefully studied and the DNA binding sites of Dorsal during 

embryogenesis have been described using ChIP-chip technology (Zeitlinger et al., 2007). 

However, the DNA binding targets of the Drosophila NF-κB proteins in adult flies have 

not been described (neither during response to infection nor after alcohol exposure). 

Genome-wide chromatin immunoprecipitation data for all three Drosophila NF-κB 

family members would provide valuable mechanistic insight. 
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Appendix A: Mutations in NMDA Receptor 1 affect ethanol-induced 

behaviors 

INTRODUCTION 

NMDA receptors (NMDARs) are highly conserved ion channels that mediate 

synaptic plasticity in a wide variety of systems (extensively reviewed in Cull-Candy & 

Leszkiewicz, 2004). They have been shown to regulate both long-term potentiation and 

long-term depression, processes important for learning and memory. As ion channels, 

NMDA receptors are unique in that they require two coincident events in order for them 

to pass current. Activation requires presynaptic release of neurotransmitters and 

postsynaptic depolarization. This positions NMDA receptors as a coincidence detector 

important for integrating signals. NMDA receptors are ionotropic glutamate receptors 

selectively activated by N-methyl-D-aspartate, and thus are named for this compound. A 

functional NMDA receptor is a heterotetramer composed of two NMDAR1 subunits and 

two NMDAR2 subunits. NMDAR1 subunits contain a glycine binding site, whereas 

NMDAR2 subunits provide a glutamate binding site. NMDA receptors are ligand-gated 

and voltage-gated. The neurotransmitters glycine and glutamate bind to the extracellular 

domain of NMDA receptors and cause a conformational change that allows the central 

pore to open. The voltage-dependence of NMDA receptors arises from a blockage of the 

pore by Mg
2+

 (or Zn
2+

) ions. Only after the cell is depolarized the Mg
2+

 block is removed 

and ions can flow through the pore. Upon opening, NMDA receptors allow Ca
2+

 and Na
+
 

cations to flow into the cell and K
+
 ions to flow out. The influx of Ca

2+
 ions after the 

channel opens is of particular importance, because Ca
2+

 is a potent activator of many 

intracellular signaling cascades (Cull-Candy & Leszkiewicz, 2004).  

In mammals there are eight distinct splicing products of NMDAR1, four separate 

NMDAR2 genes (each with multiple splice variants), and a pair of regulatory subunit 
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genes named NMDAR3A and NMDAR3B. Drosophila have one NMDAR1 gene, which 

produces a single protein, and one NMDAR2 gene which expresses five mRNA splice 

variants – each encoding a distinct protein product (Ultsch et al., 1993; Völkner et al., 

2002). A Drosophila homolog of NMDAR3 has not been identified. The subunit 

composition of an NMDA receptor has functional consequences.; the various NMDAR2 

isoforms affect the channel conductance, deactivation time, and sensitivity to Mg
2+

 or 

Zn
2+

 blockage (Vicini et al., 1998; Cathala et al., 2000; Brimecombe et al., 1997; Cull-

Candy & Leszkiewicz, 2004). Regulation of the subunit composition can shift the single 

channel conductance, effectively altering the signal that is transduced in that synapse. 

The Drosophila homolog of NMDAR1 was first cloned in 1994, and NMDAR2 

was identified in 2002 (Ultsch et al., 1993; Völkner et al., 2002). Drosophila NMDA 

receptors have been shown to be important for learning and memory and have the 

electrophysiological hallmarks of mammalian NMDA receptors (Xia et al., 2005). A 

number of studies have shown that Drosophila NMDA receptors are required for learning 

and memory. In flies olfactory learning is reduced in NMDAR1 mutants and if NMDAR1 

expression is reduced via RNAi. Likewise, performance in a one day long-term memory 

task is reduced after RNAi knockdown of NMDAR1 (Xia et al., 2005). A number of 

studies have also shown that brain region-specific NMDA receptor expression is required 

for normal learning and memory. Knockdown of either NMDAR1 or NMDAR2 in the 

ellipsoid body reduces performance in a one day long-term memory task, but does not 

affect short-term memory. It has been shown that NMDA receptors are required for 

memory consolidation, but not retrieval (Wu et al., 2007). In flies long-term memory can 

be blocked when NMDA receptor expression is knocked down in a very small subset of 

neurons. For instance, RNAi-mediated knockdown of NMDAR1 and NMDAR2 in the 

Drosophila dorsal-anterior-lateral (DAL) neurons of the protocerebrum, which consists of 
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just two neurons, reduces performance in long-term memory tasks (Chen et al., 2012). 

Drosophila NMDA receptors have been shown to regulate many behaviors, including 

phototaxis preference, short term habituation, aggression, olfactory avoidance, and touch 

sensation (Zhou et al., 2010; Larkin et al., 2010; Edwards et al., 2009; Sambandan et al., 

2006; Tsubouchi et al., 2012). A recent study has linked NMDAR1 to promotion of sleep. 

Pan-neural knockdown of NMDAR1 and application of the NMDA receptor antagonist 

MK-801 were both shown to reduce sleep and lead to an increase in total activity (Tomita 

et al., 2015). 

Drosophila NMDA receptors have been reported to affect the response to alcohol 

exposure as well. Treatment with high doses of ethanol can cause cell death, especially in 

the antennae of Drosophila. Prolonged exposure can cause the antennae to blacken 

because of excitotoxic cell death in these structures, and lead to a reduction in olfactory 

startle response. Silencing of the neurons in the antennae can prevent apoptosis and 

protect from the diminished startle response seen in wild type animals. NMDAR1 was 

shown to play a role in this process: knockdown of NMDAR1 expression in the olfactory 

neurons decreased cell death and protects from loss of olfactory startle (French & 

Heberlein, 2009). 

