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A REFLECTION ON SCIENCE

On the 34 of August 1492, Christopher Columbus and his men embarked on
their first voyage across the Atlantic on route to discover and explore new lands,
which later came to be known as the Americas. Since the beginning, this voyage

was filled with hardships and unknowns. Indeed, it was a journey his
contemporaries believed was not possible, although 519 years of history have
proven these beliefs were inherently wrong. When studying the history of my
forefather, I can see many parallels with the scientific profession. Though as
scientists or explorers we often stumble upon shores of lands previously
traversed by others, the real discovery may not come from being the first to set
foot on these new lands, but rather, from having the vision and determination to
overcome hardships and unknowns. To succeed, one must have a sense of
adventure and the desire to delve into the study and exploration of the wonders
of these previously traversed lands and bring them to the attention of the
scientific community and the world.
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Alcohol abuse is a devastating condition affecting millions of individuals.
Regulation of insulin receptor (/InR) signaling is critical for ethanol-induced
responses and consumatory ethanol behavior. However, the precise intracellular
mechanisms regulating /nR signaling, which in turn, affect ethanol-induced
behaviors remain unknown. | describe an InR/Arf6/S6K pathway that controls
acute ethanol responses in Drosophila. | show that Arf6 mutants are
hypersensitive to ethanol’s intoxicating effects, and that Arf6 is specifically
required in the adult nervous system to regulate naive ethanol sensitivity. While
Arf6 functionally integrates activated Rac7 to the InR signaling, neuronal S6K, an
InR effector, is a key mediator of Arf6-dependent regulation of ethanol-induced
behaviors. Ethanol vapor concentrations that produce moderate sedation
increase S6K-P, while doses that confer total sedation completely abate S6K-P.
Arf6 mutants are completely devoid of neuronal S6K-P at baseline, suggesting
that lack of S6K-P.
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pre-sensitizes Arf6 mutants to the intoxicating effects of ethanol, and thus sedate
at low physiologic ethanol concentrations. Because Arf6 has been implicated in
receptor-mediated endocytosis, and signal transduction pathways are largely
regulated by receptor trafficking, | propose a model in which Arf6 regulates InR
signaling via endocytosis to control behavioral ethanol responses.

Soon after joining the Rothenfluh laboratory in the Fall of 2008, | began
studying the relationship between Ras-Homologous GTPase Activating Protein
18D (RhoGAP18B), Adenosine Diphosphate Ribosylation Factor 6 (Arf6),
Adenosine Diphosphate Ribosylation Interacting Factor Interacting Protein 2
(Arfaptin2 in mammals, but since flies only have one identified Arfaptin, | will refer
to it as Arfip), and Ras-Related C3 Botulinum Toxin Substrate 1 (Rac7). In
broader terms, how a Rho-to-Arf signaling controls behavioral responses to
ethanol. Previously, Rothenfluh and colleagues (2006) had demonstrated that
white rabbit (whir) mutants show disruptions in RhoGAP18B, and display strong
resistance to ethanol sedation.

Supporting my focus on Rac1, RhoGAP18B protein, which belongs to the
Rho subfamily of the Ras super family of small GTPases, regulates Rac1 activity
in vitro via its GAP domain in vitro. A modifier screen was conducted to further
define the molecular pathway through which RhoGAP18B mediates behavioral
sensitivity to ethanol. This screen resulted in the identification of Arf6 (also known
as Arf51in Drosophila) pathway mutations, which | have characterized since
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initiating my dissertation, and will describe in the results section. Initially, these
Arf6 pathway mutations were isolated due to their ability to interact genetically
with the strong whir® allele of RhoGAP18B, and further experiments show that
they also modify the ethanol resistance of RhoGAP18B mutants.

Although many reports shed light on the role of Arf6 in terms of signal
transduction and actin regulation (D’Souza-Chorey et al., 1997), | knew little
about how mechanistically Arf6 could contribute to ethanol responses. Of the Arf
GTPases, Arf1 and Arf6 have been the best studied (Biou et al., 2010; Nie et al.,
2003; Donaldson and Jackson, 2011), and although the mammalian Arf6 shares
about 97% amino acid identity with the Drosophila Arf6, its functional
characterization has been studied almost exclusively in cell culture systems,
while its /in vivo function remains to be elucidated. Studying Arf6 in mammals has
proven difficult given that Arf6 mutant mice die embryonically due to liver defects
(Suzuki et al., 2006), and to date, no study has been published using conditional
Arf6 knockout mice.

While pondering on what sets of experiments to perform, a report by
Rankovic et al. (2009) showed that Arf6 endocytoses and recycles the mu-opioid
receptor in synergy with Phospholipase D (PLD) in rat-derived neuronal cultures.
This data was interesting because it links Arf6 to the regulation of mu-opioid
receptor trafficking, but more importantly to addiction. Because no mu-opioid
receptors have been identified in flies, | set out to identify a receptor that could be
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regulated by Arf6 in flies. If successful, | would be able to study how Arf6
regulation of signal transduction controls ethanol-induced behaviors. In more
general context, | could begin to elucidate how extrinsic and intrinsic signals are
integrated in the nervous system to control behavior. | wanted to understand how
addiction-relevant extracellular signals are regulated intracellularly, and
investigate how, and which signal transduction molecules could orchestrate
ethanol-induced behaviors.

Corl and colleagues showed that /InR mutants are sensitive to sedating
effects of ethanol (Corl et al., 2005). While there were a few reports from the
1990s suggesting an involvement of Arf6 in InR signaling, however, other reports
did not find a requirement for Arf6 in InR signaling regulation. The fact that Arf
GTPases had been ascribed many important roles in actin cytoskeleton
dynamics (Campa et al., 2008), neuronal plasticity (Jaworski et al., 2007), growth
and development (Suzuki et al., 2006), and membrane trafficking (Rankovic et
al., 2009; Donaldson et al., 2009 and 2011), did not make my task of finding a
receptor any easier.

Because Arf6 plays a role in neuroendocrine function, and insulin signaling
is critical for this process, | was intuitively compelled to explore whether Arf6
would mediate InR signaling, particularly because the ethanol sedation
phenotype of /nR mutants was reminiscent of Arf6. After further reviewing the
literature, various lines of evidence finally convinced me pursue this hypothesis —
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driven approach. First, the Drosophila cytohesin Steppke (Arf6-GEF) functions in
InR signaling (Fuss et al., 2006), which had been previously shown to play a
major role in regulating ethanol-induced sedation (Corl et al., 2005).

Phospholipase D (PLD) is an effector of Arf6, which activates /nR effector
Phosphatidylinositol-3-Phosphate 5-Kinase (P/P5K), through its secretion of
Phosphatidic acid (PA)(Cockcroft, 1996; Van den Bout and Divecha, 2009). Once
activated, PIP5K in turn activates a phosphoinositide cascade leading to
downstream Protein Kinase B Phosphorylation (AKT-P) and S6 Kinase
Phosphorylation (S6K-P) (O”Neil et al., 2009). These data was interesting given
that both PLD and PIP5K are known effectors of Arf6 (Funakoshi et al., 2011).
Since initiating this project, we have uncovered an essential role for Arf6 in acute
ethanol behaviors through the regulation of the insulin receptor-signaling
pathway, which will be introduced in the results section, and further delineated in
the discussion section of this dissertation.

My doctoral work on the intracellular mechanisms that govern ethanol’s
intoxicating effects on behavior will be described. The present dissertation is
divided in four main sections: 1) Introduction, 2) results and methods, which
include figures and figure legends and 3) a discussion of the results. In the

introduction, | will review the scientific literature on the regulatory mechanisms of
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ethanol-driven behaviors performed in humans and other vertebrate species,
while the central focus of this thesis is on Drosophila research.

In doing so, | will also highlight current issues and problems concerning
the study of ethanol’s direct and candidate targets, which affect behavioral
responses to ethanol. In the result and methods section, | will describe my
obtained experimental data and the methodology employed. In the discussion
section, | will first illustrate on the initial part of the results dealing with neuronal
Rac1, Arfip, and Arf6, which through a linear genetic pathway regulate acute
ethanol sedation. Second, | will explain how Arf6 GTPase may integrate the Rho
to /nR signaling to control behavioral ethanol responses. Third, | will illuminate on
recent data showing that Arf6 via neuronal S6K mediates behavioral sensitivity to
ethanol. Moreover, | will propose a model in which Arf6é plays separable but
intertwined roles in InR signaling and endocytosis, in order to regulate acute

ethanol behaviors.
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Introduction

Genes, Molecules, and Behavior: Searching for Alcoholism’s Targets

Alcohol has been one of the most widely consumed and abused
substance for millennia, in part due to its pleasurable and disinhibitory effects at
low acute intake levels, but also due to its addictive effects when consumed
chronically. In the United States (U.S.) alone, more than 105,000 annual deaths
are ascribed to alcohol use (McGinnis and Foege, 1999) and more than 20% of
hospitalized patients have alcohol abuse among their list of illnesses (Diamond
and Gordon, 1997). Alcohol dependence is a consequence of alcohol use, and it
is considered as a primary and chronic disease afflicting roughly 7% of the U.S.
adult population (Diamond and Gordon, 1997). Although epidemiological studies
show a greater prevalence for alcoholism in males than females of distinct ethnic
groups, its negative correlation with education and socio-economic status, but
positive correlation with marital problems is independent of gender and ethnicity
(Bucholz, 1992; Helzer and Pryzbeck, 1988; Long et al., 1998; Helzer et al.,
1991).

Alcohol consumption is part of the cultural heritage and social experience of
individuals in many nations, yet its adverse consequences tremendously impact
the health (Kessler et al., 1994) and wealth (Volpicelli, 2001) of its citizens and
society as a whole (WHO, 2004). While alcohol consumption is a pre-requisite for

addiction, alcohol dependence is a hallmark of alcoholism (Grant et al., 2009),



and it is characterized by continued alcohol consumption despite of adverse
consequences related to the individual’s health and social status (American

Psychiatric Association, 1987). The basis of alcoholism is complex, and is at
least 39%-60% hereditary according to adoption and twin studies (Spanagel,
2009; Bohman et al., 1984; Cloniger et al., 1981; Heath et al., 1997).

Human genetic studies have revealed a high correlation between
alcoholism and genetic variation in the GABA, a.2-receptor subunit (GABRA2)
(Edenberg et al., 2004; Enoch and Goldman, 1999; Lappalainen et al., 2005),
and also highly correlated to alcoholism is linkage in the GABA, a6 receptor
subunit (GABRAG®G) region of chromosome 5 of Finnish and Native American
subjects (Radel et al., 2005). Other studies have found differences in ethanol
behavioral responses across ethnic groups (Chan et al., 1986; Agarwal et al.,
1981; Goedde et al., 1979), perhaps reflecting the extent to which distinct
cultures embrace alcohol consumption as part of their traditions.

Several well-defined Native American populations have been the focus of
intense genetic studies given their extremely high rates of male alcoholism.
Because alcoholism is intrinsically polygenic and environmentally complex,
individuals in these populations are considered well-suited experimental subjects
given their genetic and cultural homogeneity (Lander and Schork, 1994). Indeed,
linkage analysis in Southwestern Native Americans uncovered alcohol

dependence risk linkage loci on chromosome 11p, proximal to alleles of the



tyrosine hydroxylase (TH) and DRD4 dopamine receptor, and on chromosome 4,
proximal to the GABA (1 receptor gene subunit (Long et al., 1998).

Several lines of evidence indicate that the level of response to sedating
ethanol doses is predictive of alcoholism (Schuckit et al., 2004). According to
human studies, a 20 year old individual displaying acute resistance to ethanol
intoxication is four times more likely to become an alcoholic 10 years later
compared to control subjects (Schuckit et al., 2004; Schuckit, 1994). This data
suggests that acute ethanol responses are highly correlated with future alcohol
consumption and addiction in human and rodent models. However, recent
studies in flies have shown that naive ethanol responses may not be indicative of
alcohol consumption and preference, but that development of ethanol tolerance
(or the acquired resistance to ethanol’s intoxicating effects)(Kaun et al., 2012),
may be a more accurate predictor of addiction-related ethanol behaviors
(Devineni et al., 2011).

Research in humans has many limitations for elucidating molecular and
genetic pathways, that is why research in other vertebrate and invertebrate
model systems, as well as in vitro approaches have proven vital to achieve a
better understanding of the molecular genetic underpinnings of alcohol addiction.
Candidate ethanol effectors likely share common ethanol targets as upstream
regulators, thus being key signaling mediators of ethanol’s direct effects on

membrane proteins, as well as major determinants of an organism’s behavioral



sensitivity to ethanol. As it could be expected given ethanol’s pleiotropic effects,
ethanol can also affect additional signal transduction targets in a tissue specific
manner, such as tyrosine kinase activity (Seiler et al., 2000), and the protein
synthesis machinery (Berger et al., 2004; Lang et al., 2000). Understanding how
acute alterations by ethanol on receptor signaling and endocytosis, as well as
translational and post-translational mechanisms are correlated with mechanisms
associated with alcohol addiction may help in the development of therapeutic
strategies for early stages of alcoholism.

Common themes among ethanol’s binding pockets have been identified
(Harris et al., 2008; Mihic et al., 1997; Wick et al., 1998; Lobo et al., 2004; 2008).
Most of ethanol’s binding pockets are water containing and have two or more
helices with amphipathic surfaces (Harris et al., 2008; Mihic et al., 1997; Wick et
al., 1998). Another commonality is receptor subunit composition, which
determines the efficacy of ethanol’s effects, and yet another is that the ethanol
appears to specifically target the transmembrane (TM) and extracellular domains
of proteins (Harris et al., 2008; Perkins et al., 2008). Despite many advances in
the field, many challenges remain including understanding how receptor
composition functions in determining receptor sensitivity to ethanol effects,
determining whether ethanol’s binding pockets can physically accommodate
ethanol molecules and cause the displacement of water for ethanol at low

millimolar ethanol concentrations.



To establish a molecule as a directly binding ethanol target, various
requirements have been proposed (Harris et al., 2009). First, the in vitro
functional alteration of a protein by exposure to physiologically relevant ethanol
doses (5-150 mM) must be shown. Second, ethanol’s binding affinity must be
altered as a result of experimentally generated mutations in a protein’s amino
acid sequence. Third, there should be consistency between in vivo and in vitro
data resulting from manipulation of the protein of interest. Finally, evidence for
the presence of an ethanol molecule within the target must be provided through
atomic structure analysis. A key question that these approaches have not yet
answered is how exactly do human polymorphisms in GABA, subunits alter
ethanol-induced behaviors and contribute to alcoholism.

Given how little is known about ethanol’s direct effects on specific targets,
as well as limitations in human studies, it is argued herein that studying genetic
alleles and relevant signal transduction pathways in genetically amenable and
simplistic systems, such as Drosophila melanogaster may provide greater insight
into the molecular genetic basis of alcohol addiction. Research in Drosophila has
many advantages over mammalian models. These involve sophisticated forward
genetic screening capabilities, reduced financial cost, high number of offspring
and generations that can be produced given their short life cycle and increased
fecundity. In addition, their small size enables the researcher to maintain

thousands of fly mutant stocks in the laboratory.



Aside of these classical advantages, the Drosophila genome is highly
homologous to the mammalian genome. Although mammals have roughly three
times the number of genes than flies, they both have similar number of gene
families (Holland, 2003). In addition, at least 75% of gene orthologues associated
with human disease can be found in flies (Chien et al., 2002). These alleles also
share a high degree of functional similarity, indicating that flies can be used as a
genetic model to investigate human disease (Kaun et al., 2012).

Perhaps most perplexing is that despite of having approximately 300,000
neurons in the entire nervous system, recent behavioral genetics developments
have succeeded in showing that flies display complex behaviors usually ascribed
to higher order organisms such as mammals, which have billions of neurons. For
instance, flies are able to integrate sensorimotor information to adjust and
navigate in their spatial environment (Pick and Strauss, 2005). Flies can also
form associations between reinforcing and aversive stimuli in learning and
memory tasks (Quinn et al., 1974; Davis, 1993), and are able to make choices
that range from female oviposition (Joseph et al., 2009) to choosing over drinking
ethanol-containing solutions versus sucrose (Kaun et al., 2011). Flies also show
social behaviors such as fighting (Chen al., 2002), courtship (Greenspan and
Ferveur, 2000), and exhibit addiction-like behaviors in response to environmental

manipulations such as female sexual rejection (Ophir-Shohat et al., 2012).



Forward-genetics (i.e. going from phenotype to genes) remain as the
favored approach in Drosophila, although subsequent to the establishment of
genetic transformation (Rubin and Spralding, 1982), reverse genetic approaches
(i.e. going from genes to phenotype) have also been employed. Forward genetic
approaches in particular, have yielded alleles that affect ethanol-driven behaviors
in flies and mice, and polymorphisms of their human homologues have been
linked to alcohol sensitivity (Lasek et al., 2011b; Kaun et al., 2012). In a study
using humans, mice, and flies, Lasek et al (2011) showed that Drosophila
anaplastic lymphoma kinase (dA/k) regulates ethanol sensitivity in flies, and then
showed that A/k mutant mice phenocopied dA/k mutants (Lasek et al., 2011b).
Because Alk contributes to human disease, the authors sequenced the human
Alk gene for 348 subjects that previously showed sensitivity to an oral ethanol
challenge, and found that homozygous subjects for the minor allele rs17007646
showed ethanol resistance in two independent behavioral measures (Lasek et
al., 2011b). Similarly, Riley et al. showed that the human gene ZNF699, which is
related to the ethanol tolerance Drosophila allele Hangover (Hang), is associated
with alcohol dependence in a sample of human sibling genetic study (Riley et al.,
2006).

Some success has also been obtained with meta-analysis of human
genome-wide data, which has uncovered mutations in disease-associated genes,

which strongly correlate with alcohol drinking behaviors in mice and ethanol



response sensitivity in flies, such as the gene autism susceptibility candidate 2
(AUTS2) (Schumann et al., 2011). Taken together, this data indicates that
results obtained in Drosophila studies are relevant for human disease, and that
Drosophila alleles isolated through forward genetic approaches may guide
reverse genetics research in performed in mammals (Kaun et al., 2012).

As in humans, lower ethanol doses produce hyper-activation in flies, which
can be assessed by a tracking device that measures the speed of locomotion
elicited as pharmacologically relevant ethanol levels increase, while higher
ethanol doses confer loss-of-righting (LOR) or sedation, that is the inability to
regain upright posture after falling to the floor’s surface (Rothenfluh et al., 2006;
Corl et al., 2009; Eddison et al., 2011). It is relevant for addiction research to
study ethanol-induced LOR, as genetic manipulations that produce reductions in
sedation have been shown to increase self-administration in mammals (Thiele et

al., 1998).

Assays to Study Ethanol Induced Behaviors in Drosophila

Assays that extract and systematically measure behavioral features of
alcohol addiction have continued to evolve and it is now possible to study naive
ethanol responses and more complex behaviors like self-administration and
conditioned place reference (CPP) in flies (Kaun et al., 2011). Genes that

regulate ethanol-induced behaviors in flies and mammals have been shown to



greatly overlap, although many genes identified in flies still require confirmation in
mammalian models.

Flies, like mammals, display acute ethanol responses, and the level of
response to a naive ethanol exposure are correlated with ethanol drinking in
mammalian systems and alcoholism in humans (Schuckit, 1994). Acute
sensitivity to ethanol doses that induce motor dysfunction is linked to decreased
risk for alcohol abuse (Wolf et al., 2002; Kurtz et al., 1996; Morean and Corbin,
2010). To measure naive responses to ethanol, flies are delivered doses of
ethanol vapors mixed with air at ratios that can be regulated in order to monitor

the influx of ethanol received (Wolf et al., 2002).

Ethanol-Induced Behaviors in Drosophila: Naive Ethanol Sensitivity

Innately, flies display negative geotaxis, thus preferring to be at the top of
a column. Acute ethanol sensitivity can be studied using an apparatus known as
“the inebriometer”, which is designed as a column with multiple baffles. In this
assay one can measure the time it takes for flies to hit the bottom of the column
as they lose motor control and continue to fall through the baffles (Scholz et al.,
2000). The “booze-o-mat” is another an apparatus to measure ethanol responses
in flies, and delivers ethanol/air doses to flies, which have been placed in

transparent plastic tubes. The ST-50 or the time it takes for 50% of flies in any



given tube to reach sedation has been used as a measure to study behavioral

sensitivity phenotypes (Rothenfluh et al. 2006).

Ethanol Tolerance Behavior

Tolerance is a hallmark of alcoholism according to the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV) (American psychological
Association, 1994). Two forms of tolerance have been studied. Rapid tolerance is
essentially an acquired resistance (or reduced sensitivity) to the effects of ethanol
after a brief exposure, and chronic tolerance is acquired after prolonged
exposure to lower ethanol doses that fail to induce overt ethanol phenotypes.
Unlike chronic tolerance, rapid tolerance does not require protein synthesis
(Berger et al., 2004), and its acquisition is not metabolic in nature (Berger et al.,
2004; Cowmeadow et al., 2005; Scholz et al., 2004), indicating that rapid and
chronic tolerance are both acquired via distinct mechanisms, and perhaps
regulated in distinct subpopulations of neurons. In flies, both forms of tolerance
can be assessed in either the inebriometer or booze-o-mat, and it can be
quantified either as a difference in the number of sedated flies between the first
and the second (or repeated) ethanol exposures (Urizar et al., 2007), latency of
intoxication (Dzitoyeva et al., 2003; Devineni et al., 2011) or recovery time after

LOR (Berger et al., 2004; Cowmeadow et al., 2005).
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Ethanol Self-Administration and Conditioned Ethanol Preference (CPP)

Recently new paradigms have emerged that made it possible to assess
how far flies are willing to go to voluntarily consume ethanol. Much more is
known about the genes that regulate naive ethanol responses and to a lesser
extent their involvement in ethanol tolerance. In a two choice assay, flies prefer
ethanol-containing food over regular food. In this paradigm, flies are given the
choice to drink ethanol + sucrose, over sucrose alone via capillary tubes. When
the bitter compound quinine is added to the ethanol-containing food, the initial
response is aversion, but flies overcome the aversive taste of quinine to consume
similar volumes as in non-aversive conditions (Ja et al., 2007; Devineni and
Heberlein, 2009). Similarly, when flies receive a cue paired to an intoxicating
ethanol dose, flies endure an electric shock to obtain the ethanol-paired cue
(Kaun et al., 2011).

A conditional ethanol preference test was recently created to determine
whether or not flies display behavior indicative positive reinforcement by ethanol
exposure (Kaun et al.2011). In this test, flies are exposed to two distinct odors.
for 10 minutes sequentially, and one of the two odors is paired with a moderately
intoxicating ethanol vapor dose. Subsequently, flies choose between the two
odors and preference for ethanol is determined based on the choice flies make
between the ethanol-paired odor and the non-paired odor. Contrasting the
conditioned ethanol preference used in mammalian models, this assay enables
the ethanol dosage received by flies to be regulated by the investigator, and the
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ethanol-paired odor rather than ethanol itself, is used as the rewarding stimulus

during preference portion of the assay (Kaun, Devineni, and Heberlein, 2012).

Targets of Ethanol-Related Behaviors: Evidence from In Vitro and In Vivo
Systems: Enzymes

Ethanol binds to the mammalian enzyme alcohol dehydrogenase (ADH)
at a K, constant of approximately 1mM (Negoro & Wakabayashi, 2004). Though
moderately conserved, ADH shows species-dependent variation for substrate
specificity and catalytic efficiency (Weinhold & Benner, 1995; Svensson et al.,
2003). This variation in ethanol response sensitivity has been shown in human
studies, where it was revealed that racially diverse populations with distinct
naturally occurring polymorphisms in the ADH gene show distinct behavioral
sensitivities to ethanol (Agarwal et al., 2000). However, studies in larvae (David
et al., 1976) and flies (Singh and Heberlein, 2000; Cohan and Graf, 1985;
Morozova et al. 2007) have revealed that although ADH alleles are important for
the toxic effects of ethanol, ADH does not regulate ethanol-induced LOR.

