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Functional dissection of neuroanatomical loci regulating ethanol sensitivity

in Drosophila melanogaster

Aylin R. Rodan

Abstract

Alcohol has been enjoyed worldwide since early in human existence. For

some people, however, casual use devolves into alcoholism, a serious personal

and societal problem. Despite many years of study, the mechanisms by which

ethanol acts on the nervous system, as well as the ways in which the nervous

system changes in the transition from casual use to addiction, remain

incompletely understood. The response of Drosophila melanogaster to acute

administration of ethanol is remarkably similar to that of mammals. Drosophila is

an attractive organism in which to study these effects, due to the availability of

powerful tools to manipulate neuronal function, as well as the ability to perform

forward genetic screens.

Previous work demonstrated that the cAMP signaling pathway modulates

ethanol sensitivity in Drosophila. To study where in the nervous system this

might occur, we used the GAL.4/UAS system to express an inhibitor of cAMP

dependent protein kinase (PKA) in a spatially restricted fashion. Inhibiting PKA

in different regions resulted either in increased or decreased ethanol sensitivity,

suggesting that PKA acts in separate sets of neurons to differentially modulate

ethanol sensitivity. Expression of the PKA inhibitor in small numbers of neurons

was sufficient to alter sensitivity. A particularly interesting group of neurons was
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the insulin-producing cells, suggesting a connection between insulin signaling

and ethanol sensitivity.

A common set of genes has been implicated in the regulation of

Drosophila olfactory learning and ethanol sensitivity. However, ablation of the

mushroom bodies, a brain structure required for olfactory learning, did not alter

ethanol sensitivity, suggesting that these behaviors are controlled by different

neuronal circuits.

The complex effects of ethanol on behavior can be distinguished by the

use of different behavioral assays. PKA inhibition in specific brain regions

differentially altered ethanol sensitivity in two assays, suggesting that the circuits

underlying the behaviors measured by these assays is at least partially

separable.

Using the locomotor video tracking system, we conducted a genetic

screen for mutants with altered locomotor profiles in the presence of high doses

of ethanol. We identified mutants with various alterations in their locomotor

profiles, including increased hyperactivity and decreased sedation.
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Introduction

The pleasurable effects of alcohol have been celebrated by writers

throughout the millennia: as John Milton wrote in 1634, "One sip of this will bathe

the drooping spirits in delight beyond the bliss of dreams" (from Comus: A

Masque, lines 811–813). Alcohol continues to be widely used throughout the

world; in the U.S., 73% of adults drink alcohol (2001). However, alcohol use also

has a dark side, as Homer wrote in 850 B.C.: “Inflaming wine, pernicious to

mankind, unnerves the limbs, and dulls the noble mind" (The Iliad, Book vi, lines

330-1). In the modern U.S., 13% of the adult population has a history of alcohol

dependence or abuse, and alcohol is responsible for $180 billion in costs per

year, as well as 100,000 deaths (Volpicelli, 2001).

Although alcohol affects many organ systems, the most notable acute

effects are on the nervous system. At low doses, ethanol causes disinhibition

and euphoria: as William James wrote, "Sobriety diminishes, discriminates, and

says no; drunkenness expands, unites, and says yes" (Roueche, 1960). At

somewhat higher doses, ethanol causes motor incoordination, resulting in slurred

speed, ataxic gait and difficulty performing motor tasks. Higher doses still result

in sedation, loss of consciousness, and even coma and death.

Although the effects of ethanol are readily observable, the mechanisms

underlying these effects are still not well understood. The development of rodent

models has furthered understanding, but a coherent picture of the ways in which

ethanol alters behavior has not emerged. For example, ethanol has a plethora of



effects on different molecules, but how these relate to the organism's response to
ethanol is unclear.

Drosophila is well known for its powerful genetics, enhanced by the

complete sequencing of the genome, which enables identification of genes

involved in a process of interest. Homologues of genes involved in all aspects of

nervous system form and function can be found in Drosophila, such as genes

involved in axonal pathfinding, synapse formation, synaptic vesicle trafficking,

and ion channel and neurotransmitter receptors (Yoshihara et al., 2001). In

addition, specific sets of neurons in the fly CNS can be manipulated, allowing

study of the neuroanatomical loci underlying different behaviors. The goal of this

dissertation project was to use these tools to try to begin to understand the ways

in which ethanol acts on the nervous system to alter behavior.

In this introduction, I will review literature pertaining to the genetics of

alcoholism in humans and rodent models of alcoholism, with a particular

emphasis on genetic approaches, such as QTL analysis and knockout and

transgenic models. In the second part of the introduction, I will discuss the study

of behavior in Drosophila, including genetic screens of olfactory learning,

attempts to map the neuroanatomical loci underlying courtship behaviors and

locomotion, and the study of drug effects in Drosophila. The chapters that follow

describe data regarding the brain regions in which the cAMP signaling pathway

may be acting to modulate ethanol sensitivity, as well as a genetic screen

identifying potential mutants with altered ethanol-induced locomotor changes. In

the final section, I will attempt to draw conclusions and speculate on future

** - - - - -
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directions based on both the literature reviewed below, and the chapters

following.

Part I. Mechanisms of Ethanol Action in Mammals

Alcohol Use in Humans

Alcohol dependence is characterized by excessive or compulsive drinking;

development of alcohol tolerance, or the need to drink increasingly greater

quantities of alcohol to achieve intoxication; and an impairment in social or

occupational functioning as a result of alcohol use (Association, 1994). While

many people drink, a minority become dependent on alcohol. Twin, family and

adoption studies have shown that alcoholism, like many other psychiatric

diseases, has a genetic component (Burmeister, 1999, Devor and Cloninger,

1989; Reich et al., 1999). Estimates of heritability vary, ranging from 0.36 to

0.88, with most estimates between 0.4 and 0.6 (Devor and Cloninger, 1989;

Reich et al., 1999). However, other than metabolic enzyme variants (Reich et al.,

1999), genes underlying the heritable component of alcoholism have yet to be

elucidated. As with other non-Mendelian diseases, obstacles to gene

identification may include incomplete penetrance, heterogeneity, polygenic

inheritance (many contributing genes, each of small effect), and high frequency

of the predisposing alleles and the disorder itself (Burmeister, 1999). Other

confounds are specific to particular types of studies. In genetic association

studies, in which researchers attempt to find an association between alcoholism

and a particular allele of a candidate gene, population stratification can result in a
3



false association between allele and disease. For example, a RFLP within an

intron of the dopamine D2 receptor gene thought to be associated with

alcoholism in some studies but not others is more likely associated with the

ethnic background of the alcoholics studied (Gelernter et al., 1993).

To avoid the confound of population stratification, recent studies have

performed nonparametric linkage analyses (sib pair analysis) to search for loci

that are associated with alcoholism. A study in an American Indian population

found suggestive evidence for linkage on chromosomes 4 and 11 (Long et al.,

1998). A study by the Collaborative Study of the Genetics of Alcoholism in a

mixed American population found evidence for linkage on chromosomes 1, 7 and

2; a follow-up study with a replication sample strengthened the evidence for

linkage on chromosome 1 and 7 but not chromosome 2, while also identifying a

new locus on chromosome 3 that was not identified in the first set of families

(Foroud et al., 2000; Reich et al., 1998). No overlapping loci were found

between the American Indian and COGA studies. Thus, considerable work

remains to be done before genes are identified by this approach.

Sib pair analysis has also been used to identify loci related to a low level

of response to alcohol (Schuckit et al., 2001). This phenotype was studied as a

result of earlier studies showing that a low level of response to alcohol is a

predictor of future alcoholism, increasing the risk of alcoholism fourfold (Schuckit,

1994; Schuckit and Smith, 1996). In at least part of the population studied, most

of the increased risk of alcoholism in family history-positive subjects appears to

be mediated by a low response to alcohol, suggesting that understanding the
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genetics of this trait may be a way of identifying genetic factors contributing to

alcoholism. In addition, the positive correlation between alcohol sensitivity and

alcoholism provides a rationale for studying sensitivity. (Of course, curiosity as to

the mechanisms by which alcohol alters nervous system function is another

rationale.)

Rodent Models of Alcoholism

To overcome some of the limitations of alcohol research in human

subjects, including ethical considerations, animal models have been developed

to probe the mechanisms underlying various aspects of alcoholism. Though no

animal model recapitulates all of the features of human alcoholism, the study of a

broad range of alcohol-related phenotypes may be informative in developing an

integrated understanding of alcohol dependence.

The behavioral consequences of acute ethanol exposure in rodents are

similar to those seen in humans. The locomotor activation seen in animals at low

ethanol doses may be analogous to behavioral disinhibition in humans, while at

higher doses, rodents, like humans, exhibit motor incoordination and sedation

(Frye and Breese, 1981; Smoothy and Berry, 1985). Numerous behavioral tests

have been devised to quantitate these effects. Hyperactivity elicited by low

doses of ethanol is typically measured in an open-field assay. Incoordination and

ataxia occurring at somewhat higher doses of ethanol are measured using tasks

that require intact coordination, such as walking on a balance beam or a rotating

rod, or walking or climbing on a wire grid. Sedation is measured in the loss of
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righting reflex assay: a sober mouse easily rights itself when placed on its back,

whereas this ability is impaired in an intoxicated mouse. Chronic exposure to

drugs can result in decreased effects over time (tolerance) or increased effects

(sensitization). Repeated exposure to ethanol results in tolerance to some of

these effects, such as motor incoordination (Le and Mayer, 1996), while

sensitization to the effects of ethanol develops for other behaviors, such as

locomotor activation (Phillips et al., 1997). Other behavioral assays have been

developed to model additional aspects of alcoholism-related behaviors. For

example, animal models that measure the reinforcing properties of ethanol

include two-bottle choice paradigms, operant models in which animals have to

press a lever to receive alcohol (Skinnerian reinforcement), and conditioned

place preference assays in which alcohol administration is paired with specific

cues (Pavlovian reinforcement; Tabakoff and Hoffman, 2000; Wise, 1999).

Animals also develop physical dependence to alcohol, and an accompanying

withdrawal syndrome upon alcohol removal. As in humans, the withdrawal

syndrome is characterized by autonomic hyperactivity and CNS hyperexcitability,

resulting in measurable behaviors such as shakes and seizures (Becker, 2000).

More recently, assays have been developed in an attempt to model more

complex aspects of alcoholism-relevant behaviors, including relapse, craving and

uncontrolled drinking (Spanagel, 2000). Relapse is measured in the

reinstatement model. In this model, the animal presses a lever for alcohol for a

period of time; this is followed by a period in which lever pressing is not followed

by ethanol reward. The lack of ethanol reward after lever pressing leads to

6



extinction of the operant behavior. Lever pressing is reinstated by a priming

dose of alcohol (similar to the “first drink" phenomenon), a stressful stimulus, or

presentation of a cue that was previously paired with alcohol reward (analogous

to a recovering alcoholic walking into a bar). Craving is measured in a long-term

alcohol administration paradigm, in which periods of free access to alcohol are

followed by alcohol deprivation periods, leading to temporary increases in

ethanol consumption (the alcohol deprivation effect). In the point-of-no-return

model, animals are offered free access to alcohol for sustained periods (eg. 9

months) followed by prolonged periods of abstinence (another 9 months).

Animals then show a sustained increase in alcohol consumption that lasts longer

than the alcohol deprivation effect, and also demonstrate other characteristics of

uncontrolled drinking, such as drinking alcohol adulterated with quinine, an

aversive tastant (Spanagel, 2000).

Genetics of Alcohol-Related Behaviors in Rodents

QTL Mapping

As in humans, ethanol-related behaviors in rodents are genetically

modulated. Rodent lines selected for differential responsiveness to alcohol, as

well as to other drugs, were bred beginning in the 1950s. Traits selected for

include measures of initial sensitivity, such as duration of the loss of righting

reflex or open-field activation; measures of tolerance and withdrawal, such as

propensity to develop withdrawal seizures; and measures of alcohol preference

or consumption (Crabbe et al., 1994a). Inbred mouse lines, such as C57BL/6J
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and DBA/2J, also differ in alcohol responsiveness in many tests, though they

were not selected on that basis. Recombinant inbred strains developed from

these two strains have been used to identify quantitative trait loci (QTLs)

contributing to specific alcohol-related behaviors (Crabbe et al., 1999a), but no

genes have been identified through QTL mapping (Crabbe, 2002). Narrowing

the interval in which the QTL is contained is difficult due to the numbers of mice

required; the small effect size of individual genes adds to the problem (Crabbe,

2002). Forward mutagenesis in mice, using ENU, has many potential

drawbacks, including the difficulty of determining whether a mutated gene is

altering behavior for “trivial" reasons, the potentially additive nature of multiple

mutations in heavily mutagenized mice, mutational effects on viability that

preclude behavioral testing, and the high cost associated with maintaining the

large populations of mice needed (Belknap et al., 2001). Nevertheless, some

investigators are pursuing this approach.

Candidate Gene Knockouts and Transgenics

Candidate genes can be specifically tested for a role in ethanol-related

behaviors by knocking out the gene of interest, or generating a transgenic mouse

overexpressing the gene. Candidates have been identified in several ways. The

serotonin 5-HT1B receptor and the neuropeptide NPY were tested because both

genes were found in intervals to which QTLs had been mapped. Experiments in

cell culture or Xenopus oocytes showed that ethanol can alter the ion channel

activity of GABAA, glycine, NMDA and 5-HT3 receptors, as well as K’ channels;
8



genes encoding subunits of many of these channels were subsequently tested in

knockout or transgenic experiments. In addition, kinases that modify the function

of some of these channels, such as fyn, PKCY or PKCe, have also been tested.

A role for the cAMP pathway was initially identified in cell culture and

subsequently tested in vivo. In neuropsychopharmacology experiments in

mammals, pharmacologic agents are used to test the involvement of specific

molecules or classes of molecules, such as neurotransmitter receptors. In

addition to providing evidence that some of the molecules mentioned above are " - - - - -

involved in ethanol responsiveness, these experiments also led to testing of . . . "

dopamine and opioid receptor knockouts.

1. NPY ... --~ *

A role for the neuropeptide NPY was demonstrated in knockout and * . . .

transgenic mice. NPY -/- mice consume more ethanol than wild-type littermates

and are resistant to the sedating effects of ethanol, as measured in the loss of

righting reflex assay, while transgenic mice overexpressing NPY drink less

ethanol and are sensitive to the sedating effects of ethanol (Thiele et al., 1998).

NPY-/- mice are also more sensitive to the locomotor-activating effects of

ethanol (Thiele et al., 2000a). These effects are background sensitive: they are

observed in a C57BL/6 x 129/SvFv background, but not in an inbred 129/SvFv

background (Thiele et al., 1998; Thiele et al., 2000a). The role of the Y5 receptor

was also examined, but Y5-/- mice in the 129/SvEv background had normal

ethanol intake and ethanol-induced locomotion, and increased sensitivity to the

E
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sedating effects of ethanol (Thiele et al., 2000a). This suggests that NPY is not

acting through the Y5 receptor to alter ethanol sensitivity, or that developmental

compensations differ in the NPY-/- and Y5-/- mice. In contrast, Y1 receptor

knockout mice, like NPY -/- mice, have increased ethanol consumption and

preference, and decreased sensitivity to ethanol in the loss of righting reflex

assay, though they perform similar to controls in the accelerating rotarod assay

(Thiele et al., 2002). These results suggest that NPY may be acting through the

Y1 receptor to modulate ethanol preference and sensitivity, although there are

also other NPY receptors that have not yet been examined. . . . . .

2. 5-HT1B receptor . .

Like NPY, the serotonin 5-HT1B receptor was tested because of its **
~ -

localization to an alcohol-related QTL interval. Knockout mice consume more * . . ;

ethanol than controls, and have decreased sensitivity to the ataxic effects of

ethanol in a grid test assay (Crabbe et al., 1996). A more extensive phenotypic

characterization showed that the knockout mice are also less sensitive to the

effects of ethanol when tested on a balance beam, but not when tested on the

static dowel or fixed-speed or accelerating rotarod, or when tested for grip

strength or sleep time in the loss of righting reflex assay (Boehm et al., 2000).

Similarly, inbred mouse strains show different relative sensitivities to acute

ethanol administration in these different behavioral assays, suggesting that these

paradigms measure different and genetically separable aspects of ethanol

10



sensitivity (Browman and Crabbe, 2000; Crabbe et al., 1994b; Kirstein and

Tabakoff, 2001).

The above examples illustrate the importance of genetic background and

the assays used to measure ethanol sensitivity. Environment is an additional

factor that must be considered when interpreting data from knockout studies.

Inbred mouse strains, as well as the 5-HT1B -/- mice, were behaviorally tested in

three different labs under rigorously controlled conditions; nevertheless,

significant phenotypic differences were observed (Crabbe et al., 1999b). In light

of these data, it is particularly difficult to interpret negative data from knockout

studies: perhaps a mutant phenotype would be observed if background, assay or

lab were different. As in other knockout studies where adult phenotypes are

examined, developmental compensation may also confound the results.

3. GABAA receptor

The fast inhibitory neurotransmitters GABA and glycine activate chloride

ion flux through their ion channel receptors. Ethanol potentiates GABA and

glycine-induced chloride currents in a variety of preparations (Aguayo and

Pancetti, 1994; Celentano et al., 1988; Engblom and Akerman, 1991; Suzdak et

al., 1988; Ticku, 1991). Intracerebroventricular injection of glycine into mice

following intraperitoneal ethanol results in a prolongation of the sedative effects

of ethanol in the loss of righting reflex assay; strychnine, a glycine receptor

antagonist, blocks the effect (Williams et al., 1995). Numerous pharmacologic

experiments have also demonstrated a role for GABA in vivo (reviewed in

11



(Grobin et al., 1998; Mihic, 1999). For example, the duration of the ethanol

induced loss of righting reflex is increased by coadministration of the GABAA

agonist muscimol, and decreased by the GABAA antagonists bicuculline and

picrotoxin (Liljequist and Engel, 1982). Based on these findings, both knockout

and transgenic mice with alterations in individual glycine or GABAA receptor

subunits have been tested in ethanol assays. Individual receptors are

pentameric; genes encoding GABAA receptor subunits include O. 1-6, 31-3, Y1-3,

ô, and e, whereas glycine receptor subunits are encoded by O. 1-4 and one fl

gene.

Mice with targeted deletions in the GABAA of subunit showed no

alteration in sleep time after ethanol injection in the loss of righting reflex assay,

nor did they differ in acute functional tolerance or handling-induced convulsions

after chronic ethanol exposure, a measure of withdrawal severity (Homanics et

al., 1997; Homanics et al., 1998). A knockout mouse lacking the B3 subunit

similarly showed no alteration in sleep time after ethanol injection (Quinlan et al.,

1998). In addition to being subject to the caveats mentioned above (only one

background tested, limited number of assays), sleep time was measured at only

one dose of ethanol; in some studies, differences are observed at only some of

the doses tested. Due to the large number of genes encoding GABAA subunits, it

is also possible that the O.6 and 33 subunits do not play a role in ethanol's effects,

whereas other subunits do. Indeed, mice with a deletion of the 6 subunit exhibit

altered responses to ethanol. Knockout mice have a lower level of handling

induced convulsions after chronic ethanol and decreased ethanol consumption
12



and preference; these phenotypes are seen only in the C57BL/6Jx 129/Sv/Sv.J

background, and not in the 129/SV/Sv.J x 12/Sv/Ev" background, again

demonstrating the importance of genetic background. 6 subunit knockout mice

are also resistant to the motor incoordinating effects of ethanol, regaining

balance on a stationary rod more quickly than wild-type after ethanol injection.

No difference in the sensitivity to ethanol's sedating effects or in acute functional

tolerance were observed (Mihalek et al., 2001).

A somewhat controversial topic has been the role of the GABAA Y2

subunit. Two splice variants of Y2 exist: a short form, Y2S, and a long form that

includes an additional 24 bp exon, Y2L. It was initially reported that the Y2L form,

and in particular a PKC consensus phosphorylation site found in the additional 8

amino acids, was required for ethanol potentiation of GABAergic chloride

currents, but subsequent studies failed to reproduce this result (reviewed in

Grobin et al., 1998; Mihic, 1999). Two papers address this question in vivo. In

the first, the 24 bp exon of Y2L was removed by homologous recombination.

Electrophysiological response to GABA in dorsal root ganglion neurons from

knockout mice is normal, and ethanol is able to potentiate the actions of GABA.

The mice behave normally on the rotarod (no ethanol). Sleep time after ethanol

injection in the loss of righting reflex assay, acute functional tolerance and

handling-induced convulsions after chronic ethanol are all normal (Homanics et

al., 1999). Thus, this study confirms that the Y2L splice variant does not appear

to modulate either electrophysiological or behavioral sensitivity to ethanol. In the

second paper, transgenic lines with extra copies of either Y2L or Y2S were made.
13



These mice behave normally in a battery of tests, including the loss of righting

reflex test; they also have normal chloride ion flow in response to various

modulators (muscimol, flunitrazepam, and ethanol). A small difference in acute

functional tolerance was observed: transgenic mice develop a lower level of

tolerance than controls (Wicket al., 2000). One caveat to this study is that the

degree of Y2 overexpression was not measured; if Y2 levels are tightly regulated,

no effect would be expected in the transgenic lines.

In summary, knockout of the O.6, 33, 6 and Y2L subunits, and transgenic

overexpression of the Y2L and Y2S subunits, resulted in few differences when the

mice were tested for ethanol sensitivity. 6 subunit knockout mice demonstrated

the greatest differences, with altered ethanol consumption, resistance to the

incoordinating effects of ethanol, and decreased propensity to develop seizures

during ethanol withdrawal. Further testing of mice lacking other GABAA receptor

subunits, or perhaps combinations of subunits, is required to elucidate the role of

GABA in modulating ethanol responsiveness and to reconcile knockout data with

pharmacologic data. This may require restricting subunit deletion temporally

and/or spatially to avoid lethality or developmental compensation. In addition,

correlating behavioral responses to electrophysiological function in specific brain

regions would be helpful when interpreting the phenotypes. For example, how

does knocking out the 6 subunit alter the properties of GABAA receptor ion

channels? § -/- suffer less from withdrawal seizures; how does chronic

administration of ethanol affect the function of GABAA receptors containing the 6

-
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subunit? Do other subunits compensate for the lack of 6 subunit that have

altered sensitivity to ethanol?