Maiya et al. (2012) reported that one mutant allele of NMDAR1 reduced 

resistance to ethanol sedation, and reduced the magnitude of acquired tolerance to 

ethanol. These assays were performed in the inebriometer, where flies elute out of a 

column as they become intoxicated and lose postural control. Tolerance was measured as 

an increased elution time after a previous sedation. This allele (NMDAR1
EP3511

) did not 

block tolerance but diminished the magnitude of tolerance. The NMDAR1
EP331 

allele was 

also examined and it was reported that it did not affect ethanol resistance or tolerance 

(Maiya et al., 2012). 
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The interaction of ethanol and NMDA receptors has been extensively studied in 

mammals. The group led by J.J. Woodward has published several papers describing 

residues vital for ethanol’s actions on NMDA receptors. Ethanol inhibits NMDA receptor 

currents at concentrations as low as 10mM (Smothers et al., 2001). Site-directed 

mutagenesis was used to test a number of residues in transmembrane domain three (TM3) 

for modulation of this effect. It was found that mutating the phenylalanine at residue 639 

to an alanine (F639A) reduced inhibition by ethanol (Ronald et al., 2001), indicating 

some direct binding by ethanol to affect NMDA receptor conductivity. The reduction of 

ethanol effects was seen when NMDAR1
F639A

 was paired with NMDAR2A, 2B, or 2C 

subunits. This mutation caused a left shift (lower EC50) in the glycine activation curve, 

but did not affect other measures of channel function (Ronald et al., 2001). In a second 

report, ten different amino acid substitutions at F639 were tested for effects on ethanol 

inhibition of NMDA receptor function but only F639A and F639S were found to 

significantly reduce inhibition by ethanol. Both substitutions were also found to affect the 

glycine EC50. Linear regression analysis found that the volume of the amino acid residue 

at position 639 was correlated with the inhibition by ethanol (Smothers & Woodward, 

2006). 

Furthermore, a knock in mouse carrying the NMDAR1
F639A

 mutation was 

described by den Hartog et al. (2013); these mice are more resistant to ethanol in a 

number of tests. The previous findings were confirmed in vivo – NMDA receptors from 

the F639A mice showed less inhibition by ethanol. Mice homozygous for F639A die 

within three weeks of birth, so only heterozygotes were tested for behavioral effects. 

Injection of a low dose of ethanol that induces hyperactivity in wild-type mice has no 

effect on F639A heterozygotes. In the rotarod test of motor impairment, the F639A 

heterozygotes recover from a high dose of ethanol faster than wild type, but no difference 
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is seen at low doses. Presence of the F639A allele also reduced the anxiolytic effect of 

ethanol. In the open arm test, ethanol injection caused wild type mice to spend more time 

exploring the open arms of the arena, while F639A mutants were unaffected and spent 

more time in the covered portions. No differences in loss of righting reflex, hypothermia, 

or metabolism were seen (den Hartog et al., 2013). The F639A mutation also affected 

drinking behaviors. In a two hour limited access paradigm the mutants drank less than 

wild-type mice, but in an every-other-day intermittent access protocol the mutant mice 

drank more than the wild type. The authors speculate that the animals carrying the F639A 

mutation have a higher reward threshold, and in the two hour model the mutants cannot 

drink enough to feel the rewarding effects of alcohol. However, in the intermittent access 

model with 24h access, the mutant mice drink more in order overcome their higher 

reward threshold (den Hartog et al., 2013). 

These reports inspired us to generate the analogous mutation in Drosophila. The 

homologous residue in Drosophila NMDAR1 is F654, thus our fly mutation is referred to 

as F654A (Fig. A1). We initially generated flies carrying this mutation using ends-out 

homologous recombination (Gong & Golic, 2003). However, after these flies were 

generated they were found to harbor a second mutation in the NMDAR1 locus: lysine 558 

had been converted to a glutamine (K558Q). Therefore we changed our approach and 

generated knock-ins of each mutation using the CRISPR/Cas9 system. Here we report the 

behavioral phenotypes of homozygous flies carrying each mutation in isolation. 

 

RESULTS 

Studies of mammalian NMDA receptors had identified NMDAR1 residue F639 as 

a site important for modulation by ethanol. Drosophila NMDAR1 residue F654 aligns to 
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the mammalian F639 residue of transmembrane domain 3 (Fig. A1). The protein 

alignment used in Figure A1 was generated using T-coffee (Notredame et al., 2000). We 

first attempted to use ends-out homologous recombination to knock in this mutation in 

the Drosophila NMDAR1 gene (Gong & Golic, 2003). However, the cloned DNA was 

highly unstable in bacteria – presumably because it generated a product that was toxic to 

the bacteria. Repetitive, rearranged or insert-less plasmids were obtained. These technical 

issues were eventually thought to have been overcome and a knock in fly was generated. 

However, instead of carrying just a single missense mutation it also exhibited a second 

mutation in the NMDAR1 gene. In light of our difficulty in propagating NMDAR1-

containing clones in bacteria, it is reasonable to assume that introduction of the second 

mutation suppressed bacterial toxicity. The second mutation converted Drosophila lysine 

residue 558 to a glutamine, and is referred to as K558Q. This is equivalent to K544 

residue in the mouse nomenclature used in the papers from the Woodward lab. These 

double mutant flies (NMDAR1 K558Q/F654A) were backcrossed to our wild type Canton 

S flies six times, and tested for behavioral effects. 