Adenylyl cyclases (ACs) belong to a distinct class of enzymes that alter
ethanol-induced behaviors (Kim et al., 2011), with distinct isoform variation
showing distinct sensitivity to ethanol-induced cAMP production (Yoshimura and
Tabakoff, 1995). Of these, AC7 shows the strongest sensitivity of the AC

isoforms, with AC3 being completely insensitive, and AC2, AC5, and AC6
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showing moderate sensitivity (Yoshimura & Tabakoff, 1995). Studies in
Drosophila and mice have shown that AC regulates behavioral responses to
ethanol (Eddison et al., 2011; Maas et al., 2005; Park et al., 2000). Moore et al.
(1998) found that cheapdate mutants, an allele of the a cAMP-activating
neuropeptide encoding gene amnesiac, show sensitivity to ethanol sedation,
which can be rescued by decreasing protein kinase A (PKA) levels either
genetically (Thiele et al., 2000) or pharmacologically (Moore et al., 1998). The
role of CAMP in ethanol responses has been validated in mammals (Wand et al.,
2001) and in Zebrafish (Peng et al. 2009), where they show that increasing
neuronal cAMP produces ethanol resistance, decreasing cAMP produces
sensitivity to ethanol.

A study using AC chimeras identified two ethanol sites of action; the first
being a 28 amino acid region on the N-Terminal C,, domain, and the second is
located within the C-terminal domain (Yoshimura and Tabakoff, 1995). Quite
surprisingly, Kruse et al. showed that the second site of ethanol action shows
structural resemblance to the amino acid target sequence of the Drosophila
protein LUSH, a well characterized non-enzymatic ethanol target that is required
for olfactory detection and avoidance of particularly high or toxic ethanol doses

(Yoshimura and Tabakoff, 1995; Kim et al., 1998; Kruse et al., 2003).
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lon Channels

Inhibition of the glutamatergic N-methyl-d-aspartate (NMDA), and the
enhanced function of y-aminobutyric acid type A (GABA,) at ethanol doses of 30-
100 mM produces behaviorally relevant effects, or lower doses by longer chain
type alcohols (Dildy-Mayfield et al., 1986; Harris et al., 2009). Mutating the NMDA
receptor transmembrane (TM3) domain changed the sensitivity to ethanol
exposure, and variation in ethanol sensitivity appears to be influenced by
receptor subunit composition, since NR2B receptors display stronger sensitivity
to the enhancing effects of ethanol (Peoples and Weight, 1995; Ronald et al.,
2001).

More recently, Offenhauser et al. (2006) showed that while primary
cultured neurons of wild-type mice exposed to ethanol display a gradual decline
in NMDA receptor current, cultured neurons derived from Epidermal Growth
Factor Receptor Kinase Substrate 8 (EPS8) knock-out (KO) mice, which show
both resistance to ethanol sedation and increased ethanol preference in a two-
bottle choice paradigm, have reduced ethanol-induced NMDA current
deterioration (Offenhauser et al., 2006). These data underscores the possibility
that NMDA receptors are potential ethanol targets (Moonat et al., 2010; Nagy,
2004; Smothers et al., 2001). Supporting this notion, A114 TM segments of the
glycine receptor have been shown to be important for ethanol’s effects on
currents (Mihic et al., 1997; Wick et al., 1998; Lobo et al., 2004; 2008).

14



GABA, receptors have been of great interest to the alcohol field (Wick et
al., 1998). Behaviorally, mice lacking a1 GABA, receptors show sensitivity to
ethanol-induced sedation (Blednov, 2003), though some other studies have
shown variation to ethanol sensitivity (Kralic, 2003), perhaps reflecting
differences in genetic background. Interestingly, the a4 (or a6), 3, and &
subunits of GABA, receptors are activated by ethanol concentrations doses as
low as 3 mM ethanol (Wallner et al., 2003), which is approximately 6 times less

the legal blood alcohol level allowed for driving in most US states (17.4 mM). &

GABA, KO mice drink less ethanol in a two bottle choice paradigm (Boehm et al.,

2004; Mihalek et al., 2001). Supporting this data, Rewal and colleagues (2009)

demonstrated that selective knockdown a4 GABA, in the nucleus accumbens

shell also reduced ethanol consumption and preference, again circumscribing the

role of receptor subunit composition in ethanol responses.

In mice, GABA, receptors regulate behavioral ethanol responses and
ethanol drinking (Wick et al., 1998), and although GABA, receptors are present
flies, only GABAg receptors have confirmed roles in Drosophila ethanol-induced
behaviors. GABA; mutant flies show behavioral sensitivity to the intoxicating
effects of ethanol and a decrease in rapid ethanol tolerance (Dzitoyeva et al.,
2003), indicating opposing roles of GABA receptors in acute and tolerance

ethanol behaviors or perhaps reflecting distinct regulation of different ethanol-
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induced behaviors in distinct neuronal populations containing these receptors
(Kaun et al., 2012).

lon channels whose function can be reliably altered by an in vitro ethanol
dose of less than 100 mM are the Shaw 2 voltage-gated channels (Kv3.x,
KCNX), inwardly rectifying K+ channels (GIRK, Kir3x), and the large conductance
calcium activated channels (BK, slo-1, and KCNMA1) (Covarrubias & Rubin,
1993; Lewohl et al., 1999), which are implicated in development of ethanol
tolerance (Liu et al., 2006; Wang et al., 2009). While ethanol’s effects on these
channels has been investigated, only the ethanol binding site of Shaw2 has been
studied by means of amino acid mutagenesis, and findings of these experiments
implicate the S4-S5 intracellular linker as a putative site for ethanol’s inhibitory

effects (Shahidulla et al., 2003).

Trp Channels

Recent research indicates that Trp channels are mediators of ethanol’s
effects on behavior. While ethanol potentiates the vanilloid Trpv1, it inhibits the
cold-menthol receptor Trpm8 (Weil et al., 2005), indicating that ethanol has
differential roles on Trp channels (Benedikt al., 2007). Ellingson et al (2008)
showed that KO mice of the capsaicin receptor Trpv1 failed to show an aversive
response to ethanol taste, while being more resistant to sedation than wild-type
(Blednov and Harris, 2009). Because ethanol can enhance Trpv1 response to
selective Trpv1 agonist, capsaicin and protons, while reducing the threshold for
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heat-induced activation from 42° to 34° degrees (Hirota et al., 2003), it has been
suggested that Trpv1 may function in the burning sensation of ethanol (Blednov
and Harris, 2009).

Previous studies on Trpm8 showed that PIP, desensitizes TRpm8 via a
Ca2+ dependent mechanisms (Rohacs et al., 2005; Liu and Qin, 2005)
Phosphatidylinositol 4,5-bisphosphate (PIP,) was recently shown to reduce
ethanol’s inhibitory effects on the cold menthol trpm8 receptor, but inhibiting PIP,
re-synthesis with PI3K inhibitor, wortmannin does not affect ethanol inhibitory
effects on Trpm8 (Benedikt et al., 2007). Although studies are lacking for other
lipid kinases, it has been shown that the lipid membrane environment is a
determinant of the cold sensing properties of Trpm8 (Morenilla-Palao et al.,

2009).

Cell-Adhesion Molecules and the Integrin Signaling Pathway

Ethanol inhibits cell-cell adhesion by interfering with morphogenesis
inducing activity of hOP-1 protein, at similar doses as those achieved during
“social drinking” (Charness et al., 1994). Amino acid mutagenesis analysis
revealed an ethanol-binding site in the cell adhesion protein L1, localized
between the Ig1-Ig4 domains. Alcohols like butanol, octanol, azibutanol, and
azioctanol (Arevalo et al., 2007) bind to this site, although Octanol (Wilkemeyer
et al., 2000) blocks ethanol’s inhibitory effects on L1. L1 can activate integrin-
mediated neuronal migration to extracellular proteins via membrane trafficking
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and mitogen-activated protein (MAP) kinase signaling (Thelen et al., 2002). Thus,
uncovering downstream targets of either L1 or the integrin receptor, and
exploring whether and how cell adhesion defects alter behavioral ethanol
sensitivity to produce ethanol tolerance may yield a more precise understanding
of ethanol’s actions downstream of its target.

A study by Bhandari et al. (2009) implicated the integrin signaling pathway
in ethanol-induced behaviors. The authors showed that Drosophila mutants for
the B and a isoform, encoded by the genes myospheroid (mys) (MacKrell et al.,
1988) and scabrous (scb) (Grotewiel et al., 1998), compared to their wild-type
counterparts, exhibit strong sensitivity to acute ethanol sedation and increased
rapid tolerance. scb plays a role in memory for ethanol reward. Interestingly, scb
affects Notch signaling (Lee et al., 2000) which is critical for memory, particularly
development of long-term memory. It is unclear whether Notch signaling

participates in scb dependent ethanol reward memory (Kaun et al., 2012).

Transcription and Translation in Ethanol-Induced Behaviors

Gene transcription has also been recently implicated in ethanol response
regulation in Drosophila. Transcriptional regulator encoding genes Lim-domain
only (dLmo) and the hangover (hang) regulate ethanol-induced sedation and
rapid tolerance (Lasek et al., 2011a; Scholz et al., 2005). Though little is known
their downstream targets, anaplastic lymphoma kinase (dAIk) is the only
identified dLmo target to date (Lasek et al., 2011b). hang on the other hand,
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mediates oxidative stress sensitivity and heat shock induced ethanol tolerance
via a mechanism that is yet to be defined (Scholz et al., 2005). A cytoskeleton-
associated protein, jwa, which is a retinoic acid-responsive protein that like hang,
can also regulate ethanol tolerance and cellular stress responses (Li et al., 2008),
suggesting that ethanol tolerance and cellular stress responses may share
common molecular pathways (Kaun et al., 2012).

Translation initiation factor, Krasavietz (kra) mediates behavioral
sensitivity to ethanol intoxication. When assayed in a set of ethanol behavior
paradigms, Kra mutants show strong resistance to alcohol intoxication, reduced
rapid and chronic tolerance, and reduced ethanol consumption (Berger et al.,
2008; Devineni and Heberlein, 2009). Of these, only chronic tolerance has been
shown to require protein synthesis (Berger et al., 2004). Although pre-treatment
with a protein synthesis inhibitor produced a strong decrease in sensitivity for
ethanol intoxication, suggesting the existence of constitutively synthesized

proteins that are required for acute ethanol responses (Kaun et al., 2012).

Growth Factors and Receptors

The epidermal growth-factor receptor (EGFR) signaling pathway
modulates ethanol’s intoxicating effects in Drosophila. A recent report by Corl et
al. (2009) demonstrated that Happyhour (hppy), Ste20 family kinase member
negatively regulates the EGFR/extracellular signal regulated kinase (ERK)
pathway to promote resistance to ethanol’s sedating effects.
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EGFR signaling activates ERK (Pierce et al., 2001). Inhibiting ERK
phosphorylation in zebrafish enhances ethanol sedation when exposed to doses
that normally confer hyperactivity (Peng et al., 2009). In flies, increasing EGFR or
the Drosophila ERK homologue rolled in the nervous system produces resistance
to ethanol sedation, while neuronal knockdown of EGFR produce the converse,
but not in the hppy mutant background (Corl et al., 2009). To further demonstrate
the conserved role of EGFR in ethanol-related behaviors, Corl et al (2009)
showed that feeding EGFR Inhibitors Erlotinib and Gefitinib, dramatically
increased ethanol sedation in flies and decreased alcohol consumption in rats. It
would be interesting to see whether polymorphisms in EGFR related genes turn
out to regulate addiction-like behaviors or are found to correlate strongly with

alcoholism.

Neuromodulators

Human and rodent studies have shown that ethanol causes many in vivo
alterations such as reduction in dopamine receptors in alcoholics (Volkow et al.,
2007), the activation (Gessa et al., 1985) and increased firing rate (Brodie et al.,
1990) of dopamine neurons in response to low ethanol doses and the reduction
of dopamine signaling receptor by chronic ethanol consumption (Lucchi et al.,
1988; Hoffmann et al., 1977). Studies have shown that lack of dopamine
receptors increases voluntary ethanol consumption (Bulwa et al., 2011), though
others found that dopamine receptor 2 (DoR2) mutants decrease place ethanol
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preference (Cunningham et al., 2000), while disrupting DoR1 impairs alcohol
seeking behavior (EI-Ghundi et al., 1998). These studies suggest that distinct
DoRs may participate in distinct signaling pathways in different neuronal
populations, which may account for differences in alcohol-driven behaviors.

In Drosophila, DoR signaling has been implicated in ethanol reward (Kaun
et al., 2011) and arousal (Bainton et al., 2000; Kong et al., 2010; Kume et al.,
2005) A recent paper by Kong et al. (2010) showed that a pair of DoR expressing
ellipsoid body neurons plays a major role in regulating ethanol-induced
hyperactivity. Interestingly, the synaptic immediate early gene and Drosophila
homologue Homer, functions in the ellipsoid body neurons to regulate ethanol-
induced sedation (Urizar et al., 2007), however, it remains to be established
whether Homer mediates downstream DoR signaling.

Octopamine is a biogenic amine resembling norepinephrine, which
appears to function in rapid, but not chronic tolerance or acute ethanol responses
(Scholz et al., 2000; Berger et al., 2004). Neuropeptide Y and its receptors (NPY-
Y1, NPY-Y2, and NPY-Y5) have been linked to alcohol drinking behaviors (Thiele
et al., 2002), which either induced or enhanced by anxiety in NPY deficient mice
(Hwang et al., 1999; Roy et al., 2002; Thorsell et al 1998). These KO mice show
resistance to ethanol-induced sedation, while displaying increased ethanol

consumption, which is increased with greater alcohol concentration (Thiele et al.,
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1998; 2002). Conversely, transgenic NPY expression reduces ethanol
consumption behavior (Thiele et al., 1998; Palmiter at al., 1998).

The Drosophila homolog of the mammalian Neuropeptide Y, Neuropeptide
F (NPF) receptor signaling, in contrast to DoR signaling, mediates acute
sensitivity to the intoxicating effects of ethanol (Wen et al., 2005). Although both
NPY and NPF regulate ethanol-driven behaviors, NPF has not been implicated in
stress responses or drinking. At least for NPY, these studies suggest that
neuropeptides may function in environment-gene interactions underlying
consumatory behaviors reminiscent of alcohol addition and alcoholism.

Mammalian neurotrophins like Brain Derived Neurotrophic Factor (BDNF)
have been demonstrated to be essential for nervous system function and
addiction related-behaviors. BDNF can activate tyrosine receptor kinase receptor
B (TrkB) and P75, although less is known about the latter. Haplodeficient BDNF
mutants show increased ethanol preference (Moonat, 2010) Manipulations
leading to reductions in TrkB signaling did not add to the phenotype of BDNF
mutants, although it did enhance alcohol consumption in the wild-type, indicating
that the effects of BDNF on alcohol consumption is mediated through TrkB
signaling (Jeanblanc et al., 2009; Hensler et al., 2003). Another study found that
both acute and self-ethanol administration enhances dorsal striatal BDNF
expression, while increased BDNF expression reduced ethanol consumption
(McGough et al., 2004).
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Only recently neurotrophic factors were identified in Drosophila.
Drosophila Neurotrophin 1 and 2 (DNT1 and DNT2) (Zhu et al., 2008) have the
Cystein-knot motif of mammalian neurotrophins. DNT1 appears to have
neurotrophin-related functions, since DNT1 mutants show increased neuronal
death and DNT1 expression reverses the phenotype (Zhu et al., 2008). It is
unclear whether DNT1 mutants have altered ethanol sensitivity, although given
its role in mammals, it can be hypothesized that Drosophila neurotrophins will
function in a similar fashion. Particularly, because the pars intercerebralis region
in flies, which contains neurons that synthesize neurosecretory peptides such as
the insulin-like Drosophila peptide Dilp2 (Corl et al., 2005), has been shown to
have pivotal roles in ethanol-sensitivity behavior (Corl et al., 2005), although it

remains to be seen whether or not DNTs are expressed in this region.

Insulin Receptor Signaling Pathway

InR signaling occurs by complex intracellular mechanisms that begin when
secreted insulin peptides bind its receptor at the cell’s surface of a postsynaptic
cell. The Drosophila InR is highly conserved and can be activated through
binding bovine or porcine insulin at a k, =10 nM (Fernandez-Almonacid and
Rosen, 1987). Immediately following insulin-/nR binding, cis-trans activation and
autophosphorylation of key sites in the alpha-to-beta segments of /nR (Haring,
1989), creates docking sites where adaptor molecules recruit other proteins that
synthesize phosphoinositides to enhance a cascade of signaling.
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PI3K catalyzes phosphatidyl inositol-4, 5-bisphosphate (PIP,) into
phosphatidyl inositol-3.4.5-triphosphate (PIP,) (Ruderman et al., 1990), which
activates PDK1, mechanism required to phosphorylate and activate Protein
Kinase B (PKB)/AKT (Vanhaesebroeck and Alessi, 2000). Once activated,
AKT phosphorylation causes Forkhead Box protein O (FOXO) to be degraded
(Plas et al., 2003) and it can also phosphorylate and inhibit Tuberous Sclerosis
Complex 2 (TSC2) (Inoki et al., 2002). This phosphorylation destabilizes the TSC
complex leading to inhibition of Rheb and activation of TOR, which activates of
S6K1 and S6K2 in mammals, and a single S6 kinase in Drosophila (Ruvinsky et
al., 2005; Saucedo et al., 2003). Activated S6K phosphorylates the ribosomal s6
protein, a component of the 40S ribosomal subunit, which is required for protein
synthesis initiation (Ruvinsky et al., 2005).

InR signaling is essential to many physiological and cognitive processes,
and it is not surprising that various diseases ranging from cancer and
neurodegeneration to diabetes Il can be originated by /nR signaling disruptions
(Mauro et al., 2001; Plum et al., 2005) in a tissue specific fashion. Corl and
colleagues (2005) demonstrated that /nR signaling could also regulate ethanol-
induced responses in the Drosophila NS. Whereas neuronal reduction in /nR
signaling confers sensitivity to ethanol sedation, its activation results in
resistance (Corl et al., 2005). Furthermore, the authors validated some activating
and inhibiting steps along the pathway with respective ethanol sedation
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phenotypes produced by manipulating /nR signaling components in the nervous
system. For instance, increased /nR signaling produces resistance to ethanol
sedation, and as expected, pan-neuronal expression of FOXO conferred
sensitivity.

A follow-up paper by Eddison et al. (2011) provided discrepant evidence
from that of Corl et al. (2005) with respect to the role of /InR signaling in ethanol-
induced responses. Eddison et al. (2011) showed that increasing /nR signaling
via CNS expression of PI3K’s catalytic subunit p110, PDK1, or AKT produced
sensitivity to ethanol sedation, while genetic manipulations that decrease InR
signaling such as CNS expression of PTEN, which inhibits PI3K’s mediated
conversion from PIP, to PIP,, or expression of PI3K dominant negative, and pan-
neuronal knockdown of AKT conferred resistance to LOR. In addition, Eddison
and colleagues (2011) show that NS expression of the TOR effector Rheb,
produces ethanol sedation sensitivity, and propose a model by which TOR
signaling mediates both behavioral ethanol responses and synapse number via a
distinct pathway than PIBK/AKT (Teleman, 2010). One possibility for discrepant
results with the report by Corl and colleagues (2005) might be that developmental
transgene expression of /nA signaling components by the strong driver Elav may
have been produced compensatory mechanisms capable of modifying the

phenotype.
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Aside of its role in adulthood, /nR signaling is also important for normal
development and growth (Fernandez et al., 1995). The devastating effects of
ethanol on fetal development are well documented (Barnes et al., 1981; Jones et
al., 1976; Hanson et al., 1976). McClure et al (2009) demonstrated that
Drosophila is an adequate model system to study fetal alcohol syndrome (FAS).
In their study, developmental defects in ethanol-reared flies were dramatic.
Growth and viability were severely compromised and was reflected by drastic
decreases in neural progenitor proliferation, dilp2 expression and /nR
transcription levels. Ethanol-reared flies displayed alterations in ethanol
behaviors. These impairments included increased hyperactivity to moderate
ethanol doses, resistance to ethanol sedation, and failure to acquire rapid
tolerance, with the last two behavioral phenotypes being rescued by expressing

dilp2 in insulin producing cells (IPCs).

Other Substrates of Behavioral Ethanol Responses: Cellular Architecture

Mechanisms of cellular architecture have recently been demonstrated to
be important for behavioral ethanol responses. A Drosophila allele that functions
through Kinase Par-1, thousand and one (tao), regulates microtubule dynamics
and its microtubule-associated protein Tau, in order to mediate ethanol-induced
hyperactivity (King et al., 2011; Matenia and Mandelkow et al., 2009). Indeed,
actin regulation influences the level of acute ethanol responses in both mice and
flies with mutations in the actin-capping regulator EPS8 (Offenhauser et al.,
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2006; Eddison et al., 2011). Ethanol-induced actin depolymerization is reduced
in cerebellar granule neurons (CGNs) cultured from EPS8 KO mice compared to
control cultures. EPS8 KO mice, which are resistant to intoxicating ethanol
effects also drink more alcohol in a two bottle choice paradigm (Offenhauser et
al., 2006). Conversely, white rabbit (whir) mutants of the RhoGAP18B protein,
which encodes a GAP domain for Cdc42 and Rac? GTPases, display strong
resistance to ethanol sedation and reduced ethanol preference in a two-bottle

choice paradigm (Rothenfluh et al., 2006; Devineni et al., 2009).

Synapse Number

The Drosophila arouser (aru) encodes a mutation in the gene EPS8
(Eddison et al., 2011), although both Drosophila aru and Eps8L homologues lack
the actin-capping domains of the mammalian EPS8 (Eddison et al., 2011;
Offenhauser et al., 2006). Whereas mutants of aru display increased synapse
number, they are also sensitive to ethanol-induced sedation. Environmental
manipulations like social isolation cause synapse number to be significantly
reduced (Donlea et al., 2011). A reduction in synapse number induced by social
isolation produces resistance to ethanol sedation. When aru mutants are socially
isolated, their synapse number and ethanol response phenotypes are restored to
normal levels (Eddison et al., 2001). Although the exact mechanism by which aru

mediates synapse number remains unknown, the evidence provided for the role
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of synapse number in Drosophila ethanol responses is solid, though verification
in mammalian systems is still warranted.

Genetic manipulations affecting acute and tolerance responses to ethanol,
such as PI3K or Ras homolog enriched in brain (Rheb) over-expression, or
mutations in hang (reviewed above) have been shown to affect synapse number
in the neuromuscular junction (NMJ) in the developing (Schwenkert et al., 2008)
and the adult fly brain (Eddison et al., 2011). Alterations in synapse
excitability/inhibition may be at the heart of the effects of synapse number in
ethanol response phenotypes. It may well be that dysregulation of synaptic
plasticity occurs as a result of major synapse number losses/gains (Bourne et al.,
2011), thus differentially impinging on the nervous system’s ability to cope in
response to continued ethanol influx.

Pre and post-synaptic transmission mechanisms are important factors
affecting a fly’s tolerance to ethanol. A deficit in either Syntaxin 1A (Syx1A) or
shibire (shi), which encodes Drosophila dynamin, impairs ethanol tolerance in an
experimental paradigm where synaptic vesicle release was selectively inhibited
upon initiating the exposure to ethanol, but not after the sedation recovery period
following the first exposure (Krishnan et al., 2011). Mutations in Synapsin (syn),
which encodes a pre-synaptic vesicle scaffolding protein, produce hyper-

tolerance to ethanol (Godenschwege et al., 2004).
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It is difficult to dissect whether solely disrupting pre-synaptic mechanisms
is sufficient to cause defects in ethanol tolerance or whether postsynaptic
dysfunction arising from impairment in pre-synaptic mechanisms is the primary
cause. Whichever the case may be, the functions of Synapsin are many, thus it is
feasible to speculate that hyper-tolerance to ethanol in syn mutants could stem
from misregulation in NT release, defects in neurite growth, synaptic formation
and/or maturation, or due to the inability to prioritize the assembly of ready-to-

release vesicles from those in the reserve pool (Cesca et al., 2010).
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Results and Methods

Arfip and Arf6 Suppress RhoGAP18B’s Behavioral Resistance to Ethanol
Sedation

To uncover genes that interact with the Drosophila Rho-GTPase activating
protein RhoGAP18B, a screen was performed using 300 randomly selected P-
element mutants on the third chromosome. Mutations were isolated that modified
the semi-lethality phenotype of the strong whir® allele, and subsequently verified
whether these mutations could also modify the ethanol sedation resistance of
RhoGAP18B mutants.

| identified CG1784, which encodes the only Drosophila homologue for
mammalian Arfaptins (Arfips) as a suppressor of whir’. Arfips were originally
isolated as Rac binding partner and since RhoGAP18B activates Rac in vitro,
while Rac1 mediates whir’s mutant ethanol effects in vivo, | was encouraged to
study to Arfip in terms of behavioral ethanol sedation. Loss-of-function imprecise
excisions mutants were generated, and | tested one of these for behavioral
ethanol phenotypes (Fig S2). To validate the relevance of the performed screen
to ethanol- induced responses, | tested whether a single copy of Arfip and Arf6,
which have no phenotype compared to controls, would genetically interact with
whir and modify their mutant ethanol resistance phenotype. Indeed,

heterozygous mutations in Arfip and Arf6, which alone have no phenotye
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compared to wildtype, partially suppressed the strong ethanol resistance whir’
mutants (Fig 1a and b).