4. Glycine receptor

As described above, ethanol potentiates chloride ion flow through glycine

receptors, and pharmacologic evidence suggests that ethanol-related behaviors

are modulated by glycine in vivo. A series of studies has examined the role of

specific residues in the glycine receptor that play a critical role in modulating

ethanol's potentiating effects. An alanine-to-serine mutation in residue 52 of the

glycine receptor of subunit decreases ethanol's efficacy in potentiating the

glycine-induced current (Mascia et al., 1996). In a subsequent study, chimeras

were made between the GABA p receptor, which is inhibited by ethanol, and the

glycine receptor of subunit, which is potentiated by ethanol, allowing

identification of a 45 amino acid stretch necessary for the potentiating effect.

Amino acids in this region that differed between the O.1 and p subunit were then

mutated. Replacement of serine 267 with isoleucine completely abolishes the

potentiating effects of ethanol on ot-containing channels (Mihic et al., 1997).

Indeed, mutagenesis of amino acid 267 to each of the other 19 amino acids

demonstrated an inverse correlation between amino acid volume and the degree

of potentiation by ethanol. Thus, the presence of small amino acids allows

ethanol potentiation, whereas bulky residues in this position result in inhibition by

ethanol (Ye et al., 1998).
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Two pieces of evidence suggest that residue 267 could be part of an

alcohol binding site. First, mutation of serine 267 to glutamine results in a

change in the alcohol cutoff. The cutoff effect refers to the phenomenon whereby

alcohols of increasing carbon chain length increasingly potentiate ion channel

function, but only up to a certain point. This has been interpreted as evidence for

an alcohol binding site; alcohols larger than the cutoff can no longer fit in the

binding pocket. The S267Q mutation reduces the alcohol cutoff for the glycine

receptor from decanol to propanol, that is, from 10 carbons to 3, consistent with

the idea that the bulkier amino acid allows less room for larger alcohols (Wicket

al., 1998). Second, mutation of serine 267 to cysteine allows covalent interaction

with thiol-containing compounds, which blocks the potentiating effect of

subsequently added octanol on the channel (Mascia et al., 2000). A different

interpretation of this result is that S267 is required to transduce an alcohol

induced cytoplasmic signal to a change in glycine receptor function, and that this

activity is blocked by the covalent attachment of the compound used.

To test whether the glycine receptor has a role in vivo in modulating the

behavioral effects of ethanol, Findlay et al. (2002) made transgenic mice

expressing the S267Q O.1 subunit. Homomeric receptors in Xenopus oocytes

consisting solely of S267Q subunits have normal responsiveness to glycine, but

are inhibited rather than potentiated by ethanol. Expression of the transgene

under the control of the pan-neural synapsin I promoter does not rescue the

lethality of spa”/spa" mice lacking the ot subunit. Nevertheless, it seems likely

that mutant subunits are incorporated into the pentameric glycine receptor,

T
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though no estimate was made of the proportion of receptors containing the

mutant subunit. The ability of ethanol to inhibit seizures in mice was tested;

seizures were induced by treatment with the glycine receptor antagonist

Strychnine or the GABAA receptor antagonist pentylenetetrazol. Transgenic mice

are somewhat resistant to ethanol's seizure-inhibiting effect in the strychnine

treated mice, but not in the pentylenetetrazol-treated mice. Transgenic mice are

also resistant to the sedating effects of ethanol in the loss of righting reflex assay,

though not to the sedating effects of an NMDA receptor inhibitor (ketamine) or

two GABAA receptor agonists (pentobarbital, a barbiturate, or flurazepam, a

benzodiazepine). Transgenic mice are also resistant to the motor incoordinating

effects of ethanol, as tested on the rotarod (Findlay et al., 2002). Thus,

incorporation of subunits with a single amino acid mutation into glycine receptor

channels resulted in resistance to the sedating and incoordinating effects of

ethanol, as well as to ethanol's inhibition of strychnine seizures. This approach is

particularly powerful because normal glycine signaling is presumably not

disrupted (though this was not electrophysiologically tested in vivo). Indeed,

mice lacking the O.1 subunit die at three weeks of age, preventing testing of

ethanol sensitivity. The mutant phenotypes observed in this study were

somewhat subtle, but replacing the wild-type receptor with mutant receptor by

homologous recombination, rather than expressing both wild-type and mutant

receptors, might allow for expression of more striking behavioral phenotypes.

5. PKC
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As described above, it was initially thought that phosphorylation of the

GABAA Y2L subunit by PKC was important for the ability of ethanol to potentiate

ion flow through the GABAA receptor. This led to testing of mice lacking different

PKC isoforms. The Y isoform is neural-specific and is expressed only after birth.

Mice lacking PKCY are less sensitive to the sedating effects of ethanol, but not

pentobarbital, in the loss of righting reflex assay, and this correlates with

decreased ethanol potentiation of GABAA receptor function (Harris et al., 1995).

Resistance to the sedating effects of ethanol is background-dependent (Bowers

et al., 1999). PKCY null mutant mice also consume more ethanol than wild-type

controls (Bowers and Wehner, 2001).

In contrast to PKCY, deletion of PKCe results in increased sensitivity to

ethanol's sedating and locomotor-activating effects (Hodge et al., 1999). PKCe -/-

mice also have decreased ethanol preference (Hodge et al., 1999), as well as

decreased operant responding to ethanol (Olive et al., 2000). Unlike the PKCY -/-

mice, in which sensitivity to pentobarbital was not affected, PKCE -/- mice are

more sensitive to the sedating and activating effects of pentobarbital and

diazepam. Ethanol, pentobarbital and diazepam are all allosteric modulators of

GABAA function, that is, they only alter GABAA receptor function in the presence

of GABA or a direct GABAA receptor agonist, such as muscimol. In PKCe

knockout mice, muscimol sensitivity of GABAA receptor function is unaffected,

whereas sensitivity to the potentiating effects of the allosteric modulators, ethanol

and flunitrazepam, is increased (Hodge et al., 1999). Thus, in PKCY-/- mice, the

decreased sensitivity to ethanol of the GABAA receptor is mirrored by decreased

*** - *
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sensitivity to the behavioral effects of ethanol, while in PKCe -/- mice, the

converse is true. In addition, while PKCY deletion specifically alters the

physiologic and behavioral effects of ethanol, but not barbiturates or

benzodiazepenes, PKCe deletion alters responsiveness to all three classes of

drugs. In summary, these papers show that different PKC isoforms seem to be

playing diverse roles in regulating GABAA receptor sensitivity to allosteric

modulators, including ethanol. These effects correlate with altered behavioral

sensitivity to these agents, although other targets of PKCY and e could also play a

role in modulating ethanol sensitivity.

6. 5-HT3 receptor

Another member of the ion channel family that includes the GABAA and

glycine receptors is the serotonin 5-HT3 channel. Unlike the GABAA and glycine

receptors, which conduct chloride ions and are therefore inhibitory

(hyperpolarizing), the 5-HT3 receptor is a cation ion channel and thus excitatory

(depolarizing). Ethanol potentiates the 5-HT3 receptor in a dose-dependent

manner in nodose ganglion neurons in culture at physiologically relevant

concentrations; as with the GABAA and glycine receptors, ethanol potentiation

only occurs in the presence of agonist (Lovinger and White, 1991). Potentiation

is also observed in the HEK293 mammalian cell line as well as in neuroblastoma

cells (Lovinger and Zhou, 1994; Zhou et al., 1998). Transgenic mice

overexpressing the 5-HT3 receptor gene in the forebrain (under the control of the

CaM kinase Ilo promoter) drink less ethanol than controls (Engblom and
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Akerman, 1991). In addition, the transgenic mice are more sensitive to ethanol's

locomotor-activating effects, but have normal sensitivity to the sedating effects of

ethanol (Engel and Allan, 1999). A caveat to these experiments is that the 5-HT3

receptor is overexpressed at very high levels (approximately 100-fold), which

may considerably alter the physiology of the neurons in which it is expressed.

Ethanol potentiation of the 5-HT3 receptor is unusual in that it is an

excitatory receptor. However, depending on the circuits in which ethanol is

acting on the 5-HT3 receptor, the end result of its activation could be either

inhibitory or excitatory. For example, ethanol potentiation of 5-HT3 receptors on

inhibitory neurons would presumably result in increased activity of those neurons.

This highlights the importance of understanding both the molecules involved in

ethanol's actions, as well as the ways in which those actions modify relevant

circuits — a difficult goal to achieve. A combination of pharmacology, which can

be targeted to specific circuits, with better genetic tools, such as the ability to

knock out (or restore) gene expression in restricted brain regions, may lead to

advances in this area.

7. NMDA receptor

The NDMA receptor is an ion channel gated by the excitatory amino acid

neurotransmitter glutamate, and is perhaps best known for its role in synaptic

plasticity. Ethanol inhibits the NMDA receptor in a dose-dependent manner at

low, physiologically relevant concentrations — 5 to 50 mM (Lovinger et al., 1989).

NMDA receptor knockout or knockdown mice have not been tested for ethanol
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sensitivity. However, mice lacking the tyrosine kinase fyn, which phosphorylates

the NMDA receptor, are more sensitive to the sedating effects of ethanol in the

loss of righting reflex assay. This correlates with a decreased level of

phosphorylation of the NMDAR2B subunit after ethanol administration compared

to wild-type mice (Miyakawa et al., 1997). While these data do suggest that fyn

plays a role in modulating ethanol sensitivity, the NMDA receptor is only

circumstantially implicated. Further studies should elucidate what role, if any, the

NMDA receptor plays, and whether its effects on synaptic plasticity are involved

in ethanol's actions.

8. Potassium channels

G-protein-activated inwardly rectifying K’ (GIRK) channels are activated

by GBY subunits released from G, or Go upon stimulation of G-protein-coupled

receptors (GPCRs), such as the M2 muscarinic, O.2 adrenergic, D2 dopaminergic

or p-, 6- or k opioid receptors. Ethanol activates GIRK channels expressed in

oocytes, particularly those containing the GIRK2 subunit (Kobayashi et al., 1999;

Lewohl et al., 1999). Unlike ethanol's effects on the GABAA, glycine and 5-HT3

channels, the effects of ethanol on GIRK channels do not require co-activation by

endogenous agonists. For example, pertussis toxin treatment, which prevents

Go/B/y complexes containing Gi or Go from interacting with GPCRs, and

therefore prevents release of G3) from Go, does not block the effect of ethanol

on GIRK channels. Similarly, reducing GB levels with antisense DNA treatment

also does not block ethanol's effects on the channel (Kobayashi et al., 1999).
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weaver mice, which have mutant GIRK2 channels that are not activated by

ethanol, are resistant to the analgesic effect of ethanol but show normal

sensitivity to ethanol-induced hypothermia, heart rate depression, locomotor

hyperactivity, and sedation (Kobayashi et al., 1999). GIRK2 null mutant mice

consume more ethanol than wild-type mice and are more sensitive to the

locomotor-activating effects of ethanol in an open field test. The difference in

locomotor-activating effect is not seen when the mice are tested in the home

cage, but this may be due to increased baseline activity in mutants in this assay.

Performance in the loss of righting reflex assay is not affected (Blednov et al.,

2001).

The voltage-gated potassium channels Kv3.1 and Kv3.3 are in a class

distinct from GIRKs. They are thought to be required for high-frequency firing in

the neurons in which they are expressed, including GABAergic interneurons in

the hippocampus, neocortex and striatum. Mice lacking both Kv3.1 and Kv3.3

are more sensitive to the effects of ethanol in an assay that measures the

number of sideways falls (Espinosa et al., 2001).

For both the GIRKs and the voltage-gated potassium channels, it will be

interesting to determine the types of neurons in which their function is required

for normal ethanol sensitivity. For example, is Kv expression in GABAergic

neurons responsible for the ethanol hypersensitivity of the double knockout

mice? Roles for norepinephrine, dopamine and opioids in ethanol-related

behaviors have already been demonstrated (see below); because GIRKs are

activated as a downstream consequence of signaling through some of the
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receptors of these neurotransmitters, perhaps the altered ethanol sensitivity of

GIRK2 mutant mice is due to perturbation of these pathways.

9. Dopamine

Two central principles underlie addiction theories. One is that the positive

reinforcement associated with drug intake results in addiction; the other is that

addiction occurs as people try to escape the negative reinforcement associated

with abstinence. A synthesis of these two concepts is that the positive

reinforcement that results from drug use explains the transition to the addicted

state, while a change in "hedonic setpoint," or the ability to achieve a certain

degree of positive reinforcement, may explain the persistence of the addicted

state (Koob and Le Moal, 1997).

What are the neurobiological substrates of positive reinforcement? The

concept of reward centers in the brain began with the studies of Olds and Milner,

who showed that rats will press a lever to receive electrical self-stimulation in

certain regions of the brain, and will seek out environments that have been

associated with brain stimulation. Drugs of abuse synergize with brain

stimulation reward, suggesting that they activate the same neural pathways

(Wise, 1996a). Subsequent studies have defined the major neuroanatomical

substrates underlying the rewarding properties of drugs of abuse, with the most

focus on the mesocorticolimbic pathway. The core component of this pathway is

the projection of dopaminergic neurons from the ventral tegmental area (VTA) of

the midbrain to the nucleus accumbens (Koob, 1992; Wise, 1996b). More

* - - - - - -
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recently, the "extended amygdala," which includes the mesocorticolimbic

pathway as well as the central nucleus of the amygdala and the bed nucleus of

the stria terminalis, has been proposed as a common substrate for drug reward.

This structure has connections with the limbic and extrapyramidal motor systems,

such as the basolateral amygdala, hippocampus, ventral pallidum and lateral

hypothalamus (Koob et al., 1998b). Drugs of abuse have been proposed to

interact with this pathway based on self-administration and pharmacologic

experiments. For example, amphetamines, which block dopamine reuptake and

promote dopamine release from neurons, are self-administered directly into the

nucleus accumbens, where they increase local dopamine concentrations.

Opiates inhibit GABAergic neurons in the VTA that in turn inhibit dopaminergic

neurons; the net result is activation of the VTA dopaminergic neurons.

Accordingly, opiates are self-administered into the VTA (Wise, 1996b).

Ethanol is also self-administered into the VTA in rats that have been bred

for ethanol preference (P rats) but not in non-preferring rats (NP rats) (Gatto et

al., 1994). Systemic ethanol administration results in dose-dependent activation

of dopaminergic VTA neurons in slice preparations and in vivo (Brodie et al.,

1990; Gessa et al., 1985). Consistent with this, ethanol administration results in

an increase in dopamine levels in the nucleus accumbens (Imperato and Di

Chiara, 1986). Thus, like other drugs of abuse, the mesocorticolimbic pathway

appears to play a role in ethanol's actions, and a number of pharmacologic

experiments with dopamine agonists and antagonists have supported this idea

(Cowen and Lawrence, 1999; Phillips and Shen, 1996). However, lesion of

24



dopaminergic neurons projecting to the nucleus accumbens and olfactory

tubercle with the neurotoxin 6-hydroxydopamine does not abolish oral self

administration of ethanol (Rassnicket al., 1993), suggesting that the

dopaminergic pathway is not the sole substrate for ethanol's rewarding effects.

As discussed above, a number of neurotransmitter systems are implicated in the

effects of ethanol, and many of these play a role in the reward pathways of the

extended amygdala. For example, injection of a GABA antagonist into the

central nucleus of the amygdala, bed nucleus of the stria terminalis or shell of the

nucleus accumbens decreases operant responding for ethanol in rats, and other

pharmacologic experiments implicate serotonergic and opioidergic systems

(Koob et al., 1998a).

Genetic studies have supported a role for dopamine in the effects of drugs

of abuse in general, and ethanol in particular, and have shown that dopamine

plays a role not only in reinforcement but also in other aspects of drug effects.

For example, extensive evidence exists for a role for dopamine in regulating

locomotor behavior (Phillips and Shen, 1996). Indeed, Wise and Bozarth have

proposed that the locomotor activating properties of addictive drugs are

homologous to their reinforcing properties (Wise and Bozarth, 1987), though

other evidence suggests that the two can be dissociated.

Mice lacking the dopamine transporter, the target of both cocaine and

amphetamine, are hyperactive — similar to wild-type mice that have been

administered these drugs. Furthermore, locomotor activity does not increase

further upon administration of cocaine and amphetamine, as if the mice were

* -----sº
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already in a cocaine- or amphetamine-intoxicated state (Giros et al., 1996).

While cocaine and amphetamine also have effects on serotonin and

norepinephrine transporters, these experiments suggest that inhibition of the

dopamine transporter plays a major role in the locomotor-activating effects of

these drugs.

There are five known dopamine receptors in mammals. The D1 class

includes D5, whereas the D2-like receptors include the D3 and D4 receptors.

Mice lacking dopamine D4 receptors display increased sensitivity to the

locomotor-activating effects of ethanol, cocaine and methamphetamine. While . . . .”

this seems to be contradictory to the previously discussed results, these mice
-

º
actually have increased rates of dopamine synthesis, which may explain the º -

º
increased sensitivity observed, though other explanations are also possible ~ -

(Rubinstein et al., 1997). Similarly, mice heterozygous for a deletion of the

vesicular monoamine transporter 2 (VMAT2), the transporter that loads

monoamines into synaptic vesicles, have decreased dopamine levels but an

apparent compensatory increase in postsynaptic sensitivity to dopamine. Like

the D4 mutant mice, the VMAT2 +/- mice are more sensitive than controls to the

locomotor-activating effects of cocaine, amphetamine and ethanol (Wang et al.,

1997).

A role for the dopamine D1 receptor in the reinforcing effects of alcohol

was studied in D1 knockout mice. D1 -/- mice drink less ethanol than controls.

The D2 antagonist sulpiride somewhat decreases ethanol consumption in wild

type mice, whereas ethanol intake is completely abolished in D1 -/- mice treated
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with Sulpiride. This suggests that the reinforcing properties of ethanol, as

measured by self-administration, are mediated by both the D1 and D2 dopamine

receptors. Furthermore, while the D1 antagonist SCH-23390 decreases ethanol

intake in wild-type mice to the level of D1 -/- mice, it had no effect on the mutant

mice. This suggests that the decreased ethanol intake in D1 -/- is not due to

developmental compensation, since it can be mimicked by acutely applied

pharmacological agents (El-Ghundi et al., 1998).

Consistent with the above results, mice lacking dopamine D2 receptors

also consume less ethanol than controls (Phillips et al., 1998). In addition, D2

receptor-deficient mice do not develop conditioned place preference to ethanol,

another measure of the rewarding properties of a drug (Cunningham et al.,

2000). The D2 receptor-deficient mice also are resistant to ethanol's locomotor

depressing and ataxia-inducing effects.

DARPP-32 (dopamine and adenosine 3',5'-monophosphate-regulated

phosphoprotein, 32 kDA) plays an important role in the signaling cascade

downstream of the dopamine receptor (Bibb et al., 1999; Fienberg et al., 1998;

Greengard et al., 1999). Like the D2 receptor knockout mice, DARPP-32

knockout mice also do not develop conditioned place preference to ethanol, and

have decreased levels of operant self-administration. Thus, deletion of an

important mediator of dopamine signaling also perturbs responding to the

rewarding effects of ethanol. However, DARPP-32 knockout mice are more

sensitive to the locomotor-activating effects of ethanol, an example of

dissociation between ethanol's rewarding and locomotor activating properties
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(Risinger et al., 2001). (PKCe knockout mice also have increased sensitivity to

the locomotor-activating effects of ethanol but decreased sensitivity to the

rewarding effects; the decreased reward sensitivity correlates with decreased

dopamine release in the nucleus accumbens; Hodge et al., 1999; Olive et al.,

2000).)

In summary, numerous lines of evidence implicate dopamine in the

rewarding properties of ethanol, as well as in other effects of ethanol such as

locomotor activation and ataxia. Impairment of dopamine signaling, whether by

deletion of the D1 or D2 receptors, or by deletion of the downstream signaling

molecule DARPP-32, apparently decreases the rewarding effects of ethanol. D2

knockout also reduces the locomotor-depressing and ataxic effects of ethanol. In

contrast, manipulations that increase postsynaptic sensitivity to dopamine, such

as heterozygous deletion of the VMAT2 transporter, result in increased sensitivity

to ethanol's locomotor-stimulating effects. One discrepancy in these results is

the increased sensitivity to ethanol's activating effects in the DARPP-32 knockout

mice.

Although dopamine has received most of the attention of researchers in

recent years, a recent study in mice lacking dopamine fl-hydroxylase (Dbh),

which converts dopamine to norephinephrine, has shown that norepinephrine

also plays a role in ethanol-associated behaviors. Dbh -/- are more sensitive to

the sedating effects of ethanol in the loss of righting reflex assay. The mutant

phenotype can be rescued by administration of DOPS, which can be converted

to norepinephrine by a different enzyme, showing that the mutant phenotype is

*- - - -s -º
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indeed due to the lack of norepinephrine (rather than, for example, an excess of

dopamine). In this experiment, norepinephrine is restricted to the central nervous

system by inhibiting peripheral conversion of DOPS to norepinephrine. Dbh

knockout mice also have decreased preference for ethanol, suggesting that

norepinephrine, like dopamine, plays a role in ethanol reward (Weinshenker et

al., 2000).

10. Opioids ---
The opioid antagonist naltrexone is one of the few pharmacologic - - - :-

treatments for alcoholism that has been shown to be effective in double-blind

studies: recovering alcoholics treated with naltrexone have lower rates of relapse * - i

than those treated with placebo (Volpicelli, 2001). Opioid antagonists also
- -

decrease ethanol consumption in animals; of the three opioid receptors (u, 6 and

k), pharmacologic evidence strongly supports a role for the pi receptor, while

evidence regarding the role of 6 receptors is contradictory (Herz, 1997).

pl— and 6-opioid receptor knockout mice have been tested in ethanol self

administration paradigms. A receptor knockouts have decreased preference for

ethanol compared to wild-type controls in a variety of self-administration

paradigms in two different laboratories (Hall et al., 2001; Roberts et al., 2000). In

addition, knockout females do not develop conditioned place preference to

ethanol, whereas wild-type females do. This difference is not seen in male mice,

but wild-type mice developed only a modest degree of place preference in this

study (Hall et al., 2001). In contrast to the pu-opioid receptor knockouts, mice
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lacking the 6-opioid receptor have increased preference for ethanol achieving

much higher blood alcohol levels than wild-type mice (Roberts et al., 2001).

Thus, while the rewarding effects of ethanol seem to depend on the presence of

the pu-opioid receptor, the converse may be true for the 6-opioid receptor. The

mechanisms by which ethanol interacts with the opioid system are unclear, but

may involve interactions with the mesolimbic dopamine pathway (Herz, 1997).