The mutant allele that carries both the K558Q and F654A mutations will be 

referred to as NMDAR1
DBL

. The effect of this mutation on ethanol resistance was 

measured in an ethanol-sedation assay and a recovery from ethanol-sedation assay. In the 

sedation assay, a population of age-matched females are exposed to ethanol vapor and 

monitored as they gradually become intoxicated and sedate (Pohl et al., 2013). In this 

assay NMDAR1
DBL

 flies sedate more slowly than wild type controls (Fig. A2 A, 

p=0.0398), that is, the NMDAR1
DBL

 mutant conferred ethanol resistance. In the recovery-

from-sedation assay, flies were exposed to ethanol vapor until all flies sedated, and then 

the rate of recovery was measured (Cowmeadow et al., 2005; Krishnan et al., 2012). The 

NMDAR1
DBL

 flies were found to be more resistant to ethanol than wild type controls (Fig. 
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A2 B, p<0.0001). We also tested NMDAR1
DBL

 flies for the ability to acquire tolerance to 

ethanol. In the tolerance test half the animals are sedated on day one, while the other half 

are mock sedated. On the second (test) day both groups are sedated simultaneously and 

the rate of recovery measured. If the group receiving their second ethanol exposure 

recovers faster, they are said to have acquired tolerance. The presence of the NMDAR1
DBL

 

mutation does not block the ability to acquire rapid tolerance (p=0.0471, not shown). 

The NMDAR1
DBL

 flies also have a visibly altered gait: they appear to stagger as 

they walk. As a measure of coordination we performed the RING (rapid iterative negative 

geotaxis) assay to measure climbing ability. This assay takes advantage of Drosophila 

melanogaster’s natural negative geotaxis behavior: flies that are knocked to the bottom of 

a vial rapidly climb back toward the top of the vial (Gargano et al., 2005). In this assay 

the NMDAR1
DBL

 flies climbed slower than the wild type control (Fig. A2 C, p=0.0077). 

NMDAR1
DBL

 were also checked for their ability to maintain circadian rhythms 

under free-running conditions. A link between NMDAR1 and Drosophila circadian 

rhythms was recently reported (Tomita et al., 2015). Furthermore, drugs of abuse such as 

alcohol can alter circadian rhythms, and mutations that disrupt circadian rhythms also 

affect ethanol behaviors. For instance, mutations in the Drosophila slowpoke or period 

genes block circadian rhythms and the ability to acquire tolerance to ethanol 

(Cowmeadow et al., 2005; Ceriani et al., 2002; Pohl et al., 2013). When we measured the 

capacity of NMDAR1
DBL

 flies to maintain circadian rhythmicity in free-running 

conditions, they were able to maintain behavioral rhythmicity and a 24h period (Fig. A2 

D and A2 E). The NMDAR1
DBL

 flies have a lower rhythmic index (Fig. A2 D, p>0.001), 

but the deflated rhythmic index is a reflection of their decreased overall activity level 

(Levine et al., 2002) (p<0.0001, Fig A2 F). 
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The behavioral results from the NMDAR1
DBL

 flies are difficult to interpret because 

it is not clear which mutation is affecting behavior, or whether it is the combination of the 

two amino acid substitutions that generate the observed behavioral phenotypes. In order 

to clarify this, we used the CRISPR/Cas9 gene editing system to generate flies carrying 

each missense mutation individually. For each mutation we generated donor DNA 

carrying the desired mutation and a plasmid (pCFD3) to express a guide RNA to target 

Cas9 to the NMDAR1 locus. The donor fragment was a single stranded DNA oligo. The 

donor fragment and pCFD3 plasmid were mixed and injected into flies expressing Cas9 

protein from the vasa promoter. Utilizing this strategy we generated two mutant strains, 

NMDAR1
F654A

 and NMDAR1
K558Q

. 

 After the NMDAR1
F654A

 and NMDAR1
K558Q

 mutations were confirmed by 

sequencing and backcrossed six times into the wild type Canton S genetic background, 

they were subjected to a battery of behavioral tests. In addition to the mutations we 

generated, NMDAR1
EP331 

was tested for comparison purposes. NMDAR1
EP331 

is a 

hypomorphic allele caused by a P-element transposon insertion in NMDAR1, and is 

known to affect olfactory learning and memory (Xia et al., 2005; Miyashita et al., 2012). 

This hypomorphic allele was also backcrossed into our wild type background six times. 

To evaluate the effect of NMDAR1 mutations on ethanol sensitivity we used two 

behavioral assays—a sedation assay and a recovery from sedation assay. We examined 

effects of the previously described NMDAR1
EP331

 allele and the new alleles 

NMDAR1
F654A

 and NMDAR1
K558Q

. It has been reported that the hypomorphic EP331 

allele does not affect alcohol resistance in Drosophila (Maiya et al., 2012). However, in 

our sedation assay and in our recovery-from-sedation assay we observed that 

homozygous NMDAR1
EP331

 animals showed reduced ethanol resistance compared to wild 

type control animals (Fig. A3 A, p<0.0001 and Fig. A4 A, p<0.0001, respectively). 
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Similarly, the NMDAR1
F654A

 allele reduced ethanol resistance in both assays. 

Homozygous animals were sedated more rapidly by ethanol vapor than wild type and 

recovered more slowly after ethanol sedation than wild type (Fig. A3 B, p=0.0121 and 

Fig. A4 B, p<0.0001, respectively). 

The NMDAR1
K558Q 

mutant allele, however, differentially influenced resistance to 

ethanol sedation and the rate of recovery from ethanol sedation. NMDAR1
K558Q 

homozygotes sedated more quickly than wild type controls (Fig. A3 C, p=0.0076). Albeit 

in some repeats of this sedation assay there was no statistically signficiant difference 

(P<0.05) between the rate of sedation of the wild type and control animals. However, in 

the recovery-from-sedation assay, the NMDAR1
K558Q

 mutant animals reliably recovered 

from sedation more quickly than wild type flies (Fig. A4 C, p=0.0178). 

The ability to acquire tolerance was also measured using the recovery from 

sedation assay. The tolerance test is a two day experiment: on day one half the flies are 

sedated with ethanol and half receive a mock sedation (water vapor). On day two both 

groups receive the same ethanol treatment, and the rate of recovery of animals receiving 

their second ethanol exposure are compared to the rate of recovery of animals receiving 

their first exposure. In this assay, none of the NMDAR1 mutant alleles blocked the ability 

to acquire tolerance (Fig. A5 A-C, p>0.05 for each). We also performed tolerance tests 

using the sedation assay, and in this test none of the mutant alleles blocked the ability to 

acquire tolerance (p>0.05 for each, not shown). 