The fact that a copy of either Arfip or Arf6 suppressed RhoGAP18’s
mutant phenotype, it suggested that both Arf6 and Arfip function in acute ethanol
sedation in the opposite direction a RhoGAP18B. That is, while RhoGAP188B
mediates ethanol sensitivity, Arfip and Arf6 would mediate ethanol resistance. |
then tested whether homozygous Arfip and Arfé mutants showed behavioral
sensitivity to the sedative effects of alcohol. Indeed, Arfip and Arf6 mutants
showed strong sensitivity to alcohol sedation compared to controls (Fig 1¢ and
d).

To determine whether Arf6 mutants absorbed and metabolized ethanol
normally, | determined the internal ethanol concentration of flies after various
exposure doses. Results show that although Arf6 mutants require very low
concentrations of ethanol to arrive at the ST-50, they absorb ethanol at the same
rate as their WT counterparts in all time points assessed (Fig S2), indicating that
the behavioral phenotype in Arf6 mutants is caused by a pharmacodynamic, and

not pharmacokinetic defect.

31



Arfip and Arf6 Regulate Behavioral Ethanol-Resistance in the Same Genetic
Pathway as RhoGAP18B

Biochemical studies have previously shown that Arfip and Arf6 function
synergistically to mediate actin dynamics in various cell lines (D’Souza-Schorey
et al., 1997). To test whether Arfip and Arf6 function in the same pathway in vivo,
| generated Arfip/Arf6 double mutants and exposed them to sedating levels of
ethanol vapors. | hypothesized that if Arf6 and Arfip function in a linear pathway,
the loss of Arfip would not exacerbate the ethanol sensitivity phenotype of Arf6
mutants. The Arf6/Arfip double mutants are equally sensitive as Arf6 mutants (Fig
1e and f). To exclude the possibility of a ‘floor effect’, i.e. Arf6 mutants had
already reached maximum possible ethanol sensitivity; | performed another
experiment under two altered conditions. First, | lowered the ethanol/air mixture
to delay sedation, and achieve a wider dynamic range. Second, | tested the
ethanol sensitivity of Arf6 double mutant together with the cheapdate mutant.
Cheapdate (Chpd) is an ethanol sensitive mutant of the Amn gene, which
functions in the PKA pathway and is not hypothesized to function in the same

genetic pathway as Arf6 (Fig 1F).
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Figure 1: Arfip and Arf6 Regulate Behavioral Ethanol-Resistance in the Same Genetic Pathway as RhoGAP18B. In
this, and the following graphs, bars represent means +SEM. Unless otherwise noted, flies were exposed to (130/20)
ethanol/air-flow rate, and the median sedation time (ST-50) was determined as described11. (a,b) Heterozygous Arfip or
Arf6 mutations partially suppress the ethanol-resistance phenotype of whir1 (** P =0.003, n = 6, a, and * P = 0.049, n = 8-
10), while not altering the wild-type phenotype of whir1 /+. (c,d) Homozygous Arfip or Arf6 mutations are sensitive to
ethanol-induced sedation (** P < 0.001, n = 4-9). Note that all Arf6 alleles utilized, Arf6P2, Arf6KG, and Arf6Gal4 showed
the same sensitivity phenotype (data not shown; also see Fig. 2b). Also, the Arf6 phenotype was not caused by
pharmacokinetic alterations (see Supplementary Fig. 2). (e,f) Arfip mutation does not increase the sensitivity of Arfé—
mutant flies (e, Arf6P2/Gal4, ns = not significant, P = 0.30, n = 9-14 per genotype), while the ethanol-sensitive cheapdate
allele of the Amnesiac gene further increased Arf6— ethanol-sensitivity (f, * P = 0.036, n = 5 per genotype). Note that flies
in (f) were exposed to a very low ethanol flow-rate of 20/130 ethanol/air, to increase the resolution of the very sensitive
phenotypes. At this low concentration, wild-type flies did not sedate within 90 minutes of exposure (Peru y Coldn de
Portugal et al. Unpublished)

| posited that if Arf6 and Arfip function in the same pathway, only the
Arf6/Chpd double mutant would show increased sensitivity compared to

Arf6/Arfip and Arf6 mutants. While the double mutants Arfip/Arf6 show no
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difference compared to Arf6 mutants, Arf6/Chpd double mutants exhibit
increased sensitivity to ethanol sedation compared to Arfip/Arf6 mutants

consistent with Arfip and Chpd functioning in distinct pathways.

Arf6 is Necessary and Sufficient in the NS for Proper Behavioral Responses to
Ethanol

To establish whether the behavioral sensitivity to the intoxicating effects of
ethanol displayed by Arfip*’? (Fig S2b) is produced by the lack of Arfip, the cDNA
of Arfip was reinserted in the Arfip mutant employing a Heat Shock Gal4 driver
(hs-Gal4) at the permissive temperature of 29C using the UAS/Gal4 binary, and
this genetic manipulation produced resistance to ethanol sedation in the Arfip
mutant, thus rescuing the mutant ethanol sensitivity (Fig 2a). To ask whether
increased ethanol sensitivity in Arf6 mutants is caused by the loss of Arf6, we
performed an Arf6 rescue experiment, where a Gal4 expressing Arf6 allele
(Arf6°*) was used to drive the expression of UAS Arf6 cDNA into the Arf6
mutants. This UAS Arf6 transgene was genetically recombined together with the
Arf6™ mutant allele.

When Arf6™%@ transheterozygous mutants carrying the UAS-Arf6
transgene are tested for their response to ethanol sedation, these flies display
normal ethanol sedation sensitivity, indicating a complete rescue of the mutant
phenotype. Importantly, introduction of the UAS-Arf6 transgene into the Arf6"#<¢
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transheterozygous mutant in which GAL4 is not expressed, failed to rescue the
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igure 2: Arf6 is Necessary and Sufficient in the CNS for Proper Behavioral Responses to Ethanol. (a) Expression
of an Arfip transgene under control of the Gal4 DNA-binding domain UAS (UAS-Arfip-HA) with the ubiquitously expressed
hs-Gal4 driver rescues Arfip12/71 ethanol-sensitivity (** P < 0.001, n = 6-10 per genotype). Flies were reared and kept at
29°C, sufficient for leaky hs-Gal4 and transgene expression, see (e). (b) Gal4-expression from the Arf6Gal4 mutant allele
rescues the Arf6 sensitivity phenotype when a UAS-Arf6 transgene is introduced (** P < 0.001, n = 6-7). In this, and
following panels, checkmarks indicate the presence of the driver, or transgene above/below. (c) Gal4 nervous system
expression from Arf6Gal4 is necessary for rescue, since neuronal expression of the Gal4-inhibitor, Gal80 (elav-Gal80),
suppresses rescue (** P <0.001, n = 7-8). (d) Neuronal expression of UAS-Arf6 (with the weak elav3E1-Gal4 driver) is
sufficient to rescue the Arf6é mutant ethanol-sensitivity (** P < 0.001, n = 5-6). (e,f) Restoration of Arfip (e), and Arf6 (f)
protein signal on western blots made with extracts from behaviorally rescued flies (see a and b respectively for genotypes,
and Supplementary Fig. 1 for additional loss-of-function characterization). (g) Expression of Gal4 from the Arf6Gal4 allele
in wild-type Arfé Gal4/+(left) and Arf6Gal4/Df mutant brain (right). Regions stained include the mushroom bodies (MB) and
neurosecretory cells (NS), which are known to be involved in behavioral ethanol responses. No gross morphological
aberrations are obvious in the mutant (see text) (Peru y Coldn de Portugal et al. Unpublished).

strong sensitivity to ethanol sedation mutant phenotype. The experiment confirms
that the absence of Arf6 expression is solely responsible for the increased

behavioral sensitivity to ethanol intoxication in the Arf6 mutants.
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When examining the neural expression of the Arf6 % driver with
cytoplasmic GFP (Fig 2g), we see that it drives in restricted brain regions in the
adult fly, inducing in the mushroom bodies. This data suggests that Arf6
expression for ethanol responses may be restricted to the nervous system. To
determine whether Arf6 is necessary in neurons to regulate ethanol’s sedating
effects, the Arf6 cDNA transgene was driven using Arf6“. However, Arf6°* driven
expression in the NS was selectively blocked by addition of Elav-Gal80 (Fig 2c).
NS expression blockade resulted in sensitivity to ethanol sedation in the mutant,
whereas in the absence of expression blockade, addition of the Arf6 cDNA
transgene in the mutant resulted in complete phenotypic restoration

| next sought to establish whether Arf6 expression specifically in the
nervous system (NS) was sufficient to rescue ethanol intoxication. To this end,
we expressed an Arf6 cDNA transgene in neurons using the nervous system
driver elav-Gal4®*" in the Arf6 mutant. Nervous system expression of Arf6

completely restored the sedation sensitivity of Arf6*¢?(Fig 2d).

Arf6 is Necessary and Sufficient in the Adult, but not During Development to
Control Behavioral Sensitivity to Ethanol Sedation

Arf6 has been previously implicated in neurodevelopmental processes,
including neurite growth and development of dendritic spines (Hernandez-Deviez
et al., 2002; Choi et al., 2006). Arf6 might be required in a sedation-circuitry, or
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acutely in the adult CNS. To elucidate the temporal requirements of Arf6in the

regulation of acute ethanol intoxication in flies, two Arf6 rescue experiments were

performed.
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Figure 3: Arf6 is Necessary and Sufficient
in the Adult, but not During Development
to Control Behavioral Sensitivity to
Ethanol Sedation. UAS-Arf6 expression was
suppressed utilizing Gal80ts, which inhibits
Gal4 at 18°C but not 25°C. The flies were
shifted to the experimental temperature for
three days after eclosion (see small
schematics). (a) Expression of UAS-Arf6
during development, utilizing whir3-Gal4/+ as
a driver, does not rescue Arf6 ethanol
sensitivity (ns, P =0.63, n = 11 per
genotype). (b) UAS-Arf6 expression in the
adult only rescues the Arf6 ethanol-induced
sensitivity (**P < 0.001, n = 8). (c) Strong
nervous system expression of UAS-Arf6 (with
the elavc155-Gal4 driver) causes lethality.
When expressed in the adult only (same
temperature regimen as in b), it rescues
mutant Arf6 beyond wild type (stippled bar, *
P < 0.05), and causes strong ethanol-
resistance in wild type (dark blue bar, ** P <
0.01, Tukey’s multiple comparison test, n > 7)
Peru y Colon de Portugal et al. Unpublished

To address whether Arf6 is required selectively during development, a

UAS Arf6 cDNA transgene was driven during development but not in the adult

using the GAL4-encoding RhoGAP18B allele, whir’. Two copies of Tubulin-

Gal80"® were employed to suppress GAL4-driven expression at the restrictive
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temperature of 17°C. In this first experiment, flies were raised at 25C, transferred
for 3 days to 17°C and tested. To investigate a requirement of Arf6in the adult
fly, the opposite temperature conditions were performed. That is, flies were
raised at 17°C and subsequently transferred to 25°C for 3 days prior to testing.
Whereas Arf6 expression in Arf6 mutants transferred from 25°C to 17°C resulted
in increased sensitivity to the sedating effects of ethanol, Arf6 expressing
mutants transferred from 17°C to 25°C exhibited complete restoration of the
mutant phenotype, demonstrating that Arf6 is sufficient and necessary in the
adult fly to regulate ethanol-induced responses. Therefore, there is no
developmental requirement for Arfé function.

An Arf6 rescue experiment was performed using the stronger neural driver
Elav®'® to ask whether Arf6 expression in the NS is sufficient to rescue ethanol-
induced responses (Fig 3C). Developmental expression of Arf6 using this driver
caused lethality in larvae, therefore a single copy of temperature sensitive
Tubulin-Gal80” was used to selectively enable adult expression of Arf6. While a
single copy of Tubulin-Gal80° suppressed larvae lethality, partial ethanol
response rescue was obtained in flies kept at a restrictive temperature of 20C
throughout development and in the adult, indicating that one copy of Tubulin-

Gal80° was not sufficient to fully suppress Gal4 driven expression in the adult
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(data not shown). However, when adult flies were transferred to 20C to 29C for 3

days, a resistance phenotype was produced in the rescue condition (Fig 3C).

Arfip Integrates the Rho-Family and Arf6 Signaling Pathways through Binding to
GTP Forms of Rac1 and Arf6 GTPases

While several studies have indicated that Arfip exclusively binds to the
GTP bound form of Arf6 (Tarricone et al., 2006; Shin et al., 2001). Other studies
have shown that Arfip also binds to GTP or GDP forms of Rac? (Shin et al.,
2001; Tarricone et al., 2001). Therefore, the question of whether Arfip binds to
either GTP/GDP forms Rac1 and Arf6in Drosophila S2 cells was investigated
(Fig 5a and b). A FLAG-Arfip expressing cell line was generated and transiently
transfected with either GTP/GDP forms of Rac1 and Arf6, which were tagged
with yellow florescent protein.

Figure 4a shows that Arfip preferentially interacts with Rac1. GTP-locked
mutant, although it can still bind to Rac7-GDP (Fig. 4a). As with mammalian
Arfaptin 2, Immunoprecipitation experiments show that Drosophila Arfip binds
preferentially to Arf6 GTP over its inactive Arf6 GDP nucleotide (Fig 4b).
Therefore, Arfip can bind to activated Arf6 and Rac (Tarricone et al., 2001), and

together regulate ethanol sedation behavior (Rothenfluh et al., 2006).

39



Q g
a @/\ oX C
APRARAY
Q@ Q’Ib Q[b blot )
— whir!; + J
anti-GFP  (Rac1 **
IP - anti-FLAG (Arfip) +oam- 1) -

0 10 20
d ST-50 (min)

- anti-GFP (Rac1) .
v + 0+ H

’

— anti-FLAG (Arfip) Y Racch +
vV Rac®; Arf6~ 1 J

+ o+

cell lysate

b ,&Q OQ ns
o 0 & S
USROS blot whir-Gald/+ 0 10 20

Tub-Gal80's: ST-50 (min)
IP M anti-FLAG (Arfip) v ‘ot { !

vV UAS-Arf6; +
- anti-GFP  (Arf6) v UAS-Arfs;Arfip " i
cell lysate v +; Afp I J**

1 f A
- anti-FLAG (Arfip) —elavc el O 10 20

Tub-Gal8o's ST-50 (min)

Figure 4: Arfip Integrates the Rho-to-Arf Pathway through binding to GTP forms of Rac1 and Arf6é GTPases. (a,b)
Arfip preferentially binds to the GTP-locked forms of Rac1 (a) and Arf6 (b). Drosophila S2 cells, stably expressing Arfip-
FLAG, were transiently transfected with Rac1-YFP, or Arf6-YFP. GTPase pulled down with anti-FLAG beads was then
detected with anti-GFP antibody, and representative pull-downs of multiple independent ones are shown. Mutants used
were Rac1G12V (GTP-locked), Rac1T19N (GDP-locked), Arf6-Q67L (GTP-locked), and Arf6T44N (GDP-locked). (c,d)
Arf6— double mutants with ethanol-resistant whir1 (c) or activated Rac1 (UAS-Rac1¢*), driven with whir3-Gal4/+ in the
adult only using Tub-Gal80ts to avoid developmental lethality (see Fig. 3b) are no different from ethanol-sensitive Arfé
mutants alone, indicating that Arf6 acts downstream of RhoGAP18B and Rac1. (ns = not significant, P = 0.25, ** P <
0.001, n > 7 per genotype, ¢, and ns = not significant, P = 0.44, ** P < 0.001, n > 6 per genotype for d). Arf6—is
Arf6KG/P2. (e) The ethanol-resistant UAS-Arf6 overexpression phenotype is unchanged when ethanol-sensitive Arfip12 is
introduced, indicating that Arf6 acts downstream of Arfip. (ns = not significant, P = 0.85, ** P < 0.001, n > 6 per genotype.
Pan-neuronal elavc155-Gal4/+ was used to drive UAS-Arf6 in the adult as in Fig. 3c)(Peru y Coldn de Portugal et al.
Unpublished).

Arf6 Mediates Ethanol Sedation Downstream of Arfip and Rac1

To investigate how signal transduction between Arf6, Rac1, and Arfip is
hierarchically conveyed, | performed a genetic epistasis experiment, which
compared the ethanol response sensitivity of Arf6 and RhoGAP18B mutants to a

double Arf6 and whir’ double mutant. | initially reasoned that if Arf6 functioned
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downstream of RhoGAP18B, the phenotype in this double mutant would
phenocopy the Arf6 mutant and not the whir’ ethanol resistance mutant (Fig 4c).
While the whir mutant shows ethanol resiance, the whir1/Arf6 double mutant
shows ethanol sensitivity, suggesting that Arf6 functions downstream of

RhoGAP18B.

Many studies using various cell culture systems have shown that Arf6 and
Rac1 function in the same pathway, although with conflicting results as to the
epistatic relationship between Rac1 and Arf6. To this end, | expressed
constitutive active Rac1 (G12V) in the Arf6 mutant background using whir’-Gal4
as driver. Note, that as heterozygotes, whir3/+ displays wild-type ethanol
sensitivity (Rothenfluh et al., 2006). To circumvent developmental lethality
caused by Rac1“* expression, Tubulin-Gal80°was used to control the temporal
expression of Rac1 via temperature. While expression of Rac1?* in the wild-type
background results in resistance to ethanol sedation, expressing Rac1“* in the
Arf6 mutant background produces sensitivity to ethanol-induced sedation
indistinguishable from Arf6 ethanol-sensitivity. This data indicates that Arf6
functions downstream of Rac1 and RhoGAP18B.

Expression of Arf6 in the wild-type nervous system produced strong
ethanol resistance, which allowed us to perform an experiment where Arf6 would
be expressed in Arfip mutants to ask whether Arfip would be epistatic over Arf6.
Because our IP experiments support the hypothesis that Arfip is a mediator of a
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cross talk between Rac1 and Arf6, and my genetic epistasis experiments show
that Arf6 functions downstream of Rac1, we hypothesized that Arf6 would
regulate ethanol sedation downstream of Arfip (Fig 4e). To test our hypothesis, |
expressed Arf6 in the nervous system of Arfip mutants and WT using the pan-
neuronal driver elav®’*® —Gal4, including one copy of Tubulin-Gal80* to prevent
developmental lethality. Contrasting the behavioral sensitivity of Arfip mutants,
Arf6 expression in the NS of Arfip mutants conferred behavioral resistance to
ethanol sedation, which was no different than in the WT, indicating that Arf6

controls behavioral responses downstream of Arfip.

Arf6 Regulates Insulin- Induced S6K-P Upstream of PI3K

Recent evidence suggests that Arf6 is required for insulin-induced AKT
phosphorylation (AKT-P) in Hela cells, suggesting that Arf6is an upstream
regulator of AKT (Lim et al., 2010). Other reports have examined whether Arf6
has a role in /InR signaling but did not find a requirement for Arf6 (Yang and
Mueckler, 1999; Lawrence and Birnbaum, 2001; Bose et al., 2001). AKT
regulates S6K by directly binding and phosphorylating Tuberous Sclerosis
Complex 2 (TSC2). This phosphorylation destabilizes the TSC complex leading
to inhibition of Rheb and activation of TOR, which in turn phosphorylates and
activates of S6K, while inhibiting translational inhibitor and AKT effector, 4E-BP.

Because Arf6 was shown to function upstream of AKT and insulin-induced
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activation of AKT leads to downstream of activation of S6K;, | thus posited that

Arf6 was required for S6K-P.
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Figure 5: Arf6 Positively Regulates Insulin- Induced Activation of S6K to Control Behavioral Ethanol Responses
a) Arf6— double mutants with ethanol-resistant activated insulin receptor (UAS-InRCA) are as sensitive as Arf6— mutants
alone, indicating that Arf6 acts downstream of InR. (ns = not significant, P = 0.92, ** P < 0.001, n > 6 per genotype). (b)
Arf6— double mutants with ethanol-resistant activated S6 kinase (UAS-S6kCA) are as resistant as S6kCA mutants,
indicating that S6k acts downstream of Arf6 (ns = not significant, P = 0.64, ** P < 0.001, n > 5 per genotype). Both UAS-
INRCA and UAS-S6KCA were expressed using whir3-Gal4/+ in the adult only using Tub-Gal80ts to prevent developmental
lethality. Arf6—is Arf6KG/P2 in (a) and (b). Also see Supplementary Fig. 3 for adult neuronal phenotypes obtained with
perturbations in InR signaling. (c-f) Representative western blots with quantitation (f, n=3) showing an increase of S6k
phosphorylation (P-S6k) in serum-starved Drosophila S2 cells (c) exposed to insulin. The increase of S6k-P is blocked by
the Pi3 kinase inhibitor wortmannin. P-S6k increase by insulin is strongly reduced in Arf6 RNAi-depleted cells (d), and
augmented in activated Arf6Q67L- overexpressing cells (e). Note that 200nM wortmannin efficiently inhibits P-S6k in Arf6
Q67L-overexpressing cells (data not shown) (Peru y Colén de Portugal et al. Unpublished).

Acute Ethanol Intoxication and Lack of Arf6, Both Cause Loss of S6K-P

Corl and colleagues (2004) demonstrated that in Drosophila, neuronal InR
signaling reduction confers ethanol-sensitivity, while iInR increase produces
resistance to sedating ethanol effects. It remained to be confirmed whether Arf6
could regulate /nR signaling in Drosophila and if so, whether Arf6 mediated
control of /nR signaling regulates ethanol-induced responses. To ask whether
Arf6 mediates InR signaling, genetic epistasis experiments were performed
between Arf6 and InR using whir® driver together with a copy of Tubulin-Gal80" to
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avoid compensatory-response phenotypes associated with developmental
transgene expression (Fig 5a). | found that expressing the /InR-“* in the WT
produced strong resistance to ethanol sedation, while /nR-“* expression in the
Arf6 mutant resulted in strong sensitivity to ethanol intoxication indicating that

Arf6 functions in the insulin signaling pathway downstream of the /nR.

a Figure 6 Acute Ethanol Exposure and
ethanol 0 80 110 130 150 O 80 Lack of Arf6, Both Cause Loss of S6K-
. P:(a) Western blot of wild-type Drosophila
% sedation — 24 71 83 100 - 73 head extracts showing loss of S6 kinase
phosphorylation (P-S6k) with increasing
P-S6k dose of ethanol exposure (left six lanes).
In Arf6— mutant extracts, P-S6k is not
S6k detected, regardless of ethanol exposure
actin (right two lanes). In this panel, the dose
is indicated as ethanol flow rate, where
ethanol/air flow rate = 150. Flies were
) exposed for 20 minutes, and the average
b -@- wild type % Arf6~ | percentage of flies sedated is indicated.
Arf6— is Arf6KG/P2. (b) Quantitation of
the data shown in (a), with n=3
independent blots. (c) Model of the Arf6-
hd mediated signaling pathway to control
*/ o ethanol sedation, see text. Cyth2 is
1 é Cytohesin 2, also known as ARNO. Note
1 . that ethanol inhibits S6k phosphorylation
) via an unknown, and not necessarily
\ v direct mechanism (Peru y Colon de
0 - e V= Portugal et al. Unpublished)

§—¢

P-S6k / S6k

ethanol 0 80 110 130 150 0 80

In light of the evidence that increasing /nR signaling produces resistance
to ethanol sedation, and that InR is a positive regulator of AKT/TOR effctor S6K,
we hypothesized that expression of S6K“*would lead to ethanol-induced
resistance to ethanol intoxication both in the WT. Because Arf6 functions
downstream of InR, it was unclear whether Arf6é would function upstream or
downstream of S6K in Drosophila. To test our hypothesis, | assayed the ethanol
sensitivity of S6K“* over expression in the WT and in the Arf6 mutant using the

44



whir’® driver together with a copy of Tubulin-Gal80® (Fig 5b). | found that S6K°*
leads to resistance to ethanol sedation in both instances, indicating that S6Kis a
downstream mediator of Arf6'’s resistance to ethanol sedation.