11. cAMP signaling

An extensive literature documents interactions between ethanol and the

cAMP signaling system. Early studies in cultured cells and brain homogenates

sought a mechanistic understanding of how acutely applied ethanol potentiates

adenylate cyclase activity. Later studies examined the effects of chronic ethanol

exposure in these preparations. To understand the relevance of cAMP signaling

to ethanol actions in humans, cells from alcoholics or those at risk for alcoholism

were studied for alterations in the cAMP pathway. Finally, recent genetic studies

have sought in vivo evidence that cAMP signaling plays a role in ethanol

sensitivity.

Several studies have shown that ethanol causes only slight increases in

basal adenylyl cyclase (AC) activity, but robustly potentiates agonist-stimulated

AC activity in striatal, cortical and cerebellar homogenates (Luthin and Tabakoff,

1984; Rabin and Molinoff, 1981; Rabin and Molinoff, 1983; Saito et al., 1985).

Theoretically, ethanol could potentiate AC activity by stimulating a number of

different steps in the pathway: binding of agonist to its receptor, exchange of
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GDP for GTP and subsequent dissociation of the heterotrimeric G-protein into O.

and BY subunits; association of Go, with AC and subsequent AC activation; and

Mg” binding to AC. Ethanol could also be acting by decreasing turn-off of G

protein activation of AC. Ethanol does not alter binding of ['H] spiroperidol, a

dopamine receptor agonist, to the dopamine receptor (Rabin and Molinoff, 1981),

or the concentration of GTP required for half-maximal activation (Rabin and

Molinoff, 1983), suggesting that ethanol acts downstream of ligand-receptor

activation and nucleotide binding to the G protein. Other evidence that suggests

that ethanol acts downstream of GTP binding to the G-protein is that ethanol is

able to potentiate AC activation in the presence of NaF, which promotes the

transition of the G-protein to a state capable of activating AC in the absence of

GTP (Luthin and Tabakoff, 1984; Saito et al., 1985). Ethanol's effects do require

the presence of G-protein, however, since no AC potentiation is observed in cycº

cells lacking G-protein (Rabin and Molinoff, 1983). Ethanol does not alter the

ECso of Mg” binding to AC (Luthin and Tabakoff, 1984; Rabin and Molinoff

1983). The GTP analogue Gpp(NH)p activates AC with a characteristic lag time;

ethanol eliminates this lag (Rabin and Molinoff, 1983; Saito et al., 1985). This

suggests that ethanol may be acting to increase the rate of dissociation of the

heterotrimeric G-protein after GTP binding, or to increase the rate of association

of Go, with AC. Cells transfected with different isoforms of AC are differentially

sensitive to ethanol's cAMP-stimulating effects; cells transfected with AC VII

show the greatest degree of cAMP stimulation (Yoshimura and Tabakoff, 1995;

Yoshimura and Tabakoff, 1999). Finally, ethanol is still able to potentiate AC

* * * * *
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activation in cells that have been pretreated with cholera toxin, which ADP

ribosylates Go and thus inhibits the GTPase activity of the G-protein, as well as

increasing GDP release (Luthin and Tabakoff, 1984; Rabin and Molinoff, 1983).

This suggests that ethanol is not acting to increase G-protein turn-off. Thus,

ethanol appears to be acting downstream of hormone binding to receptor and the

subsequent binding of GTP to the G-protein, perhaps increasing the dissociation

rate of the G-protein into o, and fly subunits or the subsequent association of Go.

with AC. How this may be occurring remains mysterious.

A different mechanism has been proposed for the potentiating effects of

ethanol on cAMP signaling in NG108-15 neuroblastoma-glioma cells. As in the

studies above, ethanol potentiates CAMP production (Gordon et al., 1986). This

occurs because ethanol inhibits the adenosine transporter, resulting in increased

extracellular levels of adenosine; the adenosine A2 receptor found in NG108-15

cells is positively coupled to the cAMP signaling pathway, and blockade of this

receptor with BW A1434U blocks ethanol-stimulated increases in cAMP (Sapru

et al., 1994). Acutely applied ethanol also inhibits adenosine uptake in S49 cells,

resulting in increased extracellular adenosine. Transporter inhibition requires an

intact G-protein coupled receptor (GPCR)/G-protein/AC/protein kinase A (PKA)

pathway, because inhibition is blocked in unc cells (in which G proteins fail to

couple to activated receptor) and in kin cells that lack PKA. Ethanol inhibition of

adenosine uptake can be restored by forskolin — which directly activates AC — in

unc cells, but not in kin cells (Nagy et al., 1991). Taken together, these data

suggest that ethanol stimulation of cAMP signaling results in inhibition of the

" --- * *
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adenosine transporter, raising extracellular adenosine levels, which further

stimulate cAMP signaling.

Many studies have also examined the effects of chronic ethanol on cAMP

signaling. NG108-15, S49 and PC12 cells, as well as cerebellar neurons in

culture, become tolerant to ethanol's potentiation of cAMP signaling (Gordon et

al., 1986; Nagy et al., 1991; Rabin, 1990a; Rabin, 1990b). In S49 cells lacking

PKA (kin), tolerance does not develop (Nagy et al., 1991). Similarly, chronic

ethanol exposure of PC12 cells results in decreased cAMP induction by an

adenosine receptor agonist or by forskolin; this does not occur in a PC12

subclone lacking type Il PKA. The effect of chronic ethanol can also be blocked

by coadministration of Rp-cAMPS, a PKA inhibitor (Rabin et al., 1992). Thus,

PKA is required for the development of tolerance in two different cell types.

Tolerance in the NG108-15 cells can be explained by the development of

desensitization of the adenosine transporter to ethanol inhibition; consequently,

ethanol exposure no longer results in increased extracellular adenosine. Both

effects, as well as tolerance to ethanol's potentiation of agonist-stimulated

increases in cAMP, are blocked by incubation of the cells with BW A1434U, the

adenosine receptor antagonist (Sapru et al., 1994). This suggests that signaling

through the adenosine receptor is required for the development of tolerance in

chronically ethanol-exposed NG108-15 cells.

Tolerance develops to the cAMP-stimulating effects of agonists acting on

two different receptors in both NG108-15 and S49 cells, suggesting that it occurs

downstream of the receptors ("heterologous desensitization"; Gordon et al.,
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1986; Nagy et al., 1991). Indeed, in NG108-15 cells, Gso levels are decreased

after chronic ethanol exposure, and like other effects of chronic ethanol in these

cells, this decrease is blocked by coadministration of BW A1434U (Sapru et al.,

1994), suggesting it requires activation of the adenosine receptor. The decrease

in Gso levels is functionally relevant: in reconstitution experiments of cyc cells,

extracts from chronically ethanol-treated NG108-15 cells provide less active Gso.

than extracts from control cells, as measured by receptor-stimulated AC activity

(Mochly-Rosen et al., 1988). Interestingly, N1E-115 neuroblastoma cells had

increased levels of Gio. (Charness et al., 1988), which could also explain

decreased AC activation in cells chronically exposed to ethanol. Thus,

mechanisms for counteracting ethanol's stimulatory effects on cAMP signaling

appear to depend on cell type.

Manipulations that mimic downregulation of cAMP signaling, such as a

short exposure of NG108-15 cells to Rp-cAMPS, mimics the effects of chronic

exposure to ethanol. Conversely, tolerance in cells that have been exposed to

prolonged ethanol can be reversed by Sp-cAMPS, a PKA activator (Coe et al.,

1996). Together with the results discussed above, it appears that signaling

through PKA leads to eventual PKA downregulation in cells chronically exposed

to ethanol, and this downregulation appears to be necessary for the maintenance

of the tolerant state.

Another effect of ethanol exposure on the cAMP signaling system is the

translocation of the PKA catalytic subunit to the nucleus in NG108-15 cells

(Dohrman et al., 1996), resulting in stimulation of CRE-mediated transcription
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(Asher et al., 2002). As with other ethanol effects on these cells, CRE-mediated

transcription is blocked by incubation of cells with BW A1434U, Rp-cAMPS and

PKA inhibitors. Transcription is also blocked by dominant-negative CREB (Asher

et al., 2002). Thus, ethanol seems to promote translocation of the catalytic

subunit through the adenosine receptor/PKA pathway and thus stimulation

transcription in a CREB-dependent manner. Stimulation of transcription could

explain how some of the chronic changes in response to ethanol occur.

A very recent study found that dopamine signaling through the D2 receptor

in NG108-15 cells or in hippocampal neurons also results in PKA catalytic

subunit translocation to the nucleus and CRE-mediated transcription.

Surprisingly, this effect was blocked by Rp-cAMPS: D2R is a Gi-coupled receptor,

and therefore typically results in decreased cAMP signaling. However, after

application of the D2R agonist, cAMP levels transiently rise before declining, and

this correlates with the time of catalytic subunit translocation. The mechanism

underlying this effect appears to be activation of adenylyl cyclase by Gi fly

subunits, because it is blocked both by pertussis toxin (which prevents

dissociation of the Gi heterotrimer) and peptides that bind to fly. Surprisingly,

ethanol's effects were also blocked by pertussis toxin and the fly scavengers,

though other evidence suggested that the ethanol effect is mediated by

adenosine action on the Gs-coupled A2 receptor, the authors propose that

ethanol may act both on By subunits and by inhibition of the adenosine

transporter, as described above. Interestingly, low concentrations of D2R agonist

and ethanol act synergistically to cause catalytic subunit translocation and CRE
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mediated transcription, suggesting that cells expressing the D2R may be

particularly susceptible to ethanol's effects; these include neurons in the nucleus

accumbens. Indeed, expression of a fly scavenger in nucleus accumbens

neurons of rats resulted in decreased ethanol preference; whether this is due to

an alteration in dopamine signaling or some other effect of fly subunits (such as

GIRK activation, adenylyl cyclase I inhibition, and phospholipase C activation) is

unclear. Another confusing aspect of the data in this paper is that in

hippocampal neurons, in which both Gi-coupled A1 receptors and Gs-coupled A2

receptors are expressed, blocking either A1 or A2 receptors blocks ethanol's

effects. Thus, it appears that ethanol can act through the A1 or A2 receptors, or

directly on By subunits (Yao et al., 2002). Nevertheless, the synergistic

interaction between dopamine and ethanol is quite interesting.

A number of studies have examined whether cAMP signaling is altered in

cells from alcoholics. In platelets from alcoholics, guanine nucleotide, cesium

fluoride, and prostaglandin E1 stimulation of cAMP is lower than in platelets from

control subjects (Tabakoff et al., 1988). Similarly, freshly isolated lymphocytes

from alcoholics show decreased adenosine receptor-stimulated cAMP generation

(Nagy et al., 1988). These results are consistent with the decreased agonist

stimulated cAMP signaling observed in cells that have been chronically treated

With ethanol.

An interesting connection between cAMP signaling and the effects of

ethanol on ion channels is described by Freund and Palmer, who found that

ethanol potentiation of GABA-mediated inhibition of cerebellar Purkinje cells
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depends on intact cAMP signaling in those neurons. PKA activators, such as Sp

cAMPs or 8-Br-cAMP, increased ethanol potentiation of GABAergic inhibition of

Purkinje neurons, whereas PKA inhibitors, such as Rp-cAMPs, had the opposite

effect. That ethanol's effects on GABA channels may occur through the cAMP

signaling pathway is suggested by the result that ethanol does not further

potentiate GABA activity beyond the level of maximal potentiation by 8-br-cAMP,

though an alternate explanation would be that the ion channels have reached

maximal activation (Freund and Palmer, 1997). It will be interesting to determine

whether there are other interactions between ethanol's effects on cAMP signaling

and its effects on ion channels.

Genetic studies have shown that the cAMP signaling cascade modulates

ethanol sensitivity in vivo. These studies were pioneered in Drosophila. A

forward genetic screen for Drosophila mutants with altered ethanol sensitivity

identified the neuropeptide amnesiac (amn) as a regulator of ethanol sensitivity

(Moore et al., 1998). amn is thought to be positively coupled to the cAMP
-

signaling pathway, because it suppresses the female sterility of dunce (dnc)

females (Feany and Quinn, 1995), dnc mutants have defective cAMP

phosphodiesterase (PDE), and therefore increased cAMP levels (Byers et al.,

1981). Further experiments showed that flies with mutations in the

Ca”/calmodulin-stimulated adenylyl cyclase rutabaga (rut) and the PKA catalytic

subunit DCO also have increased ethanol sensitivity, as do flies fed the PKA

inhibitor Rp-cAMPs (Moore et al., 1998). pka-RIl mutant flies with mutated type II
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regulatory subunits are resistant to ethanol, though these flies also have

decreased cAMP-stimulated PKA activity (Park et al., 2000b).

cAMP signaling also regulates ethanol sensitivity in mammals. Like pka

Rll mutant flies, mice with a targeted deletion of the PKA-RIIB gene are resistant

to ethanol in the loss of righting reflex assay (Thiele et al., 2000b). However,

mice expressing a PKA inhibitor in the forebrain are sensitive to ethanol's effects,

as are mice lacking one copy of a Gs, subunit, while mice expressing

constitutively active Gs, are resistant to ethanol's sedating effects (Wand et al.,

2001). Thus, ethanol sensitivity is not simply correlated with the amount of cAMP

signaling, but is more complexly regulated by this pathway (see Chapter 1).

In summary, knockout and transgenic studies in mice have implicated a

wide variety of molecules in ethanol's in vivo effects: monoamines,

neuropeptides, ion channels and signaling pathways mediated by PKC and PKA.

How do these molecules work together to mediate ethanol's rewarding and

intoxicating effects? In most cases, gene expression has been globally

manipulated in the nervous system, leaving open the question of where these

molecules are acting to control behavior. In addition, it is probable that other

molecules may also play a role in modulating ethanol's effects.

Part II. Using Drosophila to Study Behavior

In the 1960s, Seymour Benzer pioneered the genetic dissection of

behavior in Drosophila, describing the use of the countercurrent apparatus to
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isolate mutants defective in the phototactic response (Benzer, 1967).

Subsequent studies have examined various aspects of Drosophila behavior,

such as learning and memory, courtship and circadian rhythms.

Olfactory Learning and Memory

As first described by Quinn et al., flies can learn to avoid an odor that has

been paired with an unpleasant stimulus, such as an electric shock (Quinn et al.,

1974); memory of the odor/shock association can persist for many days (Tully et

al., 1994). Dudai et al. described the first isolation of a mutant, dunce (dnc),

defective in this olfactory learning paradigm (Dudai et al., 1976). Other mutants

followed, including amnesiac (amn; Quinn et al., 1979), rutabaga (rut; Livingstone

et al., 1984), and others (discussed below).

cAMP Signaling in Learning and Memory

As mentioned above, dnc flies have decreased cAMP PDE activity (Byers

et al., 1981), and a gene encoding a PDE maps to the same locus as the dno

learning and memory mutation (Chen et al., 1986, Qiu et al., 1991). The finding

that dnc flies are defective in PDE prompted an examination of adenylyl cyclase

(AC) activity in other learning and memory mutants, and rut flies were found to be

deficient in Ca”/calmodulin-sensitive AC (Livingstone et al., 1984). Thus,

mutants with defects in degrading or synthesizing cAMP are both unable to

perform in the olfactory learning test.
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Cloning of rut was achieved when an analysis of adenylyl cyclase

transcripts in Drosophila revealed a sequence mapping to the same

chromosomal location as rut. rut', the original allele isolated, was shown to

contain a G-to-R substitution within the coding region of the gene (Levin et al.,

1992), and a series of P-element insertions upstream of the transcriptional start

site were shown to decrease transcript and protein levels as well as AC activity

(Han et al., 1992). These P-element mutants are also defective in learning and
- - - - - *

memory (Han et al., 1992).

Conditional adult expression of a wild-type cDNA encoding the dmc PDE

partially rescues the learning defect of dnd mutants, providing further evidence
-

that the PDE is important for normal learning (Dauwalder and Davis, 1995). *.. * - .
º |

Similarly, expression of the wild-type rut cDNA rescues the learning defect of rut …---

mutants (Zars et al., 2000).
-

… •

The neurofibromatosis type 1 (NF1) tumor suppressor is a regulator of the

rut adenylyl cyclase. The neuropeptide pituitary adenylyl cyclase-activating

peptide (PACAP) elicits an outward current when applied to the neuromuscular

junction (Zhong and Pena, 1995). This current is blocked in both NF1 and rut

mutants (Guo et al., 1997; Zhong, 1995). The NF1 phenotype can be rescued by

application of cAMP or forskolin (Guo et al., 1997). GTPYS-stimulated AC activity

is decreased in NF1 mutants, although forskolin-stimulated AC levels are normal,

indicating that AC itself is present and functional (Guo et al., 2000; Tong et al.,

2002). NF1 mutants have decreased body size, and this phenotype is rescued

by expression of constitutively active PKA (The et al., 1997). Together, these
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data suggest that NF1 positively regulates AC. Like rut mutants, NF1 mutants

are learning-deficient, and this phenotype can be rescued by expression of

constitutively-active PKA (Guo et al., 2000). This suggests that the learning

defect of NF1 mutants is due to decreased activation of cAMP signaling.

In addition to being learning-deficient, dnc females are sterile. amn

partially suppresses this phenotype, suggesting that amn mutants may have

lower cAMP levels than wild-type, at least in certain cells. A screen undertaken

to identify second-site suppressors of the female sterility of dnc resulted in

identification of a P-element-induced amn mutant, facilitating amn cloning.

Supporting an amn/cAMP connection, amn was found to have weak homology to

PACAP and growth hormone releasing hormone (GHRH), two mammalian

peptides positively coupled to the cAMP pathway (Feany and Quinn, 1995).

Expression of a wild-type amn cDNA was able to rescue the learning defect of

amn mutants. Interestingly, expression of the amn cDNA only during adulthood,

using the same protocol used to rescue the ethanol sensitivity defect of amn, was

not sufficient to rescue the learning defect (DeZazzo et al., 1999). This suggests

that amn functions differently in regulating ethanol sensitivity and olfactory

learning.

Because of the apparent involvement of cAMP signaling in olfactory

learning and memory, the role of PKA in this behavior was also examined. PKA

exists as an inactive tetramer consisting of two regulatory and two catalytic

subunits. cAMP binding to the regulatory subunits results in their dissociation

from the catalytic subunits, which are then active. Holoenzymes containing type

* - - - *

• ****** * sº
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Il regulatory subunits can be autophosphorylated, whereas those containing type

| regulatory subunits lack this potential (Taylor et al., 1990). Biochemical

evidence indicates that Drosophila has both the type I and type II forms of PKA

(Foster et al., 1984; Inoue and Yoshioka, 1997), and genes have been identified

encoding the catalytic subunit (Foster et al., 1988; Kalderon and Rubin, 1988),

and the RI (Goodwin et al., 1997) and RII (Park et al., 2000b) regulatory

subunits. Not surprisingly, Drosophila completely lacking PKA catalytic subunit

activity (DCO null mutants) do not survive to adulthood (Lane and Kalderon,

1993), precluding behavioral testing. However, heteroallelic animals, carrying

two different mutant alleles of DCO, are viable and have low levels of PKA activity

(less than 20% of normal); these flies are learning-deficient (Skoulakis et al.,

1993).

Another way to decrease PKA activity is by using the heat-stable inhibitor

of PKA, PKI (Scott et al., 1985). Conditional expression of PKI has a detrimental

effect on the fly's ability to learn, even though under the conditions used PKI

expression did not greatly alter PKA activity in head extracts (Drain et al., 1991).

Flies with a mutation in the R1 gene, which alters RI expression in a complex

manner, are also learning-deficient (Goodwin et al., 1997). Thus, various

manipulations impairing the proper functioning of PKA block flies' ability to learn.

One target of PKA is the transcription factor cAMP-responsive element

binding protein (CREB). Transcription and translation are required for long-term

memory storage in many different organisms and for many types of memory

(Abel and Kandel, 1998). In Drosophila, spaced training, in which training
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sessions are separated by rest periods, results in long-term memory formation;

administration of the translation inhibitor cycloheximide blocks this long-term

memory (Tully et al., 1994; Yin et al., 1994). Conditional expression of dominant

negative CREB also blocks long-term memory, while a mutated form of the

transgene has no effect (Yin et al., 1994). Dominant-negative CREB expression

has no effect on the shorter-term memory formed after massed training, in which

flies are trained without rest periods between training sessions (Yin et al., 1994).

In contrast, expression of an active isoform of CREB allows long-term memory to

form even after massed training, when wild-type flies fail to develop long-term

memory (Yin et al., 1995). Mutating the PKA phosphorylation site of CREB

blocks its memory-inducing capacity (Yin et al., 1995). Thus, inhibiting the activity

of the CREB transcription factor specifically impairs formation of long-term

memory, while inducing active CREB results in long-term memory formation.

The role of the cAMP/PKA/CREB pathway in regulating learning and

memory is conserved in other organisms from Aplysia to mouse. Classic studies

in Aplysia investigating the mechanism underlying sensitization, a simple form of

learning, showed that serotonin signaling through the cAMP/PKA pathway results

in Kº-channel closure, thus increasing action potential duration, Caº influx and

neurotransmitter release (Shuster et al., 1985; Siegalbaum et al., 1982).

Serotonin can also elicit long-term facilitation of synapses in Aplysia, as with

long-term memory in Drosophila, this process is CREB-dependent (Casadio et

al., 1999). In mice, PKA inhibition in the forebrain results in elimination of the late

phase of long-term potentiation (LTP), a form of neuronal plasticity (see below),
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and certain defects in memory tests (Abel et al., 1997). CREB mutant mice also

perform poorly in memory tests (Silva et al., 1998).

One goal of learning and memory researchers has been to try and

understand the cellular basis of learning. Perhaps the most widely studied form

of synaptic plasticity has been hippocampal LTP, in which a train of electrical

stimuli elicits potentiation of excitatory post-synaptic potentials (EPSPs; Bliss and

Collingridge, 1993). As alluded to above, pharmacologic and genetic

manipulations disrupting LTP frequently also perturb learning and memory in

behavioral tests. An elegant example linking genetics, physiology and behavior . . ."

is provided by mice lacking the NR1 subunit of the NMDA receptor in CA1 -

hippocampal neurons (Tsien et al., 1996). The NMDA receptor plays a central º
- - -

º .#

role in LTP (Bliss and Collingridge, 1993), and the NR1 subunit is required for * * *-

NMDA receptor function (Monyer et al., 1992). Mice in which NR1 deletion is

targeted to the CA1 neurons lack LTP in these neurons, though not at other

synapses, and perform poorly in two behavioral tests of spatial memory (Tsien et

al., 1996).