In order to measure coordination and climbing ability we tested all three mutants 

in the RING assay. The three alleles, F654A, K558Q and EP331, were each tested 

alongside wild type controls in the climbing assay, and only F654A significantly differed 

from wild-type Canton S flies. NMDAR1
F654A

 flies climbed significantly slower than wild 

type, with F654A flies reaching 27.97mm ± 1.597 in four seconds, while wild type flies 
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were able to climb 39.31mm ± 3.857 (Fig. A6, p=0.0217). The EP331 and K558Q alleles 

did not significantly differ from wild type (p=0.5984 and p=0.1198, respectively). The 

staggering gait phenotype seen in the NMDAR1
DBL

 flies appeared only in flies carrying 

the F654A substitution, and this was supported by the findings of the climbing assay. 

The ability to maintain behavioral circadian rhythms was assessed for each of 

these mutants as well. Age-matched individual male flies kept in constant darkness were 

monitored using the DAM2 system. A previous study reported that knockdown of 

NMDAR1 in neurons resulted in higher total activity and reduced sleep (Tomita et al., 

2015). In our assay, the EP331 hypomorphs were normal with respect to overall activity, 

period length, and rhythmic index (Fig. A7, gray bars). The NMDAR1
F654A

 flies showed 

reduced activity levels and had almost no circadian rhythm (RI of 0.05281 for F654A 

compared to 0.5085 for wild-type, Fig. A7 blue bars, p<0.0001). The NMDAR1
F654A

 

mutants are almost completely arrhythmic, so analysis of the period length is not 

appropriate. NMDAR1
K558Q

 flies showed lower activity levels (Fig. A7 red bars, 

p<0.0001), a normal period length, and a reduced rhythmic index compared to wild type. 

These flies do maintain a rhythm, and the reduced rhythmic index is a reflection of the 

reduced activity (Levine et al., 2002). 

NMDAR1 mutations have been shown to affect learning in Drosophila (Xia et al., 

2005; Wu et al., 2007; Chen et al., 2012). To assess whether the new alleles affected 

learning we performed the courtship suppression learning assay (Siegel & Hall, 1979; 

Ejima & Griffith, 2007). This assay takes advantage of the fact that male flies that have 

been previously rejected by a mated female reduce their courtship efforts when paired 

with a second, unmated female. Courtship effort is quantified as a courtship index: the 

percentage of time spent courting in a 10 minute window. In this assay naïve males are 

compared to males who had experienced one hour of rejection immediately before the 
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test. We found that wild type males that had been “trained” with a mated female prior to 

the test show a reduced courtship index (Fig. A8, p=0.0495). Males carrying the 

hypomorphic EP331 allele did not reduce courtship after training (Fig. A8, p=0.6590). 

This is in concordance with reports that NMDAR1
EP3511

 flies have reduced performance 

in olfactory learning tests (Xia et al., 2005).  

NMDAR1
F654A

 males, trained or naïve, courted at a very low level. No significant 

reduction in courtship was seen, however courtship is very low in the sham-trained 

animals (Fig. A8, p<0.0001 vs. wild type sham) and it is unlikely that this assay could 

detect a reduction in the already low courtship levels (p=0.6247 trained vs. sham). The 

NMDAR1
K558Q

 mutation reduced the basal courtship index from a wild-type index of 0.63 

to 0.27 in the mutant (Fig A8, p<0.01). This mutant also did not show statistically 

significant levels of learning after training (Fig. A8, p=0.1592). 

DISCUSSION 

Here we have described a number of behavioral phenotypes for three alleles of 

Drosophila NMDAR1. A previously described hypomorphic allele, NMDAR1
EP331

, 

reduced alcohol resistance and blocked learning, but had no effect on climbing ability or 

circadian rhythms. The NMDAR1
F654A 

allele reduces alcohol resistance, reduces climbing 

ability, abolishes circadian rhythms, lowers overall activity, and drastically reduces 

courtship. Meanwhile the NMDAR1
K558Q

 allele increases ethanol resistance in a recovery 

assay, yet reduces resistance in a knockdown assay. Additionally, NMDAR1
K558Q

 reduces 

overall activity and reduces learning. The alcohol phenotypes were unexpected because 

the F654A mutation was shown to increase ethanol resistance in mammalian systems, and 

The K558 residue has no documented interaction with ethanol. Because our novel alleles 
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have phenotypes different from the loss-of-function hypomorph, it appears they have 

some neomorphic properties. 

The NMDAR1
F654A 

allele is analogous to the mammalian F639A mutation 

discussed in the introduction, and this residue is known to reduce inhibition by ethanol. 

The K558 residue has not been studied as extensively as the F639 residue. One report 

suggests that the analogous residue from mammals (K544) may contribute to the glycine 

binding site, because K544Q reduces glycine affinity 5-fold, while efficacy of the 

receptor remains unchanged (Wafford et al., 1995). A different mutation in the same 

region (S1 domain) of NMDAR1 that has been reported to cause a 5-fold reduced glycine 

affinity, also has effects on behavior. D481N has a reduced glycine affinity that matches 

the reduced affinity of K544Q mutant channels. Mice carrying the D481N mutation 

performed poorly in the Morris water maze spatial learning task, and had a reduced 

threshold for induction of auditory startle (Kew et al., 2000). Another report found that 

the K544Q mutation reduces intersubunit negative cooperativity between the NMDAR1 

glycine-binding subunit and the gluatamate-binding NMDAR2 subunit. Negative 

cooperativity means that glycine binding to NMDAR1 would cause reduced affinity for 

glutamate in the NMDAR2 subunit, and vice versa (Regalado et al., 2001). The K544Q 

mutation decoupled this interaction in HEK-293 cells.  