Next, | hypothesized that if Arf6 controls S6K activation in response to
insulin, then Arf6 mutants would have reduced baseline S6K-P compared to
controls. To test this hypothesis, western blot experiments were performed using
protein extracts of WT and Arf6 mutant heads. Compared to WT, Arf6 mutants
are completely deficient in baseline S6K-P (Figé a and b). These results
demonstrate that Arf6 is a key regulator of /nR signaling in vivo. | next asked
whether ethanol exposure and ethanol sedation affected S6K-P in vivo and if so,
whether behavioral sedation.

Experiments in human subjects have found that low ethanol levels
stimulate /nR signaling, while high levels impair it (Facchini et al., 1994; he et al.,
2007). Thus, | hypothesized that ethanol sedation would alter S6K-P in a similar
manner. That is, levels of S6K-P would be higher in flies exposed to ethanol
conditions conferring minimal sedation, while S6K-P would be reduced in flies
exposed to ethanol concentrations producing maximal sedation (Fig 6a and b).
WT flies were exposed to ethanol for 20 minutes at different ethanol/air flowrates,
and at the end of the 20-minute exposure, they were immediately frozen with dry

ice, decapitated, and protein extracts were prepared from fly heads. S6K-P levels
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were monitored in fly head protein extracts using anti-S6K-P antibody. Dosages
of ethanol vapors used ranged from low to high (E/As: 80/70, 110/40, 130/20,
150/0).

Flies exposed to the lowest dosage (80/70) exhibited an increase in S6K-P
and 24% sedation at the end of the 20 minute exposure. Moderate ethanol
dosages (110/40 and 130/20) resulted in dose dependent S6K-P decrease with
flies exhibiting increasing levels of sedation. The maximal dosage (150/0), which
conferred 100% sedation, also resulted in the complete depletion of S6K-P.
Indicating that ethanol-induced sedation is correlated with loss of S6K-P,
suggesting baseline S6K-P levels may be indicative of an organisms’ behavioral
sensitivity to ethanol exposure. Taken together, results of these sets of
behavioral and biochemical assays in cell culture and in vivo argue that ethanol
sensitive Arfé mutants are pre-sensitized to ethanol’s sedating effects due to
deficient baseline S6K-P. Thus, lack of S6K-P makes Arf6 mutants
hypersensitive to ethanol, which sedate with less with than 17mM internal
ethanol concentration (Fig S1), no wonder they are indeed more sensititive than
the ethanol sensitive Chpd mutant, which sedates at 60 minutes compared to 20

minutes for the Arf6 mutant at doses that are innocuous to the wildtype (Fig 1f).
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Insulin Producing Neuron

Figure 7: Arf6 Controls InR Signaling
and Acute Ethanol Behaviors via
Endocytosis and Recycling of InR: A
Proposed Model. Arf6 GTP promotes
InR internalization and insulin-induced
S6K-P, which mediates behavioral
resistance to ethanol sedation.
Conversely, Arf6-GDP inhibits InR
endoctytosis, and thus decreasing S6K-
P, which results in behavioral sensitivity
to ethanol sedation.
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Supplemental Figure Legends

SUPPLEMENTAL INVENTORY

Figure S1 shows that Arf6 mutants have no change in ethanol absorption and
metabolism, thus supporting the primary phenotype (Figure 1) as
Pharmacodynamic. Figure S2 shows the Arf6 and Arfip gene structure, and
indicates that mutations therein behave as amorphs, thus allowing rescue, as
shown in Figure 2. Figure S3 shows phenotypes obtained by adult neuronal

perturbation of the insulin pathway, thereby supporting Figure 5.

SUPPLEMENTAL DATA
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Figure S1: Unchanged Ethanol

Absorption and Metabolism in Arfé
Mutant Flies. Flies were exposed to
150/0 ethanol/air, flash frozen and their
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Figure S2: Schematic Representation of the Drosophila Arfip and Arf6 Loci and Mutations, which Act as

Amorphs (Enabling Rescue in Figure 2). (A) Exons are indicated by boxes, with the open reading frame in color. Small

deletions of Arfip, induced by imprecise P-element excision are indicated above (left), and transposon insertions in the

Arf6 gene are indicated by triangles (right). (B, C) Large deficiencies completely removing the Arf6 gene (B), or Arfip (C),

were crossed to other alleles. The mutant transheterozygous Df genotype was no more severe that the other mutant
phenotypes (n>7, ns p>0.62), indicating that the non-Df alleles are amorphic (null) (Peru y Coldn de Portugal et al.

Unpublished).
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Figure S3: Adult Neuronal Changes in Insulin Receptor Signaling Cause Behavioral Ethanol Phenotypes,
Supporting Figure 5. (A-C) Flies containing Tubulin-Gal80ts were raised at 17°C, then shifted to 29°C for 3 days during
adulthood to allow UAS-transgene expression, and then tested for ethanol-induced sedation at E/A=130/20. Expression of
the Pi3 kinase inhibitor p60 (A, Weinkove et al., 1999), or activated forkhead transcription factor FOXO-TM which is
negatively regulated by insulin signaling (B, Junger et al., 2003) caused sensitivity, while activated S6K expression led to
ethanol-resistance (C). n>5 per genotype, *p<0.05 ((Peru y Coldn de Portugal et al. Unpublished).
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EXPERIMENTALPROCEDURES

Fly Stocks, Genetics, and Behavioral Experiments

Flies were maintained on regular cornmeal/yeast/molasses at 25°C/65% humidity
(unless otherwise specified). Flies were out-crossed for at least 5 generations to
the w1118 Berlin genetic background. The following fly strains were obtained
from the Bloomington stock center: Arf6P2 (EP2612, #17076), Arf6KG
(KG02758, #13763), Arfipd04253 (#19201, the original whir3-interaction strain).
Arfip12 was generated by imprecise excision of ArfipUM-8176-3 (Szeged stock
center). Arf6Gal4 was obtained from the Kyoto stock center (NP5226, #104910).
Ethanol exposure and determination of the ST-50 via measuring the flies’ loss-of-

righting reflex was performed as described (Rothenfluh et al., 2006).

Ethanol Sedation Assay

The ST-50 was used as a measure in all ethanol-induced sedation experiments
and experiments were performed as described in (Rothenfluh et al., 2006). The
ethanol/air pressure ratio varied depending on the purpose of the experiments

(For more information see the result section).

Ethanol Absorption Assay
Ethanol concentration in flies was measured using the ethanol reagent kit (# 229-
29) from Genzyme Diagnostics. Millimolar (mM) ethanol concentration in flies
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was calculated in accordance to the protocol provided by the vendors. WT and
Arf6 mutants (a total of n=3 per genotype were tested, where n=1 consisted of 90
flies) were exposed to ethanol vapors (E/A: 150/0) for various times points (S2)
and sedation was monitored through out the exposures. At the end of the
exposures, flies were frozen in dry ice and homogenized. Tissue preparation as

performed as described in (Moore et al., 1998).

Immunohistochemistry

An Arf6**/Cyo; UAS-mCD8GFP stock was produced and virgin flies were crossed
to W. Berlin and Arf6° mutant males. F1 progeny absent of balancers were
collected. Flies were decapitated and their brains dissected in either PBT or HL3
solutions. Immunostaining of fly brains was carried out as described in (Wu &
Luo, 2006). GFP labeling was performed by incubating brains at 4C in rabbit anti-
GFP (1:250) and by FITC-coupled goat-anti rabbit secondary antibody (1:500).
Neuropil staining was achieved by incubating brains in a1:50 dilution of NC82
mouse antibody and with a TRITC-coupled goat anti-mouse antibody. Brains

were imaged with a Leica confocal microscope.

Cell Culture and Co-Immunoprecipitations
Drosophila S2-Gal4 cells were maintained at 26°C, in Schneider medium (Gibco
BRL) with 10% Fetal Bovine Serum. Constructs were made using Gateway
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cloning (T. Murphy, Carnegie, Baltimore, MD) and clonase (Invitrogen), and
transfected using standard calcium chloride protocol. Stable transfections were
generated with pCoHygro (Invitrogen) and maintained in the presence of
22mg/ml hygromycin in the medium. Anti-Arf6 dsRNAi was generated using the
Megascript T7 kit (Ambion), and cells were treated daily with 3ug dsRNAI for
three days. Serum starved cells were treated with insulin (Sigma-Aldrich) or
wortmannin (LC Laboratories) for 30 min prior to harvesting. For pull-downs, cells
were washed in PBS, and lysed in IP buffer (50mM Tris-base pH=7.4, 50mM
sodium chloride, 1% TritonX-100, 4mM magnesium chloride, protease

inhibitor mixture, Roche Molecular), incubated for four hours with FLAG-beads
(Sigma- Aldrich), washed in PBS with equal volume of 2x Lammli sample buffer

added before western analysis.

Antibody Techniques

Immunohistochemistry was performed on whole mount brains as described (Wu
and Luo, 2006), using anti-GFP 1:250 (Invitrogen), anti-bruchpilot (nc82, 1:50),
and FITC- and TRITC-labeled secondary antibodies (1:500, Sigma-Aldrich). The
nc82 antibody developed by Erich Buchner, was obtained from the
Developmental Studies Hybridoma Bank developed under the auspices of the
NICHD and maintained by The University of lowa, Department of Biological
Sciences, lowa City, IA 52242. Western blots were performed using anti-Arf6
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antibody (1:1000, Sigma-Aldrich), anti-Arfip (1:1000, (Chang et al.)), anti-S6K
(1:1000 a gift from Thomas Neufeld, University of Minnesota), anti-P-S6K
(1:2000, Cell Signaling Technology), anti-GFP (1:5000, Invitrogen), anti- FLAG

(1:1000 Sigma-Aldrich), anti-actin (1:400, Sigma-Aldrich), and anti-HRP

secondaries (1:5000, Cell Signaling Technology), and visualized using enhanced

chemiluminescence (Amersham). Densitometry was conducted using Adobe
Photoshop Creative Suite 3 (CS3) analysis tool. We report ratio of mean grey
value relative to background for an average of three separate blots probed with

both anti-S6K and anti-P-S6K.

Statistics

Statistical significance was computed using Student's t tests assuming equal
variance or one-way analysis of variance (ANOVA) tests, followed by post-hoc
Tukey testing using GraphPad Prism software. The standard error of the mean

(SEM) is represented by error bars in all experiments.
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Discussion
Arfip Functionally Connects the Rho-Family to Arf6 GTPase to Regulate Ethanol
Sedation Behavior

A study by Rothenfluh et al. (2006) determined that white rabbit (whir), a
mutation in the X-linked gene RhoGAP18B, induces behavioral resistance to
alcohol sedation. In most organisms, low alcohol doses induce hyperactivity while
high levels induce sedation. Mutants of RhoGAP18B exhibit both, a reduction in
hyperactivity and decreased sedation in response to acute alcohol exposure. To
identify RhnoGAP18B interacting genes, a modifier screen was performed which
resulted in the isolation of mutations in Arfip (a.k.a. POR1 or Partner of Rac1)
and Arf6.

Arfip and Arf6 mutants exhibit behavioral ethanol sensitivity on their own
(Fig c and d) and can genetically interact with RhoGAP18B by suppressing its
ethanol resistance phenotype (Fig 1a and b). Compared to Arf6 and Chpd double
mutants, double loss of function mutations in Arf6 and Arfip are non-additive
(Figure 1e and f), indicating that Arf6é and Arfip function in the same pathway, and
suggests that this pathway may be independent of cCAMP.

Epistasis experiments were then performed to establish the hierarchical
relationship between components of the Rho and the Arf signaling pathways (Fig
4 ¢, d, and e). RhoGAP18B inhibits rac1 in vitro and acts via Rac1 in vivo
(Rothenfluh et al., 2006). Over-expression of Rac1 constitutive GTP-locked
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mutants produces resistance to ethanol sedation, while Rac1 GDP-locked mutant
over-expression produces sensitivity to ethanol sedation. Mutations in
RhoGAP18B or expression of constitutive Rac1-GTP in Arf6 mutants results in
strong ethanol sedation (Fig 4d), while CNS expression of Arf6 overcomes the
ethanol sensitivity of Arfip mutants by conferring strong resistance to the
intoxicating effects of ethanol (Fig 4e). Results indicate that Arf6 mediates naive
ethanol resistance downstream of Rac1 and Arfip.

Some studies indicate that Arfip binds to Rac1.GTP (Van Aelst et al.,
1996), but other studies have shown it bind Rac1.GDP (Shin et al., 2001), and
yet another study showed that Arfip binds to both Rac1.GTP and GDP (Tarricone
et al., 2001). Arf6é and Rac1 do not physically interact, however, Arfip has been
shown to bind to Arf6.GTP but not GDP (Shin et al., 2001; Kanoh et al., 1997;
D’Souza-Schorey et al., 1997). To investigate how the Rho pathway connects to
Arf signaling, pull-down experiments in Drosophila cells were performed (Figure
5). Results of these experiments demonstrate that Arfip interacts preferentially
with GTP forms of Rac1 and Arf6 GTPases, thus acting as a molecular link that
mediates Rac1 (Cherfils, 2001) signaling to Arf6 (Boshans et al., 2000; Tarricone
et al., 2001; Koo et al., 2007; Palamidessi et al., 2008) in the regulation of
behavioral sensitivity to ethanol sedation.

Rac1 and Arf6 co-localize on recycling endosomes and on the plasma
membrane, and translocation of Arf6 and Rac1 to the cell surface is produced by
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stimulation of Arf6 in cell culture experiments (Radhakrishna et al., 1999). Rac1,
Arfip, and Arf6 are known regulators of the actin cytoskeleton (Zhang et al., 1999;
Schafer et al., 2000; Santy and Casanova, 2001) particularly regulators of
peripheral actin and membrane dynamics (Palamidessi et al., 2008), and it may
be possible that Arfip may also be the mediator of Rac1 and Arf6- dependant
changes in cellular architecture (Santy and Casanova, 2002). Changes in actin
cytoskeleton are known to affect membrane trafficking (Galleta and Cooper,
2009; Radhakrishna et al., 1999; Schafer et al., 2003). Thus, impairment in actin
dynamics disrupts endocytosis (Galletta and Cooper, 2009) and receptor
recycling (D’Souza Schorey et al., 1995; Radhakrishna et al., 1999), and it also
impairs Arf6 cellular re-distribution at the cell surface and recycling compartments
(D’Souza-Schorey et al., 1998).

Because Arfip does not encode a CRIB Rac-effector, or a GEF domain, we
suggest that an Arf-GEF turns on Arf6 in recycling endosomes (Maranda et al.,
2001), as well as at the plasma membrane when a signal from the activated
receptor activates scaffolding proteins critical for Arf6 recruitment at the cell
surface. Once activated, Arf6 binds Arfip. Arfip functions in vesicle formation
(Peter et al., 2004), and then recruits Rac1, which functions in actin dynamics to
regulate membrane trafficking at the plasma membrane. It remains unclear
whether the mechanism by which these GTPases control acute ethanol-induced
behaviors is endocytosis and recycling directly, or through the actin cytoskeleton.
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Arf6 and Arfip are known to function in vesicle formation (Peter et al., 2004;
Honda et al., 1999), and independently, Arfip can regulate membrane curvature
through its Bin/Amphiphysin/Rvs (BAR) domain, which binds to Rac1 (Peter et
al., 2004; Habermann, 2004). Mechanisms underlying cellular architecture and
cytoskeletal dynamics are essential for intracellular transport and endocytosis,
and since Arf6 can regulate mu-opioid receptor endocytosis and recycling

(Rankovic, 2009), it may also function similarly in InR trafficking.

Arf6 Regulates InR signaling to Control Behavioral Ethanol Responses

Some studies have shown that Arf6é functions in mammalian InR signaling
(Millar et al., 1999; Li et al., 2007), though several other reports did not find a role
of Arf6 in InR signaling (Yang and Mueckler, 1999; Lawrence and Birnbaum,
2001; Bose et al., 2001). Two recent papers suggest that Cytohesin2 (Arf6-GEF)
is recruited upon InR activation, through scaffolding protein CNK1, which
activates PIP5 kinase and IRS-1 (Hafner et al., 2006; Lim et al., 2010). Arf6 RNAI
disrupts insulin-induced AKT-P, while expression of constitutive-active Arfé
(Q67L) increases AKT-P even in the absence of insulin (Lim et al., 2010).

Our data demonstrate that Arf6 is a critical regulator of InR signaling in
Drosophila cells and in vivo. Genetic epistasis experiments indicate that
constitutively active InR fails to signal in Arf6 mutants (Fig 5a), though activation
of its effector S6K rescues the ethanol hypersensitivity of Arf6 mutants (Fig 5b).
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These experiments show that Arf6 functions downstream of InR but upstream of
S6 kinase. Cell culture experiments were performed to determine whether Arfé
induced signaling would be sensitive to changes in PI3K. Results showed that
Arf6 regulates S6K-P downstream of InR, but in a PI3K dependent manner.
Constitutive active Arf6 increases S6K-P and can also enhance insulin-induced
S6K-P. Pharmacological inhibitor of PI3K, wortmannin, diminished both insulin
and Arf6-induced S6K-P (Fig 5f). Additionally, Arfé knock-down reduced baseline
and insulin-induced S6K-P, and the sharp decreases in S6K-P produced by
reduction of Arf6 did not enhance that of wortmannin (Fig 5E). Indicating that Arf6
regulates InR signaling upstream of PI3K.

Complete loss of InR produces lethality (Fernandez et al.,1995), as is with
S6K loss, but occasionally, there are survivor mutants with small-body size
(Montagne et al 1999). Partial loss of function mutations in other InR signaling
components also produce small body size (Montagne, 1999), and ablation of
IPC’s in flies, which decrease InR signaling, produce diabetes mellitus-like
pathophysiology (Rulifson et al., 2002). Arf6 mutants are viable and
morphologically normal (data not shown), with male infertility being the only overt
phenotype (Dyer et al., 2007). Some reports in adipocytes indicate that Arf6
regulates insulin’s effects on Glut4 plasma membrane translocation (Millar et al.,
1999), though another report that Arf6 regulates trafficking of Glut4 in response
to endothelin but not insulin (Bose et al., 2001). These data supports the
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hypothesis that the role of Arf6 in InR signaling is restricted to some functions of
insulin function, but not all.

In our cell culture experiments, we show that serum-starved cells have
baseline S6K-P, which is sensitive to changes in Arf6, while Arf6-induced
increase in baseline S6K-P is abolished by wortmannin (Figure 5 d, e, and f).
This suggests that Arf6 may function to maintain temporary baseline InR
signaling in times of Insulin scarcity. It has been shown in adipocytes that plasma
membrane recruitment of Cytohesin2 is dependent on PI3K produced PIP,
(Venkateswarlu et al.,1998), which suggests that InR signaling to PI3K occurs
first and subsequently Arf6 is recruited via Cytohesin2 for signal amplification. In
the absence of this Arf6 feed-forward mechanism, sufficient InR signaling might
thus occur maintain viability in the absence of Arf6, and explain why loss of InR
and S6K result in lethality, but loss of Arf6é does not.

While too much insulin can repress InR signaling (White, 2003), the
and it is only released when blood glucose levels surge or in relation to signals
stemming from body adiposity (Plum et al., 2005; Bagdade et al., 1967; Polonsky
et al., 1988). Because of this, surface InR’s must be sensitized to insulin. Either
the inability of InR’s to sensitize to insulin (i.e. insulin resistance), or failure to
maintain baseline InR signaling, which may in turn help to sensitize InRs via a
feed-back mechanism (Puig et al., 2004), constitute pathological conditions that
are at the heart of diseases, such as diabetes type Il (Bar, 1983), and since Arf6
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functions to amplify InR signal, it might offer a protective role against insulin

related-morbidity.

Neuronal S6 Kinase Mediates Acute Ethanol Behaviors Downstream of Arf6

InR signaling changes regulate ethanol-induced behaviors (Corl et al.,
2005; Eddison et al., 2011), and ethanol exposure in turn alters InR signaling
(McClure et al., 2010; He et al., 2007). The acute and chronic effects of ethanol
on InR signaling have been documented by several studies. In consensus, low
ethanol doses increase insulin signaling, which increase insulin sensitivity in
humans (Facchini et al., 1994), and high ethanol levels decrease InR signaling
(He et al., 2007), using as measures AKT phosphorylation, or ethanol-induced
acute insulin-resistance in humans (Shelmet et al., 1988). Our data shows that
S6K, an InR and Arf6 effector, regulates naive ethanol sedation.

Acute ethanol sedation alters neuronal S6K-P in a dose-dependent manner.
Low ethanol levels increase S6K-P, and high doses, which confer total sedation,
completely abolish S6K-P (Fig 6). Thus, ethanol-induced S6K-P changes and
ethanol-induced sedation strongly correlate in vivo. Arf6 mutants are completely
devoid of neuronal S6K-P and ethanol levels that increase S6K-P in wild-type
flies, fail to increase S6K-P (Fig 6). This data suggests that the S6K-P loss
contributes to ethanol’s intoxicating effects, and the lack of S6K-P in the ethanol-

sensitive Arf6 mutants, pre-disposes them for early intoxication.
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How ethanol affects S6K-P is unknown, as it is also not known whether
ethanol itself can directly interact with the InR receptor at low millimolar
concentrations and affect signaling (Seiler et al., 2000). Ethanol inhibits receptor
tyrosine autophosphorylation at pharmacologically relevant doses (Banerjee et
al., 1998); Luo and Miller, 1999; Resnicoff et al.,1993). It is unclear whether
ethanol disrupts InR tyrosine kinase (RTK) auto phosphorylation by interacting
directly with the receptor or factors in the receptor complex. Seiler et al., (2000)
found that 150 mM ethanol non-competitively inhibits the InR tyrosine kinase
domain. The authors narrowed ethanol’s direct effects to the carboxy terminal
end of InR. While ethanol disrupted ligand-dependent InR tyrosine-P, ethanol-
reduction of kinase activity was half maximal at roughly 25 mM ethanol.

Ethanol can also impair insulin signaling in tissues other than the brain,
such as skeletal (Kumar et al., 2002) and cardiac (Lang et al., 2000) muscle.
Though the present dissertation focuses on the role of InR signaling and the
effects of ethanol in the nervous system, it is recognized that ethanol might affect
other tissues in a distinct manner. Little is known about the way ethanol affects
InR/S6K signaling in the nervous system, however, in skeletal muscle, ethanol
does not appear change AKT, IRS-1, or InR tyrosine phosphorylation levels, but
ethanol does impair the ability of either insulin or insulin growth factor 1 (IGF-1) to
phosphorylate S6K sites T389 and T421/S424 (Kumar et al., 2002). Lang et al.
(2004) showed that intra-peritoneal ethanol injection prevented the ability of IGF-
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1 to phosphorylate S6K and this effect lasted up to 8 hours, even in rats that
received 4-methylpyrazole. Thus suggesting that ethanol’s inhibitory effects on
IGF-1’s ability to phosphorylate S6K occurs independently of ethanol metabolism.
Interestingly, ethanol did not reliably prevent IGF-1 from phosphorylating 4EB-P1,
another InR effector which functions in a parallel pathway to S6K. This data
suggests that ethanol might affect insulin-induced translation of selected mRNAs
and protein synthesis (Proud, 2006).

At the same time, since ethanol affects InR autophosphorylation (Seiler et
al., 2000), the InR might not signal downstream resulting in S6K not being
activated via PI3K/AKT, although it is also recognized that certain steps in the
InR pathway are not obviously affected by ethanol such as the adapter protein
IRS-1 and PDK1 (Kumar et al., 2002). Studies in skeletal muscle only tested for
acute ethanol intoxication, while here | present data for ethanol’s dose dependent
effects on behavioral ethanol sensitivity and S6K-P, both of which are strongly
correlated to one another (See Fig 6).

Chronic ethanol uptake has been shown to stimulate secretion of various
hormones such as insulin and thyrotropin releasing hormone (TRH) in rat
pancreatic islets (Benicky et al., 2000). Several days of ethanol drinking can also
increase insulin/InR binding in rat adipose and liver tissues, but not in skeletal
muscle (Macho et al., 2003). Just as it is unclear how ethanol suppresses S6K-P,
It is also unclear how lower acute ethanol doses increase S6K-P (Fig. 6), no data
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has shown that acute ethanol stimulates insulin peptide release, which would
have provided some account for our observation.