Drosophila learning and memory researchers have also studied synaptic

correlates of learning. The neuromuscular junction (NMJ) of third instar larvae is

accessible to electrophysiological recordings (Jan and Jan, 1976). Both dmc and

rut show altered plasticity at this synapse (Zhong and Wu, 1991). The evoked

excitatory junctional current (EJC) amplitude is increased in dric mutants, but

miniature EJC (mEJC) amplitude is normal, indicating that there is no alteration

in postsynaptic neurotransmitter responsiveness and that the defect is
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presynaptic. Consistent with this idea, Ca” cooperativity of EJCs is decreased in

dnc mutants, that is, less Caº is required to trigger synaptic vesicle release.

Both facilitation in response to 4-Hz stimulation and post-tetanic potentiation

(PTP), in which EJCs increase in amplitude after a 5-Hz tetanus, are reduced in

dnc and rut, but for different reasons. The increased cAMP levels of dnc seem to

result in a “pre-facilitated" synapse, so that further stimulation does not result in

increased EJC amplitude. Consistent with this model, lowering the Ca”

concentration results in some facilitation and PTP, though the characteristics --- ~ *

differ from wild-type NMJs. In contrast, the initial EJC of rut is normal, but does . . . "

not increase as much as wild-type in the facilitation and PTP protocols,

suggesting that the Caº-calmodulin-sensitive AC is needed to translate the -

increased synaptic stimulation into increased neurotransmitter release (Zhong ---

and Wu, 1991). * . . . . .

The effects of dnd and rut on presynaptic release at the larval NMJ were

examined in another study using somewhat different technology. Synaptic

vesicles can be labeled using the dye FM1-43. By using different stimulation

(loading) and release (unloading) protocols, two pools of synaptic vesicles can be

identified: the exo■ endo cycling pool (ECP) and the reserve pool (RP). In order

for neurotransmitter release to occur from RP vesicles, they must translocate into

the ECP, for example by high frequency electrical stimulation. The PKA inhibitor

Rp-cAMPS and the AC inhibitor SQ22536 decreased release from the RP.

Similarly, release from the RP was also decreased in rut mutants, while RP

release was increased in dnc mutants. The rut phenotype could be suppressed
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by addition of exogenous db-cAMP, indicating it was due to the deficient cAMP

production in this mutant. These results suggest that rut impairs translocation of

synaptic vesicles from the RP into the ECP, while dmc enhances this process.

Further evidence supporting this idea comes from experiments with bafilomycin,

a drug that blocks neurotransmitter loading into vesicles. In bafilomycin-treated

synapses, prolonged 1 Hz stimulation results in decreased evoked junctional

potential (EJP) amplitude, presumably by depletion of the neurotransmitter in the

ECP vesicles. However, tetanic stimulation at 10 Hz restores EJP amplitude,

presumably by recruitment of RP vesicles into the ECP. In bafilomycin-treated . . . "

rut larvae, EJP amplitude is not restored by tetanic stimulation, which could be
- - -

explained by a defect in recruiting vesicles from the RP to ECP. Indeed, multiple - º .

trains of tetanic stimulation do eventually result in increased EJP amplitude. In ------- ~~ -

contrast, E.JP amplitude in bafilomycin-treated dnc larvae increases more rapidly

than in wild type with the onset of tetanic stimulation, and drops again after 10 Hz

stimulation is stopped. This is consistent with the idea that in dnc synapses, RP

to ECP translocation occurs to a greater than normal degree, and by the end of

10 Hz stimulation the RP is depleted (Kuromi and Kidokoro, 2000). These data,

together with the data from Zhong and Wu (1991), suggest that rising cAMP

levels in the presynaptic terminal facilitates transition of synaptic vesicles from a

reserve pool into an active, cycling pool, enhancing neurotransmitter release.

Studies of cultured hippocampal neurons also support a role for cAMP in

facilitating neurotransmitter release. Presynaptically applied forskolin results in

increased evoked inhibitory postsynaptic current (IPSC) amplitude, and
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presynaptic application of the PKA inhibitors H7, Rp-cAMPS or PKI blocks the

facilitation of evoked IPSCs. Forskolin also results in increased frequency of

miniature IPSC release in the presence of ruthenium red, a Caº-independent

secretagogue, suggesting that it does not act by increasing Ca” influx into the

presynaptic terminal. Indeed, the effect of forskolin is not blocked by the Caº

channel blocker CoCl2 (Trudeau et al., 1996). Botulinum A, which cleaves the

synaptic protein SNAP-25, blocks forskolin's effects on evoked IPSC amplitude

and ruthenium red-evoked miniature IPSC release (Trudeau et al., 1998). This

places the effect of cAMP signaling upstream of SNAP-25 but downstream or

parallel to Caº”.

The effect of the dmc mutation on synaptic physiology has also been

studied at excitatory cholinergic synapses of cultured embryonic neurons. In dnc

mutants, miniature excitatory postsynaptic current (mHPSC) frequency is

increased. This is a presynaptic effect since mEPSC amplitude is unchanged.

Prolonged exposure of the culture to db-cAMP mimics the dric phenotype, but

interestingly this is blocked by cycloheximide, suggesting that elevated cAMP

levels result in changes in protein expression that then alters spontaneous firing

rates (Lee and O'Dowd, 2000).

The effect of cAMP signaling on mEPSC frequency was also examined at

the embryonic NMJ. The adenylyl cyclase activator forskolin and db-cAMP both

increase mEPSC frequency, similar to the effect of dno. In the absence of Ca”,

this increase depends on the presence of synaptobrevin, a SNARE protein

involved in vesicle fusion (Yoshihara et al., 1999). In the presence of Ca”,
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forskolin increases mEPSC frequency even in n-syb mutants; blocking Ca”

channels with Coº abolishes the effect of forskolin. DCO mutants have

decreased mEPSC frequency in the presence of Ca”, and forskolin fails to

elevate the frequency in these mutants (Yoshihara et al., 2000). Based on the

results of these two papers, the authors propose that increases in cAMP increase

mEPSC by two mechanisms, one of which is Ca”-dependent and n-syb

independent, and the other of which is Ca”-independent, n-syb-dependent, and

requires PKA.

dnc and rut synapses have also been characterized at a structural level. . . . . . "

At the NMJ, dnc synapses are more highly branched and have an increased

number of varicosities compared to wild-type synapses, while rut synapses look º ..]

morphologically normal. Interestingly, synapses from ether-a-go-go (eag) Shaker
* -

- -

(Sh) double mutant larvae, in which K' channel subunits are mutated, are also

more branched and have increased varicosities (Zhong et al., 1992). Thus, dnc

synapses look similar to the synapses of the hyperexcitable neurons of eag Sh

double mutants, consistent with the “pre-facilitated" phenotype described above.

In an adult mechanosensory neuron, increased numbers of side branches and

varicosities are observed in both rut and dmg (Corfas and Dudai, 1991),

suggesting that the effect of these mutants on synaptic structure may differ

depending on the synapse examined.

The structure and function of individual synaptic boutons in dnc and rut

mutants have also been examined. rut mutants have decreased numbers of

synapses per bouton, but the synapses are larger, and the ratio of docked to
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undocked vesicles is decreased. In contrast, this ratio is increased in dric

mutants. Both rut and dmg have increased variability of synapse size compared

to wild type. Functionally, rut and dmg have decreased single-bouton EJC

amplitude, increased EJC amplitude variation, decreased release synchronicity

and decreased plasticity as measured by paired-pulse facilitation and tetanus

protocols (Renger et al., 2000).

Although rut and dmg are both learning-deficient, the mutations clearly

have different effects on the structural and functional properties of synapses,

suggesting that impairing synaptic function in different ways can disturb learning

and memory. Both rut and dmg appear to play roles in presynaptic functioning of

synapses, indicating that this may be an important locus for learning-related

synaptic changes.

The larval Nwhat not been studied electrophysiologically in amn

mutants. As described above, amn has weak homology to vertebrate PACAP.

Antigens reactive with vertebrate PACAP38 antiserum are found in the larval

CNS and at the larval NMJ, and application of PACAP38 elicits a slow

depolarization in larval body wall muscles that is blocked by the antiserum

(Zhong and Pena, 1995). PACAP appears to signal through the cAMP pathway

(as well as a Ras/Raf■ NAP kinase pathway), because the slow depolarization is

blocked in rut mutants (Guo et al., 1997; Zhong, 1995). Whether PACAP in

these experiments is signaling through an amn receptor, and thus recapitulates

the function of amn, is unclear.

" -- - - -
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An amn "loss-of-function mutant" (amnº’” — no data is shown proving

that this is indeed a loss-of-function allele) has a reduced number of boutons at

the larval NMJ (Kraut et al., 2001). However, this particular allele of amn has not

been behaviorally tested, and the alleles known to have behavioral defects have

not been examined for synaptic structure at the NMJ. Thus, amn may play a role

in maintaining normal synaptic architecture, and may also have physiological

effects at the synapse, but further study is needed to clarify these points.

In addition to the effects described thus far, the functioning of various ion

channels is altered in dnc, rut, and amn mutants, some of which may explain the . . . "

synaptic plasticity deficits. For example, single channel recordings in excised

patches allowed identification of a cAMP-sensitive K channel. In dnc mutants, º º .

this channel has increased open probability (Delgado et al., 1991). Zhong and ... ----- * * -

Wu (1993) also found K’ currents with increased amplitude in dnc mutants

(Zhong and Wu, 1993). As described above, dnc mutants do not develop PTP

(Zhong and Wu, 1991). NMJs of dnd mutants treated with K’ channel blockers,

however, do develop PTP (Delgado et al., 1992). This suggests that a possible

cause of the abnormal PTP in dric mutants is deregulated K’ channel function.

dnc also alters the profile of outward currents in neurons from the larval brain,

indicating that the defects are not specific to the NMJ (Delgado et al., 1998).

K’ channels are also affected in rut and amn. The muscle ls current

amplitude is increased in rut (Zhong and Wu, 1993), and the ratios of larval CNS

neurons containing different types of K’ channels is altered in both rut and amn

(Yu et al., 1999).
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A role for cAMP signaling in the modulation of the Sh K’ channel has been

studied directly. Phosphatase treatment of inside-out patches containing the Sh

channel delays N-type inactivation; this effect is reversed by incubation with the

PKA catalytic subunit, and mutation of a C-terminal PKA consensus

phosphorylation site in Sh abolishes the effect of phosphatase (Drain et al.,

1994). A reduction in IA currents in DC0 mutants could be explained, at least in

part, by the modulatory effects of PKA on Shaker (Yao and Wu, 2001).

Alterations in K’ channel function may also explain the abnormal firing patterns of

embryonic “giant" neurons from dnc, rut (Zhao and Wu, 1997) and DCO (Yao and

Wu, 2001) mutants.

Another ion channel modulated by the cAMP pathway is an L-type,

dihydropyridine-sensitive Caº channel. Current is increased in dnc mutants and

decreased in rut mutants. The dnd effect can be mimicked by application of 8-br

cAMP or the phosphodiesterase inhibitor IBMX. The PKA inhibitor H-89

decreases current amplitude in wild type or dric mutants, but has no effect on rut

mutants (Bhattacharya et al., 1999). Thus, increases in cAMP acting through

PKA appear to positively modulate L-type Caº channels, another mechanism by

which synaptic plasticity might be altered in dnc and rut.

The muscle glutamate receptor DGluRIIA at the larval NMJ is also

modulated by PKA. Expression of activated PKA in muscle, or application of the

PKA activator Sp-cAMPS, decreases quantal size, whereas PKA inhibition has

the opposite effect. The PKA inhibitor effect is suppressed in a dric background;

dnc on its own results in slightly decreased quantal size. Sp-cAMPS results in
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decreased response to glutamate iontophoresis, indicating that it affects

postsynaptic responsiveness to the neurotransmitter. There is no effect of Sp

cAMPS on miniature excitatory junctional currents at synapses from DGluRIIA -/-

larvae, indicating that the receptor is the PKA target. (Current in DGluRIIA -/-

mutants is conducted by the DGluRIIB receptor.) That DGluRIIA may be

phosphorylated directly by PKA is suggested by the presence of a consensus

PKA phosphorylation site, but this has not been proven directly (Davis et al.,

1998). These data suggest that PKA phosphorylation of DGluRIIA decreases its

sensitivity to glutamate. Interestingly, muscle desensitization by expression of

constitutively active PKA results in a compensatory increase in presynaptic

quantal content (Davis et al., 1998), indicating that homeostatic mechanisms can

maintain neuronal signaling near normal levels. Whether such mechanisms can

maintain normal signaling in the more complex circuitry of the brain remains to be

determined.

In summary, cAMP signaling affects many properties of synaptic structure

and function, both pre- and post-synaptically. Mutants defective in cAMP

signaling, such as dnd and rut, have a plethora of defects in neuronal functioning,

some of which are probably yet to be discovered. Using more recently

developed genetic tools, it will be possible to determine whether the learning

deficient phenotypes of these mutants is due to developmental consequences or

to perturbed physiologic function during behavioral training and testing. Thus far,

identification of these behavioral mutants has provided powerful tools to dissect

neuronal function.

-- * * *
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P-element Mutagenesis and Candidate Genes: Identification of New Genes

Regulating Learning and Memory in Drosophila

In the past ten years, P-element transposon mutagenesis has been used

in forward genetic screens to identify new learning and memory mutants. P

elements provide a molecular “tag” at the sites in which they insert, facilitating

gene cloning. Tully and colleagues have taken an unbiased approach to

identifying such mutants (latheo, linotte, and nalyot), whereas Davis and

colleagues have specifically studied genes (leonardo, volado, and fasciclinll)

expressed in the mushroom bodies (MBs), a region in the fly's brain that is

required for normal learning and memory. Candidate genes, such as PKMC,

have also been studied. This approach is made feasible by the increasing

number of genes identified by genome sequencing projects, as well as the

increasing amount of information amassed about specific genes.

1. latheo, linotte and nalyot

A screen of 2200 P-element lines tested for memory retention 3 hours

after training yielded four mutants with normal olfactory acuity and shock

reactivity (task-relevant control behaviors): latheo (lat, Boynton and Tully, 1992),

linotte (lio; Dura et al., 1993), nalyot (nal, DeZazzo et al., 2000), and golovan.

The P-element causing the lat" mutant phenotype is found in an exon of

a gene encoding a subunit of the origin recognition complex (ORC). Expression

of wild-type lat rescues the memory defect of lat" mutants, confirming that
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disruption of the ORC gene causes the mutant phenotype. Consistent with the

role of ORC in DNA synthesis, null alleles of lat result in an absence of imaginal

discs in third instar larvae and subsequent pupal lethality. In hypomorphic lat"

mutants, cell proliferation in the CNS is decreased, resulting in decreased

neuropillar volume in the MBs; this phenotype, which is rescued by wild-type lat

expression, could explain the learning defect of these mutants (Pinto et al.,

1999).

Another explanation for the memory defect of lat is that the ORC subunit

appears to play a role at the synapse. Lat protein is found in synaptic boutons at - ~ * -

the neuromuscular junction of third instar larvae, and evoked transmission is
-

… |
increased in lat mutants. lat null alleles result in defects in synaptic plasticity º º i

(paired-pulse and short-term facilitation, as well as post-tetanic potentiation); ---

these defects are rescued by expression of wild-type lat. The lat" memory

mutant, however, has only mild defects in these protocols (Rohrbough et al.,

1999). It is unclear whether the behavioral defect of lat” mutants is due to

decreased CNS proliferation, defects in synaptic plasticity, or both.

The identity of the lio gene has been a matter of controversy. The P

element causing the lio' mutation is found upstream of two divergently

transcribed genes, a receptor tyrosine kinase (RTK) and a novel gene. Dura et

al. (1995) showed that the RTK transcript is decreased in lio mutants (Dura et al.,

1995), and also found that lio mutants have defects in adult brain morphology

which could explain their defective memory. For example, the 3 lobes of the MBs

are fused, the O. lobes are often absent, and there are abnormalities in the Central
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complex, another group of central brain structures (Hitier et al., 2000; Moreau

Fauvardue et al., 1998; Simon et al., 1998) The RTK is also disrupted in

derailed (dr■ ) mutants, and dri is allelic to lio for the morphological phenotypes.

Indeed, expression of wild-type dri rescues the brain defects of lio mutants

(Moreau-Fauvardue et al., 1998), but has not been shown to rescue the memory

defect of lio. In contrast, expression of a cDNA encoding the novel gene

downstream of the lio P-element does rescue the memory defect (Bolwig et al.,

1995). The memory defect was observed in lio flies lacking gross morphological e-
º

brain defects (Bolwig et al., 1995). Mutations causing such phenotypes tend to :-

be easily modified by genetic background (de Belle and Heisenberg, 1996), and º
Moreau-Fauvarque et al. found that frequent outcrossing of lio was required to º - - -

º !
maintain the morphological defects (Moreau-Fauvardue et al., 1998). The results * *

~ -

of Bolwig et al. suggest that the anatomical defects can be separated from the

memory defect, and the rescue data argue strongly for a role for the novel gene

in regulating memory. It seems likely that the lio P-element disrupts both the

novel gene and the RTK, the former playing a role in memory and the latter

regulating brain development. Indeed, examination of the RTK expression in the

adult brain led to discovery of a structure called the transient interhemispheric

ring (TIFR), which is disrupted in lio and plays a role in central brain development

(Hitier et al., 2000; Simon et al., 1998). TIFR ablation results in brain defects

resembling those seen in both lio and no-bridge, another brain mutant (Hitier et

al., 2000), and a screen for other enhancer-trap lines with TIFR expression

identified additional mutants with central brain defects (Boquet et al., 2000).
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The nal P-element is found in a large intron of the adf1 gene, encoding a

myb-related transcription factor. adf1 transcript levels are reduced in nal mutants,

and the nal memory defect can be rescued by expression of wild-type adf1,

confirming that disruption of this gene is responsible for the mutant phenotype.

Interestingly, adf1 overexpression can also result in deficient memory or even

death. Examination of nal neuromuscular junctions revealed decreased numbers

of synaptic boutons, whereas adf1 overexpression results in an increased

number of boutons. Despite these structural changes, synaptic function is

normal in both adft-overexpressing and nal animals (DeZazzo et al., 2000). This

is in contrast to rut, dnc and lat mutants, in which basal synaptic transmission

and/or synaptic plasticity is disrupted.

In summary, unbiased forward genetic screening using P-element

mutagenesis has revealed a role for an ORC subunit, a novel gene, and a myb

related transcription factor in Drosophila learning and memory. The time it has

taken to clone the genes responsible for the mutant phenotypes suggests that

though P-elements may facilitate cloning, the process is still an arduous one.

2. leonardo, volado, and fasciclinll

Many lines of evidence have implicated the mushroom bodies (MBs) in

olfactory learning and memory. Learning is impaired by mutations that disrupt the

structure of MBS (Heisenberg et al., 1985; Pascual and Preat, 2001) and by

chemical ablation of the MBs with hydroxyurea (de Belle and Heisenberg, 1994).

Memory retrieval is abolished by conditionally blocking MB neurotransmission
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(Dubnau et al., 2001; McGuire et al., 2001). In addition, cAMP signaling within

MBs is crucial for the formation of odor memories: MB-expression of a

constitutively-active Gso subunit disrupts learning (Connolly et al., 1996), and the

learning defect of rut mutants can be rescued by targeted expression of a wild

type rut gene in the MBs (Zars et al., 2000). amn, while not expressed in the

MBs, is expressed in the dorsal paired medial (DPM) interneurons, which project

to the neuropil containing MB axons; preventing neurotransmission of these

neurons impairs olfactory learning (Waddell et al., 2000).

Consistent with the importance of cAMP signaling in the MBs for memory

formation, Dnc (Nighorn et al., 1991), Rut (Crittenden et al., 1998; Han et al.,

1992), the PKA catalytic subunit (Crittenden et al., 1998; Skoulakis et al., 1993),

the PKA-RIl regulatory subunit (Crittenden et al., 1998; Muller, 1997) and PKA-RI

regulatory subunit mRNA (Goodwin et al., 1997) are all expressed at high levels

in the MBs. Because mutations in these genes impair learning and memory, it

was reasoned that other genes with MB-enriched expression might also be

important in this process, leading to the identification of leonardo (leo, Skoulakis

and Davis, 1996), volado (vol. Grotewiel et al., 1998), and fasciclinil (fasll; Cheng

et al., 2001).

leo mutants are defective in immediate (3 minute) memory. leo encodes a

14-3-3 protein most highly homologous to the vertebrate 14-3-34 isoform

(Skoulakis and Davis, 1996), and the memory deficit can be rescued by

conditional expression of the wild-type gene (Philip et al., 2001). Rescue of the

behavioral phenotype is accompanied by only a partial restoration of Leo brain

**** -
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expression. Interestingly, behavioral rescue decays when protein levels

decrease, suggesting an acute requirement for Leo during memory formation

(Philip et al., 2001). The gross brain morphology of leo mutants is normal

(Skoulakis and Davis, 1996), but synaptic function is disrupted at the NMJ

(Broadie et al., 1997). Evoked EJC is decreased in leo null mutants, but

miniature EJC frequency and amplitude are normal. Because postsynaptic

responsiveness to glutamate iontophoresis is intact, the defect appears to be

presynaptic. Higher Caº is required in leo mutants to achieve the same quantal

content as controls, though Ca” cooperativity of release is not altered. High

frequency stimulation at 50 Hz results in greater fatigue of leo synapses

compared to controls, and depression, rather than potentiation, is observed after

5 Hz tetanus. Short-term facilitation, however, is unimpaired (Broadie et al.,

1997). Thus, like dmc, rut, and lat mutants, leo also has defects in synaptic

transmission and plasticity at the larval NMJ, although the mutants characterized

were null lethal alleles of leo rather than the hypomorphic alleles used in the

behavioral studies.

Vol, encoding an o-integrin, is also highly expressed in the mushroom

bodies. Vol mutants have decreased immediate memory; this phenotype can be

rescued by conditional expression of wild-type Vol. Normal memory requires the

ongoing presence of Vol, because memory is disrupted when Vol levels decline

after conditional expression (Grotewiel et al., 1998). Like other learning and

memory mutants, Vol mutants also have synaptic defects at the larval NMJ. Vol

is expressed presynaptically. Null alleles of Vol (which are lethal) result in

------- *** **
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increased synaptic branching, increased EJC amplitude at low Ca”, and altered

Ca” cooperativity, but normal mEJC amplitude. Both paired-pulse and short

term facilitation are impaired; like dric synapses, Vol synapses appear to be “pre

facilitated." Post-tetanic potentiation is also impaired. The viable, memory

deficient Vol alleles are defective in a subset of these parameters (Rohrbough et

al., 2000).

Another cell adhesion molecule, fasll, is also highly expressed in the MBs,

and fasll mutants have deficient immediate memory that can be rescued by

conditional expression of wild-type fasll. As with leo and Vol mutants, memory

cannot form in mutants after decay of wild-type fasll expression. This suggests 3.
that expression of all three genes is required in the adult for normal memory - .