Mutant flies carrying the K558Q mutation showed decreased ethanol resistance in 

the sedation assay, yet showed increased resistance in the recovery assay. This is an 

unexpected result and marks the first time we have reported opposite phenotypes in the 

sedation and the recovery assays. The sedation knockdown assay delivers alcohol slowly, 

while the recovery assay is designed to rapidly deliver a high dose of ethanol. This 

difference in dosage may be the source of the discrepancy in the outcomes of these tests. 

In the den Hartog (2013) paper describing NMDAR1 mutant mice, differences in ethanol 
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resistance were only seen at certain dosages. For instance, in the rotarod test the mutant 

mice did not differ from wild type after being injected with 2.0mg/kg of ethanol, but 

showed increased resistance at 2.5mg/kg ethanol (den Hartog et al., 2013). 

The Drosophila melanogaster and mammalian NMDAR1 proteins share 47% 

identity and the overall function of the channel is conserved. The effect of the Drosophila 

F654A allele is the opposite of the effect of the analogous mammalian mutation with 

respect to alcohol resistance. Without direct measurement of channel activity, one does 

not know whether this is a result of the channel responding differently to alcohol, or 

because the circuitry of the fly nervous system produces an opposite behavioral outcome. 

In vivo electrophysiological characterization of these mutant channels should prove 

interesting. It is also worth noting that we tested homozygous flies while the rodent 

studies relied on heterozygous animals, because the F639A mutation is recessive lethal in 

mice. 

Each of the alleles here affects a different subset of behavioral phenotypes, 

showing the power of subtle changes in NMDAR1 function. The glutamate signaling 

system as a whole, and NMDA receptors in particular, are being studied for their role in 

depression and psychiatric disorders. NMDA receptor antagonists such as ketamine have 

been shown to act as rapid antidepressants (Abdallah et al., 2015). NMDA receptors are 

also currently being scrutinized as targets for new therapies for addiction (Holmes et al., 

2013). Further description of the residues and domains that modulate NMDA receptor 

function should aid in drug design. 
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METHODS 

Generation of NMDAR1 mutants using the CRISPR/Cas9 system 

The overall strategy for CRISPR/Cas9 generation of point mutations in NMDAR1 

was to inject donor DNA carrying the desired mutations and a plasmid to express a guide 

RNA (gRNA) into transgenic embryos expressing Cas9 protein. This protocol is modeled 

after the findings published in (Port et al., 2014) and detailed at www.crisprflydesign.org. 

We utilized the pCFD3 plasmid to drives expression of gRNA using the U6:3 promoter 

from Drosophila. The injected flies express Cas9 driven by the vasa promoter (BSC# 

52669). 

Generation of F654A: 

Target sites were chosen using the DRSC Crispr2 tool found at 

www.flyrnai.org/crispr2. For generation of the F654A mutation, a cut site 8 base pairs 

from the mutation site was identified. The targeting sequence identified is 

5’GTGCTGGGCATGGTCTGGGCCGG3’. 

To generate a guide RNA (gRNA) that will target Cas9 to cut the desired target 

within NMDAR1, target-specific oligos were ligated into pCFD3 plasmid (Addgene # 

49410). The sequences of the targeting oligos were sense 

5’GTCGTGCTGGGCATGGTCTGGGC3’, and antisense 

5’AAACGCCCAGACCATGCCCAGCA3’ and are designed to have overhangs to base 

pair with the digested plasmid. These oligos were annealed in T4 ligation buffer (New 

England Biolabs, Ipswich, MA) and the pCFD3 plasmid was digested with BbsI and 

purified using the Qiagen PCR Cleanup Kit. The cut plasmid and annealed oligos were 

then mixed and ligated using T4 DNA ligase (New England Biolabs, Ipswich, MA). This 

complete plasmid was then transformed into DH5α cells per the manufacturer’s protocol 

http://www.crisprflydesign.org/
http://www.crisprflydesign.org/
http://www.flyrnai.org/crispr2/
http://www.flyrnai.org/crispr2/
http://www.flyrnai.org/crispr2/
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(ThermoFisher Scientific, Grand Island, NY) and grown on LB agar plates with 

ampicillin. Colonies were screened by PCR using the sense oligo above and the M13 

reverse primer provided with the DH5α cells. Candidate colonies were expanded in liquid 

media and confirmed by sequencing. Confirmed clones were then expanded and plasmids 

isolated with the Midi Prep kit (Qiagen, Valencia, CA). This purified plasmid was sent to 

Rainbow Transgenic Flies for injection. 

 The donor DNA was ordered as a 120 nucleotide single-stranded DNA oligo 

from Integrated DNA Technologies (Coralville, IA). In order to prevent the donor DNA 

from being recognized by the targeting gRNA, the oligo ordered was in the opposite 

strand as that targeted by the gRNA, and contained a silent mutation to prevent re-cutting 

after insertion. The silent mutation was selected to have the codon usage bias closest to 

the original wild-type codon. The sequence of the ordered oligo was: 

5’GCTCCAGCACGAGGAAGGCGGCCAGGTTGGCGGTGTACGAGGCAACGATG

ATCATAGCAgcTCCGGCCCAaACCATGCCCAGCACCCGGGCGGAGAAGCTCCG

GGGCGTGCCCTCGCCGA3’. The underlined lower case nucleotides are the mutated 

residues. This oligo was shipped to Rainbow Transgenic Flies along with the pCFD3-

F654A plasmid for injection. 

K558Q generation: 

The protocol for generating the K558Q mutation was identical to the F654A 

protocol, but the oligos used were different. The target site identified in DRSC Crispr2 

tool was ACGAGAGTACTCGATCGTGACGG and cut 9bp away from the mutation 

site, on the minus strand. The oligos annealed into pCFD3 were: sense 

5’GTCGACGAGAGTACTCGATCGTGA3’ and antisense 
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5’AAACTCACGATCGAGTACTCTCGT3’. They were annealed and ligated into 

pCFD3 to generate pCFD3-K558. 