Explaining why Arf6 mutants are devoid of neuronal S6K-P is more difficult,
particularly since loss of S6K results in lethality, while Arf6 mutnats are viable. In
order for S6K to be fully active it must be phosphorylated at seven
serine/threonine residues (Kumar et al., 2002), and the absence of Arf6é may
prevent phosphorylation of all or some of these sites, causing diminishing S6K-P.
Alternatively, IRS-1 has been shown to be a substrate of S6K via a feed-back
mechanism (Harrington et al., 2004). Therefore, it may be possible that lack of
Arf6é might reduce S6K-induced IRS-1 activation, resulting in downstream
signaling rundown. Diminished signaling by IRS-1 cannot be amplified in the
absence of Arf6, thus exacerbating this cycle. However, this is unlikely since lack
of S6K produces lethality, although it may be worth investigating whether losing
S6K in specific tissues such as the brain, may not produce lethality.

The fact that ethanol alters acute S6K-P levels and the lack of S6K-P
strongly correlates with ethanol intoxication, ethanol-induced effects on S6K-P
might be a better readout for why Arf6 mutants are so sensitive to ethanol’s
intoxicating effects. Therefore, | propose that ethanol affects in vivo S6K-P by
partially altering insulin induced InR signaling, which is dependent on Arf6 (Fig 6),

although it is unclear whether acutely, ethanol affects Arfé GTP status.
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InR/Arf6/S6K Signaling May Function in Synapse Size and Number to Control
Ethanol-Induced Behaviors

InR signaling is essential to many nervous system functions, including
neuronal growth, synaptogenesis, and cognition. The InR receptor is ubiquitously
expressed in the mammalian brain (Havrankova et al., 1978), and in flies, the InR
expression profile becomes more restricted in adult Drosophila NS (Fernandez et
al., 1995; Gorczyca et al., 1993). Ellipsoid body InR overexpression produces
neuronal enlargement and increased synaptogenesis (Martin-Pefa et al., 2006).
At the neuromuscular junction (NMJ), over expression of InR effectors PISK, AKT
or S6K enhance bouton number and mini frequency (Martin-PenRa et al., 2006;
Knox et al., 2007; Howlett et al., 2008).

A recent report in Xenopus tadpoles revealed that InR expressing optic
tectal neurons have decreased synaptic density, AMPA mEPSC'’s, and abnormal
dendritic arborizations, but normal release probability (Chiu et al., 2008).
Unpublished results from Chang et al. show that Arfip mutants have reduced
synaptic growth at the NMJ, while increase in growth is produced by Arfip over-
expression at the NMJ. Our Arf6 mutant brain immunostaining analysis revealed
no gross structural defects (Fig. 2g), still Arfé mutant brains might have subtle
defects only detectable at the ultrastructural level (i.e synapse size and/or
number. A recent study revealed that synapse number is a factor affecting
behavioral sensitivity to the intoxicating effects of ethanol (Eddison et al., 2011).
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Recent evidence shows that Arf6 regulates long-term synaptic depression
(LTD) (Scholz et al., 2010), and many of its GEF regulators have been shown to
interact with the postsynaptic density (PSD) or post-synaptic specializations
(Sakagami, 2008) of both excitatory (Sakagami et al., 2008) and inhibitory
synapses (Fukaya et al., 2011) suggesting that Arf6 functions in synaptic
plasticity. Homeostatic plasticity affects synapse size, with larger synapses
having greater release probability than smaller ones, particularly since synapse
size reflects the size of the readily-releasable vesicle pool (Murthy et al., 2001).

Consistent with data showing that Arf6 functions in synaptic plasticity, Arfé
is enriched in synaptic plasma membrane fractions and when activated, Arf6
induces AP-2/clathrin coat formation in synapses via PIPKIy in rat brain-derived
cytosol and LP2 membranes (Krauss et al., 2003). In addition, Arfip mutants
have impaired quantal content at the NMJ (Chang et al. unpublished results),
thus in addition to a possible defect in synapse number, InR/Arf6/S6K signaling
may also be involved in homeostatic synaptic plasticity and synapse size. Given
that Arfé may have crucial roles in excitatory and inhibitory synapses, it is
feasible to envision that chronic alcohol abuse may alter Arf6 function at
synapses and may contribute to the alcohol withdrawal seizures in mammalian

models and in alcoholics.
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Arf6é Regulation of Membrane Trafficking

Ras family-related members of the Arf family of GTPases, primarily Arf1 and
Arf6, have been implicated in receptor endocytosis and recycling (D’Souza-
Schorey et al., 1995; Peters et al., 1995; Kumari, et al., 2008). Arf6 and Arf1 have
overlapping multifarious functions, perhaps due to their amino acid sequence
similarity. Despite being expressed in all tissues/cell types tested they have
distinct in vivo localizations and functions (Peters et al., 1995 Al-Awar et al.,
2000; Cavenagh et al., 1996; Song et al., 1998). Arf1 localizes at the Golgi
system and functions in cytosolic coat protein assembly, including adapter
proteins, in order to regulate membrane trafficking within the ER-Golgi complex.
Conversely, Arf6 has been shown to regulate receptor trafficking from the plasma
membrane to a recycling endosome, via a tubular compartment typically
associated with Arfé (Brown et al., 2001; Radhakrishna et al., 1997) and this
transport of receptors across endocytic steps is dependent on Arf6 nucleotide
exchange (Peters et al., 1995).

Arf6 is a regulator of the actin cytoskeleton, and actin dynamics directly
affect endocytosis and recycling (Boulant et al., 2011). For this reason,
demonstrating that Arf6é has a direct and separable role in intracellular trafficking
has been difficult. Some reports show that activated Arf6, forms actin-related
protrusions at the plasma membrane (Radhakrishna et al., 1996) and also
mediates Rac-induced membrane ruffling (Radhakrishna et al., 1999). By
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contrast, expression of wild-type Arf6 in conjunction with treatment of actin
Polymerization inhibitor cytochalasin D, or expression of dominant-negative Arf6
(Arf6T27N) alone, inhibits recycling to the plasma membrane (Radhakrishna et
al., 1997) and Rac-induced membrane ruffling (Radhakrishna et al., 1999).

A paper by Al-Awar and colleagues (2000) showed that an Arf chimera,
containing the amino half of Arf1 and the carboxy half of Arf6, which inhibited
Arf6-induced protrusions, did not affect either Arf6-mediated membrane
trafficking or Rac-mediated ruffling. Together, this data suggests that Arf6-
mediated membrane trafficking is independent of actin-containing protrusions,
and it may involve Rac-induced ruffling. The extent to which Arf6 requires Rac
induced ruffling for endocytosis is unclear, but a recent paper has shown that via
calmodulin, Rac1 can regulate Arf6-dependent endocytosis in HelLa cells (Vidal-
Quadras et al., 2011).

How Arf6 controls membrane trafficking remains unclear. A number of
studies show that Arf6.GTP promotes internalization and recycling, while
Arf6.GDP inhibits it (Rankovic et al., 2009), other studies have either found the
opposite (Sannerud et al., 2011; Naslavsky et al., 2003) or that Arf6.GTP has no
effect on endosomal mechanisms, while inactive Arf6 or ARNO (Arf6-GEF)
promote endosomal redistribution at the plasma membrane in hippocampal
neurons (Hernandez-Deviez et al., 2007). Yet other reports indicate that
expression of Arfé GTP-locked mutant (Arf6 Q67L) prevents Transferrin (Tf)
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receptor recycling by sequestering internalized cargo in vacuole-like
compartments, which lack Rab5, EEA1, Rab4, or Rab11 (Chesnau et al., 2012),
while Arf6T27N promotes endocytosis, but inhibits recycling (Brown et al., 2001;
Sannerud et al., 2011). One could argue that differences in experimental findings
may reflect the distinctive function Arf6 plays in various cell-types, but the
discrepant results obtained by various research groups using the same cell type,
may be more of a result of differences in experimental protocols and reagents
used.

Arf6 involvement in clathrin-mediated endocytosis (CIE) and recycling is
also controversial. In Chinese Hamster (CHO) cells Arf6 partially localizes with Tf
receptor-associated endosomes (D’Souza-Schorey et al., 1998). In HelLa cells
Arf6-dependent endocytosis appears to be mediated independent of clathrin
internalization (Radhakrishna et al., 1997 Naslavsky et al., 2003; Sannerud et al.,
2011). However, Arf6 exocyst complex effector sec10, which inhibits Arf6 Q67L-
induced cell spreading in NRK cells, reduces Tf recycling when knocked-down
via RNAI in Hela cells, suggesting that Arf6 may function in clathrin-dependent
pathways (CDP) (Prigent et al., 2003; Krauss et al., 2003; Montagnac et al.,
2011). Moreover, another paper in HeLa cells showed that Arf6-Q67L inhibits Tf
endocytosis but not recycling, and this mechanism is mediated via Arf6-induced

recruitment of AP-2 adapter to the cell surface (Paleotti et al., 2005).
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It may be indeed possible that Arf6 under specific conditions or cell types
regulates both CIE and CDE via distinct GEFs, particularly since distinct GEFs
have been shown to either promote or inhibit internalization (Franco et al., 1999;
Tanabe et al., 2005). Arf6 has been shown to be expressed in clathrin coated pits
and structures. Although GTP inactive Arf6 mutants (Arf6T44N and Arf6T27N)
failed to associate with clathrin-dependent structures or affect CDE, both the fast
cycling (Arf6T157N) or the GTP-locked Arf6 Q67L mutants associated with
clathrin coated structures, suggesting that GTP hydrolysis is required for Arf6
interaction with clathrin coated pits and structures (Montagnac et al., 2011)

Despite data showing Arf6é involvement in CDE, Arf6 is usually associated
with CIE (Donaldson et al., 2009). CIE has been difficult to study given the lack of
protein markers. More recently, proteins have been identified that do not interact
with AP2/clathrin associated endocytosis, such as major-histocompatibility class |
(MHCI), interleukin 2 receptor a. subunit (Tac), and the GPl-anchored CD59
(Naslavsky et al., 2003; Eyster et al., 2009) which can be internalized via Arf6
and have been used to study CIE (Naslavsky et al., 2003; Grant and Donaldson
et al., 2009; Donaldson et al., 2009; Sannerud et al., 2011). The truth of the
matter is that the stability of CDE may depend on the integrity of CIE and vice
versa. Both pathways are parallel routes of entry into the cell, and may share
downstream components or ligand-dependent factors at the plasma membrane,
which are critical for internalization processes. Evidence for this comes from a
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study in which Arf6 knockdown via siRNA, affected ligand dependent endocytosis
independent of the route of entry (Houndolo et al., 2005; Donaldson et al., 2009).

Early steps of CDE are more regulated than early steps in the CIE, but
recycling-related steps are many times more regulated than in CDE. Therefore,
disruption of critically regulated steps in either mode of entry may consequently
affect the other. In support of this notion, Sannerud et al. (2011) discovered that
modulation of Arf6-mediated internalization of f3-site cleaving enzyme 1 (BACE1),
which occurs via CIE, affects the clathrin-dependent processing of amyloid
precursor protein and amyloid $ formation. Therefore, subcellular modulation of
Arf6 via CIE may be a novel route to modulate entry via the CDE.

Many reports indicate that Arf6-Q67L forms vacuoles or macropinosomes,
which are molecularly characterized by increase in Arf6 stimulated PIP,via PLD —
induced activation of PIP5K. Phosphoinositide alteration induces changes in lipid
composition, and under constitutive Arf6 activity, elevated PIP,levels lead to
abnormal production of vesicle membranes given the fusion of PIP, positive
membranes, and membrane ruffling at the plasma membrane (Brown et al.,
2001). Under normal Arf6.GTP conditions, levels of PIP, persist until inactivation
of Arfé occurs. Arf6Q67L-induced vacuoles lack PIP,and EEA1. Loss of PIP, is
potentially caused by a PIP5-phosphatase or the activity of other molecules like
Phospholipase C (PLC) (Donaldson et al., 2009), and it enables endosomal
transport and fusion into PIP, and EEA1 positive endosomes. While this vesicle
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fusion depends on Arf6 GTP hydrolysis (Sannerud et al., 2011; Donaldson et al.,
2009; Brown et al., 2001).

An important question that remains unanswered is whether Arf6-mediated
recycling requires Rab-positive endosomes, or whether an Arf6 recycling
endosome is sufficient for reinsertion of recycled material back to the surface. It
has been proposed (Naslavsky et al., 2003) that early Arf6 endosomes fuse with
an Arf6-associated tubular structure that contains PIP,and EEA1. This step is
both dependent on Arf6 GTPase hydrolysis and PI3K.

From this tubular sorting structure material to be recycled is transported
either to an Arf6 recycling endosome or into a Rab5 and EEA1 positive
endosome, which functions via CDE. In the latter, Tac chimeras have been
generated to internalize via CDE. These chimeric proteins converge with material
internalized through Arf6 in these Rab5 and EEA1, suggesting that Rab5
functions as a relay station at the CIE/CDE interface (Naslavsky et al., 2003).
Reasons for this are unknown, although it has been shown that Arf6-internalized
material is transported from Rab5 endosomes into late endosomes and
subsequent degradation, while Tac chimeras can be successfully recycled via
clathrin dependent recycling compartments.

Various reports indicate that the InR internalizes via CIE which does not
require dynamin (McClain and Olefsky, 1988; Smith and Jarrett, 1990), although
is has been shown that InR endocyosis in dependent on dynamin, implying a
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requirement for CDE (Ceresa et al., 1998). Consistent with the InR and CDE
connection, Arf6 has also been found to facilitate dynamin-mediated endocytosis
(Palacios et al., 2002). Whether or not Arf6 is involved in InR internalization is an
open question currently being investigated in our laboratory, preliminary results
indicate that Arf6-Q67L can internalize the InR at a faster rate than wild type Arf6,
while Arf6 knockdown-impairs insulin-induced InR internalization. Future
experiments will establish whether Arf6 endocytosis and recycling of InR turns
out to be the key mechanism by which InR/Arf6/S6K controls the molecular

processes underlying acute and consumatory ethanol behaviors.

Arf6 Controls InR Signaling and Acute Ethanol Behaviors via Endocytosis and
Recycling of InR: A Proposed Model

Signal transduction mechanisms convey information from the extracellular
environment to the interior of the cell. Internalization of extracellular stimuli
induces the orchestration of intrinsic molecular events that culminate in
physiological and behavioral responses. The ability of a cell to recognize stimuli
from the extracellular milieu is directly related to receptor density at the plasma
membrane. Upon receptor activation by its ligand, post-translational
modifications take place, which recruit adapter molecules to aid in downstream

signaling and in the internalization process itself (Platta and Stenmark, 2011).
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Early endosomes are the first relay station for internalized receptors, thus
surface receptor activation is not the exclusive site of signal transduction (Sorkin
and Zastrow, 2009). Ligand binding to the endocytosed receptor persists in the
early and intermediate stages of endosomal sorting, allowing the receptor to
signal on route to other endosomal compartments (Khan et al., 1989; Burgess et
al., 1992; Sigismund et al., 2005; Calebiro et al., 2009). Because distinct
compartments contain distinct intramolecular mechanisms for signaling, the
receptor can activate proteins in a canonical manner, but also other molecules
that are not normally activated during surface signaling (Platta and Stenmark,
2011).

Endosomal compartments vary in their lipid and protein make up, as well
as in their pH (Grecco et al., 2011). Acidification leads to ligand-receptor
decoupling and this turns off signaling. Receptors can be either retained in a
specific compartment, or shuttled into a recycling or a late endosomal
compartment via highly regulated vesicle budding and fusion mechanisms.
Although it is generally thought that late endosomes are the final station prior to
lysosomal degradation, reports show that they can contribute to signaling (Lu et
al., 2009; Poteryaev et al., 2010).

GTPases of the Rab family are critical regulators of endosomal sorting,
and like Rab proteins, Arf6 GTPase functions in membrane trafficking and can
effectuate separable and distinct mechanisms in signaling and endocytosis in its
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own right. Endocytic mechanisms are essential to signaling, but how signaling
contributes to endocytosis remains unknown. Hence, | postulate that Arfé
regulates InR signaling via endocytosis and recycling of its InR receptor, but in
addition, it plays a functional role in InR signaling independent of InR endocytosis
(See Fig 8).

InRs are RTK membrane proteins. InRs are composed of two extracellular
a subunits and an intracellular B subunit, which is linked by two disulfide bonds
(Carpentier et al, 1992; Maegawa et al., 1988). Canonically, insulin activates InR
at the plasma membrane upon binding, causing it to undergo
autophosphorylation (Hari et al., 1987), endosomal internalization, and initiation
of a signaling cascade. Preventing InR endocytosis does not inhibit its
autophosphorylation nor did it inhibit AKT phosphorylation or that of its substrate,
IRS-1. However, it did prevent the activation and phosphorylation of the adapter
molecule src homology 2 containing (SHC) adapter protein. (Giudice et al., 2010;
Biener et al., 1996; Ceresa et al., 1998; Hamer et al., 2002), suggesting that
activation of these signaling components occurs at the plasma membrane.

InR signaling can occur and InRs can still be internalized (in smaller
numbers) in insulin free conditions, signifying that the biological purpose of InR
internalization, or any other receptor is not clear-cut. And although it may be
possible, it is highly unlikely that the few InRs that get internalized in the absence
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of insulin contribute to baseline InR signaling. Many suggestions have sought to
explain the function of endocytosis in InR signaling, including: the removal of
insulin from the circulation by digestion, to promote or enhance InR signaling
itself, and as a mechanism to turn “off” InR signaling in response to insulin
binding via ligand-receptor decoupling (Brannmark et al., 2010).

Data described in the present dissertation shows that behavioral ethanol
responses require Arf6 and InR signaling. | will now propose a model to explain
how mechanistically, Arf6é controls ethanol-induced behaviors via the regulation
of InR signaling. Endocytic regulation of InR in Drosophila cells has not been
investigated, and the proposed model will accommodate evidence of how Arf6
mediates endocytosis and recycling, and how InR is internalized based on
evidence available from other cell-types. The view that InR internalization is
necessary, but not sufficient to increase InR signaling is favored in this working
model, as well as the hypothesis that InR recycling functions to promote InR
signaling by refurbishing the supply of InR receptors to the plasma membrane for
continued rounds of signaling.

Blocking InR internalization and recycling via Arf6 RNAi or over expression
of Arf6.GDP-locked mutant (Sannerud et al., 2011) will be detrimental to InR
signaling. Indeed, a report by Rizzo et al (1999) showed that inhibitor of Arf-
GTPases Brefeldin A (BFA) inhibits InR internalization via CDE mechanisms.
From the perspective that Arf6 functions in InR recycling, it can be argued that
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receptor density stemming from the remaining surface InRs (or the un-
internalized InRs), paired with InR provision from the Golgi (Posner et al., 1978),
may be insufficient to keep up with the impinging demand for InR signaling, as it
may be required during an acute ethanol exposure. Thus, it should be
investigated whether an Arf6 GEF is present at the recycling endosome or at the
plasma membrane to enable Arf6-mediated reinsertion of InRs into the cell’s
surface.

Based on previous evidence demonstrating that inhibition of InR
internalization does not affect downstream signaling (Hamer et al., 2002), then
the lack of insulin-induced InR signaling produced by Arf6 RNAi in S2 cells, or
depletion of S6K-P in Arf6 mutants could not be fully accounted for, if Arf6
affected InR signaling exclusively through endocytosis of its cognate receptor. It
is predicted that since constitutive active Arfé forms vacuoles, the internalized
coupled insulin-InR will be retained in Arf6é vacuole structures where it can
continue to signal and activate other molecules, though most of the observed InR
signaling is hypothesized to stem from plasma membrane InR activation, and
most importantly through Arf6 mediated feed-forward signal amplification, thus for
this model, | argue, that Arf6 has a dual and separable direct role in InR
signaling, via InR endocytosis and the InR signal cascade via PLD and PIP5K

(Brown et al., 1993; Moritz et al., 1992).
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If the above hypothesis is true, InR activation eventually leads to Arfé
GTP to operate at the plasma membrane perhaps via a GEF. Whether or not
insulin stimulation leads to Arf6 GTP nucleotide exchange, or Arf6 is recruited
through alternative mechanisms requires verification. Consistent with this view,
since over expression of Arf6 Q67L increases InR signaling, it is hypothesized
that it will increase InR internalization. GTP hydrolysis appears to be imperative
for vesicle sorting from an early Arf6 compartment to either a tubular structure
associated with CIE, or a Rab5/EEA1 positive endosome (Sannerud et al., 2011,
Naslavsky et al., 2003), suggesting the presence of an Arf6-GAP in this early
compartment, and that internalization from the plasma membrane into an early
Arf6 compartment requires Arfé GTP.

Arf6 alters lipid composition and forms protrusions and ruffling at the
plasma membrane. Thus, an over abundance of Arf6 changes the membrane’s
fluidity causing an increase in the kinetics rate of InR internalization (Evans and
Bowman, 1992). In addition, Arf6-induced protrusions have been shown to
induce internalization (Donaldson et al., 2009), and too much Arf6 contributes to
InR endocytosis and signaling through this process.

Arf6.GDP or the absence of Arf6é does not affect BACE1 internalization,
but it affects BACE1 recycling (Sannerud et al., 2011). If activated Arf6 is

required for endocytosis from the plasma membrane into an Arf6 endosome, then
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| hypothesize that in Drosophila cells, little or no InR endocytosis will be induced
by Arf6.GDP or Arf6 knock-down. This hypothesis is consistent with our data
showing that lack of Arf6 impairs InR/S6K signaling.

InRs are internalized through clathrin-coated pits, and that Arf6 may
function in this route of internalization in some cell-types. The preponderance of
the evidence favors the notion that Arf6 mediates CIE. In the present dissertation
| show that Arf6 regulates InR signaling (Fig 5 and 6). It has been long
documented that endocytosis and signal transduction are connected, and
together these data would suggest that Arf6 regulates InR signaling through CIE
of InRs. In such instance, inhibiting CDE pharmacologically (i.e. dynasore), or
through expression of dynamin mutants should only affect Tf internalization, but
not InR endocytosis or InR signaling for that matter. Similarly, inhibition or
depletion of Arf6 should only affect InR endocytosis, but not Tf internalization.

Ethanol’s chronic (Rifkin et al., 1983; Tuma et al., 1991) and acute effects
on InR endocytosis (Fawcett et al., 1993) have been investigated. In general,
ethanol impairs the rate of InR internalization, but it does not affect insulin-
receptor binding (Fawcett et al., 1993). It remains unclear whether ethanol may
affect InR endocytosis and signaling directly, or through Arf6.

How acute ethanol exposure affects Arf6, has not been investigated,
although chronically ethanol increases neuronal Arf6 expression. In a study using
hippocampal-derived neurons from developing rats, Marin and colleagues (2010)
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found that while chronic exposure to ethanol down regulated endocytosis-related
proteins including Rab5, Rab11, and EEAA1, it caused Arf6 upregulation.
Similarly, microarray analysis of nucleus accumbens extracts of ethanol-
preferring rats showed a slight but significant increase in Arf6 RNA expression
levels (Bell et al., 2009; Saito et al., 2002). Finally, ethanol causes major changes
in cell morphology through alterations in actin cytoskeleton dynamics (Allansson
et al., 2001; Offenhauser et al., 2006). So it may be that acutely, toxic ethanol
levels might cause defects in actin depolymerization at the plasma membrane
resulting in impairment of InR endocytosis and InR/S6K signaling.

A proposed mechanism by which ethanol inhibit S6K-P is via Arf6-effector
PLD, which is acutely suppressed by ethanol in various tissues (Alling et al.,
1984; Hoek et al., 1992; Rydzewska et al., 1996). Insulin can activate PLD, which
generates PA by hydrolyzing phospholipid substrate, phosphatidylcholine (Rizzo
et al., 1998). However, Insulin induced activation of PLD is inhibited by treatment
with Arf-inhibitor BFA (Rizzo et al., 1998). PA is a second messenger that can
initiate a molecular cascade, which involves PISK/AKT, and eventually activates
S6K. However, PA can directly act on TOR and S6K in response to amino acid
sensing, or resistance exercise in skeletal muscle, in a PI3K-indepedent fashion
(O’Neil et al., 2009; Fang et al., 2001). In the exclusive presence of both acute

and chronic ethanol exposure, PLD produces the lipid phosphatidylethanol (PEt),
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while PA levels decrease in parallel with the increase in PEt. Acute ethanol intake
also decreases PLD activity in the rat pancreas 1 -2 hours after ethanol
consumption (Rydzewska et al., 1996).