º i

formation. Although fasll has multiple developmental roles, including synaptic *** * * * -

development (Schuster et al., 1996a), ultrastructural analysis of MB synapses

revealed no abnormalities. fasll appears to be required for memory formation,

rather than memory stability or retrieval, because mutants that undergo multiple

training sessions achieve initial performance and memory similar to controls. In

addition, providing wild-type fasll after training does not rescue the memory

defect of mutants (Cheng et al., 2001).

Like other genes playing a role in learning and memory, fasll also controls

synaptic plasticity. As mentioned above, dnc mutants, as well as the

hyperexcitable double mutant eag Sh, have increased numbers of synaptic

boutons at the larval NMJ. This increased sprouting correlates with decreased

expression of Fasll. Furthermore, downregulation of Fasll is required for
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sprouting, because overexpression of Fasll suppresses this phenotype. In

addition, fasll mutations that result in somewhat decreased levels of cause

increased sprouting. This increase in synaptic bouton number does not lead to

increased functioning of the synapse, however. Unlike dmc mutants, quantal

content is normal in fasll mutants (Schuster et al., 1996b). This suggests that

one function of increased cAMP levels in excited synapses is to downregulate

fasll, resulting in increased sprouting, but another downstream target of cAMP

regulates increased function. One such target is CREB. Blocking CREB

activation in dnc mutants results in synapses with increased bouton number but ... "

normal quantal content — a phenotype similar to the hypomorphic fasll mutants.

In contrast, CREB activation in fasll mutants results in both increased bouton º
number and increased quantal content, as is seen in dnc mutants. These effects

are presynaptic, because miniature EPSPs have normal amplitudes but occur at

increased frequency (Davis et al., 1996). Thus, cAMP signaling results in

decreased fasll levels and increased structural growth of the sympase, as well as

CREB activation and increased synaptic function.

3. PKM&

Due to removal of the N-terminal auto-regulatory domain, PKM is a

naturally occuring, active isoform of the atypical PKC, PKC. Induction of either

murine or Drosophila PKM is sufficient to enhance 24-hour memory, provided

that gene expression is induced within one hour after training. Induction prior to

training has no effect. Induction improves memory after massed but not spaced
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training, suggesting that PKM may already be upregulated after spaced training.

24-hour memory, but not learning, can be blocked by a PKMC inhibitor,

chelerythrine, or by induction of a kinase-dead, dominant-negative form of PKMC,

providing evidence that PKMC is required for memory (Drier et al., 2002). Based

on these results, as well as results from LTP induction in hippocampal neurons,

the authors propose that PKM plays a role in memory maintenance after

training.

In summary, a screen for genes expressed in the MBs has identified three . . . ..

with roles in learning and memory: leo, a 14-3-3 protein; Vol, an o-integrin, and --> º º
fasll, a neural cell adhesion molecule. Analysis of the NMJ has shown that these º |
and other learning and memory mutants affect synaptic structure and function in --~~~

various ways. Some, like fasll and nal, appear to primarily control synaptic . . . .

structure, whereas others, like rut, lat, and leo primarily affect synaptic function,

including aspects of synaptic plasticity. A third class, which includes dnd and

Vol, results in alterations in both structure and function of the synapse. In

addition, studies in which genes are conditionally expressed have shown that leo,

Vol and fasll expression is required shortly before or during training, whereas

PKMC is required after training. Different phases of memory have also begun to

be dissected: while fasll appears to be required for memory formation, nal,

CREB, and PKMC are specifically required for long-term memory. Genes can

also be grouped by function: signaling molecules include those in the cAMP

pathway (NF1, rut, dnc, PKA), as well as leo and PKMC, CREB and nal are
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transcription factors; and Vol and fasll are cell adhesion molecules that likely

mediate signaling functions as well. Thus, as more genes are identified, they can

be placed in different pathways based on their specific effects on memory and

synaptic plasticity, as well as their molecular function.

Mapping Neuroanatomical Loci Controlling Drosophila Behaviors

In addition to identifying genes underlying Drosophila behaviors,

researchers have attempted to define the neuroanatomical loci controlling

various Drosophila behaviors, including courtship and courtship conditioning,

olfactory learning, and locomotion. Early studies depended on random

generation of mosaics in which subsets of neuronal tissue differed genetically

from other parts of the CNS. Later studies used the binary GAL.4/UAS system to

reproducibly express transgenes in specific subsets of neurons. In both cases,

correlations are sought between abnormal behavior and the function of particular

TheUTOnS.

Mapping Loci Controlling Courtship Behaviors

The use of genetic mosaics to map anatomical “foci" of behavior was

pioneered by Hotta and Benzer in 1972, who defined a focus as “the structure in

the fly which, when mutant, causes mutant behavior" (Hotta and Benzer, 1972).

The loss of an unstable ring-X chromosome in an early cell division results in

adult flies that are partly mutant and partly wild-type for a particular X-linked gene

of interest, as well as for marker genes. The position in the embryonic

* * *** - *

- - ------- ***
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blastoderm from which the marked structures derive had been previously

determined, allowing the mutant phenotype to be mapped relative to marked

structures (legs, wings, bristles and so forth). Based on the position of the focus

in the blastoderm, an inference can be made about the adult tissue in which the

gene must be wild-type in order to properly regulate behavior. An example is

Hyperkinetic (Hk); Hk' mutants exhibit leg-shaking when exposed to ether. The

Hk leg-shaking focus was mapped to a region in the blastoderm corresponding to

the ventral nerve cord (Hotta and Benzer, 1972), consistent with the now-known

identity of Hk as a Kº-channel subunit important for neuronal function.

Courtship in Drosophila consists of a stereotyped, orderly pattern of

behavior. Males orient toward and follow females, tap the female's abdomen,

extend and vibrate a wing to produce the courtship song, lick the female

genitalia, and then attempt copulation. The foci of these behaviors were mapped

by Hotta and Benzer using the method described above; in this case, individual

cells were either female (XX) or male (XO). The foci for “following" and “wing

vibration" were found to be tightly linked: mosaic males which followed females

always vibrated their wings as well, suggesting that these behaviors are

controlled by the same or neighboring cells. These foci were localized to the

anterior portion of the blastoderm fate map, in the area from which the brain is

derived. In contrast, the focus for attempted copulation maps to the region of the

thoracic ganglion (Hotta and Benzer, 1976). Thus, different steps in the

behavioral sequence are controlled by different parts of the nervous system.
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A similar study by Hall (1977) examining both internal and external

markers confirmed and extended the findings of Hotta and Benzer. Again,

following and wing extension were found to be tightly associated. For male

behavior as a whole, male tissue in the brain is absolutely required — that is, a

mosaic fly in which the brain tissue is entirely female will not perform male

courtship behaviors. However, only the supraesophageal ganglion (the part of

the brain above the esophagus), and more precisely the dorsal part of the brain,

need be male; the subesophageal ganglion can be male or female. The focus for * * * * *-*

attempted copulation maps to the thoracic ganglia, as determined by Hotta and

Benzer as well (Hall, 1977). An additional study refined the focus in the dorsal º

brain to a smaller region, but found that the focus for attempted copulation in the
-

º .

thoracic ganglia is distributed over several sites, with an increasing degree of

maleness correlating with increased male behavior (Hall, 1979).

Mosaics can also be generated using the GAL.4/UAS system. The gene

encoding the yeast transcription factor GAL4 is placed within a P-element, which

can then be mobilized to generate insertions throughout the genome. GAL4 is

expressed in specific groups of cells depending on the endogenous enhancers

around the sites of P-element insertion (hence the name "enhancer trap"). A

cDNA encoding a gene of interest is placed downstream of the GAL4 DNA

binding site (upstream activating sequence, or UAS), so that it will be expressed

wherever GAL4 is expressed (Brand and Perrimon, 1993). In this way, genes

can be expressed in a spatially restricted manner.
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For the purpose of studying courtship, specific cells in the male can be

feminized by spatially-restricted expression of the female isoform of transformer

(tra), a component of the sex-determination cascade. Using this method,

Ferveur and Greenspan confirmed the findings obtained by the older studies,

while also defining new sites controlling various aspects of courtship behavior

(Ferveur and Greenspan, 1998). In two other studies, Ferveur et al and O'Dell et

al also found a different behavioral change: courtship of males by other males.

While wild-type males are heterosexual, some mosaic males courted both males

and females, and this correlated with expression of female tra in the antennal

lobes and mushroom bodies (MBs; Ferveur et al., 1995; O'Dell et al., 1995). The
- - -

antennal lobes are the targets of the axons of olfactory neurons and also the site - * . . º i

of dendritic arborization of the antennal lobe projection neurons (PNs). The PNs ~ *

project to the MB dendrites as well as to a region in the lateral protocerebrum - -

called the lateral horn (Stocker, 1994). Thus, the bisexual behavior of males

expressing female tra in these regions could be due to olfactory defects hindering

the ability of the male fly to discriminate between males and females. For

example, the mosaic males may misinterpret male pheromones as being

attractive rather than repulsive.

Given the results of female tra expression in the ALs and MBs of male

flies, it is surprising that expression of female tra in a majority of the antennal

lobe PNs does not result in bisexual behavior (Heimbeck et al., 2001). These

PNs do arborize in the antennal lobe glomeruli implicated by Ferveur et al., but

the cell type expressing GAL4 in the study by Ferveur et al was not well defined,
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providing a possible explanation for the apparent discrepancy. On the other

hand, blocking evoked neurotransmission by expression of tetanus toxin in the

same antennal lobe PNs results in males failing to court males or females in dim

red light, conditions in which visual input is abolished (Heimbeck et al., 2001).

Thus, olfaction clearly plays a role in male courtship behaviors, at least in the

absence of visual inputs. Interestingly, ablation of the MBs, a PN target, does

not result in decreased courtship when flies are tested in white light (McBride et

al., 1999). There are two possible explanations for this. One is that the MBs are * ---- -
not required for courtship when visual cues are available. This could be easily !-

tested by ablating the MBs and testing males in dim red light. The second .

possibility is that the lateral horn projections of the PNs are important for male *.
- - º º

courtship of females, while the MB projections are important for male/female
- *** e

-
discrimination.

The projection patterns of the PNs have recently been studied in detail.

PNs arborizing in specific antennal lobe glomeruli have specific stereotyped

projection patterns in the lateral horn, with some PN arborizations overlapping

others. In contrast, the PN projections to the dendritic region of the MB are

morphologically simpler and are not stereotyped (Marin et al., 2002; Wong et al.,

2002). Thus, the possible functional distinction between the MB and lateral horn

projections of the PNs described above also has an anatomical correlate. With

the increasingly detailed understanding of olfactory wiring in Drosophila, it will be

interesting to more finely map the neural circuits underlying courtship behavior.

For example, more specific GAL.4 lines expressed in only a subset of PNs could

66



be used to determine which glomeruli, and which corresponding regions of the

lateral horn, process olfactory information related to courting.

The bisexual phenotype of certain mosaic males resembles the mutant

phenotype of some alleles of fruitless (fru), a BTB-ZF transcription factor (Ryner

et al., 1996), and dissatisfaction (dsf), a Tailless-like nuclear receptor (Finley et

al., 1998; Finley et al., 1997). dsfand sex-specific isoforms of fru are found in

limited numbers of neurons in the CNS (Finley et al., 1998; Lee and Hall, 2001;

Ryner et al., 1996). Whether these neurons are the same as those identified by * * * *-*.

mosaic analysis will be interesting to determine. . . . "

Male courtship in Drosophila can also undergo experience-dependent --- -*

changes. Specifically, a male fly that is paired with a mated female for an hour
-
º º .

will show decreasing levels of courtship over the hour ("courtship conditioning"),

and when subsequently exposed to a virgin female will court her less than if he

had not been previously exposed to a mated female (“memory") (Siegel and Hall,

1979). As described above, MB ablation by hydroxyurea (HU) treatment does

not impair male courtship of a virgin female. However, HU-treated males have

decreased memory of prior exposure to a mated female compared to control

flies. This effect is not seen immediately after training with the mated female,

when both control and HU-treated flies have depressed courtship. However, 30

and 60 minutes after training, courtship is depressed in control flies but not in

HU-treated flies (McBride et al., 1999). HU treatment results in ablation of the

mushroom bodies as well as a subset of antennal lobe (AL) neurons (Stocker et

al., 1997). At 30 minutes after training, MB-ablated flies with normal antennal
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lobes show depressed courtship (intact memory), while those with reduced ALs

have high levels of courtship (decreased memory). At 60 minutes after training,

MB-ablated flies with or without reduced ALs exhibit high levels of courtship

(decreased memory) (McBride et al., 1999). These results suggest that neither

the ALs nor the MBs is required for immediate memory of exposure to a mated

female, both the ALs and the MBs are required for 30 minute memory, and only

the MBs are required for memory at 60 minutes. In the same study, the authors

developed protocols for increasing the duration of the mated-female memory by

increasing the time spent by the male in the presence of the mated female. In

control flies, three or five hours of exposure to the mated female subsequently

resulted in depressed courtship of a virgin female for up to 8 days, and MB

ablation decreased this long-term memory (McBride et al., 1999). Thus, while

the MBs do not appear to play a role in experience-independent courtship under

the conditions tested, they are important for the experience-dependent

modulation of this behavior.

The GAL.4/UAS approach was also used to map brain regions regulating

courtship conditioning and memory by expression of an inhibitor of

calcium/calmodulin-dependent protein kinase II (CaM kinase ll). Conditioning

and memory are decreased in flies expressing the CaM kinase II inhibitor

throughout the brain, or in flies heterozygous for a mutation in CaM kinase II.

Interestingly, the memory defect is only observed when training (exposure to the

mated female) occurs in dim red light, or in flies with impaired vision (Joiner Ml

and Griffith, 1997), suggesting that memory formation is influenced by the types
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of sensory input available during training. Therefore, flies expressing the CaM

kinase II inhibitor in different subsets of neurons under the control of GAL4 were

trained and tested either in dim red light or in white light, and assayed for

courtship conditioning and memory.

When trained and tested in dim red light, flies expressing the CaM kinase

ll inhibitor in the MBs were defective in memory but not conditioning. Similar

results were observed when the CaM kinase II inhibitor was expressed in the
" * -- **central complex and certain neurons of the lateral protocerebrum. Expression in

other lateral protocerebrum neurons resulted in a deficit in courtship conditioning . . . -

but not memory. A similar phenotype is observed when the inhibitor is expressed -- º º

in the chemosensory neurons of the AL (Joiner and Griffith, 1999). Thus, CaM º i
-* * = a -- *

kinase II inhibition in certain neurons in the ALs and lateral protocerebrum results -----

in decreased courtship conditioning, whereas inhibition in other neurons of the

lateral protocerebrum, MBs, and central complex impairs memory of prior

experience.

As discussed above, the ALPNs project both to the MBs and to the lateral

horn. The fact that expression of the CaM kinase II inhibitor in the ALs and MBs

results in different phenotypes suggests that the AL-lateral horn circuit is distinct

from the AL-MB Circuit. The anatomical connections between the MBS, lateral

protocerebrum and central complex remain unclear. It is interesting to note that

GAL4 lines with similar expression patterns, for example in the ellipsoid body of

the central complex or in the MBs, resulted in different behavioral phenotypes

(Joiner and Griffith, 1999). Characterization using different enhancer trap lines or
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different antibodies has shown that both the ellipsoid body (Rennet al., 1999a)

and the MBs (Crittenden et al., 1998) consist of multiple different subtypes of

cells; the behavioral results suggest that in a given structure, only certain subsets

of neurons are part of the relevant behavioral circuit.

Intact CaM kinase ll signaling is required in a different, partially

overlapping subset of neurons when the flies are trained and tested in white light,

a condition in which visual cues are available. As with flies tested in dim red

light, the inhibitor expression in the MBs does not impair courtship conditioning.

On the other hand, expression of the inhibitor in the fan-shaped body, a part of

the central complex, does disrupt courtship conditioning in white light but not in

red light. In other cases, expression of the inhibitor in certain cells of the lateral

protocerebrum resulted in a lack of courtship conditioning in red light but not in

white light. Finally, expression of the inhibitor under the control of other GAL4

lines resulted in normal behavior in both red and white light. In no case did CaM

kinase II inhibitor expression disrupt memory in the white light conditions, even

when it was expressed in regions that disrupted memory in red light (Joiner and

Griffith, 2000). This is consistent with the observation that even when the

inhibitor is expressed throughout the nervous system, no decrement in memory

is observed under white-light conditions (Joiner and Griffith, 1997). Thus, CaM

kinase II function in different neural circuits modulates courtship conditioning and

memory depending on the presence or absence of visual inputs.

It is interesting that CaM kinase II inhibition in the Mes had different

effects on memory under red and white light conditions. As described above, the
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MBs are important in the formation of the memory of an odor paired with a shock,

and they are also required in other paradigms in which odors are paired with

sucrose. This suggests that under dim red light conditions, olfactory cues play an

important role in the male's memory of the mated female, whereas under white

light conditions, other cues – presumably visual — can substitute for the olfactory

cues. However, in the HU ablation experiments, training and testing occurred

under white light conditions, and memory one hour after training was disrupted in
** - -** - *males lacking MBs. In the CaM kinase II inhibition experiments, males that had

been previously exposed to a mated female were tested with a virgin female only . . . ."

2 to 5 minutes later. The effects of HU, however, were only apparent at 30 - - -
º

minutes and onwards. This suggests that even in the presence of visual cues, º - - . ~

longer-term memory may still require an odorant-dependent pathway in which the ---

MBs play a role.

Courtship, a robust, ethological Drosophila behavior that can be

modulated by experience, has been intensively studied at the molecular and
* -

neuroanatomical level. Neurons playing a role in olfaction appear to also be

important in courtship, as well as other neurons whose functions are not well

understood. Nevertheless, more remains to be done to more finely map the

neural circuits controlling these behaviors, as well as to understand the ways in

which different genes, such as fru and dsf, function in these circuits.

Mapping Loci Controlling Drosophila Locomotion
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Locomotion is an easily measured behavioral output of Drosophila. Flies

can be induced to move towards a fixed object, towards light, or against gravity,

and will also walk back and forth inside a narrow box. Flies also show bursts of

locomotor activity at certain times of the day. Neurons regulating these various

types of locomotion have been studied.

Mutants with gross defects in structures of the central complex (CC) were

used to assess the role of this brain region in the control of locomotor behavior.

Several different behavioral paradigms were used: Buridan's paradigm, in which

flies walk back and forth between two landmarks; negative geotaxis, in which

flies are tapped to the bottom of a vial and climb up again; and the countercurrent

apparatus, in which flies exhibit phototaxis towards light. Mutants with CC

defects fail to perform as well as wild type in Buridan's paradigm, exhibiting

decreased track lengths over the course of the experiment and decreased mean

walking speed. Most of the mutants tested also had decreased speed in the

negative geotaxis assay, as well as impaired behavior in the countercurrent

apparatus. Gynandromorph analysis of a few mutants showed that the focus of

decreased track length in Buridan's paradigm is localized to the brain rather than

the ventral nerve cord. In two mutants in which the histological defects are

variably expressive, the degree of impairment in speed in Buridan's paradigm

correlates with the degree of morphological brain defect. Mutants with defects in

other structures of the brain are not defective in these locomotor behaviors

(Strauss and Heisenberg, 1993). Thus, the CC appears to play a specific role in

regulating locomotion.
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The role of the mushroom bodies (MBs) in the regulation of walking

behavior was assessed by three different MB manipulations: 1) mutation of

mushroom bodies miniature (mbm), which results in the disruption of the gross

morphology of the MBs; 2) hydroxyurea (HU) ablation of the majority of MB

neurons; 3) and blocking evoked transmission in subsets of MB neurons by

expression of tetanus toxin light chain (Te■ »). Flies were placed in a rectangular

chamber with an infrared beam in the middle, and beam breaks were recorded in

order to quantify locomotion. In all cases of MB disruption, the total walking

activity of the flies is increased over a 4.5-hour period. An analysis of the bout

structure underlying total locomotion revealed that flies with different MB

manipulations had different bout structures. mbm' mutants have a normal

number of bouts, with increased bout duration and decreased pauses between

bouts; HU-treated flies also display increased bout duration, but have decreased

numbers of bouts. In contrast, expression of Te■ » in subsets of O., 3 and Y lobe

neurons, under the control of PIGAL4] 201Y, resulted in an increased number of

bouts without alterations in bout duration or pauses between bouts. Te■ k

expression in o. and 3 lobe neurons resulted in no significant differences, while

expression in Y lobe neurons resulted in decreased pauses (Martin et al., 1998).

Thus, the MBs appear to normally exert an inhibitory effect on locomotor activity,

but it is not clear which aspect of the bout structure of locomotion is controlled by

this brain region. It is possible that different subtypes of MB neurons control

different aspects of bout structure, because the manipulations affect different

subpopulations of MB neurons.
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The effect of lesions disrupting the CC were also assessed in the same

box-walking paradigm. Mutant strains with gross morphological disruptions of

the CC, as well as strains in which Te■ k was expressed in different CC neurons,

were tested. In contrast to MB-disrupted flies, flies with CC lesions show

decreased total activity over 4.5 hours. Unlike the MB lesions, which

differentially alter bout structure, CC-disrupted flies consistently have decreased

bout duration and increased pause duration. Te■ z-expressing neurons included

fan-shaped body tangential neurons, as well as small-field neurons projecting on

to the protocerebral bridge, ellipsoid body and noduli (Martin et al., 1999b).

Thus, multiple CC substructures appear to be required for the maintenance of

normal locomotor activity. How these neurons may be connected to MB neurons

in forming a circuit controlling higher-order locomotor activity is unclear.

In the apparatus used for these experiments, the walking behavior of male

flies differs from that of female flies: the time between beam-breaks for males is

shorter and relatively invariable compared to that of females (Martin et al.,

1999a). Expression of female tra pan-neurally in males converts locomotion into

a female pattern. More limited neuronal expression of female tra with specific

PIGAL4] lines also results in female-type locomotion in males. Common

neuronal expression of these lines is found in a subset of pars intercerebralis (PI)

neurons. These neurons are missing in the brain mutant ocelliless (oc). In an

oc' background, female tra expression with a Pl-expressing PIGAL4] line does

not result in a female locomotor pattern, suggesting that these neurons are

required for transformation of the male pattern into the female pattern. These

- * *-*.
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neurons are not absolutely required for the sexual dimorphism, however, since

the authors claim that oc' flies still display sexually dimorphic (though abnormal)

locomotor patterns (Gatti et al., 2000). Pl neurons are neurosecretory neurons

located in the dorso-medial part of the brain. In the blowfly Caliphora, medial

neurosecretory neurons have been shown to project onto CC structures such as

the fan-shaped body (Duve et al., 1983), suggesting a possible connection

between the Pl neurons identified in the study by Gatti et al. and the CC neurons

identified in the other studies of circuits controlling locomotion described above.