The donor DNA was again provided as a single-stranded DNA oligo from 

Integrated DNA Technologies. The mutated donor oligo sequence was 

5’GCCGAGTACATTGAATTCTCGAAGCCATTCAAATACCAAGGCATTACAATA

CTCGAGAAGcAACCGTCtCGATCcAGTACTCTCGTGTCTTTCTTGCAGCCGTTT

AGTAACACGCTATGGA3’. The changed nucleotides introduced the K558Q mutation 

along with two silent mutations to prevent re-cutting after integration. The donor DNA 

oligo and pCFD3-K558 plasmid were sent to Rainbow Transgenic Flies for injection into 

vas-Cas9 embryos. 

Screening for mutants: 

For each construct, Rainbow Transgenic Flies injected DNA into approximately 

200 embryos and shipped the flies back as emerging larvae. The injected flies are referred 

to as founders. As adult flies emerged they were crossed to a double balancer strain yw; 

MKRS/TM6b. This was done to maintain and allow for screening of the mutated 

chromosome. The injected animals are mosaic in their germ line, so multiple offspring 

were screened in order to attain mutants. 

  

 Injected 
Larvae 

Shipped 
Adults Fertile Adults 

F654A 245 80 37 7 

K558Q 275 103 51 19 
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The donor DNA oligo was ordered with standard desalting purification. It has 

been suggested that more stringent purification such as HPLC may have reduced lethality 

after injection. For the F654A mutation, 37 injected animals survived to adulthood. 

However, only 7 of these 37 animals produced any progeny. Of the seven fertile founder 

animals, two produced offspring with the desired mutation (each produced multiple 

offspring that tested positive for the mutation). Each of these F1 offspring were crossed 

to the yw; MKRS/TM6b double balancer stock again to ensure that the mutated 

chromosome was maintained and traceable. Presence of the correct mutation in the F2 

NMDAR1
*
/balancer lines was confirmed by genomic DNA sequencing of the region 

directly surrounding the mutation. 

For the K558Q mutation, 51 injected founders survived to adulthood, and of these 

19 successfully mated and produced offspring. Up to 8 offspring from each founder were 

isolated and maintained as a balanced stock. Out of these crosses two lines from different 

founders were shown, by allele-specific PCR, to have the K558Q mutation. These two 

lines were sequenced to confirm that the desired mutation had been inserted. 

Backcrossing and confirmation by DNA sequencing: 

Two lines for each mutation were selected for further analysis. RNA was isolated 

from candidate mutants using the guanidinium thiocyanate single-step method 

(Ausubel,1994), treated with DNAse I (Life Technologies, Grand Island, NY) and 

purified by acid-phenol/chloroform extraction and ethanol precipitation. cDNA was 

generated using SSIII reverse transcriptase and oligo dT as a primer (Life Technologies, 

Grand Island, NY). Finally, high fidelity PCR was performed using Phusion polymerase 

(New England Biolabs, Ipswich, MA). Sanger sequencing was performed in the 

University of Texas DNA Core, and sequences analyzed using APE plasmid explorer. 
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We identified stocks with the desired mutation, and only that mutation, for F654A and 

K558Q. 

CRISPR/Cas9 is known to have off-target effects and can generate mutations in 

other genes. To eliminate secondary mutations we employed a backcrossing scheme. One 

line for each mutation was backcrossed to our wild type Canton S stock six times, 

yielding flies approximately 97% identical to Canton S. In the backcrossing scheme, 

NMDAR1
*
 mutant virgin females were crossed to Canton S males and then offspring 

were screened by allele-specific PCR. DNA for PCR screening was collected by clipping 

wings from newly-eclosed females, placing the wings in 10μl of Squish Buffer (10 mM 

Tris-HCl pH 8.2, 1 mM EDTA, 25 mM NaCl, 200μg/ml Proteinase K), and incubating at 

37° C for 1h. 1μl of wing DNA was then amplified with allele-specific primers using 

PCR Supermix (Invitrogen). Females carrying the mutation were then crossed to Canton 

S males. This was repeated six times. 

The allele-specific primer pair for F654A was 5’ATGGTtTGGGCCGGAgc3’ and 

5’ACATGCGATGCTACGCTCATTTA3’. The allele-specific primer pair for K558Q 

was 5’GTACTgGATCGaGACGGTTg3’ and 5’GATCAACGACAGCGAGATCAT3’. 

The underlined lower case nucleotides are the mutated residues. 

Recovery from Ethanol Sedation Assay: 

Experiments were performed in the inebriator as described in Krishnan et al., 

2012 and Cowmeadow et al., 2005. All experiments are performed with age-matched 

female flies being sedated with ethanol for the first time. Groups of 10 flies are placed in 

standard plastic Drosophila vials and exposed to a stream of concentrated ethanol vapor 

until all flies are sedated (typically 15-18 minutes). Then the ethanol-saturated air stream 

is replaced with a humidified air stream and recovery from sedation is recorded. Flies are 
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considered recovered when they regain postural control. n=4-6 vials for each group. All 

experiments were performed between 11:00 and 16:00 (zeitgeber time 3-8). 

Ethanol Knockdown Assay: 

Groups of 10 age-matched female flies are placed in plastic tubes with a platform 

made from a Kim Wipe and a plastic ring about halfway up the tube. 1ml of 35% 

ethanol/water solution is placed on one third of a cotton Flug (Genesee Scientific, San 

Diego, CA) at the bottom of the vial and flies are exposed to the vapors from the 

evaporating ethanol solution. In order to eliminate bias and speed up data collection and 

analysis, our lab has developed an automated program to monitor movement and 

climbing. While the flies are exposed to the drug a digital image is taken every 20 

seconds. To monitor the number of flies climbing we used an automated particle counting 

program written in MATLAB (Mathworks, Natick, MA), described in Pohl et al., 2013. 