While PEt degradation is slow compared to its synthesis, accumulation of
PEt in various tissues is reflective of both the presence, and amount of ethanol.
PEt has been previously found in brains of ethanol treated rats (Lundqvist et al.,
1994), and in leukocytes of alcoholics (Hoek et al., 1992; Rodriguez et al., 1996;
Alling et al., 1984; Varga et al., 2000). Taken together, if ethanol inhibits PLD
activity and suppresses S6K-P in the nervous system, it should be tested
whether neuronal S6K-P inhibition by a 20-minute treatment with sedating

ethanol doses (Figure 6), is mediated via PLD.

Future Directions

Multiple questions remain unanswered from my doctoral research, and
they will be investigated in future studies. To delineate research questions for
future directions. First, do Rac1 and Arfip participate with Arf6 to regulate InR
signaling, or are they simply mediating a signal to Arf6 from a distinct receptor-
signaling pathway? If Rac1 and Arfip regulate InR signaling, do they regulate InR
signaling through the actin cytoskeleton or by functioning in the intracellular InR
signaling cascade? Can insulin treatment recruit Arf6.GTP? And if so, which
guanine nucleotide exchange regulator activates Arf6 upon insulin treatment?
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Does lack of Arf6 impair phosphorylation of the actin-severing protein cofilin in
vivo and cell culture? Does insulin treatment induce cofilin -phosphorylation and
actin polymerization in S2 cells? If so, does the lack of Arf6, wortmannin, or
rapamycin inhibit insulin-induced cofilin phosphorylation? Does Arf6-Q67L induce
cofilin phosphorylation? Are cofilin and S6K phosphorylated by Arf6 in the same
cells? Does treatment with F-actin polymerization inhibitor cytochalasin D, inhibit
insulin and or Arf6-induced S6K-P? Does insulin induce changes in the actin
cytoskeleton using Rhodamine-phalloidin staining as markers for the actin
cytoskeleton?

Second, does Arf6é endocytose and/or recycle the InR? If so, is this the
prime mechanism by which Arf6é regulates InR signaling or does it play a dual
and separable role in InR internalization and InR signaling? If Arf6é does function
in InR endocytosis, does it internalize the inR via CDE or CIE? Does Arf6-
mediated internalization and/or recycling of InR require trafficking via endosomes
positive for Rab GTPases? Does Arf6 function in InR endocytosis through its role
in the actin cytoskeleton, or does it have a direct role in InR internalization and/ or
recycling? Does treatment with cytochalasin D inhibit Arf6/Insulin-induced InR
internalization? What are the actin dynamics in Arfé Q67L and/or Arf6 RNAI
expressing cells alone versus insulin-treated Arf6-Q67L and/or Arf6é RNAI

expressing cells at distinct insulin incubation time points?
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If Arfé positively regulates InR endocytosis and signaling, can PLD
activation under conditions of Arf6é knock-down rescue both InR internalization
and signaling, or can it rescue InR signaling but not internalization? Are Arf6
mutants insulin resistant when previously receiving a glucose challenge, further
substantiating that they are indeed impaired in InR signaling? Does insulin
resistance induced by a high sucrose or high fat diet increase ethanol
preference?

Third, is Arf6 required and sufficient in the mushroom bodies (MBs) to
regulate acute ethanol behaviors? If so, can the function of Arf6 be narrowed to a
specific subset of MB neurons? Is the InR receptor expressed in these neurons?
And if so, is Arfé downstream of InR signaling in these neuronal subsets? Do
these neurons encode neurochemicals that are relevant for alcohol addiction in
mammals? RhoGAP18B transcript RC is involved in ethanol sedation, while RA
is involved in ethanol hyper-locomotion (Rothenfluh et al., 2006), does RA over-
expression in Arf6é mutants fail to reduce ethanol-induced hyper-locomotion, while
ethanol sedation resistance by over-expression of RC is suppressed in Arf6
mutants?

Fourth, how does acute ethanol affect InR signaling including neuronal
S6K-P? Given that acute ethanol exposure inhibits PLD, is this the main reason
why intoxicating ethanol doses inhibit S6K-P? If so, do lower ethanol doses
increase PLD and thus increase S6K-P? Why do Arf6é mutants lack neuronal
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S6K-P even when exposed to ethanol doses that increase S6K-P? Do Arf6
mutants express less InRs and therefore lack InR signaling, or does lack of Arfé
impair PLD activation and hence the downstream InR signaling cascade? Can
acute ethanol impair InR endocytosis as it does InR signaling? A recent paper by
Dietz et al (2012) has shown that repeated cocaine exposure in mice
downregulates Rac1.GTP, and that this repression impairs cofilin signaling,
which contributes to alterations in dendritic spine morphology in NAc neurons.
Can other substances like ethanol also regulate neuronal activity of the Arf or
Rho family of small GTPases? More specifically, can acute ethanol or repeated
ethanol exposure, alter Arf6é or Rac1GTPase activity in the nervous system to
mediate ethanol preference via cofilin or S6K-P?

Fifth, social isolation and genetic manipulations in Rheb, an effector of
TOR signaling, influence synapse number (Eddison et al., 2011; Knox et al.,
2007), and both social isolation and NS over expression of Rheb causes
behavioral ethanol sensitivity (Eddison et al., 2011). While Arf6 mutants show no
gross morphological defects, do they show ultrastructural defects in synapse
number, which may explain why they are so sensitive to ethanol? Can synapse
number be rescued by expressing constitutive active S6K in the Arf6 mutant
nervous system or MBs, which produces behavioral resistance to ethanol

sedation? Given that Arf6 has been implicated in synaptic plasticity, do Arfé
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mutants have a defect in synapse size? Can a defect in synaptic plasticity cause
behavioral sensitivity to ethanol sedation?

Finally, a future research direction is to study Arfé and InR signaling in the
context of ethanol preference. Is Arf6 involved in ethanol preference? How does
naive ethanol sensitivity correlate with ethanol preference and consumption? If
Arf6 is involved in ethanol preference, does it function in learning and memory
components of ethanol preference? It has been shown that flies require ethanol
sedation to display ethanol preference under an ethanol pre-treatment paradigm
(Devineni et al., 2009), which suggests that ethanol dosage is a factor for ethanol
preference. However, in this protocol the ethanol dosage is delivered in a single
exposure/session. What would happen if flies receive the same ethanol dosage
but spacing the ethanol delivery by intermediate recovery periods in a massed
vs. spaced training paradigm and then tested on a two-choice drinking assay 1-3
plus days after the exposures.

Although spaced training maximizes associative learning (Chen et al.,
2012), it would also reduce ethanol sedation. Therefore, is ethanol sedation
required for ethanol preference? Which ethanol exposure paradigm produces a
long lasting form of ethanol preference? Does 24 hours ethanol preference
require protein synthesis, or is it only 3 days ethanol preference that requires it?
If mass training produces the strongest form of ethanol preference, would flies
delivered ethanol under this paradigm overcome an aversive stimulus (i.e.
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electric shock or the bitter taste of quinine) to drink ethanol? Which neurons are
involved in compulsive drinking-like behavior?

If Arf6 mutants are impaired at ethanol preference, is the neuronal loci
required to rescue Arf6’s ethanol sensitivity also required to rescue ethanol
preference? Is InR signaling required for ethanol preference and is it via positive
regulation? Can S6K-over expression in Arf6 mutants rescue ethanol
preference? It is known that quinine induces taste aversion, however, ethanol-
preferring flies overcome quinine’s bitter taste to consume ethanol-containing
food. This suggests the existence of a regulatory “switch” in taste recognition that
can initially control consumption, but that is turned “off” during the establishment
of ethanol self-administration behavior. Is this ‘switch’ encoded in neurons
involved in taste? Which molecules are at the interface of taste recognition and
ethanol preference behavior? Is this switch irreversibly turned “off” in ethanol
preferring flies? If not, can neuronal and/or genetic activation of this “molecular
switch” reverse ethanol preference behavior? Are there “molecular switches” in

other sensory modalities that contribute to the development of ethanol addiction?

85



References

Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, et al. 2000. The
genome sequence of Drosophila melanogaster. Science 287:2185-95

Agarwal DP, Harada S, Goedde HW. 1981. Racial differences in biological
sensitivity to ethanol: the role of alcohol dehydrogenase and aldehyde
dehydrogenase isozymes. Alcohol Clin Exp Res 5:12-6

Alling C, Gustavsson L, Mansson JE, Benthin G, Anggard E. 1984.
Phosphatidylethanol formation in rat organs after ethanol treatment. Biochim
Biophys Acta 793:119-22

Al-Awar O, Radhakrishna H, Powell NN, Donaldson JG. 2000. Separation of
membrane trafficking and actin remodeling functions of ARF6 with an effector
domain mutant. Mol Cell Biol 20:5998-6007

Allansson L, Khatibi S, Olsson T, Hansson E. 2001. Acute ethanol exposure
induces [Ca2+]i transients, cell swelling and transformation of actin cytoskeleton
in astroglial primary cultures. J Neurochem 76:472-9

American Psychiatric Association.1987. “Diagnostic and Statistical Manual of
Mental Disorders, Revised Third Edition.” Washington, DC: American Psychiatric
Association.

American Psychiatric Association. 1994. Diagnostic and Statistical Manual of
Mental Disorders IV. American Psychiatric Association, Washington, DC.

Arevalo E, Shanmugasundararaj S, Wilkemeyer MF, Dou X, Chen S, et al. 2008.
An alcohol binding site on the neural cell adhesion molecule L1. Proc Natl Acad
Sci U S A 105:371-5

Bagdade JD, Bierman EL, Porte D, Jr. 1967. The significance of basal insulin
levels in the evaluation of the insulin response to glucose in diabetic and
nondiabetic subjects. J Clin Invest 46:1549-57

Bainton RJ, Tsai LT, Singh CM, Moore MS, Neckameyer WS, Heberlein U. 2000.
Dopamine modulates acute responses to cocaine, nicotine and ethanol in
Drosophila. Curr Biol 10:187-94

Banerjee K, Mohr L, Wands JR, de la Monte SM. 1998. Ethanol inhibition of
insulin signaling in hepatocellular carcinoma cells. Alcohol Clin Exp Res 22:2093-
101

86



Bar RS. 1983. Factors that control insulin action at the receptor. Am J Med
74:18-30

Barnes DE, Walker DW. 1981. Prenatal ethanol exposure permanently reduces
the number of pyramidal neurons in rat hippocampus. Brain Res 227:333-40

Bell RL, Kimpel MW, McClintick JN, Strother WN, Carr LG, et al. 2009. Gene
expression changes in the nucleus accumbens of alcohol-preferring rats following
chronic ethanol consumption. Pharmacol Biochem Behav 94:131-47

Benedikt J, Teisinger J, Vyklicky L, Vlachova V. 2007. Ethanol inhibits cold-
menthol receptor TRPM8 by modulating its interaction with membrane
phosphatidylinositol 4,5-bisphosphate. J Neurochem 100:211-24

Benicky J, Nikodemova M, Scsukova S, Zorad S, Strbak V. 2000. Four-week
ethanol drinking increases both thyrotropin-releasing hormone (TRH) release and
content in rat pancreatic islets. Life Sci 66:629-39

Berger KH, Heberlein U, Moore MS. 2004. Rapid and chronic: two distinct forms
of ethanol tolerance in Drosophila. Alcohol Clin Exp Res 28:1469-80

Berger KH, Kong EC, Dubnau J, Tully T, Moore MS, Heberlein U. 2008. Ethanol
sensitivity and tolerance in long-term memory mutants of Drosophila
melanogaster. Alcohol Clin Exp Res 32:895-908

Bhandari P, Kendler KS, Bettinger JC, Davies AG, Grotewiel M. 2009. An assay
for evoked locomotor behavior in Drosophila reveals a role for integrins in ethanol
sensitivity and rapid ethanol tolerance. Alcohol Clin Exp Res 33:1794-805

Biener Y, Feinstein R, Mayak M, Kaburagi Y, Kadowaki T, Zick Y. 1996. Annexin
Il is a novel player in insulin signal transduction. Possible association between
annexin Il phosphorylation and insulin receptor internalization. J Biol Chem
271:29489-96

Biou V, Aizel K, Roblin P, Thureau A, Jacquet E, et al. 2010. SAXS and X-ray
crystallography suggest an unfolding model for the GDP/GTP conformational
switch of the small GTPase Arf6. J Mol Biol 402:696-707

Blednov YA, Stoffel M, Alva H, Harris RA. 2003. A pervasive mechanism for
analgesia: activation of GIRK2 channels. Proc Natl Acad Sci U S A 100:277-82

Blednov YA, Harris RA. 2009. Deletion of vanilloid receptor (TRPV1) in mice
alters behavioral effects of ethanol. Neuropharmacology 56:814-20
87



Boehm SL, 2nd, Ponomarev |, Jennings AW, Whiting PJ, Rosahl TW, et al. 2004.
gamma-Aminobutyric acid A receptor subunit mutant mice: new perspectives on
alcohol actions. Biochem Pharmacol 68:1581-602

Bohman M, Sigvardsson S, von Knorring AL, Cloninger CR. 1984. [Inheritance
and environment in alcohol abuse--an overview of current Swedish research].
Lakartidningen 81:2509-13

Bose A, Cherniack AD, Langille SE, Nicoloro SM, Buxton JM, et al. 2001.
G(alpha)11 signaling through ARF6 regulates F-actin mobilization and GLUT4
glucose transporter translocation to the plasma membrane. Mol Cell Biol
21:5262-75

Boshans RL, Szanto S, van Aelst L, D'Souza-Schorey C. 2000. ADP-ribosylation
factor 6 regulates actin cytoskeleton remodeling in coordination with Rac1 and
RhoA. Mol Cell Biol 20:3685-94

Boulant S, Kural C, Zeeh JC, Ubelmann F, Kirchhausen T. 2011. Actin dynamics
counteract membrane tension during clathrin-mediated endocytosis. Nat Cell Biol
13:1124-31

Bourne JN, Harris KM. 2011. Coordination of size and number of excitatory and
inhibitory synapses results in a balanced structural plasticity along mature
hippocampal CA1 dendrites during LTP. Hippocampus 21:354-73

Brannmark C, Palmer R, Glad ST, Cedersund G, Stralfors P. 2010. Mass and
information feedbacks through receptor endocytosis govern insulin signaling as
revealed using a parameter-free modeling framework. J Biol Chem 285:20171-9

Brodie MS, Pesold C, Appel SB. 1999. Ethanol directly excites dopaminergic
ventral tegmental area reward neurons. Alcohol Clin Exp Res 23:1848-52

Brodie MS, Shefner SA, Dunwiddie TV. 1990. Ethanol increases the firing rate of
dopamine neurons of the rat ventral tegmental area in vitro. Brain Res 508:65-9

Brown HA, Gutowski S, Moomaw CR, Slaughter C, Sternweis PC. 1993. ADP-
ribosylation factor, a small GTP-dependent regulatory protein, stimulates
phospholipase D activity. Cell 75:1137-44

Brown FD, Rozelle AL, Yin HL, Balla T, Donaldson JG. 2001.
Phosphatidylinositol 4,5-bisphosphate and Arf6-regulated membrane traffic. J
Cell Biol 154:1007-17

88



Bucholz K. 1992: Alcohol abuse and dependence from a psychiatric
epidemiologic perspective. Alcohol Health Res World 16:197—-208

Bulwa ZB, Sharlin JA, Clark PJ, Bhattacharya TK, Kilby CN, et al. 2011.
Increased consumption of ethanol and sugar water in mice lacking the dopamine
D2 long receptor. Alcohol 45:631-9

Burgess JW, Wada |, Ling N, Khan MN, Bergeron JJ, Posner Bl. 1992. Decrease
in beta-subunit phosphotyrosine correlates with internalization and activation of
the endosomal insulin receptor kinase. J Biol Chem 267:10077-86

Calebiro D, Nikolaev VO, Gagliani MC, de Filippis T, Dees C, et al. 2009.
Persistent cAMP-signals triggered by internalized G-protein-coupled receptors.
PLoS Biol 7:€1000172

Campa F, Randazzo PA. 2008. Arf GTPase-activating proteins and their potential
role in cell migration and invasion. Cell Adh Migr 2:258-62

Carpentier JL, Paccaud JP, Gorden P, Rutter WJ, Orci L. 1992. Insulin-induced
surface redistribution regulates internalization of the insulin receptor and requires
its autophosphorylation. Proc Natl Acad Sci U S A 89:162-6

Cavenagh MM, Whitney JA, Carroll K, Zhang C, Boman AL, et al. 1996.
Intracellular distribution of Arf proteins in mammalian cells. Arf6 is uniquely
localized to the plasma membrane. J Biol Chem 271:21767-74

Ceresa BP, Kao AW, Santeler SR, Pessin JE. 1998. Inhibition of clathrin-
mediated endocytosis selectively attenuates specific insulin receptor signal
transduction pathways. Mol Cell Biol 18:3862-70

Ceresa BP, Schmid SL. 2000. Regulation of signal transduction by endocytosis.
Curr Opin Cell Biol 12:204-10

Cesca F, Baldelli P, Valtorta F, Benfenati F. 2010. The synapsins: key actors of
synapse function and plasticity. Prog Neurobiol 91:313-48
Chan AW. 1986. Racial differences in alcohol sensitivity. Alcohol 21:93-104

Chang, L., Davison, H., Rawson, J., Cusmano, T., Martinez, R., Wu, Y.,

Rothenfluh, A., and Eaton, B. Identification of Darfaptin2 reveals a novel function
for the dynactin complex during synapse growth. J Cell Bio Submitted.

89



Charness ME, Safran RM, Perides G. 1994. Ethanol inhibits neural cell-cell
adhesion. J Biol Chem 269:9304-9

Chen S, Lee AY, Bowens NM, Huber R, Kravitz EA. 2002. Fighting fruit flies: a
model system for the study of aggression. Proc Natl Acad Sci U S A 99:5664-8

Chen CC, Wu JK, Lin HW, Pai TP, Fu TF, et al. 2012. Visualizing long-term
memory formation in two neurons of the Drosophila brain. Science 335:678-85

Cherfils J. 2001. Structural mimicry of DH domains by Arfaptin suggests a model
for the recognition of Rac-GDP by its guanine nucleotide exchange factors. FEBS
Lett 507:280-4

Chesneau L, Dambournet D, Machicoane M, Kouranti |, Fukuda M, et al. 2012.
An ARF6/Rab35 GTPase cascade for endocytic recycling and successful
cytokinesis. Curr Biol 22:147-53

Chien S, Reiter LT, Bier E, Gribskov M. 2002. Homophila: human disease gene
cognates in Drosophila. Nucleic Acids Res 30:149-51

Chiu SL, Chen CM, Cline HT. 2008. Insulin receptor signaling regulates synapse
number, dendritic plasticity, and circuit function in vivo. Neuron 58:708-19

Cloninger CR, Bohman M, Sigvardsson S. 1981. Inheritance of alcohol abuse.
Cross-fostering analysis of adopted men. Arch Gen Psychiatry 38:861-8

Cockcroft S. 1996. ARF-regulated phospholipase D: a potential role in membrane
traffic. Chem Phys Lipids 80:59-80

Cohan FM, Hoffmann AA. 1986. Genetic divergence under uniform selection. II.
Different responses to selection for knockdown resistance to ethanol among
Drosophila melanogaster populations and their replicate lines. Genetics 114:145-
64

Corl AB, Berger KH, Ophir-Shohat G, Gesch J, Simms JA, et al. 2009.
Happyhour, a Ste20 family kinase, implicates EGFR signaling in ethanol-induced
behaviors. Cell 137:949-60

Corl AB, Rodan AR, Heberlein U. 2005. Insulin signaling in the nervous system
regulates ethanol intoxication in Drosophila melanogaster. Nat Neurosci 8:18-9

90



Covarrubias M, Rubin E. 1993. Ethanol selectively blocks a noninactivating K+
current expressed in Xenopus oocytes. Proc Natl Acad Sci U S A 90:6957-60

Cowmeadow RB, Krishnan HR, Atkinson NS. 2005. The slowpoke gene is
necessary for rapid ethanol tolerance in Drosophila. Alcohol Clin Exp Res
29:1777-86

Cunningham CL, Howard MA, Gill SJ, Rubinstein M, Low MJ, Grandy DK. 2000.
Ethanol-conditioned place preference is reduced in dopamine D2 receptor-
deficient mice. Pharmacol Biochem Behav 67:693-9

David JR, Bocquet C, Arens MF, Fouillet P. 1976. Biological role of alcohol
dehydrogenase in the tolerance of Drosophila melanogaster to aliphatic alcohols:
utilization of an ADH-null mutant. Biochem Genet 14:989-97

Davis RL. 1993. Mushroom bodies and Drosophila learning. Neuron 11:1-14

Devineni AV, McClure KD, Guarnieri DJ, Corl AB, Wolf FW, et al. 2011. The
genetic relationships between ethanol preference, acute ethanol sensitivity, and
ethanol tolerance in Drosophila melanogaster. Fly (Austin) 5:191-9

Devineni AV, Heberlein U. 2009. Preferential ethanol consumption in Drosophila
models features of addiction. Curr Biol 19:2126-32

Diamond |, Gordon AS. 1997. Cellular and molecular neuroscience of alcoholism.
Physiol Rev 77:1-20

Dietz DM, Sun H, Lobo MK, Cahill ME, Chadwick B, et al. 2012. Rac1 is essential
in cocaine-induced structural plasticity of nucleus accumbens neurons. Nat
Neurosci. Advanced Online Publication April 22, 1-6

Dildy-Mayfield JE, Mihic SJ, Liu Y, Deitrich RA, Harris RA. 1996. Actions of long
chain alcohols on GABAA and glutamate receptors: relation to in vivo effects. Br
J Pharmacol 118:378-84

Donaldson JG, Jackson CL. 2000. Regulators and effectors of the ARF
GTPases. Curr Opin Cell Biol 12:475-82

Donaldson JG, Jackson CL. 2011. ARF family G proteins and their regulators:

roles in membrane transport, development and disease. Nat Rev Mol Cell Biol
12:362-75

91



Donaldson JG, Porat-Shliom N, Cohen LA. 2009. Clathrin-independent
endocytosis: a unique platform for cell signaling and PM remodeling. Cell Signal
21:1-6

Donlea JM, Thimgan MS, Suzuki Y, GottschAlk L, Shaw PJ. 2011. Inducing sleep
by remote control facilitates memory consolidation in Drosophila. Science
332:1571-6

D'Souza-Schorey C, Boshans RL, McDonough M, Stahl PD, Van Aelst L. 1997. A
role for POR1, a Rac1-interacting protein, in ARF6-mediated cytoskeletal
rearrangements. EMBO J 16:5445-54

D'Souza-Schorey C, Li G, Colombo MI, Stahl PD. 1995. A regulatory role for
ARF6 in receptor-mediated endocytosis. Science 267:1175-8

D'Souza-Schorey C, van Donselaar E, Hsu VW, Yang C, Stahl PD, Peters PJ.
1998. ARF6 targets recycling vesicles to the plasma membrane: insights from an
ultrastructural investigation. J Cell Biol 140:603-16

Dyer N, Rebollo E, Dominguez P, Elkhatib N, Chavrier P, et al. 2007.
Spermatocyte cytokinesis requires rapid membrane addition mediated by ARF6
on central spindle recycling endosomes. Development 134:4437-47

Dzitoyeva S, Dimitrijevic N, Manev H. 2003. Gamma-aminobutyric acid B
receptor 1 mediates behavior-impairing actions of alcohol in Drosophila: adult
RNA interference and pharmacological evidence. Proc Natl Acad Sci U S A
100:5485-90

Eddison M, Guarnieri DJ, Cheng L, Liu CH, Moffat KG, et al. 2011. arouser
reveals a role for synapse number in the regulation of ethanol sensitivity. Neuron
70:979-90

Edenberg HJ, Dick DM, Xuei X, Tian H, Almasy L, et al. 2004. Variations in
GABRAZ2, encoding the alpha 2 subunit of the GABA(A) receptor, are associated
with alcohol dependence and with brain oscillations. Am J Hum Genet 74:705-14