Alternatively, Pl neurons could exert a neurohormonal role in modulating female - - - -

vs. male locomotor patterns. ---

Another modulator of locomotion is circadian time. In rhythmic flies, peaks -- l

of activity are observed at dawn and dusk. The neuropeptide pdf is thought to ... -----

link the oscillation of pacemaker cells to output behaviors such as locomotion.

pdf is expressed in a small cluster of ventral lateral neurons (the LNV neurons).

pdf mRNA levels in the LNV neurons are reduced in strains mutant for the clock

genes Clock and cycle. PDF cycles in the nerve terminals of the LNV, and this

cycling is abolished by mutations in two other clock genes, period and timeless

(Park et al., 2000a). Furthermore, pdf mutant flies are arrhythmic compared to

wild type. In light/dark conditions, pdf" mutants lack the dawn peak of activity.

Wild-type flies that are shifted from light/dark conditions to constant darkness

maintain locomotor rhythmicity, whereas pdf" mutants are unable to do so. A

central role for the LNV neurons was established by ablation experiments in

which a paif-GAL4 driver was used to drive expression of the cell death genes rpr

75



or hid in the LNv neurons, resulting in arrhythmic locomotor behavior (Rennet al.,

1999b). The LNv neurons have an elaborate projection pattern over the optic

lobes as well as dorsal and medial projections in the central brain (Park et al.,

2000a; Rennet al., 1999b). Interestingly, ectopic expression of pdfin neurons

with arborizations in the dorsolateral part of the brain (close to the LNV

projections) results in arrhythmic locomotor behavior (Helfrich-Forster et al.,

2000). How the LNv neurons connect to other elements of the locomotor circuitry

is unclear.

In summary, the CC appears to play a role in regulating locomotion. The

LNv neurons appear to transmit information about circadian time, and Pl neurons

information about the sex of the fly. Whether the PI and LNV neurons modulate

activity in the CC or act through other parts of the circuit remains to be

determined.

Drosophila and Drugs

In addition to innate behaviors like courtship and locomotion, Drosophila

exhibit specific behavioral changes upon exposure to drugs, including cocaine,

ethanol and volatile anesthetics.

Cocaine

Unlike ethanol, the targets on which cocaine acts in mammals are well

defined. These are the monoamine transporters that allow reuptake of

norepinephrine, serotonin and dopamine. As described above, mice lacking the

dopamine transporter appear as hyperactive as cocaine-treated mice; these mice
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also fail to respond to cocaine (Giros et al., 1996). Nevertheless, dopamine

transporter knockout mice continue to self-administer cocaine (Rocha et al.,

1998), and develop conditioned place preference to environments associated

with cocaine (Sora et al., 1998), suggesting that cocaine inhibition of one of the

other transporters also plays a role in mediating the rewarding effects of the drug.

Furthermore, interactions between these monoamine systems influences drug

responses. For example, mice lacking the norepinephrine transporter are more

sensitive to the effects of dopamine agonists and to cocaine (Xu et al., 2000). - - - - -

Cocaine-sensitive serotonin and catecholamine transporters have been º :-

cloned from Drosophila (the fly catecholamines are octopamine and dopamine; º º
Corey et al., 1994; Demchyshyn et al., 1994; Porzgen et al., 2001), and the

-
l

presence of serotonin, dopamine, and octopamine in the fly nervous system has --
--

been well-documented (Budnik and White, 1988; Monastirioti et al., 1995; Valles

and White, 1988). Therefore, Drosophila is an attractive model system for the

study of cocaine. Indeed, flies show dose-dependent behavioral changes in their --

response to cocaine, such as increased locomotion and circling, which are

similar to those seen in (Bainton et al., 2000; McClung and Hirsh, 1998). Flies

also become sensitized to the drug after repeated exposures (McClung and

Hirsh, 1998). Importantly, feeding flies an inhibitor of tyrosine hydroxylase, the

rate-limiting enzyme of dopamine synthesis, reduces the behavioral effects of

cocaine (Bainton et al., 2000). Expression of Gos or Goi in dopamine and

serotonin neurons, or blocking neurotransmission in these neurons, also alters

the flies' sensitivity to cocaine, as well as abolishing cocaine sensitization (Liet
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al., 2000). Thus, as in mammals, dopamine (and possibly serotonin) appears to

play an important role in modulating cocaine sensitivity in flies. In addition,

tyramine, a trace amine, also appears to be required for cocaine sensitization in

flies (McClung and Hirsh, 1999).

Anesthetics

As with ethanol, the mechanism of action of volatile anesthetics is poorly

understood. Anesthetic potency correlates well with olive oil solubility (the Meyer

Overton rule), suggesting the existence of a common, hydrophobic anesthetic . . . . .
target. An initial goal of Nash and colleagues was to identify such a target by

--- . .

identifying Drosophila mutants with altered sensitivity to anesthetics.
-

The first behavioral assay developed to quantify the effects of anesthetics

was the geotaxis testing chamber. Unaffected flies exhibit negative geotaxis and

fly to the top of the 18 cm chamber, whereas anesthetic-exposed flies fall into a

collection chamber at the bottom, where they are counted over time. The

potencies of a number of different anesthetics in this apparatus follow the Meyer

Overton rule, suggesting that the mechanism of action of these anesthetics is

similar in flies and humans (Allada and Nash, 1993).

A behavioral assay conceptually similar to the geotaxis testing chamber,

the inebriometer, was used to screen for X-linked mutations resulting in altered

halothane sensitivity. The inebriometer consists of a glass column with obliquely

oriented mesh baffles (Weber, 1988) in which flies are exposed to anesthetic

vapor. Unaffected flies fly upwards, whereas anesthetized flies fall to the bottom.
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The screen was thus conducted by selecting for mutant flies that eluted from the

column at late times. Four halothane-resistance (har) mutants were selected in

this way: har36, haró3, har85 and har38. All four of these strains are also

resistant in another assay, the separator assay, which simply assesses the

number of flies lying immobile on their backs. The authors were also able to map

the mutations relative to chromosomal deficiencies (Krishnan and Nash, 1990).

A subsequent study showed that har38 and har85 are allelic to each other, as

well as to the narrow abdomen (na) gene. These mutants differ not only in

halothane response, but also in their geotactic response in the countercurrent - -- ". :-

assay. Specifically, the mutants move more slowly through the countercurrent * * * *-----
º

apparatus, due to a tendency of these flies to pause frequently while walking. ". º j

Mosaic analysis showed that the focus of both halothane resistance and the -- *-
--

abnormal walking behavior is in the head (Mir et al., 1997).

With the harmutants in hand, it was possible to test the so-called “unitary

hypothesis" of anesthesia action, namely that all volatile anesthetics act through

a single target. If this were the case, then resistance of mutants to one

anesthetic (halothane) should be accompanied by resistance to all other

anesthetics. This was not the case, however: har38 and har85, while resistant

to halothane and chloroform in the inebriometer, have normal sensitivity to

enflurane and isoflurane (Campbell and Nash, 1994; Mir et al., 1997). Thus,

these anesthetics appear to work through genetically separable pathways. It is

not known whether the harmutants affect an actual anesthetic target, or affect
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anesthesia sensitivity in some other way, but these results do suggest that

different anesthetics do not all function identically.

The unitary target hypothesis was also tested with a “tail flick" assay, in

which flies are exposed to an intense beam of light from which unanesthetized

flies jump away; anesthetized flies remain in place. As in the other assays, the

anesthetics tested in the tail flick assay obey the Meyer-Overton rule. As in the

inebriometer, the harmutants are differentially sensitive to anesthetics in the tail

flick assay, responding normally to enflurane, isoflurane and desflurane but

exhibiting altered sensitivity to chloroform, halothane and diethyl ether (Campbell

and Nash, 1994). Interestingly, all four of the harmutants are sensitive to

halothane in this assay. This is also true for har38 and har85 in another assay,

the “distribution test," a knockdown-type assay that measures the flies' ability to

climb out of the bottom of a 50 ml Falcon tube after being knocked down.

Unanesthetized flies perform this task without difficulty, whereas anesthetized

flies remain at the bottom of the tube (Guan et al., 2000b). Thus, apparent

sensitivity is dependent on the assay used to test the flies. This is presumably

because anesthetics differentially affect neural circuits controlling different

behaviors (climbing, flying upwards, or jumping away from a noxious stimulus).

Because the circuits controlling climbing, negative geotaxis and the tail

flick response are unknown, the anesthetic sensitivity of a behavior with better

understood underlying circuitry, the visually-induced jump response, was

assessed. Halothane, enflurane and methoxyflurane all inhibit this response

(Campbell and Nash, 1998). The jump response circuit includes neurons in the
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eye, transduction through a giant fiber from the head to the thorax, motor

neurons, and muscle. Electrical stimulation in the eye or the brain results in

transmission through this circuit, as measured by recording from the two muscles

involved. Strong electrical stimulation in the eye (high voltage or high frequency)

results in a short latency response in muscle (~1 msec), whereas weaker

stimulation results in a long latency response (~4 msec). The short latency

response is not perturbed in the presence of anesthetics, indicating that

transmission through most of the circuit is intact. In contrast, the long latency

response is abolished by anesthetics, including halothane, methoxyflurane, . . . "

enflurane and desflurane (Lin and Nash, 1996). This suggests that anesthetics º

specifically dampen the transmission of signal in the brain between between the . - º .*

eye and the giant fiber. ---- - - - ***

Like the distribution test, the sensitivity of the long latency response to

anesthetic depression is sensitive to genetic background. In both assays, the

Canton-S background is more sensitive to halothane's effects than an Oregon-R

background. Furthermore, in the long latency response assay, there are

differences between three Canton-S strains derived from different laboratories,

highlighting the importance of properly controlling for genetic background (Guan

et al., 2000b, Walcourt and Nash, 2000).

To assess whether gross disruption in brain morphology would alter the

long or short latency responses, or the anesthetic sensitivity of the long latency

response, 5 mutants with gross disruptions in adult brain structures were tested.

The long and short latency responses are not affected in any of the mutants,
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indicating that the central brain need not be intact for proper transmission

through this circuit. Similarly, the sensitivity of the long latency response to

halothane and enflurane is not altered in 4 of the 5 mutants. One mutant,

mushroom body defect (mud), is more sensitive to both anesthetics. However,

this is not correlated with the brain defect, because mud'flies grown at low

temperature have apparently normal brain structure and yet are more sensitive to

halothane, mud'/+ heterozygotes also have normal brain structure and increased

halothane sensitivity (Guan et al., 2000b, Walcourt and Nash, 2000). It is

possible that in these cases the mutation is causing subtle defects in brain

morphology that are not visible at the light microscope level; alternatively, the

gene may affect both anesthetic sensitivity and brain structure separately, with

the former process more sensitive to gene dosage, mud encodes a coiled-coil

protein with a transmembrane domain (Guan et al., 2000a); the molecular

mechanisms by which it controls brain structure or anesthetic sensitivity are

unclear.

The genes disrupted in the other harmutants have not been cloned.

However, the existence of mutants disrupting a variety of genes with functions in

the nervous system allows candidate genes to be tested, provided that these

mutants can be properly controlled for genetic background. The anesthetic

sensitivity of Shaker (Sh, a voltage-sensitive potassium channel subunit),

slowpoke (slo, a subunit of a calcium-activated potassium channel), ether-a-go

go (eag, a potassium channel subunit), paralytic (para, a voltage-sensitive

sodium channel subunit) and no-action-potential (nap, a gene controlling the
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abundance of sodium channels) were tested in the inebriometer. Consistent with

results discussed above, the mutants are differentially sensitive to the three

anesthetics tested. For example, 2 of the 3 Shalleles tested exhibit normal

sensitivity to halothane, but all 3 are hypersensitive to the effects of chloroform

and tricholoroethylene. In contrast, both alleles of slo tested are more sensitive

to halothane, chloroform and tricholoroethylene. eag, para and nap mutants also

are more sensitive to one or more of the anesthetics. The authors also tested the

effect of the mutations in decapitated vs. intact flies. har38, nap, and slo flies

retain their mutant phenotypes after decapitation, whereas har36, Sh, and nap

mutants elute similarly to controls after decapitation (Leibovitch et al., 1995).

This suggests that the latter three genes affect an anesthetic-sensitive process in

the head. Again, whether the ion channels disrupted by the various mutations

represent anesthetic targets or function elsewhere in an anesthesia-sensitive

pathway remains to be determined.

The halothane sensitivity of Sh mutants was also examined in two other

assays. Sh mutants are somewhat sensitive to halothane in the distribution test,

but resistant to the effects of halothane on the long latency pathway. The

resistance to halothane's effect on the long latency pathway was recapitulated by

pharmacological inhibition of Sh-type potassium channels with 4-aminopyridine

(4-AP); no effect of 4-AP was observed in Sh mutants, suggesting that its effect

on halothane sensitivity is due to inhibition of potassium channels encoded by Sh

(Walcourt et al., 2001). The opposite effects of the mutation on the

electrophysiological long latency pathway (resistance to halothane) and in
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behavioral assays (sensitivity) highlights the difficulty of interpreting behavioral

outputs in the absence of knowledge about the underlying neural circuits.

In summary, a number of different assays have been developed to assess

the effect of anesthetics on Drosophila, and mutants with altered behavior in

these assays have been identified both through forward genetic screening and

testing of candidate gene mutants. The differences in anesthetic sensitivity of

mutants in different assays highlights the complexity of the effects of anesthetics

on behavior. The study of anesthetics on the circuit underlying the visually- * * *
º

induced jump response represents a step forward in addressing this problem.
-

º :-

However, identification of the genes disrupted by the harmutations has proven º
elusive, even in the case of har38 and har85, where multiple alleles (including P-

-

º º l

element alleles) exist, and the goal of definining anesthetic targets has not been -***** *
-

realized. Nevertheless, this system has proven powerful in testing hypotheses : º

regarding anesthetic mechanism of action in vivo: that mutations differentially

affect flies' sensitivity to different anesthetics suggests that anesthetics do not act ** =

through a single target.

Ethanol

Early studies of ethanol and Drosophila focused on ethanol's metabolic

effects (reviewed in Geer et al., 1993). As in mammals, ethanol is oxidized to

acetaldehyde, a reaction catalyzed by alcohol dehydrogenase (ADH);

acetaldehyde is further oxidized to acetate by ADH and aldehyde dehydrogenase

(ALDH). Acetyl-CoA, derived from acetate, can then be used as a substrate for
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fatty acid synthesis, in the TCA cycle, or in other pathways. Thus, as in

mammals, ethanol can be used by flies as a source of energy or as a carbon

source in biosynthetic pathways.

Using the inebriometer, Cohan and Hoffmann selected for adult

Drosophila with increased resistance to ethanol vapor. Resistance continuously

increased each generation over the course of the experiment. Interestingly,

selection for ethanol resistance also resulted in increased longevity when the

flies were cultured in an ethanol-containing environment. This resistance did not ** *** -- *

consistently correlate with the frequency of Adh alleles known to have different - --" " -

enzymatic activities (Cohan and Hoffmann, 1986), suggesting that factors other * -

than ethanol metabolism may play a role in ethanol's effects.
-

In our laboratory, we have used the inebriometer to conduct forward

genetic screens to identify mutants with altered ethanol sensitivity. As described

above, this led to the identification of amnesiac, encoding a putative

neuropeptide, and to further studies examining the role of cAMP signaling in

ethanol sensitivity (Moore et al., 1998). Ethanol was also shown to increase the

locomotor activity (Parr et al., 2001; Singh and Heberlein, 2000) and turning

behavior (Singh and Heberlein, 2000) of flies. As for cocaine, dopamine appears

to play a role in modulating ethanol-induced behaviors; ethanol-stimulated

locomotor activity is decreased in the presence of a tyrosine hydroxylase inhibitor

(Bainton et al., 2000). Finally, flies, like mammals, develop tolerance to ethanol

upon repeated exposure (Scholz et al., 2000). Thus, the behavioral responses of

flies to ethanol are remarkably similar to those observed in mammals, and are
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modulated by some of the same underlying pathways, suggesting that

Drosophila may be a good model system in which to study ethanol's effects on

the nervous system.

Conclusions

Although genetic factors contribute to the risk of alcoholism, the only

genes associated with an altered risk of alcoholism in humans are ethanol

metabolizing enzymes. Similarly, the search for genes underlying altered

ethanol-related behaviors in different strains of mice has also yielded complex

results. Knocking out and overexpressing genes hypothesized to function in

these behaviors has had mixed success in explaining ethanol's actions. One

reason for this may be that the neural circuits underlying ethanol's effects in the

mammalian nervous system have not been well defined; gene deletions targeted

to specific parts of the brain may be more informative. Furthermore, this

approach is not able to identify new molecules that mediate ethanol's effects.

Drosophila exhibit a variety of complex behaviors, including behavioral

responses to ethanol similar to those seen in mammals. Forward genetic

screens have identified some of the molecules important in regulating these

behaviors, and attempts to map the neuroanatomical loci underlying the

behaviors have also been fruitful. An integrated picture of how specific genes

affect specific neural circuits underlying the different behaviors is, however,

lacking. In the remainder of this dissertation, I will describe a forward genetic

screen performed in Drosophila in order to try to identify new genes modulating
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ethanol-related behaviors, as well as our efforts to understand more about the

neuroanatomical loci in which the cAMP pathway is acting to regulate ethanol

related behaviors.
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Chapter 1

Functional dissection of neuroanatomical loci regulating

ethanol sensitivity in Drosophila

Aylin R. Rodan, John A. Kiger Jr. and Ulrike Heberlein * - - - -

- * * * * *. ** *

... --> *
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Ethanol has complex but similar effects on behavior in mammals and the fruitfly

Drosophila melanogaster. In addition, genetic and pharmacological approaches

have implicated the cAMP pathway in the regulation of ethanol-induced

behaviors in both flies and rodents. Here, we examine the neuroanatomical loci

that modulate ethanol sensitivity in Drosophila by targeting the expression of an

inhibitor of cAMP-dependent protein kinase (PKA) to specific regions in the fly's

brain. Expression of the inhibitor in most brain regions or in muscle has no effect * ---s -- *

on behavior. In contrast, inhibition of PKA in a relatively small number of cells — . . .
possibly neurosecretory cells - in the fly's brain is sufficient to decrease º

sensitivity to the incoordinating effects of ethanol. Additional brain areas are, - i
however, also involved. The mushroom bodies, brain structures where cAMP *

signaling is required for olfactory classical conditioning, are dispensable for the

regulation of ethanol sensitivity. Finally, different behavioral effects of ethanol

motor incoordination and sedation — appear to be regulated by PKA function in

distinct brain regions. We conclude that the regulation of ethanol-induced

behaviors by PKA involves complex interactions among groups of cells that

mediate either increased or reduced sensitivity to ethanol's acute intoxicating

effects.

Alcohol is among the most widely abused drugs in the world, yet the mechanisms

by which it acts are only partially understood. Both rodents and the fruitfly
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Drosophila melanogaster show behavioral responses to acute ethanol exposure

that are remarkably similar to human behaviors. Increasing doses of ethanol elicit

hyperactivity, then ataxia or incoordination, and finally sedation (Singh and

Heberlein, 2000; Parr et al., 2001). Importantly, some of the mechanisms that

regulate these behavioral responses also appear to be conserved. For example,

genetic and pharmacological manipulations that disrupt dopaminergic systems

reduce ethanol-induced locomotor activation in both rodents (Phillips and Shen,

1996) and flies (Bainton et al., 2000).

Although ethanol does not act through a specific receptor, it affects the function

of certain cell-surface proteins, including several ion channels (Harris, 1999). In

addition, some intracellular signaling pathways, such as the cAMP pathway, are

also affected by ethanol (Diamond and Gordon, 1997; Tabakoff and Hoffman,

1998). A genetic screen for Drosophila mutants with increased ethanol sensitivity

identified amnesiac (Moore et al., 1998), a gene encoding a putative

neuropeptide believed to activate the cAMP pathway (Feany and Quinn, 1995).

Consistent with a role for cAMP, flies with mutations in the calcium/calmodulin

sensitive adenylyl cyclase rutabaga show increased ethanol sensitivity. In

contrast, a mutation in the pka-Rll gene, encoding a regulatory subunit of PKA,

causes decreased ethanol sensitivity (Park et al., 2000). Genetic manipulations

of the cAMP pathway in mice have recently been shown to alter ethanol

sensitivity as well (Thiele et al., 2000; Wand et al., 2001).
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A complete understanding of the mechanisms by which ethanol alters behavior

requires knowledge of not only the molecules, but also the neuronal circuits that

mediate these effects. In Drosophila, specific groups of neurons can be

manipulated using the GAL.4/UAS binary expression system (Brand and

Perrimon, 1993). This targeted expression approach has been used to map

neuroanatomical loci underlying behaviors such as learning and memory

(Connolly et al., 1996; Zars et al., 2000a,b), courtship behavior (Ferveur et al.,

1995; O'Dell et al., 1995; Joiner and Griffith, 1999), and locomotion (Martin et al.,

1999; Gatti et al., 2000). In addition, chemical ablation of the mushroom bodies

(MBs), prominent central brain structures, has demonstrated their importance in

olfactory and courtship conditioning (de Belle and Heisenberg, 1994; McBride et

al., 1999).

We used the GAL.4/UAS system to drive expression of a transgene that inhibits

PKA activity in restricted brain regions and measured the flies' sensitivity to

ethanol. We find that inhibition of PKA in discrete brain regions alters the flies'

sensitivity to the acute intoxicating effects of ethanol. We postulate that normal

ethanol responsiveness is achieved by a complex balance between loci that

increase and reduce the flies' sensitivity to the incoordinating effects of ethanol.

In addition, different brain regions seem to regulate distinct aspects of

intoxication, such as postural control and sedation. Chemical ablation of the

mushroom bodies had no effect, suggesting that the mechanisms that regulate
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ethanol sensitivity and olfactory conditioning, while sharing molecular

components, rely on separable neural structures for their manifestation.