An image of an empty vial is generated by averaging the last 50 images together, and this 

is subtracted from the image from each time point. The software then tallies the number 

of flies for each time point and exports this data to a spreadsheet. 

For the tolerance assay the animals are pre-treated the day before data is collected. 

On day one half of the flies are treated in a vial with 1 ml of 75% ethanol on a cotton 

plug for one hour, while the control group receives a mock treatment of 1 ml water, and 

then both groups are allowed to recover overnight in food-containing vials. 24 hours later 

all groups of flies receive the same drug treatment (1ml of 35% ethanol) and behavior is 

monitored as the flies are sedated. 

RING Climbing Assay: 

In order to assess locomotion, we performed the rapid iterative negative geotaxis 

(RING) assay (Gargano et al., 2005). In this assay the flies are knocked to the bottom of a 



 87 

vial, and the height climbed by the flies is measured. By filming this response we can 

assess locomotor function by measuring how far the flies can climb in 4 seconds. 

15 age-matched female flies were placed in a standard polystyrene Drosophila 

vial without food. 12 vials of females (six mutant and six wild type) were interdigitated 

and secured in a custom-built rack on a vertical track. This allows the rack containing the 

vials to be raised approximately 15cm and then released in order to simultaneously knock 

flies to the bottom of the vials. After the vials are loaded into the apparatus, flies are 

allowed to acclimate for one minute and then are dropped three times in rapid succession. 

The flies rapidly climb to the top of the vial after being knocked down, and this is filmed 

for later analysis. Flies are given 30 seconds to recover between iterations, and this 

process is repeated for five iterations. Image stills were captured exactly 4 seconds after 

the last knock down, and the height that each fly climbed was determined using ImageJ. 

The average height climbed was determined for each vial for each iteration. This 

value was then averaged across iterations to determine a single value for each vial. These 

values were used to compare the climbing ability of mutants and tild type in the same 

assay. A Student’s t-test was used to determine statistical significance in Prism 6 

(Graphpad, San Diego, CA). 

Circadian Rhythm Assay: 

Activity levels were recorded using the DAM2 Drosophila Activity Monitor 

system (Trikinetics, Waltham, MA) which uses an infrared beam to count every time the 

fly crosses the midline of the fly enclosure. Individual flies are kept in 5x80mm pyrex 

glass tubes with approximately 1cm of food at one end. The food contained 2% agar and 

5% sucrose in water. The end of the tube containing the food was sealed with melted 

dental wax to prevent drying, and after the fly was loaded the open end was plugged with 
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a small tuft of cotton. These tubes are loaded into DAM2 monitors and placed in an 

incubator to record activity in constant darkness. This protocol is described in Rosato & 

Kyriacou, 2006. Activity was graphed in Prism 6, and rhythmic index and period length 

were determined using MATLAB scripts provided by the lab of Dr. Jeffrey Hall (Levine 

et al., 2002). 

Courtship Suppression Assay: 

The courtship suppression assay was initially described by Siegel and Hall 1979, 

and was recently reviewed by Mehren et al. (2004). Male flies were collected within four 

hours of eclosion and stored individually in a 2ml centrifuge tube with a small amount of 

standard food. Two holes were poked in the lid of the tube using a flame-heated 25 gauge 

needle. The males were aged four days before testing. Wild type virgin females were 

collected and stored in groups of 30 per vial on standard food. Wild type age-matched 

males were also collected and stored in groups of 30 per vial for mating to trainer 

females. 24 hours prior to the test, groups of 12 virgins were paired with 18 males and 

left to mate. These mated females were used as trainers. 

On the day of the test, half of the males were paired with one mated female for 

one hour in their individual 2ml tube. Sham males were left in isolation in their 2ml tube 

during this period. A virgin female that had been killed by freezing for 10 minutes was 

placed in a circular observation chamber (14mm diameter x 5mm height), and then a 

single male was loaded. The behavior of the fly was filmed, and courtship was manually 

scored. 10 minutes of video was examined for each fly, and the courtship index was 

calculated as the percentage of time the male spent courting. 
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FIGURES 

 
Figure A1: Alignment of NMDAR1 protein sequences. Alignment of the 

NMDAR1 genes from Drosophila melanogaster, Mus musculus, and Homo sapiens 

generated in Tcoffee. Only the portion containing the residues studied here is included. * 

denotes identical residues, : denotes conservative change, . denotes less conservative 

change. 

Drosophila G E L V N E R A D M I V A P L T I N P E R A E Y I E F S K P 546

Mouse G E L L S G Q A D M I V A P L T I N N E R A Q Y I E F S K P

Human G E L L S G Q A D M I V A P L T I N N E R A Q Y I E F S K P

* * * : .   : * * * * * * * * * * *   * * * : * * * * * * *

Drosophila F K Y Q G I T I L E K K P S R S S T L V S F L Q P F S N T L 576

Mouse F K Y Q G L T I L V K K E I P R S T L D S F M Q P F Q S T L

Human F K Y Q G L T I L V K K E I P R S T L D S F M Q P F Q S T L

* * * * * : * * *   * *         * * *   * * : * * * . . * *

Drosophila W I L V M V S V H V V A L V L Y L L D R F S P F G R F K L S 606

Mouse W L L V G L S V H V V A V M L Y L L D R F S P F G R F K V N

Human W L L V G L S V H V V A V M L Y L L D R F S P F G R F K V N

* : * *   : * * * * * * : : * * * * * * * * * * * * * * : .