El-Ghundi M, George SR, Drago J, Fletcher PJ, Fan T, et al. 1998. Disruption of
dopamine D1 receptor gene expression attenuates alcohol-seeking behavior. Eur
J Pharmacol 353:149-58

Ellingson JM, Silbaugh BC, Brasser SM. 2009. Reduced oral ethanol avoidance
in mice lacking transient receptor potential channel vanilloid receptor 1. Behav
Genet 39:62-72

92



Enoch MA, Goldman D. 1999. Genetics of alcoholism and substance abuse.
Psychiat Clin N Am 22:289-+

Evans GW, Bowman TD. 1992. Chromium picolinate increases membrane fluidity
and rate of insulin internalization. J Inorg Biochem 46:243-50

Eyster CA, Higginson JD, Huebner R, Porat-Shliom N, Weigert R, et al. 2009.
Discovery of new cargo proteins that enter cells through clathrin-independent
endocytosis. Traffic 10:590-9

Facchini F, Chen YD, Reaven GM. 1994. Light-to-moderate alcohol intake is
associated with enhanced insulin sensitivity. Diabetes Care 17:115-9

Fang Y, Vilella-Bach M, Bachmann R, Flanigan A, Chen J. 2001. Phosphatidic
acid-mediated mitogenic activation of mTOR signaling. Science 294:1942-5

Fawcett J, Hammond B, Smith GD. 1993. Acute effects of ethanol on hepatic
endocytosis and processing of insulin in perfused rat liver. Am J Physiol
264:E420-7

Fernandez-Almonacid R, Rosen OM. 1987. Structure and ligand specificity of the
Drosophila melanogaster insulin receptor. Mol Cell Biol 7:2718-27

Fernandez R, Tabarini D, Azpiazu N, Frasch M, Schlessinger J. 1995. The
Drosophila insulin receptor homolog: a gene essential for embryonic
development encodes two receptor isoforms with different signaling potential.
EMBO J 14:3373-84

Franco M, Peters PJ, Boretto J, van Donselaar E, Neri A, et al. 1999. EFAB, a
sec7 domain-containing exchange factor for ARF6, coordinates membrane
recycling and actin cytoskeleton organization. EMBO J 18:1480-91

Fukaya M, Kamata A, Hara Y, Tamaki H, Katsumata O, et al. 2011. SynArfGEF
is a guanine nucleotide exchange factor for Arf6é and localizes preferentially at
post-synaptic specializations of inhibitory synapses. J Neurochem 116:1122-37

Funakoshi Y, Hasegawa H, Kanaho Y. 2011. Regulation of PIP5K activity by Arf6
and its physiological significance. J Cell Physiol 226:888-95

Fuss B, Becker T, Zinke |, Hoch M. 2006. The cytohesin Steppke is essential for
insulin signalling in Drosophila. Nature 444:945-8

93



Galletta BJ, Cooper JA. 2009. Actin and endocytosis: mechanisms and hylogeny.
Curr Opin Cell Biol 21:20-7

Gessa GL, Muntoni F, Collu M, Vargiu L, Mereu G. 1985. Low doses of ethanol
activate dopaminergic neurons in the ventral tegmental area. Brain Res 348:201-
3

Giudice J, Leskow FC, Arndt-dovin DJ, Jovin TM, Jares-Erijman EA. 2011.
Differential endocytosis and signaling dynamics of insulin receptor variants IR-A
and IR-B. J Cell Sci 124:801-11

Goedde HW, Harada S, Agarwal DP. 1979. Racial differences in alcohol
sensitivity: a new hypothesis. Hum Genet 51:331-4

Godenschwege TA, Reisch D, Diegelmann S, Eberle K, Funk N, et al. 2004. Flies
lacking all synapsins are unexpectedly healthy but are impaired in complex
behaviour. Eur J Neurosci 20:611-22

Gorczyca M, Augart C, Budnik V. 1993. Insulin-like receptor and insulin-like
peptide are localized at neuromuscular junctions in Drosophila. J Neurosci
13:3692-704

Grant JD, Agrawal A, Bucholz KK, Madden PA, Pergadia ML, et al. 2009. Alcohol
consumption indices of genetic risk for alcohol dependence. Biol Psychiatry
66:795-800

Grant BD, Donaldson JG. 2009. Pathways and mechanisms of endocytic
recycling. Nat Rev Mol Cell Biol 10:597-608

Grecco HE, Schmick M, Bastiaens PI. 2011. Signaling from the living plasma
membrane. Cell 144:897-909

Greenspan RJ, Ferveur JF. 2000. Courtship in Drosophila. Annu Rev Genet
34:205-32

Grotewiel MS, Beck CD, Wu KH, Zhu XR, Davis RL. 1998. Integrin-mediated
short-term memory in Drosophila. Nature 391:455-60

Habermann B. 2004. The BAR-domain family of proteins: a case of bending and
binding? EMBO Rep 5:250-5

94



Hafner M, Schmitz A, Grune |, Srivatsan SG, Paul B, et al. 2006. Inhibition of
cytohesins by SecinH3 leads to hepatic insulin resistance. Nature 444:941-4

Hanson JW, Jones KL, Smith DW. 1976. Fetal alcohol syndrome. Experience
with 41 patients. JAMA 235:1458-60

Hamer I, Foti M, Emkey R, Cordier-Bussat M, Philippe J, et al. 2002. An arginine
to cysteine (252) mutation in insulin receptors from a patient with severe insulin
resistance inhibits receptor internalisation but preserves signalling events.
Diabetologia 45:657-67

Hari J, Roth RA. 1987. Defective internalization of insulin and its receptor in cells
expressing mutated insulin receptors lacking kinase activity. J Biol Chem
262:15341-4

Haring H, Obermaier-Kusser B. 1989. Insulin receptor kinase defects in insulin-
resistant tissues and their role in the pathogenesis of NIDDM. Diabetes Metab
Rev 5:431-41

Harrington LS, Findlay GM, Gray A, Tolkacheva T, Wigfield S, et al. 2004. The
TSC1-2 tumor suppressor controls insulin-PI3K signaling via regulation of IRS
proteins. J Cell Biol 166:213-23

Harris RA, Trudell JR, Mihic SJ. 2008. Ethanol's molecular targets. Sci Signal
1:re7

Havrankova J, Roth J, Brownstein M. 1978. Insulin receptors are widely
distributed in the central nervous system of the rat. Nature 272:827-9

He L, Marecki JC, Serrero G, Simmen FA, Ronis MJ, Badger TM. 2007. Dose-
dependent effects of alcohol on insulin signaling: partial explanation for biphasic
alcohol impact on human health. Mol Endocrinol 21:2541-50

Heath AC, Bucholz KK, Madden PA, Dinwiddie SH, Slutske WS, et al. 1997.
Genetic and environmental contributions to alcohol dependence risk in a national
twin sample: consistency of findings in women and men. Psychol Med 27:1381-
96

Helzer JE, Burnam A, McEvoy L.1991. Alcohol abuse and dependence. In

Robins LN, Regier DA (eds): “Psychiatric Disorders in America: The
Epidemiologic Catchment Area Study.” NewYork:FreePress, pp81—-115.

95



Helzer JE, Pryzbeck TR. 1988. The co-occurrence of alcoholism with other
psychiatric disorders in the general population and its impact on treatment. J
Stud Alcohol 49:219-24

Hensler JG, Ladenheim EE, Lyons WE. 2003. Ethanol consumption and
serotonin-1A (5-HT1A) receptor function in heterozygous BDNF (+/-) mice. J
Neurochem 85:1139-47

Hernandez-Deviez D, Mackay-Sim A, Wilson JM. 2007. A Role for ARF6 and
ARNO in the regulation of endosomal dynamics in neurons. Traffic 8:1750-64

Hirota K, Smart D, Lambert DG. 2003. The effects of local and intravenous
anesthetics on recombinant rat VR1 vanilloid receptors. Anesth Analg 96:1656-
60

Hodge CW, Mehmert KK, Kelley SP, McMahon T, Haywood A, et al. 1999.
Supersensitivity to allosteric GABA(A) receptor modulators and alcohol in mice
lacking PKCepsilon. Nat Neurosci 2:997-1002

Hoek JB, Thomas AP, Rooney TA, Higashi K, Rubin E. 1992. Ethanol and signal
transduction in the liver. FASEB J 6:2386-96

Hoffman PL, Tabakoff B. 1977. Alterations in dopamine receptor sensitivity by
chronic ethanol treatment. Nature 268:551-3

Holland PW. 2003. More genes in vertebrates? J Struct Funct Genomics 3:75-84

Honda A, Nogami M, Yokozeki T, Yamazaki M, Nakamura H, et al. 1999.
Phosphatidylinositol 4-phosphate 5-kinase alpha is a downstream effector of the
small G protein ARF6 in membrane ruffle formation. Cell 99:521-32

Houndolo T, Boulay PL, Claing A. 2005. G protein-coupled receptor endocytosis
in ADP-ribosylation factor 6-depleted cells. J Biol Chem 280:5598-604

Howlett E, Lin CC, Lavery W, Stern M. 2008. A PI3-kinase-mediated negative
feedback regulates neuronal excitability. PLoS Genet 4:e1000277

Hwang BH, Zhang JK, Ehlers CL, Lumeng L, Li TK. 1999. Innate differences of
neuropeptide Y (NPY) in hypothalamic nuclei and central nucleus of the
amygdala between selectively bred rats with high and low alcohol preference.
Alcohol Clin Exp Res 23:1023-30

96



Inoki K, Li Y, Zhu T, Wu J, Guan KL. 2002. TSC2 is phosphorylated and inhibited
by Akt and suppresses mTOR signalling. Nat Cell Biol 4:648-57

Ja WW, Carvalho GB, Mak EM, de la Rosa NN, Fang AY, et al. 2007.
Prandiology of Drosophila and the CAFE assay. Proc Natl Acad Sci U S A
104:8253-6

Jaworski J. 2007. ARF6 in the nervous system. Eur J Cell Biol 86:513-24

Jeanblanc J, He DY, Carnicella S, Kharazia V, Janak PH, Ron D. 2009.
Endogenous BDNF in the dorsolateral striatum gates alcohol drinking. J Neurosci
29:13494-502

Jones KL, Smith DW, Hanson JW. 1976. The fetal alcohol syndrome: clinical
delineation. Ann N Y Acad Sci 273:130-9

Joseph RM, Devineni AV, King IF, Heberlein U. 2009. Oviposition preference for
and positional avoidance of acetic acid provide a model for competing behavioral
drives in Drosophila. Proc Natl Acad Sci U S A 106:11352-7

Kanoh H, Williger BT, Exton JH. 1997. Arfaptin 1, a putative cytosolic target
protein of ADP-ribosylation factor, is recruited to Golgi membranes. J Biol Chem
272:5421-9

Kaun KR, Azanchi R, Maung Z, Hirsh J, Heberlein U. 2011. A Drosophila model
for alcohol reward. Nat Neurosci 14:612-9

Kaun KR, Devineni AV, Heberlein U. 2012. Drosophila melanogaster as a model
to study drug addiction. Hum Genet

Kessler RC, McGonagle KA, Zhao S, Nelson CB, Hughes M, et al. 1994. Lifetime
and 12-month prevalence of DSM-III-R psychiatric disorders in the United States.
Results from the National Comorbidity Survey. Arch Gen Psychiatry 51:8-19

Khan MN, Baquiran G, Brule C, Burgess J, Foster B, et al. 1989. Internalization
and activation of the rat liver insulin receptor kinase in vivo. J Biol Chem
264:12931-40

Kim KS, Kim H, Baek IS, Lee KW, Han PL. 2011. Mice lacking adenylyl cyclase

type 5 (AC5) show increased ethanol consumption and reduced ethanol
sensitivity. Psychopharmacology (Berl) 215:391-8

97



Kim MS, Repp A, Smith DP. 1998. LUSH odorant-binding protein mediates
chemosensory responses to alcohols in Drosophila melanogaster. Genetics
150:711-21

King I, Tsai LT, Pflanz R, Voigt A, Lee S, et al. 2011. Drosophila tao controls
mushroom body development and ethanol-stimulated behavior through par-1. J
Neurosci 31:1139-48

Knox S, Ge H, Dimitroff BD, Ren Y, Howe KA, et al. 2007. Mechanisms of TSC-
mediated control of synapse assembly and axon guidance. PLoS One 2:e375

Kong EC, Allouche L, Chapot PA, Vranizan K, Moore MS, et al. 2010. Ethanol-
regulated genes that contribute to ethanol sensitivity and rapid tolerance in
Drosophila. Alcohol Clin Exp Res 34:302-16

Kong EC, Woo K, Li H, Lebestky T, Mayer N, et al. 2010. A pair of dopamine
neurons target the D1-like dopamine receptor DopR in the central complex to
promote ethanol-stimulated locomotion in Drosophila. PLoS One 5:€9954

Koo TH, Eipper BA, Donaldson JG. 2007. Arf6 recruits the Rac GEF Kalirin to the
plasma membrane facilitating Rac activation. BMC Cell Biol 8:29

Kralic JE, Wheeler M, Renzi K, Ferguson C, O'Buckley TK, et al. 2003. Deletion
of GABAA receptor alpha 1 subunit-containing receptors alters responses to
ethanol and other anesthetics. J Pharmacol Exp Ther 305:600-7

Krauss M, Kinuta M, Wenk MR, De Camilli P, Takei K, Haucke V. 2003. ARF6
stimulates clathrin/AP-2 recruitment to synaptic membranes by activating
phosphatidylinositol phosphate kinase type Igamma. J Cell Biol 162:113-24

Krishnan HR, Al-Hasan YM, Pohl JB, Ghezzi A, Atkinson NS. 2012. A role for
dynamin in triggering ethanol tolerance. Alcohol Clin Exp Res 36:24-34

Kruse SW, Zhao R, Smith DP, Jones DN. 2003. Structure of a specific alcohol-
binding site defined by the odorant binding protein LUSH from Drosophila
melanogaster. Nat Struct Biol 10:694-700

Kumar V, Frost RA, Lang CH. 2002. Alcohol impairs insulin and IGF-I stimulation
of S6K1 but not 4E-BP1 in skeletal muscle. Am J Physiol Endocrinol Metab
283:E917-28

Kumari S, Mayor S. 2008. ARF1 is directly involved in dynamin-independent
endocytosis. Nat Cell Biol 10:30-41
98



Kume K, Kume S, Park SK, Hirsh J, Jackson FR. 2005. Dopamine is a regulator
of arousal in the fruit fly. J Neurosci 25:7377-84

Kurtz DL, Stewart RB, Zweifel M, Li TK, Froehlich JC. 1996. Genetic differences
in tolerance and sensitization to the sedative/hypnotic effects of alcohol.
Pharmacol Biochem Behav 53:585-91

2008. Genetic dissociation of ethanol sensitivity and memory formation in
Drosophila melanogaster. Genetics 178:1895-902

Lander ES, Schork NJ. 1994. Genetic dissection of complex traits. Science
265:2037-48

Lang CH, Frost RA, Kumar V, Vary TC. 2000. Impaired myocardial protein
synthesis induced by acute alcohol intoxication is associated with changes in
elF4F. Am J Physiol Endocrinol Metab 279:E1029-38

Lang CH, Pruznak AM, Deshpande N, Palopoli MM, Frost RA, Vary TC. 2004.
Alcohol intoxication impairs phosphorylation of S6K1 and S6 in skeletal muscle
independently of ethanol metabolism. Alcohol Clin Exp Res 28:1758-67

Lappalainen J, Krupitsky E, Kranzler HR, Luo X, Remizov M, et al. 2007.
Mutation screen of the GAD2 gene and association study of alcoholism in three
populations. Am J Med Genet B Neuropsychiatr Genet 144B:183-92

Lappalainen J, Krupitsky E, Remizov M, Pchelina S, Taraskina A, et al. 2005.
Association between alcoholism and gamma-amino butyric acid alpha2 receptor
subtype in a Russian population. Alcohol Clin Exp Res 29:493-8

Lasek AW, Giorgetti F, Berger KH, Tayor S, Heberlein U. 2011a. Lmo genes
regulate behavioral responses to ethanol in Drosophila melanogaster and the
mouse. Alcohol Clin Exp Res 35:1600-6

Lasek AW, Lim J, Kliethermes CL, Berger KH, Joslyn G, et al. 2011b. An
evolutionary conserved role for anaplastic lymphoma kinase in behavioral
responses to ethanol. PLoS One 6:€22636

Lawrence JT, Birnbaum MJ. 2001. ADP-ribosylation factor 6 delineates separate

pathways used by endothelin 1 and insulin for stimulating glucose uptake in 3T3-
L1 adipocytes. Mol Cell Biol 21:5276-85

99



Lee EC, Yu SY, Baker NE. 2000. The scabrous protein can act as an
extracellular antagonist of notch signaling in the Drosophila wing. Curr Biol
10:931-4

Lewohl JM, Wilson WR, Mayfield RD, Brozowski SJ, Morrisett RA, Harris RA.
1999. G-protein-coupled inwardly rectifying potassium channels are targets of
alcohol action. Nat Neurosci 2:1084-90

Li J, Peters PJ, Bai M, Dai J, Bos E, et al. 2007. An ACAP1-containing clathrin
coat complex for endocytic recycling. J Cell Biol 178:453-64

Lim J, Zhou M, Veenstra TD, Morrison DK. 2010. The CNK1 scaffold binds
cytohesins and promotes insulin pathway signaling. Genes Dev 24:1496-506

Li C, Zhao X, Cao X, Chu D, Chen J, Zhou J. 2008. The Drosophila homolog of
jwa is required for ethanol tolerance. Alcohol Alcohol 43:529-36

Liu B, Qin F. 2005. Functional control of cold- and menthol-sensitive TRPM8 ion
channels by phosphatidylinositol 4,5-bisphosphate. J Neurosci 25:1674-81

Liu J, Asuncion-Chin M, Liu P, Dopico AM. 2006. CaM kinase |l phosphorylation
of slo Thr107 regulates activity and ethanol responses of BK channels. Nat
Neurosci 9:41-9

Long JC, Knowler WC, Hanson RL, Robin RW, Urbanek M, et al. 1998. Evidence
for genetic linkage to alcohol dependence on chromosomes 4 and 11 from an
autosome-wide scan in an American Indian population. Am J Med Genet 81:216-
21

Lovinger DM, Crabbe JC. 2005. Laboratory models of alcoholism: treatment
target identification and insight into mechanisms. Nat Neurosci 8:1471-80

Lobo IA, Harris RA, Trudell JR. 2008. Cross-linking of sites involved with alcohol
action between transmembrane segments 1 and 3 of the glycine receptor
following activation. J Neurochem 104:1649-62

Lobo IA, Mascia MP, Trudell JR, Harris RA. 2004. Channel gating of the glycine
receptor changes accessibility to residues implicated in receptor potentiation by
alcohols and anesthetics. J Biol Chem 279:33919-27

Lu A, Tebar F, Alvarez-Moya B, Lopez-Alcala C, Calvo M, et al. 2009. A clathrin-
dependent pathway leads to KRas signaling on late endosomes en route to
lysosomes. J Cell Biol 184:863-79

100



Lucchi L, Moresco RM, Govoni S, Trabucchi M. 1988. Effect of chronic ethanol
treatment on dopamine receptor subtypes in rat striatum. Brain Res 449:347-51

Lundqvist C, Aradottir S, Alling C, Boyano-Adanez MC, Gustavsson L. 1994.
Phosphatidylethanol formation and degradation in brains of acutely and
repeatedly ethanol-treated rats. Neurosci Lett 179:127-31

Luo J, Miller MW. 1997. Differential sensitivity of human neuroblastoma cell lines
to ethanol: correlations with their proliferative responses to mitogenic growth
factors and expression of growth factor receptors. Alcohol Clin Exp Res 21:1186-
94

Martin-Pena A, Acebes A, Rodriguez JR, Sorribes A, de Polavieja GG, et al.
2006. Age-independent synaptogenesis by phosphoinositide 3 kinase. J
Neurosci 26:10199-208

Maas JW, Jr., Vogt SK, Chan GC, Pineda VV, Storm DR, Muglia LJ. 2005.
Calcium-stimulated adenylyl cyclases are critical modulators of neuronal ethanol
sensitivity. J Neurosci 25:4118-26

Macho L, Zorad S, Radikova Z, Patterson-Buckedahl P, Kvetnansky R. 2003.
Ethanol consumption affects stress response and insulin binding in tissues of
rats. Endocr Regul 37:195-202

Macia E, Luton F, Partisani M, Cherfils J, Chardin P, Franco M. 2004. The GDP-
bound form of Arf6 is located at the plasma membrane. J Cell Sci 117:2389-98

MacKrell AJ, Blumberg B, Haynes SR, Fessler JH. 1988. The lethal myospheroid
gene of Drosophila encodes a membrane protein homologous to vertebrate
integrin beta subunits. Proc Natl Acad Sci U S A 85:2633-7

Maegawa H, Olefsky JM, Thies S, Boyd D, Ullrich A, McClain DA. 1988. Insulin
receptors with defective tyrosine kinase inhibit normal receptor function at the
level of substrate phosphorylation. J Biol Chem 263:12629-37

Maranda B, Brown D, Bourgoin S, Casanova JE, Vinay P, et al. 2001. Intra-
endosomal pH-sensitive recruitment of the Arf-nucleotide exchange factor ARNO
and Arfé from cytoplasm to proximal tubule endosomes. J Biol Chem 276:18540-
50

Marin MP, Esteban-Pretel G, Ponsoda X, Romero AM, Ballestin R, et al. 2010.
Endocytosis in cultured neurons is altered by chronic alcohol exposure. Toxicol
Sci 115:202-13

101



Matenia D, Mandelkow EM. 2009. The tau of MARK: a polarized view of the
cytoskeleton. Trends Biochem Sci 34:332-42

Mauro L, Salerno M, Panno ML, Bellizzi D, Sisci D, et al. 2001. Estradiol
increases IRS-1 gene expression and insulin signaling in breast cancer cells.
Biochem Biophys Res Commun 288:685-9

McClain DA, Olefsky JM. 1988. Evidence for two independent pathways of
insulin-receptor internalization in hepatocytes and hepatoma cells. Diabetes
37:806-15

McClure KD, French RL, Heberlein U. 2011. A Drosophila model for fetal alcohol
syndrome disorders: role for the insulin pathway. Dis Model Mech 4:335-46

McGinnis JM, Foege WH. 1999. Mortality and morbidity attributable to use of
addictive substances in the United States. P Assoc Am Physician 111:109-18

McGough NN, He DY, Logrip ML, Jeanblanc J, Phamluong K, et al. 2004.
RACK1 and brain-derived neurotrophic factor: a homeostatic pathway that
regulates alcohol addiction. J Neurosci 24:10542-52

Mihalek RM, Bowers BJ, Wehner JM, Kralic JE, VanDoren MJ, et al. 2001.
GABA(A)-receptor delta subunit knockout mice have multiple defects in
behavioral responses to ethanol. Alcohol Clin Exp Res 25:1708-18

Mihic SJ, Ye Q, Wick MJ, Koltchine VV, Krasowski MD, et al. 1997. Sites of
alcohol and volatile anaesthetic action on GABA(A) and glycine receptors. Nature
389:385-9

Millar CA, Powell KA, Hickson GR, Bader MF, Gould GW. 1999. Evidence for a
role for ADP-ribosylation factor 6 in insulin-stimulated glucose transporter-4
(GLUT4) trafficking in 3T3-L1 adipocytes. J Biol Chem 274:17619-25

Montagnac G, de Forges H, Smythe E, Gueudry C, Romao M, et al. 2011.
Decoupling of activation and effector binding underlies ARF6 priming of fast
endocytic recycling. Curr Biol 21:574-9

Montagne J, Stewart MJ, Stocker H, Hafen E, Kozma SC, Thomas G. 1999.
Drosophila S6 kinase: a regulator of cell size. Science 285:2126-9

Moonat S, Starkman BG, Sakharkar A, Pandey SC. 2010. Neuroscience of
alcoholism: molecular and cellular mechanisms. Cell Mol Life Sci 67:73-88

102



Moore MS, DeZazzo J, Luk AY, Tully T, Singh CM, Heberlein U. 1998. Ethanol
intoxication in Drosophila: Genetic and pharmacological evidence for regulation
by the cAMP signaling pathway. Cell 93:997-1007