Results

PKA inhibitor Expression in Specific Brain Regions Decreases Ethanol

Sensitivity

A collection of Drosophila strains, in which the transcription factor GAL4 is

expressed in various discrete regions of the central nervous system (CNS) under - - - - *

the control of endogenous enhancers, was used to express a PKA inhibitor in a

spatially restricted fashion. Inactive PKA holoenzyme consists of a dimer of º
regulatory subunits bound to two catalytic subunits. PKA activation occurs when - i

CAMP binds to regulatory subunits, causing dissociation of the holoenzyme and -
release of active catalytic subunits (Taylor et al., 1990). The PKA inhibitory

transgene, PKA" (Liet al., 1995), encodes a Drosophila type I regulatory

subunit with mutated cAMP binding sites; it therefore remains bound to

endogenous catalytic subunit when cAMP levels rise, inhibiting activation in a

dominant fashion (Fig. 1A). As a control we used a transgene encoding an

inactive PKA inhibitor, PKA", that is identical to PKA" with the exception of

two additional mutations in amino acids needed for binding to catalytic subunit

(Kiger and O'Shea, 2001). Both transgenes are positioned downstream of UAS

sites that allow transcriptional regulation by GAL4. As shown below, expression

of PKA" or PKA"had the expected effect on PKA catalytic activity.
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Flies carrying UAS-PKA" and individual PIGAL4] insertions were screened for

sensitivity to ethanol in the inebriometer. This apparatus consists of a four foot

long vertical column fitted with obliquely oriented mesh baffles upon which sober

flies will stand (Cohan and Hoffman, 1986; Weber, 1988). When exposed to

ethanol vapor, flies become uncoordinated, lose postural control, and fall through

the column. The mean elution time (MET) of a population of flies is a measure of

their sensitivity to ethanol (increased MET = decreased sensitivity).

Of 64 PIGAL4] lines tested, 42 displayed normal ethanol sensitivity in the --" !-

presence of UAS-PKA" (Table I). These included lines with expression in a

variety of structures, including the mushroom bodies (MB), ellipsoid body (EB),
-

fan-shaped body (FSB), central complex small-field neurons, and antennal lobes

(ALs). These structures are composed of multiple different cell types (Hanesch et

al., 1989; Crittenden et al., 1998; Rennet al., 1999), and GAL4 expression in the

lines tested may be restricted to different subsets of cells. Therefore, we cannot

completely rule out the possibility that PKA signaling in these structures

contributes to the modulation of ethanol sensitivity. An additional 19 PIGAL4]

lines resulted in altered MET in the presence of either PKA" or PKA",

presumably due to an effect of protein overexpression (Table I). In total, then, 63

of 66 lines screened did not result in a specific effect of PKA" expression on

ethanol sensitivity.
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In contrast, expression of PKA" under the control of three PIGAL4] lines –201Y,

c107, and c522 – led to a decrease in ethanol sensitivity (resistance) in the

presence of UAS-PKA" but not UAS-PKA" (Fig. 1B). The lack of effect of

UAS-PKA" indicated that the inhibitory activity of PKA" (the ability to bind to

the PKA catalytic subunit) is required for the altered behavior. Thus, expression

of the inhibitor in a subset of CNS cells caused a specific reduction in ethanol

sensitivity.

Three examples of lines with normal sensitivity when driving expression of the

PKA" are shown in Figure 1C, Expression of PKA" in postembryonic muscle,

under the control of PIGAL4]"* (Davis et al., 1998), did not affect ethanol

sensitivity (Fig. 1C). Line c290 shows little or no expression in the CNS, whereas

c747 is expressed broadly and at high levels in the CNS (Fig. 2).

Given the widespread expression of GAL4 in line c/47, the normal ethanol

sensitivity of cT47+UAS-PKA" was surprising. We reasoned that if expression of

PKA" in the cT47 cells was truly inert, simultaneous expression of PKA" under

the control of both c107 and c747 should result in resistance to ethanol, the

phenotype displayed by c107+UAS-PKA" flies. However, expression of PKA"

under the control of both c107 and c747 resulted in a MET similar to that of

c/47+UAS-PKA" flies, i.e., the lack of effect of line c/47 was epistatic to the

ethanol resistance caused by line c107 (Fig. 1D). One possible explanation for

this result is that the normal behavior displayed by cT47+UAS-PKA" represents
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the balanced sum of increased and decreased sensitivity caused by PKA"

expression in different sets of cells. Adding expression in c107 cells would not tip

the balance towards resistance if the GAL4-expressing cells in c107 are already

present in cy47. That is, c107 may express GAL4 in resistance-causing cells that

are also present in cT47; in c107, however, these cells would not be

counterbalanced by sensitivity-causing cells. It is also possible that the

expression of PKA" in certain cy47 cells clamps ethanol sensitivity at a relatively

normal level, and that these cells are epistatic to the resistance-causing cells of

line c107; these cells may also mask resistance-causing cells in c'47.

Regardless of the exact mechanism, these data clearly show that broad PKAnh -:

expression under the control of line c/47 is not behaviorally inert, but rather, the º j

result of complex interactions between different populations of cells. It is

therefore important to exercise caution when drawing conclusions about neurons

(or brain regions) not involved in a behavior of interest based on a lack of effect

of a particular manipulation.

Decreased Sensitivity to Ethanol is not Due to Altered Pharmacokinetics

Because reduced ethanol sensitivity could be caused by impaired ethanol

absorption (Singh and Heberlein, 2000) we measured the ethanol content in

PIGAL4] flies in the absence and presence of UAS-PKA" after a 30-minute

exposure to ethanol vapor (Table II). Expression of PKA" did not affect the

levels of absorbed ethanol in these flies. Thus, the altered behavior is due to
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functional differences in ethanol responsiveness, rather than changed

pharmacokinetics.

Expression Patterns of PIGAL4] Lines

Expression of GAL4 was determined using a reporter transgene, UAS-lacz,

encoding 3-galactosidase. The expression pattern of the UAS-lacz reporter was

found to be indistinguishable in PIGAL4] and PIGAL4]+UAS-PKA" flies upon

analysis at the light microscope level (data not shown). Thus, PKA" expression

does not alter the gross morphology of the structures in which it is expressed,

although it could have effects at the ultrastructural level.

Of the three PIGAL4] lines that caused a specific change in ethanol sensitivity in

the presence of UAS-PKA", two lines — c107 and c522 – showed restricted

expression in the CNS, while 201Y was quite specific (Fig. 2). The most

prominent expression in c107 is in the optic lobes, small-field neurons of the

central complex projecting to the ellipsoid body (EB) and fan-shaped body (FSB)

(Rennet al., 1999), and the dorsal giant interneurons (DGls), a bilateral pair of

neurons with characteristic dorsally-looping projections (Ito et al., 1997; Fig. 2A).

Line c522 is expressed in the antennal lobes, the antenno-mechanosensory

center, subesophageal ganglion (SEG), central complex, and lateral

protocerebrum (Zars et al., 2000b, Fig. 2A). Central complex expression in c522

includes intrinsic neurons of the FSB and a small number of EB intrinsic neurons.

Lines c107 and c522 are also expressed in the ventral nerve cord (VNC, Fig.
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2B). Line 201Y, used extensively in previous behavioral (O'Dell et al., 1995;

Connolly et al., 1996; Martin et al., 1998; Joiner and Griffith, 1999; Zars et al.,

2000a, McGuire et al., 2001) and neuroanatomical (Yang et al., 1995; Tettamanti

et al., 1997; Armstrong et al., 1998; Kraft et al., 1998; Lee et al., 2000) studies, is

expressed in a subset of mushroom body (MB) neurons that project to the cores

of the O. and 3 lobes, and broadly in Y lobe neurons (Fig. 2A). In addition, 201Y is

expressed in the DGls (Kei Ito, personal communication), in - 13 neurons of the

pars intercerebralis (PI) projecting through the median bundle, and in 6 neurons - - - - -

located in the ventral SEG (see below). There is also very restricted and low * - :-

expression in the VNC (Fig. 2B).
* -
º -**

It is unlikely that PKA" expression in the optic lobes of c107 affects ethanol

sensitivity, since flies with severely abnormal optic lobes due to the small-optic

lobes mutation (so■ ') are normal (Scholz et al., 2000). As mentioned above,

small-field neurons of c107 project onto the EB and FSB, while expression of

c522 includes intrinsic neurons of both these structures, providing a possible

functional link between the two PIGAL4] lines. As described above, however,

PKA"expression in 25 PIGAL4] lines with EB expression and 11 lines with FSB

expression did not result in a specific effect of the inhibitor on behavior (Table I).

Therefore, it is unclear whether PKA signaling in these structures plays a role in

modulating ethanol sensitivity. Because of the more limited expression of 201Y,

we focused most subsequent experiments on this line.
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Effect of PKA" is Suppressed by Overexpression of Catalytic Subunit

As discussed above, the effect of PKA" expression on ethanol sensitivity

appears to require the binding of PKA" to catalytic subunits, since PKA",

which lacks this function, is inert. If this is correct, overexpression of PKA

catalytic subunit (PKAc) should counteract PKA" and therefore suppress its

effect on ethanol sensitivity. Indeed, PKA"-induced defects in wing development

are suppressed by coexpression of PKAc (Kiger et al., 1999). We therefore

expressed both UAS-PKA" and UAS-PKAc simultaneously under the control of --- -:
line 201Y. As shown in Figure 3, coexpression of PKAc did suppress the PKA"-

-

induced reduction in ethanol sensitivity. This effect was not caused by the -:

presence of two UAS transgenes — which may reveal limiting amounts of GAL4 — º º I
as coexpression of an inert transgene, UAS-lacz, with UAS-PKA" did not cause

º

phenotypic suppression (Fig. 3). Overexpression of PKAc alone with the 201Y

driver did not alter behavior, suggesting that ethanol sensitivity was not affected

by enhanced PKA function in the 201Y-expressing cells. Expression of any

combination of transgenes with the control line c290 had no effect on ethanol

sensitivity. These data strongly suggest that inhibition of PKA function in the

201Y-expressing cells decreases ethanol sensitivity, and that PKA" acts by

sequestering endogenous PKA catalytic subunits.

Mushroom Bodies are not Involved in the Regulation of Ethanol Sensitivity

As has been previously documented (O'Dell et al., 1995; Yang et al., 1995;

Connolly et al., 1996; Tettamanti et al., 1997; Armstrong et al., 1998; Kraft et al.,
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1998; Martin et al., 1998; Joiner and Griffith, 1999; Lee et al., 2000; Zars et al.,

2000a,b; McGuire et al., 2001), 201Y is expressed in the mushroom bodies (Fig.

2A), structures in the fly's brain that play an important role in olfactory classical

conditioning. Interestingly, several olfactory learning and memory mutants, such

as amnesiac (amn), rutabaga (rut), and the cell adhesion molecule fasciclin Il

(fasl), show altered ethanol sensitivity (Moore et al., 1998; Cheng et al., 2001).

rut and fasll are preferentially expressed in the MBs, along with the catalytic and

regulatory subunits of PKA (reviewed in Roman and Davis, 2001); amn is ----e -º

expressed in two prominent neurons that project onto the MB axons (Waddell et :-

al., 2000). We were therefore interested in determining if the MBs are required º -->

for normal ethanol sensitivity, and if the expression of PKA" in the MBs is

responsible for the altered sensitivity seen in 201Y+UAS-PKA" flies. ---

During the first few hours of larval life, the only proliferating neuroblasts are four

that give rise to the MBs and one that contributes to the antennal lobes (Truman

and Bate, 1987; Prokop and Technau, 1991; Ito and Hotta, 1992; Prokop and

Technau, 1994). The MBs can thus be selectively ablated by feeding

hydroxyurea to newly hatched larvae, a manipulation that has been shown to

impair olfactory and courtship conditioning (de Belle and Heisenberg, 1994;

McBride et al., 1999). To determine if MB ablation alters ethanol sensitivity, we

fed 201Y+UAS-lacz larvae yeast paste with or without hydroxyurea and tested

the resulting adults in the inebriometer, MB ablation was assessed by examining

3-galactosidase expression (Fig. 4; see Methods). As reported previously
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(Armstrong et al., 1998), hydroxyurea treatment eliminated most MB neurons in

which 201Y is expressed (Fig. 4C); a few y lobe neurons remain, probably those

arising during embryogenesis. Also consistent with previous results (Armstrong

et al., 1998), hydroxyurea treatment spared neurons outside of the mushroom

bodies, such as the DGls (Fig. 4C). Flies lacking the MBs showed normal

sensitivity in the inebriometer (Fig. 4A). Thus, unlike olfactory learning, in which

the MBs play a central role, ethanol sensitivity does not appear to be regulated

*** *** -- *by these structures.

To determine if expression of PKA" in MBs contributes to the reduced sensitivity º
of 201Y+UAS-PKA" flies, we treated larvae of this genotype with hydroxyurea º j

as described above. These flies also carried UAS-lacz to monitor MB ablation. --
Decreased ethanol sensitivity of 201Y+UAS-PKA" flies remained even after

mushroom body ablation (Fig. 4A). We conclude from these results that PKA

inhibition in neurons other than those forming the MBs is responsible for the

decreased ethanol sensitivity of 201Y+UAS-PKA" flies. This is consistent with

our finding that expression of PKA" in MB neurons under the control of c147

(and 5 additional lines) did not alter MET (Fig. 1B and Table I).

Because few neurons outside of the MBs express GAL4 in 201Y, this limits the

number of neurons that cause the altered inebriometer phenotype. These include

the PI neurons (Fig. 4D), the ventral SEG neurons (Fig. 4E), the DGls (Fig. 4F),

and a very small number of other neurons in the protocerebrum and abdominal
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ganglion. Diffuse staining near the esophagus (Fig. 4E) is due to expression in

the axons and nerve endings of PI and SEG neurosecretory cells known to

project to this area (Rajashekhar and Singh, 1994; Shiga et al., 2000). We do not

believe that PKA" expression in the DGIs is responsible for the altered behavior,

because three lines with DGI expression did not cause altered ethanol sensitivity

when driving PKA" (Table I and data not shown). We also tested PIGAL4] lines

with Pl and vSEG expression: 8 lines with adult expression in PI neurons, and 10

lines with expression in larval Pl and SEG neurosecretory cells projecting to the ---e -- *

ring gland, did not result in altered ethanol sensitivity (Table I). However, Pl and

SEG neurons are heterogeneous: there are at least 3 different subtypes of larval º ... ."

Pl neurons and 2 subtypes of SEG neurons based on their projection patterns º: º |

(Siegmund and Korge, 2001). In addition, different PI neurons in the blowfly

Calliphora express different neuropeptides (Duve and Thorpe, 1980, 1981, 1983;

Duve et al., 1983). This leaves open the possibility that a specific subset of these

neurosecretory cells expresses GAL4 in 201Y but not in the other GAL.4 lines

tested.

Acute PKA Inhibition in the Adult Fly Increases Ethanol Sensitivity

Prior experiments had shown that global reduction of PKA activity throughout

development (by reducing the dose of PKA catalytic subunit), or acute

pharmacological inhibition of PKA in the adult, led to increased ethanol sensitivity

(Moore et al., 1998). Yet, we were unable to find a GAL.4 line that mimicked that

effect when driving PKA". To test the effect of expression of PKA" throughout
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the fly, we used a heat shock-inducible GAL.4 transgene, hsGAL4, in which GAL4

is under the control of the hsp70 promoter. Flies carrying the hsGAL4 transgene

and either UAS-PKA" or UAS-PKA" were heat shocked for 1 hour and tested

in the inebriometer the following day. Under these conditions, heat shock alone

did not affect ethanol sensitivity, as the MET of UAS-PKA" flies was unchanged

by heat shock (Fig. 5A). Heat shock-induced expression of GAL4 (in hsGAL4

flies) or GAL4 and PKA"" (in hsGAL4+UAS-PKA"flies) resulted in a

significant increase in ethanol resistance (Fig. 5A), probably a non-specific effect

of protein overexpression. However, heat shock-induced expression of PKA" (in

hsGAL4+UAS-PKA" flies) resulted in increased sensitivity to ethanol (Fig. 5A).

Thus, in contrast to restricted expression of PKA", short-term ubiquitous

expression of the inhibitor in adult flies led to increased ethanol sensitivity, an

observation that is consistent with previous pharmacological experiments (Moore

et al., 1998).

To determine if expression of PKA"inhibited PKA activity as expected, we

measured cAMP-stimulated PKA activity in extracts of flies expressing either

PKA" or PKA" under the control of hsGAL4. PKA activity was strongly

reduced by expression of PKA" but not PKA" (Fig. 5B). However, the degree

of PKA inhibition was the same in the presence or absence of heat shock. These

data suggest that there is considerable “leaky" expression of GAL4 even in the

absence of heat shock, an observation that has been made before with

transgenes expressed under the control of heat-inducible promoters (for example
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See Grotewiel et al., 1998; Cheng et al., 2001). However, as shown above, this

leaky expression of PKA" did not result in altered ethanol sensitivity, while heat

induced expression of the inhibitor led to strongly increased ethanol sensitivity

(Fig. 5A). There are several possible explanations for this observation. For

example, the assay used to detect kinase activity may not be sensitive enough to

detect subtle differences in activity between heat shocked and non-heat shocked

flies. Alternatively, heat induction of PKA" above baseline levels may occur in

only a few cells, an effect that would not be detected when assaying kinase

activity in extracts of whole flies. While it has not been reported, it is possible that

PKA inhibition may alter the flies' ability to cope with the heat shock itself,

subsequently altering the flies' response to ethanol. Finally, PKA activity may be

reduced transiently between heat shock and testing, altering the nervous

system's susceptibility to ethanol. Extracts prepared 4 hours after the heat shock

did not reveal such a difference (data not shown), but this does not preclude an

effect at other time points.

In summary, we have shown that PKA" and PKA"display the expected

effects on cAMP-stimulated kinase activity, and that ubiquitous expression of

PKA" resulted in increased ethanol sensitivity, similar to that observed with

genetic and pharmacological manipulations that globally reduce cAMP signaling

(Moore et al., 1998).
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PKA Inhibition in Different Regions has Distinct Effects on Ethanol-Induced

Locomotor Activity

To further analyze the ways in which PKA" expression affects ethanol

sensitivity, we examined the flies' response to ethanol in a different behavioral

assay. The locomotor video-tracking system allows the monitoring of horizontal

walking activity of groups of flies as they are exposed continuously to ethanol

vapor of defined concentrations (Scholz et al., 2000). Immediately following the

start of ethanol exposure, flies showed a transient increase in locomotor velocity

(Fig. 6); this is probably a startle response to a novel odor (F. Wolf and U. H.,

unpublished observations). All PIGAL4]+UAS-PKA" flies tested had robust

startle responses, indicating that locomotor function in these flies is unaffected by

PKA"expression (Fig. 6). With continued exposure to the relatively high ethanol

concentration used in these experiments, locomotor activity decreased gradually

until the flies became completely sedated, at which point they became resistant

to arousal by mechanical stimulation. When compared with 201Y and UAS

PKA" controls, 201Y+UAS-PKA" flies were resistant to the locomotor

depressant effects of ethanol (Fig. 6A). This effect can be seen clearly in

examples of locomotor traces obtained 12.5 minutes after the start of ethanol

exposure (Fig. 6E); while control flies were nearly completely immobile, most

201Y+UAS-PKA" flies remained active. Since the kinetics of ethanol absorption

are indistinguishable in control and experimental flies (Table I), these data show

that higher levels of ethanol are needed to sedate flies with targeted inactivation

of PKA in 201Y-expressing cells. We note that baseline locomotion levels (prior
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to the start of ethanol exposure) are somewhat variable, as flies are still in the

process of adapting to their new environment (Fig. 6). These differences in

spontaneous locomotion, however, do not affect the extent of the response to

ethanol (F. W. Wolf, A. R. R., L. Y.-T. Tsai, and U. H., unpublished observations).

c107+UAS-PKA" flies were also resistant to ethanol-induced sedation, although

to a lesser degree than 201Y+UAS-PKA" flies (Fig. 6B). In contrast, both

c522+UAS-PKA" and c290+UAS-PKA" flies did not differ significantly from

controls, despite their different inebriometer phenotypes (Fig. 6G, D and Fig. 1).

Thus, while PKA" expression under the control of 201Y, c107, and c522

resulted in decreased ethanol sensitivity in the inebriometer, only 201Y and c107

showed an altered response to ethanol's locomotor-depressant effects.

We suggest that distinct components of ethanol sensitivity are differentially

modulated by cAMP signaling in different neurons in the flies' CNS. Signaling in

the 201Y and c107 cells regulates sensitivity to the effects of ethanol on both

motor coordination (postural control) and sedation, whereas signaling in the c522

cells appears to only modulate sensitivity to ethanol's effect on postural control.

Discussion

A role for cAMP signaling in the modulation of acute sensitivity to ethanol in

Drosophila has been previously demonstrated (Moore et al., 1998). Here we

show that several neuroanatomical loci interact in complex ways to regulate
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normal responsiveness to acute ethanol exposure. Yet, inhibition of PKA in just

a few cells in the brain — possibly neurosecretory cells — is sufficient to reduce

the flies' sensitivity to the effects of ethanol on postural control. Using a different

behavioral assay that measures ethanol's locomotor-depressant effects, we

show that cAMP signaling in different populations of neurons regulates distinct

aspects of the acute behavioral response to ethanol. In addition, we show that

despite the regulation of olfactory learning and ethanol sensitivity by a common

set of genes, these two complex Drosophila behaviors are controlled by distinct

neural circuits. . . ;-

Neuroanatomy of Ethanol Sensitivity - i

Of the neurons we have identified as candidates for mediating the resistance to ***

ethanol intoxication, the Pl and ventral SEG (v$EG) neurons are the most

interesting. These resemble known neuropeptide-expressing neurosecretory

cells that extend axons towards the esophagus, where they intermingle with the

projections from the neurosecretory Pl neurons (Rajashekhar and Singh, 1994;

Shiga et al., 2000). Both PI and vSEG neurons also send projections to the

hypocerebral ganglion/corpus cardiacum complex, a neuroendocrine organ that

is an adult derivative of the larval ring gland (Thomsen, 1969; Nassel, 1993;

Shiga et al., 2000). Interestingly, an enhancer-trap insertion in the neuropeptide

”, shows strong 3-galactosidase expression inencoding amnesiac gene, amn

the ring gland (data not shown), suggesting a possible association between the

Pl and vSEG neurons and neuropeptides modulating ethanol sensitivity.
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Ethanol Sensitivity and the cAMP Pathway

Several conditions known or expected to decrease the function of the cAMP

pathway in the whole fly were previously shown to increase the flies' ethanol

sensitivity in the inebriometer. These include mutations in amn, rut, and the

catalytic subunit of PKA, as well as acute pharmacological inhibition of PKA

(Moore et al., 1998). Similarly, ubiquitous expression of PKA" in the adult fly

under the control of hsGAL4, as shown here, resulted in increased ethanol -- **

sensitivity. In contrast, restricted inhibition of PKA under the control of specific
- *

:
GAL4 lines caused reduced ethanol sensitivity. Several mechanisms may º :

contribute to this apparent paradox. First, the different phenotypes may be the I
consequence of cAMP pathway requirements in different populations of CNS

cells. While we identified cells that confer reduced sensitivity to ethanol, we failed

to find those that confer increased sensitivity. The existence of the latter cells is,

however, inferred from the fact that ubiquitous expression of PKA" results in

increased ethanol sensitivity. If so, cells conferring increased sensitivity likely act

downstream in the neural circuits regulating ethanol's effects, as they mask the

effect of cells that confer increased resistance. This is consistent with the result

obtained with co-expression of the PKA" with both c107 and c747, in which the

resistant phenotype obtained with c107 was masked by simultaneously
inhexpressing PKA" in the cT47 neurons.
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It is also possible that the specific effect of PKA inhibition on ethanol sensitivity

depends on the timing of such inhibition. Perhaps inhibition in the adult fly, such

as that expected to be caused by feeding flies the PKA inhibitor Rp-cAMPS and

that caused by heat shock induction of PKA", results in increased sensitivity,

whereas expression under the control of c107, c522, and 201Y during

development results in reduced sensitivity. These three lines all exhibit GAL4

expression in the CNS GAL4 in 3" instar larvae (Fig. 4G, data not shown).