Drosophila H S D S N E E K A L N L S S A V W F A W G V L L N S G I G E 656

Mouse - S E E E E E D A L T L S S A M W F S W G V L L N S G I G E

Human - S E E E E E D A L T L S S A M W F S W G V L L N S G I G E

  * : . : * * . * * . * * * * : * * : * * * * * * * * * * *

Drosophila G T P R S F S A R V L G M V W A G F A M I I V A S Y T A N L 706

Mouse G A P R S F S A R I L G M V W A G F A M I I V A S Y T A N L

Human G A P R S F S A R I L G M V W A G F A M I I V A S Y T A N L

* : * * * * * * * : * * * * * * * * * * * * * * * * * * * *

Drosophila A A F L V L E R P K T K L S G I N D A R L R N T M E N L T C 756

Mouse A A F L V L D R P E E R I T G I N D P R L R N P S D K F I Y

Human A A F L V L D R P E E R I T G I N D P R L R N P S D K F I Y

* * * * * * : * * :   : : : * * * * . * * * * .   : : :    

K558

F654
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Figure A2: NMDAR1

DBL
 flies have altered ethanol resistance, climbing speed, and 

reduced activity level. A) Age-matched females were monitored as they become 

intoxicated and sedate. In this assay animals homozygous for NMDAR1
K558Q/F654A 

(NMDAR1
DBL

) take longer to sedate than wild type controls (p=0.0398). B) Recovery-

from-sedation assay where flies are placed in vials and exposed to ethanol vapor until 

sedated, and then animals are allowed to recover in a humidified air stream. 0 minutes 

denotes the beginning of the recovery period. NMDAR1
DBL

 flies recover faster than wild 

type controls (p<0.0001). C) In the RING assay of climbing ability, NMDAR1
DBL 

flies 

climb slower than wild type (p=0.0077). In a circadian rhythm assay, flies show D) a 

reduced rhythmic index (p<0.0001), E) normal period length (p>0.05), and F) reduced 

activity level (p<0.0001). G) Actograms showing activity levels of wild type and 

NMDAR1
DBL 

flies over six days in constant darkness. Gray bars on the X axis represent 

subjective day, black bars represent subjective night.  
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Figure A3: Three alleles of NMDAR1 affect alcohol resistance in a sedation 

assay. A) Animals homozygous for NMDAR1
EP331

 are less resistant than wild type 

controls (p<0.0001). B) Animals homozygous for NMDAR1
F654A

 are less resistant than 

wild type controls (p=0.0121). C) Animals homozygous for NMDAR1
K558Q 

are less 

resistant than wild type controls (p=0.0076). 
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Figure A4: Three alleles of NMDAR1 affect alcohol resistance in a recovery 

assay. Age-matched females are placed in vials and exposed to ethanol vapor until 

sedated, and then animals are allowed to recover in a humidified air stream. 0 minutes 

denotes the beginning of the recovery period. A) Animals homozygous for NMDAR1
EP331

 

are less resistant than wild type controls (p<0.0001). B) Animals homozygous for 

NMDAR1
F654A

 are less resistant than wild type controls (p<0.0001). C) Animals 

homozygous for NMDAR1
K558Q 

are more resistant than wild type controls (p=0.0178). 
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Figure A5: NMDAR1 mutant alleles do not block the acquisition of tolerance. 

Half of the animals were sedated with ethanol vapor 24h prior to the test, while the other 

half were mock-sedated. Tolerance is seen as a right-shift in the sedation curve of 

animals experiencing their second sedation. A) Animals homozygous for NMDAR1
EP331

 

acquire tolerance (p=0.0006). B) Animals homozygous for NMDAR1
F654A

 acquire 

tolerance (p=0.0016). C) Animals homozygous for NMDAR1
K558Q 

acquire tolerance 

(p=0.0002). 
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Figure A6: The NMDAR1

F654A
 allele affects climbing. Age-matched female flies 

are knocked to the bottom of a vial, and naturally climb toward the top of the container. 

This is repeated five times and the height climbed by each fly is measured. The EP331 

and K558Q alleles do not affect climbing (p>0.05), while the F654A allele of NMDAR1 

reduces climbing ability (p=0.0217). 
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Figure A7: Circadian Rhythms are affected by mutations in NMDAR1. A) The 

rhythmic index of NMDAR1
EP331

 hypomorphs is normal compared to wild type. Flies 

homozygous for NMDAR1
F654A

 and NMDAR1
K558Q 

have severely reduced rhythmic index 

(p<0.0001 and p<0.01, respectively). B) The period length is unaffected in NMDAR1
EP331

 

and NMDAR1
K558Q 

animals. The period of NMDAR1
F654A

 is calculated to be longer than 

wild type, but these flies are arrhythmic and this value is spurious. C) NMDAR1
EP331

 have 

normal activity levels, but NMDAR1
F654A

 and NMDAR1
K558Q 

are both less active 

(p<0.0001). D-F) Actograms showing activity levels of wild type, NMDAR1
EP331

, 

NMDAR1
F654A

, and NMDAR1
K558Q 

over six days in constant darkness. Gray bars on the X 

axis represent subjective day, black bars represent subjective night.  



 96 

 
Figure A8: Learning measured using the courtship suppression assay. In this assay 

sham-trained males have been kept in isolation since eclosion, and court a freeze-killed 

virgin female. Trained animals were paired with a non-receptive female for one hour 

before the test, and then were paired with a freeze-killed virgin female. Courtship index is 

the percentage of time spent courting in 10 minutes. Wild type males reduce courtship 

after training (p=0.0495). The NMDAR1
EP331

 males do not learn – training does not affect 

courtship levels (p=0.6590). NMDAR1
F654A

 males court at a very low level (p<0.0001 

compared to WT Sham). There no statistically significant difference between the sham 

and trained NMDAR1
F654A

 males. NMDAR1
K558Q 

animals also court less than wild type 

(p<0.01). For NMDAR1
K558Q

 flies the reduction in courtship after training is not 

significant (p=0.1592).  
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