Morean ME, Corbin WR. 2010. Subjective response to alcohol: a critical review of
the literature. Alcohol Clin Exp Res 34:385-95

Morenilla-Palao C, Pertusa M, Meseguer V, Cabedo H, Félix V. 2009. Lipid raft
segregation modulates TRPM8 channel activity. J Biol Chem 284, 9215-9224

Moritz A, De Graan PN, Gispen WH, Wirtz KW. 1992. Phosphatidic acid is a
specific activator of phosphatidylinositol-4-phosphate kinase. J Biol Chem
267:7207-10

Morozova TV, Anholt RR, Mackay TF. 2006. Transcriptional response to alcohol
exposure in Drosophila melanogaster. Genome Biol 7:R95

Morozova TV, Anholt RR, Mackay TF. 2007. Phenotypic and transcriptional
response to selection for alcohol sensitivity in Drosophila melanogaster. Genome
Biol 8:R231

Murthy VN, Schikorski T, Stevens CF, Zhu Y. 2001. Inactivity produces increases
in neurotransmitter release and synapse size. Neuron 32:673-82

Nagy J. 2004. The NR2B subtype of NMDA receptor: a potential target for the
treatment of alcohol dependence. Curr Drug Targets CNS Neurol Disord 3:169-
79

Naslavsky N, Weigert R, Donaldson JG. 2003. Convergence of non-clathrin- and
clathrin-derived endosomes involves Arf6 inactivation and changes in
phosphoinositides. Mol Biol Cell 14:417-31

Negoro M, Wakabayashi I. 2004. New simple method for purification of class |
alcohol dehydrogenase. Alcohol Alcohol 39:178-82

Nie Z, Hirsch DS, Randazzo PA. 2003. Arf and its many interactors. Curr Opin
Cell Biol 15:396-404

Offenhauser N, Castelletti D, Mapelli L, Soppo BE, Regondi MC, et al. 2006.
Increased ethanol resistance and consumption in Eps8 knockout mice correlates
with altered actin dynamics. Cell 127:213-26

103



O'Neil TK, Duffy LR, Frey JW, Hornberger TA. 2009. The role of phosphoinositide
3-kinase and phosphatidic acid in the regulation of mammalian target of
rapamycin following eccentric contractions. J Physiol 587:3691-701

Palacios F, Schweitzer JK, Boshans RL, D'Souza-Schorey C. 2002. ARF6-GTP
recruits Nm23-H1 to facilitate dynamin-mediated endocytosis during adherens
junctions disassembly. Nat Cell Biol 4:929-36

Palamidessi A, Frittoli E, Garre M, Faretta M, Mione M, et al. 2008. Endocytic
trafficking of Rac is required for the spatial restriction of signaling in cell
migration. Cell 134:135-47

Paleotti O, Macia E, Luton F, Klein S, Partisani M, et al. 2005. The small G-
protein Arf6GTP recruits the AP-2 adaptor complex to membranes. J Biol Chem
280:21661-6

Palmiter RD, Erickson JC, Hollopeter G, Baraban SC, Schwartz MW. 1998. Life
without neuropeptide Y. Recent Prog Horm Res 53:163-99

Park SK, Sedore SA, Cronmiller C, Hirsh J. 2000. Type || cAMP-dependent
protein kinase-deficient Drosophila are viable but show developmental, circadian,
and drug response phenotypes. J Biol Chem 275:20588-96

Peng J, Wagle M, Mueller T, Mathur P, Lockwood BL, et al. 2009. Ethanol-
modulated camouflage response screen in zebrafish uncovers a novel role for
cAMP and extracellular signal-regulated kinase signaling in behavioral sensitivity
to ethanol. J Neurosci 29:8408-18

Peoples RW, Weight FF. 1995. Cutoff in potency implicates alcohol inhibition of
N-methyl-D-aspartate receptors in alcohol intoxication. Proc Natl Acad Sci U S A
92:2825-9

Pick S, Strauss R. 2005. Goal-driven behavioral adaptations in gap-climbing
Drosophila. Curr Biol 15:1473-8

Pierce KL, Tohgo A, Ahn S, Field ME, Luttrell LM, Lefkowitz RJ. 2001. Epidermal
growth factor (EGF) receptor-dependent ERK activation by G protein-coupled
receptors: a co-culture system for identifying intermediates upstream and
downstream of heparin-binding EGF shedding. J Biol Chem 276:23155-60

Plas DR, Thompson CB. 2003. Akt activation promotes degradation of tuberin
and FOXO3a via the proteasome. J Biol Chem 278:12361-6

104



Plum L, Schubert M, Bruning JC. 2005. The role of insulin receptor signaling in
the brain. Trends Endocrinol Metab 16:59-65

Perkins DI, Trudell JR, Crawford DK, Alkana RL, Davies DL. 2008. Targets for
ethanol action and antagonism in loop 2 of the extracellular domain of glycine
receptors 106:1337-1349

Peter BJ, Kent HM, Mills IG, Vallis Y, Butler PJ, et al. 2004. BAR domains as
sensors of membrane curvature: the amphiphysin BAR structure. Science
303:495-9

Peters PJ, Hsu VW, Ooi CE, Finazzi D, Teal SB, et al. 1995. Overexpression of
wild-type and mutant ARF1 and ARF6: distinct perturbations of nonoverlapping
membrane compartments. J Cell Biol 128:1003-17

Platta HW, Stenmark H. 2011. Endocytosis and signaling. Curr Opin Cell Biol
23:393-403

Plum L, Schubert M, Bruning JC. 2005. The role of insulin receptor signaling in
the brain. Trends Endocrinol Metab 16:59-65

Polonsky KS, Given BD, Hirsch L, Shapiro ET, Tillil H, et al. 1988. Quantitative
study of insulin secretion and clearance in normal and obese subjects. J Clin
Invest 81:435-41

Posner Bl, Raquidan D, Josefsberg Z, Bergeron JJ. 1978. Different regulation of
insulin receptors in intracellular (Golgi) and plasma membranes from livers of
obese and lean mice. Proc Natl Acad Sci U S A 75:3302-6

Poteryaev D, Datta S, Ackema K, Zerial M, Spang A. 2010. Identification of the
switch in early-to-late endosome transition. Cell 141:497-508

Prigent M, Dubois T, Raposo G, Derrien V, Tenza D, et al. 2003. ARF6 controls
post-endocytic recycling through its downstream exocyst complex effector. J Cell
Biol 163:1111-21

Proud CG. 2006. Regulation of protein synthesis by insulin. Biochem Soc Trans
34:213-6

Puig O, Marr MT, Ruhf ML, Tjian R. 2003. Control of cell number by Drosophila
FOXO: downstream and feedback regulation of the insulin receptor pathway.
Genes Dev 17:2006-20

105



Quinn WG, Harris WA, Benzer S. 1974. Conditioned behavior in Drosophila
melanogaster. Proc Natl Acad Sci U S A 71:708-12

Radel M, Vallejo RL, lwata N, Aragon R, Long JC, et al. 2005. Haplotype-based
localization of an alcohol dependence gene to the 5q34 {gamma}-aminobutyric
acid type A gene cluster. Arch Gen Psychiatry 62:47-55

Radhakrishna H, Al-Awar O, Khachikian Z, Donaldson JG. 1999. ARF6
requirement for Rac ruffling suggests a role for membrane trafficking in cortical
actin rearrangements. J Cell Sci 112 ( Pt 6):855-66

Radhakrishna H, Donaldson JG. 1997. ADP-ribosylation factor 6 regulates a
novel plasma membrane recycling pathway. J Cell Biol 139:49-61

Radhakrishna H, Klausner RD, Donaldson JG. 1996. Aluminum fluoride
stimulates surface protrusions in cells overexpressing the ARF6 GTPase. J Cell
Biol 134:935-47

Rankovic M, Jacob L, Rankovic V, Brandenburg LO, Schroder H, et al. 2009.
ADP-ribosylation factor 6 regulates mu-opioid receptor trafficking and signaling
via activation of phospholipase D2. Cell Signal 21:1784-93

Reiter LT, Potocki L, Chien S, Gribskov M, Bier E. 2001. A systematic analysis of
human disease-associated gene sequences in Drosophila melanogaster.
Genome Res 11:1114-25

Resnicoff M, Sell C, Ambrose D, Baserga R, Rubin R. 1993. Ethanol inhibits the
autophosphorylation of the insulin-like growth factor 1 (IGF-1) receptor and IGF-
1-mediated proliferation of 3T3 cells. J Biol Chem 268:21777-82

Rewal M, Jurd R, Gill TM, He DY, Ron D, Janak PH. 2009. Alpha4-containing
GABAA receptors in the nucleus accumbens mediate moderate intake of alcohol.
J Neurosci 29:543-9

Rifkin RM, Todd WW, Toothaker DR, Sussman A, Trowbridge M, Draznin B.
1983. Effects of in vivo and in vitro alcohol administration on insulin binding and
glycogenesis in isolated rat hepatocytes. Ann Nutr Metab 27:313-9

Riley BP, Kalsi G, Kuo PH, Vladimirov V, Thiselton DL, et al. 2006. Alcohol
dependence is associated with the ZNF699 gene, a human locus related to
Drosophila hangover, in the Irish Affected Sib Pair Study of Alcohol Dependence
(IASPSAD) sample. Mol Psychiatry 11:1025-31

106



Rizzo MA, Shome K, Vasudevan C, Stolz DB, Sung TC, et al. 1999.
Phospholipase D and its product, phosphatidic acid, mediate agonist-dependent
raf-1 translocation to the plasma membrane and the activation of the mitogen-
activated protein kinase pathway. J Biol Chem 274:1131-9

Rodan AR, Rothenfluh A. 2010. The genetics of behavioral alcohol responses in
Drosophila. Int Rev Neurobiol 91:25-51

Rodriguez FD, Lundqvist C, Alling C, Gustavsson L. 1996. Ethanol and
phosphatidylethanol reduce the binding of [3H]inositol 1,4,5-trisphosphate to rat
cerebellar membranes. Alcohol Alcohol 31:453-61

Rohacs T, Lopes CM, Michailidis |, Logothetis DE. 2005. PI(4,5)P2 regulates the
activation and desensitization of TRPM8 channels through the TRP domain. Nat
Neurosci 8:626-34

Ronald KM, Mirshahi T, Woodward JJ. 2001. Ethanol inhibition of N-methyl-D-
aspartate receptors is reduced by site-directed mutagenesis of a transmembrane
domain phenylalanine residue. J Biol Chem 276:44729-35

Rothenfluh A, Threlkeld RJ, Bainton RJ, Tsai LT, Lasek AW, Heberlein U. 2006.
Distinct behavioral responses to ethanol are regulated by alternate RhoGAP18B
isoforms. Cell 127:199-211

Rosen OM, Herrera R, Olowe Y, Petruzzelli LM, Cobb MH. 1983.
Phosphorylation activates the insulin receptor tyrosine protein kinase. Proc Natl
Acad Sci U S A 80:3237-40

Roy A, Pandey SC. 2002. The decreased cellular expression of neuropeptide Y
protein in rat brain structures during ethanol withdrawal after chronic ethanol
exposure. Alcohol Clin Exp Res 26:796-803

Rubin GM, Spradling AC. 1982. Genetic transformation of Drosophila with
transposable element vectors. Science 218:348-53

Ruderman NB, Kapeller R, White MF, Cantley LC. 1990. Activation of
phosphatidylinositol 3-kinase by insulin. Proc Natl Acad Sci U S A 87:1411-5

Rulifson EJ, Kim SK, Nusse R. 2002. Ablation of insulin-producing neurons in
flies: growth and diabetic phenotypes. Science 296:1118-20

107



Ruvinsky I, Sharon N, Lerer T, Cohen H, Stolovich-Rain M, Nir T, Dor Y, Zisman
P, Meyuhas O. 2005. Genes & Dev 19, 2199-2211

Rydzewska G, Jurkowska G, Gabryelewicz A. 1996. The influence of acute
ethanol ingestion on phospholipase D activity in rat pancreas. An in vitro and in
vivo study. Int J Pancreatol 20:59-68

Saito M, Smiley J, Toth R, Vadasz C. 2002. Microarray analysis of gene
expression in rat hippocampus after chronic ethanol treatment. Neurochem Res
27:1221-9

Sakagami H. 2008. The EFA6 family: guanine nucleotide exchange factors for
ADP ribosylation factor 6 at neuronal synapses. Tohoku J Exp Med 214:191-8

Sakagami H, Sanda M, Fukaya M, Miyazaki T, Sukegawa J, et al. 2008. 1Q-
ArfGEF/BRAGH1 is a guanine nucleotide exchange factor for Arf6 that interacts
with PSD-95 at postsynaptic density of excitatory synapses. Neurosci Res
60:199-212

Sannerud R, Declerck |, Peric A, Raemaekers T, Menendez G, et al. 2011. ADP
ribosylation factor 6 (ARF6) controls amyloid precursor protein (APP) processing
by mediating the endosomal sorting of BACE1. Proc Natl Acad Sci U S A
108:E559-68

Santy LC, Casanova JE. 2001. Activation of ARF6 by ARNO stimulates epithelial
cell migration through downstream activation of both Rac1 and phospholipase D.
J Cell Biol 154:599-610

Santy LC, Casanova JE. 2002. GTPase signaling: bridging the GAP between
ARF and Rho. Curr Biol 12:R360-2

Saucedo LJ, Gao X, Chiarelli DA, Li L, Pan D, Edgar BA. 2003. Rheb promotes
cell growth as a component of the insulin/TOR signalling network. Nat Cell Biol
5:566-71

Schafer DA, D'Souza-Schorey C, Cooper JA. 2000. Actin assembly at
membranes controlled by ARF6. Traffic 1:892-903

Scholz R, Berberich S, Rathgeber L, Kolleker A, Kohr G, Kornau HC. 2010.

AMPA receptor signaling through BRAG2 and Arf6 critical for long-term synaptic
depression. Neuron 66:768-80

108



Scholz H, Franz M, Heberlein U. 2005. The hangover gene defines a stress
pathway required for ethanol tolerance development. Nature 436:845-7

Scholz H, Ramond J, Singh CM, Heberlein U. 2000. Functional ethanol tolerance
in Drosophila. Neuron 28:261-71

Schuckit MA. 1994. Low level of response to alcohol as a predictor of future
alcoholism. Am J Psychiatry 151:184-9

Schuckit MA, Smith TL. 2004. Changes over time in the self-reported level of
response to alcohol. Alcohol Alcohol 39:433-8

Schuckit MA, Smith TL, Anderson KG, Brown SA. 2004. Testing the level of
response to alcohol: social information processing model of alcoholism risk--a 20-
year prospective study. Alcohol Clin Exp Res 28:1881-9

Schumann G, Coin LJ, Lourdusamy A, Charoen P, Berger KH, et al. 2011.
Genome-wide association and genetic functional studies identify autism
susceptibility candidate 2 gene (AUTS2) in the regulation of alcohol consumption.
Proc Natl Acad Sci U S A 108:7119-24

Schwenkert |, Eltrop R, Funk N, Steinert JR, Schuster CM, Scholz H. 2008. The
hangover gene negatively regulates bouton addition at the Drosophila
neuromuscular junction. Mech Dev 125:700-11

Seiler AE, Henderson A, Rubin R. 2000. Ethanol inhibits insulin receptor tyrosine
kinase. Alcohol Clin Exp Res 24:1869-72

Shahidullah M, Harris T, Germann MW, Covarrubias M. 2003. Molecular features
of an alcohol binding site in a neuronal potassium channel. Biochemistry
42:11243-52

Shelmet JJ, Reichard GA, Skutches CL, Hoeldtke RD, Owen OE, Boden G.
1988. Ethanol causes acute inhibition of carbohydrate, fat, and protein oxidation
and insulin resistance. J Clin Invest 81:1137-45

Shin OH, Exton JH. 2001. Differential binding of arfaptin 2/POR1 to ADP-
ribosylation factors and Rac1. Biochem Biophys Res Commun 285:1267-73

109



Shohat-Ophir G, Kaun KR, Azanchi R, Heberlein U. 2012. Sexual deprivation
increases ethanol intake in Drosophila. Science 335:1351-5

Sigismund S, Woelk T, Puri C, Maspero E, Tacchetti C, et al. 2005. Clathrin-
independent endocytosis of ubiquitinated cargos. Proc Natl Acad Sci U S A
102:2760-5

Singh CM, Heberlein U. 2000. Genetic control of acute ethanol-induced
behaviors in Drosophila. Alcohol Clin Exp Res 24:1127-36

Smith RM, Jarett L. 1990. Differences in adenosine triphosphate dependency of
receptor-mediated endocytosis of alpha 2-macroglobulin and insulin correlate
with separate routes of ligand-receptor complex internalization. Endocrinology
126:1551-60

Smothers CT, Clayton R, Blevins T, Woodward JJ. 2001. Ethanol sensitivity of
recombinant human N-methyl-D-aspartate receptors. Neurochem Int 38:333-40

Song J, Khachikian Z, Radhakrishna H, Donaldson JG. 1998. Localization of
endogenous ARF6 to sites of cortical actin rearrangement and involvement of
ARF6 in cell spreading. J Cell Sci 111 ( Pt 15):2257-67

Sorkin A, von Zastrow M. 2009. Endocytosis and signalling: intertwining
molecular networks. Nat Rev Mol Cell Biol 10:609-22

Spanagel R. 2009. Alcoholism: a systems approach from molecular physiology to
addictive behavior. Physiol Rev 89:649-705

Suzuki T, Kanai Y, Hara T, Sasaki J, Sasaki T, et al. 2006. Crucial role of the
small GTPase ARF6 in hepatic cord formation during liver development. Mol Cell
Biol 26:6149-56

Svensson S, Hoog JO, Schneider G, Sandalova T. 2000. Crystal structures of
mouse class |l alcohol dehydrogenase reveal determinants of substrate
specificity and catalytic efficiency. J Mol Biol 302:441-53

Tanabe K, Torii T, Natsume W, Braesch-Andersen S, Watanabe T, Satake M.

2005. A novel GTPase-activating protein for ARF6 directly interacts with clathrin
and regulates clathrin-dependent endocytosis. Mol Biol Cell 16:1617-28

110



Tarricone C, Xiao B, Justin N, Walker PA, Rittinger K, et al. 2001. The structural
basis of Arfaptin-mediated cross-talk between Rac and Arf signalling pathways.
Nature 411:215-9

Teleman AA. 2010. Molecular mechanisms of metabolic regulation by insulin in
Drosophila. Biochem J 425: 13-26

Thelen K, Kedar V, Panicker AK, Schmid RS, Midkiff BR, Maness PF. 2002. The
neural cell adhesion molecule L1 potentiates integrin-dependent cell migration to
extracellular matrix proteins. J Neurosci 22:4918-31

Thiele TE, Koh MT, Pedrazzini T. 2002. Voluntary alcohol consumption is
controlled via the neuropeptide Y Y1 receptor. J Neurosci 22:RC208

Thiele TE, Marsh DJ, Ste Marie L, Bernstein IL, Palmiter RD. 1998. Ethanol
consumption and resistance are inversely related to neuropeptide Y levels.
Nature 396:366-9

Thiele TE, Willis B, Stadler J, Reynolds JG, Bernstein IL, McKnight GS. 2000.
High ethanol consumption and low sensitivity to ethanol-induced sedation in
protein kinase A-mutant mice. J Neurosci 20:RC75

Thorsell A, Svensson P, Wiklund L, Sommer W, Ekman R, Heilig M. 1998.
Suppressed neuropeptide Y (NPY) mRNA in rat amygdala following restraint
stress. Regul Pept 75-76:247-54

Tuma DJ, Casey CA, Sorrell MF. 1991. Chronic ethanol-induced impairments in
receptor-mediated endocytosis of insulin in rat hepatocytes. Alcohol Clin Exp Res
15:808-13

Urizar NL, Yang Z, Edenberg HJ, Davis RL. 2007. Drosophila homer is required
in a small set of neurons including the ellipsoid body for normal ethanol sensitivity
and tolerance. J Neurosci 27:4541-51

Van Aelst L, Joneson T, Bar-Sagi D. 1996. Identification of a novel Rac1-
interacting protein involved in membrane ruffling. EMBO J 15:3778-86

Van den Bout |, Divecha N. 2009. PIP5K-driven PtdIns(4,5)P2 synthesis:
regulation and cellular functions. J Cell Sci 122:3837-50

Vanhaesebroeck B, Alessi DR. 2000. The PI3K-PDK1 connection: more than just
a road to PKB. Biochem J 346 Pt 3:561-76

111



Venkateswarlu K, Oatey PB, Tavare JM, Cullen PJ. 1998. Insulin-dependent
translocation of ARNO to the plasma membrane of adipocytes requires
phosphatidylinositol 3-kinase. Curr Biol 8:463-6

Vidal-Quadras M, Gelabert-Baldrich M, Soriano-Castell D, Llado A, Rentero C, et
al. 2011. Rac1 and calmodulin interactions modulate dynamics of ARF6-
dependent endocytosis. Traffic 12:1879-96

Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, et al. 2007. Profound
decreases in dopamine release in striatum in detoxified alcoholics: possible
orbitofrontal involvement. J Neurosci 27:12700-6

Volpicelli JR. 2001. Alcohol abuse and alcoholism: an overview. J Clin Psychiatry
62 Suppl 20:4-10

Wallner M, Hanchar HJ, Olsen RW. 2003. Ethanol enhances alpha 4 beta 3 delta
and alpha 6 beta 3 delta gamma-aminobutyric acid type A receptors at low
concentrations known to affect humans. Proc Natl Acad Sci U S A 100:15218-23

Wand G, Levine M, Zweifel L, Schwindinger W, Abel T. 2001. The cAMP-protein
kinase A signal transduction pathway modulates ethanol consumption and
sedative effects of ethanol. J Neurosci 21:5297-303

Wang Y, Ghezzi A, Yin JC, Atkinson NS. 2009. CREB regulation of BK channel
gene expression underlies rapid drug tolerance. Genes Brain Behav 8:369-76

Weil A, Moore SE, Waite NJ, Randall A, Gunthorpe MJ. 2005. Conservation of
functional and pharmacological properties in the distantly related temperature
sensors TRVP1 and TRPM8. Mol Pharmacol 68:518-27

Weinhold EG, Benner SA. 1995. Engineering yeast alcohol dehydrogenase.
Replacing Trp54 by Leu broadens substrate specificity. Protein Eng 8:457-61

Wen T, Parrish CA, Xu D, Wu Q, Shen P. 2005. Drosophila neuropeptide F and
its receptor, NPFR1, define a signaling pathway that acutely modulates alcohol
sensitivity. Proc Natl Acad Sci U S A 102:2141-6

White MF. 2003. Insulin signaling in health and disease. Science 302:1710-1
Wick MJ, Mihic SJ, Ueno S, Mascia MP, Trudell JR, et al. 1998. Mutations of
gamma-aminobutyric acid and glycine receptors change alcohol cutoff: evidence
for an alcohol receptor? Proc Natl Acad Sci U S A 95:6504-9

112



Wilkemeyer MF, Sebastian AB, Smith SA, Charness ME. 2000. Antagonists of
alcohol inhibition of cell adhesion. Proc Natl Acad Sci U S A 97:3690-5

Wolf FW, Rodan AR, Tsai LT, Heberlein U. 2002. High-resolution analysis of
ethanol-induced locomotor stimulation in Drosophila. J Neurosci 22:11035-44

World Health Organization. 2004.Economic and social costs of alcohol use. In
Global Status Report on Alcohol. (Geneva), 65-66

Yang CZ, Mueckler M. 1999. ADP-ribosylation factor 6 (ARF6) defines two
insulin-regulated secretory pathways in adipocytes. J Biol Chem 274:25297-300

Yoshimura M, Tabakoff B. 1995. Selective effects of ethanol on the generation of
cAMP by particular members of the adenylyl cyclase family. Alcohol Clin Exp Res
19:1435-40

Zhang Q, Calafat J, Janssen H, Greenberg S. 1999. ARF6 is required for growth
factor- and rac-mediated membrane ruffling in macrophages at a stage distal to
rac membrane targeting. Mol Cell Biol 19:8158-68

Zhu B, Pennack JA, McQuilton P, Forero MG, Mizuguchi K, et al. 2008.

Drosophila neurotrophins reveal a common mechanism for nervous system
formation. PLoS Biol 6:€284

113