Finally, it is possible that quantitative differences between the degree of PKA º
inhibition in the three GAL.4 lines that cause ethanol resistance – C107, c522, and -:

201Y — and the experimental conditions that result in increased ethanol º
*

i
sensitivity are responsible for the dichotomy. Strong and global reductions in

PKA activity, for example in pka-C1 null mutants or by expressing PKA"pan

neurally, result in lethality due to developmental defects (Lane and Kalderon,

1993; data not shown), precluding behavioral analyses. It is therefore possible

that the degree of PKA inhibition achieved in the c107, c522 or 201Y cells is

greater than that obtained with other GAL.4 lines, but flies survive because

expression is restricted in these lines.

The regulation of ethanol sensitivity by cAMP signaling is also complex in

mammals. As in flies with a mutation in PKA-Rll, cAMP-stimulated PKA activity

is greatly reduced in mice with a targeted disruption in the PKA-RIlB gene (Park

et al., 2000; Thiele et al., 2000); like the PKA-RIl mutant flies, these mice show
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decreased sensitivity to ethanol's sedating effects. Interestingly, mice expressing

a transgene similar to PKA" in the forebrain, which therefore have decreased

PKA activity in these brain regions, display increased ethanol sensitivity (Wand et

al., 2001). Mice heterozygous for a deletion of a Gs, gene are also more

sensitive to ethanol. Thus, as with flies, different genetic manipulations that

decrease cAMP signaling result in opposite effects on ethanol sensitivity.

Regulation of Different Ethanol-Induced Behaviors --- -:
Exposure of both mammals and flies to varying concentrations of ethanol has

distinct behavioral consequences. In Drosophila, these can be separated using º
different assays, such as the inebriometer and the locomotor tracking system.

-

Using these assays, we have shown that expression of PKA" under the control

of c107, c522 and 201X, which in all three cases resulted in similar resistance to

the incoordinating effects of ethanol in the inebriometer, altered sensitivity to the

locomotor-depressant effects of ethanol to varying degrees. Thus, PKA inhibition

in different sets of neurons affects distinct aspects of the acute behavioral effects

of ethanol. The neural circuitry controlling different aspects of ethanol sensitivity

has not been studied in mammals, but different inbred mouse strains, as well as

mice with targeted disruption of the 5-HT1B receptor, show different relative

sensitivities to acute ethanol administration in different behavioral assays — such

as the stationary dowel, rotarod, and loss of righting reflex tests (Crabbe et al.,

1994; Boehm et al., 2000; Browman and Crabbe, 2000). Taken together, the
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data from flies and mice suggest that different aspects of ethanol sensitivity are

both genetically and neuroanatomically separable.

Ethanol Sensitivity and Olfactory Conditioning

Flies learn to avoid an odor that has previously been paired with an electric

shock, a fact that they can remember for hours to days, depending on the

training paradigm (reviewed in Dubnau and Tully, 1998). cAMP signaling plays a

central role in this classical conditioning paradigm (reviewed in Davis, 1996; --- ~ *

Dubnau and Tully, 1998). Interestingly, the genetic overlap between olfactory . . . ;-

conditioning and ethanol sensitivity includes not only rut, amn, and pka-C, but -:

also the cell adhesion molecule fasciclin Il (Cheng et al., 2001).

Because the mechanisms that regulate olfactory learning and ethanol sensitivity

appear to share molecular components, we investigated whether some of the

same neuroanatomical structures might be involved in both behaviors. Multiple

different lines of experimentation, including hydroxyurea-induced MB ablation (de

Belle and Heisenberg, 1994), have shown that these structures play a central

role in olfactory learning and memory (reviewed in Roman and Davis, 2001). in
contrast, our experiments show that MBs are not necessary for proper regulation

of ethanol sensitivity measured in the inebriometer.

amn, while not expressed in the MBs, is expressed in the dorsal paired medial

(DPM) interneurons, which project to the neuropil containing MB axons;
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preventing neurotransmission of these neurons impairs olfactory learning

(Waddell et al., 2000). It seems unlikely that amn expressed in the DPM neurons

plays a role in regulating ethanol sensitivity, since ablation of the presumed DPM

targets — the MBs — has no effect. Thus, amn expressed elsewhere in the

nervous system (Waddell et al., 2000) must modulate ethanol sensitivity. As

discussed above, an interesting possibility is the neuroendocrine hypocerebral

ganglion/corpus cardiacum complex. Consistent with distinct roles for amn in

ethanol sensitivity and olfactory learning is the finding that the ethanol sensitivity --- -

defect of amn can be rescued by ubiquitous expression of an amn transgene in . . . .

the adult fly, a protocol that fails to restore normal learning (Moore et al., 1998; … "

DeZazzo et al., 1999). º i

~ *

These observations show that despite the overlap among the genes involved in

regulating ethanol sensitivity and olfactory conditioning, the neural circuitry

underlying these behaviors is separable. It is therefore important to determine not

only the identity of genes involved in the behavior of interest, but also the

neuroanatomical circuits that regulate its manifestations. The ability to

manipulate subsets of neurons in the fly's nervous system allows dissection of

neuroanatomical loci regulating specific behaviors, in this case different aspects

of ethanol sensitivity, allowing exploration of both the molecular and neural

circuitry underlying behavior.
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Experimental Procedures

Drosophila Stocks and Genetics

PIGAL4] lines 201Y (chromosome II), c522 (III), c107 (I), c/47 (II) and c290 (II),

as well as additional PIGAL4] lines, were obtained from Kim Kaiser (Yang et al.,

1995; Manseau et al., 1997). 3A4 and PIGAL4]" (III) were obtained from

Graeme Davis (University of California, San Francisco); MHC82 contains the

myosin heavy chain promoter fused to GAL.4 (Davis et al., 1998). Other PIGAL4]

lines were obtained from Leslie Griffith (Brandeis University, MJ lines, see --- -
below), Cahir O'Kane (University of Cambridge, OK lines, see below), and Kei Ito :-

(National Institute for Basic Biology, Okazaki, Japan). hsGAL4 flies were *** *- .."

obtained from the Bloomington Stock Center at Indiana University (Bloomington, º l

IN), UAS-PKA" (III) (also called BDK33) flies were obtained from Dan Kalderon -
sº

(Columbia University). These flies carry a transgene coding for the Drosophila

type I regulatory subunit of PKA with mutated cAMP-binding sites: GLY 196 and

321 were replaced by GLU and ASP respectively (Liet al., 1995; Dan Kalderon,

personal communication). The UAS-PKA"transgene (II) (Kiger and O'Shea,

2001) contains, in addition to the mutations carried by UAS-PKA", mutations in

ARG 91 and 92, which were replaced with GLY to abolish binding to PKA

catalytic subunit. The UAS-PKAc transgene (II) (Kiger et al., 1999) encodes a

FLAG-tagged Drosophila PKA catalytic subunit. All lines are homozygous viable

but were used as heterozygotes or hemizygotes in behavioral assays. Lines used

MHC82in behavioral experiments (with the exception of PIGAL4] ) were outcrossed

1118for five generations to a w''” stock isogenic for chromosomes II and III. Flies
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were raised on standard cornmeal/molasses food at 25°C and 70% relative

humidity in constant light.

For behavioral testing, flies carrying both the PIGAL4] and UAS insertions were

generated by crossing PIGAL4] virgin females to UAS males. As controls,

PIGAL4] or UAS heterozygotes or hemizygotes were generated by crossing

males to virgin females carrying attached-X chromosomes in the w” genetic

background. All experiments were carried out with 2–4 day old males, -------

approximately 110 for the inebriometer and 20 for the locomotor tracking system.

All genotypes were tested on multiple days. ****

... i
PIGAL4] Screen --
59 PIGAL4] lines with diverse expression patterns in the brain were initially

screened by crossing to UAS-PKA". Of these, 27 were not tested behaviorally

due to lethality, low viability, or other defects, such as unexpanded wings. The

remaining 32 lines were tested in the inebriometer in the presence of UAS

PKA". Lines with increased MET in the presence of UAS-PKA", as well as a

few control lines, were also tested with UAS-PKA". An additional 34 PIGAL4]

lines driving UAS-PKA" or UAS-PKA" were screened. These were chosen on

the basis of expression in specific structures, such as the fan-shaped body,

ellipsoid body, mushroom bodies, Pl, or other. Expression patterns listed in Table

| derive from the following published information: All “c" and "Y" lines: www.fly

trap.org; c161, 78Y, 7Y, 64Y, c561, c105, c.481, c346, c819, and c232: Rennet
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al, 1999; 78Y and 7Y: Martin et al 1999; c309, c.747, and OK348: Conolly et al,

1996; MJ126a and MJ162a: Joiner and Griffith, 1999; MZ423: Ito et al 1997;

c302 and c739: Yang et al., 1995; MHC82: Davis et al., 1998; 17D: Martin et al

1998; Okt30, Feb204, Feb170, Kurs6, Jan 129, Mai301, Jan229, Kurs21, Mai479,

Kurs58, and Sep54: Siegmund and Korge, 2001.

Behavioral Assays

Inebriometer assays were carried out as previously described (Moore et al., --- **

1998; Singh and Heberlein, 2000). Inebriometers were equilibrated to 20°C and * .

an ethanol/humidified air mixture of approximately 50U/40U. Flies were º - - -

equilibrated for one hour at 20°C prior to being loaded into the inebriometer. 2- - i

Elution was quantified in three-minute intervals using a monitor (Trikinetics, --

Waltham, MA), and mean elution times were calculated from the resulting

distribution. One-way ANOVAs were performed in Statistica (Statsoft, Tulsa,

OK). To maintain an experiment-wide error rate of O-0.05, the adjusted error

rates were p=0.0167 for the 3 subsequent planned pair-wise comparisons in

Figures 1 and 3. In Figure 5, a two-way ANOVA was performed in Statistica

(Statsoft, Tulsa, OK), with post-hoc Newman-Keuls testing.

Locomotor tracking assays were carried out as previously described (Scholz et

al., 2000), with an ethanol/humidified air mixture of 40U/25U. Flies were

exposed to humidified air for 6 min, filmed in air for 2 min, and then filmed in the

presence of ethanol vapor for an additional 18 minutes. Ten-second movie clips
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were captured on an Apple G4 PPC using Adobe Premiere (Adobe Systems).

The flies' locomotion was tracked using the DIAS Dynamic Image Analysis

System (Soltech, Oakdale, IA). Average speed over the interval was calculated

by dividing the flies' total path length by time. One-way ANOVAs across each of

16 timepoints were performed in Statistica (Statsoft, Tulsa, OK). To maintain an

experiment-wise error rate of o-0.05, the critical p-value was adjusted to

o:-0.003. For timepoints showing a main effect of genotype, post-hoc Newman

Keuls tests were performed to determine whether PIGAL4]+UAS-PKA" was --

significantly different from both PIGAL4] and UAS controls at ozo.05. º ..

Ethanol Absorption º i

Absorption assays were carried out as previously described (Moore et al., 1998). *se ºr

30 flies of each genotype were exposed in triplicate to an ethanol/humidified air

mixture of 50U/45U for 30 minutes. Alcohol concentration in extracts was

measured using an ADH/NADH assay (Sigma, St. Louis, MO). To calculate the

ethanol concentration in the flies, we estimated the volume of one fly to be 2 pil.

The values for 201Y+UAS-PKAinh and 201Y were corrected for total amount of

protein because 201Y+UAS-PKA" flies are slightly smaller than 201Y flies.

Protein was measured using Coomassie reagent (Pierce, Rockford, IL).

Histology

Staining for 3-galactosidase expression in CNSs of 5-7 day-old PIGAL4]/UAS

lacz males was done as previously described (Scholz et al., 2000). Samples
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were incubated in X-GAL (Labscientific, Livingston, NJ) solution at 37°C for 20-30

min (c.747), 1-2 hours (c522, c107) or overnight (c290, 201Y, c/47). Multiple

specimens were observed for each genotype.

For anti-tau immunohistochemistry, larval brains were dissected in cold PBS,

fixed in 4% paraformaldehyde for 50 minutes at room temperature, and washed

in PBS with 0.3% Triton X-100. Specimens were incubated with anti-tau antibody

(Sigma, St. Louis, MO) diluted 1:500, and with a secondary HRP-coupled goat --- -:
anti-mouse antibody (Vector, Burlingame, CA) diluted 1:100. The Vectastain Elite :-

ABC kit was used for DAB staining (Vector, Burlingame, CA). º º

PKA Activity Assay -
50 male UAS-PKA", hs-GAL4, hs-GAL4+UAS-PKA" or hs-GAL4+UAS-PKA"

"flies were reared at 25°C and collected under CO2 anesthesia as for a

behavioral assay. One day after collection, flies were heat-shocked for 1 hour at

37°C in a water-bath and then returned to 25°C. Non-heat shocked controls were

kept at 25°C. 24 hours after the beginning of heat shock, flies were transferred to

Eppendorf tubes with brief CO2 anesthesia and frozen by placing the tubes on

dry ice. Whole flies were homogenized in 600 pil buffer (10 mM sodium

phosphate, pH 6.8; 1 mM EDTA; 0.5 mM EGTA; 2.5 mM 3-mercaptoethanol; 25

mM benzamidine; 1 mM PMSF) and centrifuged for 5 min at 14,000 rpm; the

pellet was discarded. Protein concentration in the extracts was measured with

Coomassie reagent (Pierce, Rockford, IL). 8 pg total protein was assayed with
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the Colorimetric PKA Assay Kit, Spinzyme Format (Pierce, Rockford, IL)

according to the manufacturer's instructions. Each extract was assayed in

duplicate, and the experiment was repeated 3 times. A two-way ANOVA was

performed in Statistica (Statsoft, Tulsa, OK) with post-hoc Newman–Keuls

testing.

Hydroxyurea Ablation of Mushroom Bodies

Hydroxyurea ablation was performed according to de Belle and Heisenberg ass-
-:

(1994). 201Y virgin females were crossed to UAS-lacz or UAS-lacz;UAS-PKA" º
males. Eggs were collected on apple juice plates at 25°C in one hour intervals º -:

and kept at 25°C for 23.5 h (this time was determined empirically to result in the º i
most efficient MB ablation). The newly hatched first instar larvae were transferred

to a microcentrifuge tube containing a paste of heat-killed yeast with or without

50 mg/ml hydroxyurea (Sigma, St. Louis, MO) for 4 hours at 25°C. At this time,

larvae were washed and transferred to regular food bottles; adult males, 2-4 days

old, were tested in the inebriometer. Males eluting from each inebriometer run

were collected and stained for 3-galactosidase expression (between 20 to 50

from hydroxyurea-treated groups and approximately 10 from each control group).

Ablated, partially ablated, and unablated mushroom bodies were observed. For

201Y+UAS-lacz, the 9% complete ablation observed in individual inebriometer

runs was 58%, 78%, 82% and 85%, with an average of 76%. For 201Y+UAS

lacz-UAS-PKA", the 9% complete ablation was 68%, 70%, 84% and 95%, with

an average % ablation of 79%, which is not significantly different from the 9%
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ablation seen in 201Y+UAS-lacz flies (Student's t-test). No significant correlation

was found between 9% ablation and MET: 201Y+UAS-lacz (p=0.604),

201Y+UAS-lacz-UAS-PKA" (p=0.328). No mushroom body ablation was

observed in untreated flies. METs were subjected to a two-way ANOVA using

Statistica (Statsoft, Tulsa, OK).
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Figure Legends

Figure 1. Expression of PKA" in specific brain regions alters ethanol

sensitivity in the inebriometer.

A) Inactive PKA holoenzymes consist of 2 regulatory (R) and 2 catalytic (C)

subunits. Binding of cAMP to R subunits results in their dissociation from C and

hence C activation. PKA"lacks camp binding ability, and remains bound to C

even upon increases in cellular cAMP, thereby inhibiting C activation. PKA" is

unable to bind cAMP or C, and therefore should not have an inhibitory effect. * - *

B) PKA" expression under the control of 201Y, c107, and c522 resulted in -

increased MET. One-way ANOVA revealed a significant effect of genotype for all º:

three PIGAL4] lines: 201Y (Fø24)=24.2; p-0.0001); c107 (Fø.15)=14.8; p.<0.0001);

c522 (Fe2.15)=28.1 p-0.0001). Pair-wise planned comparisons, with the critical P

value adjusted to o-0.0167, revealed significant differences between

PIGAL4]+UAS-PKA" and both PIGAL4] and PIGAL4]+UAS-PKA"" (p<0.001

for all comparisons). Pairwise planned comparisons did not reveal significant

differences between PIGAL4] and PIGAL4]+UAS-PKA": 201Y (p=0.966); c107

(p=0.346); c522 (p=0.061). For each PIGAL4] line, n is the same for PIGAL4],

PIGAL4]+UAS-PKA", and PIGAL4]+UAS-PKA": 201Y (n=9), c107 (n=6),

c522 (n=6), c/47 (n=8), c290 (n=5), MHC82 (n=7), UAS-PKA" (n=59), and

UAS-PKA"" (n=20). In all figures error bars correspond to the standard error of

the mean (SEM). In this and subsequent figures, flies were heterozygous for

autosomal insertions and hemizygous for X-linked insertions (see Methods for

chromosomal location of insertions).
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C) The mean elution time (MET) of cT47, c290, and MHC82 PIGAL4] lines was

not altered by the presence of UAS-PKA" or UAS-PKA". One-way ANOVA

comparing PIGAL4], PIGAL4]+UAS-PKA", and PIGAL4]+UAS-PKA" revealed

no significant effect of genotype for c290 (Fa12)=1.35; p-0.30) and MHC82

(Fe2.18)=2.93, p=0.078). For c/47, there was a weak effect of genotype

(Fø21)=4.0, p=0.038). Planned pair-wise comparisons, with the critical P value

adjusted to 0-0.0167, revealed a marginally significant difference between

c747+UAS-PKA" and c747 (p=0.012), but not between c/47+UAS-PKA" * * *

and c747+UAS-PKA" (p=0.061) nor between c/47+UAS-PKA" and c747 :-

(p=0.459). º
D) Expression of PKA" under the control of c107 and c747 resulted in normal I

MET. t-tests with the critical P value adjusted to 0–0.025 revealed no significant

difference between c107+c747+UAS-PKA" and c747+UAS-PKA" (p=0.05), but

did reveal a significant difference between c107+c747+UAS-PKA" and

c107+UAS-PKA" (p<0.0001). The UAS-PKA" MET is from Figure 1B. n=10 for

c747+UAS-PKA" and c107+UAS-PKA" and n=8 for c107+c747+UAS-PKA".

Figure 2. Expression patterns of PIGAL4] lines.

3-galactosidase expression under the control of each PIGAL4) was visualized by

staining whole-mount nervous systems with X-GAL. Some planes are out of

focus in the photographs.

A) In the brains of 201Y males, expression is observed in a subset of mushroom

body (MB) neurons, in the dorsal giant interneurons (DGI), and in neurons in the
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pars intercerebralis (PI), ventral subesophageal ganglion (VSEG), and lateral

protocerebrum. Pl neurons are easily dissociated from the brain during

dissection, and are not observed in this sample (but see Fig. 4D). In c107,

expression is seen in small-field neurons projecting to the fan-shaped body

(FSB) and ellipsoid body (EB) of the central complex (CC), in the DGIs and optic

lobes (OL), and elsewhere. c522 is expressed in parts of the central complex

(subsets of FSB and EB neurons), in the antennal lobes (AL), antenno

*

mechanosensory center (AMC), and in the SEG. c290 has little expression in the * * *

CNS. c.747 is widely and highly expressed. A short (20–30 min) exposure in X .
GAL solution reveals high levels of expression in the MBs, Pl, EB, AL, and OL

(Zars et al., 2000a). Longer X-GAL exposure (overnight) reveals widespread

expression. E. esophagus, LPC: lateral protocerebrum. -

B) Ventral nerve cord expression is observed in all PIGAL4] lines except c290.

201Y has very limited expression in a small number of cell bodies in the

abdominal ganglion, two longitudinal fibers, and one transverse fiber, c107, c522

and c747 are expressed in thoracic and abdominal neuromeres. c107 expression

is seen in a median longitudinal tract of the VNC which appears to either give rise

to or derive from tangles of fibers at each of the three levels of the thoracic

ganglia. There is additional staining in the abdominal ganglion of the VNC. In

c522, prominent longitudinal tracts in the VNC, which are continuous with tracts

in the ventral part of the brain, resemble the median tract of the dorsal cervical

fasciculus and the dorsal lateral tract of the ventral cervical fasciculus described

by Power (Power, 1948). In addition, transverse fiber tracts are also observed, as
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well as additional cell bodies. In c.747, some tracts appear to overlap with those

observed in c522, specifically the median tract of the dorsal cervical fasciculus.

Figure 3. PKAc coexpression suppresses PKA"-induced ethanol

resistance.

Flies of the indicated genotypes were tested in the inebriometer, METs are

shown. Simultaneous expression of PKA" and lacz under the control of 201Y

resulted in an increase in MET. This increase in MET was suppressed by * - *

coexpression of PKAc with PKA". Expression of PKAc alone did not alter MET, :
nor did the expression of any of the transgenes under the control of c290. The º
values for PIGAL4] were obtained from the experiments shown in Figure 1, and

are displayed for comparison. One-way ANOVA revealed no significant effect of º
genotype for c290 (Fa12)=0.45; p-0.647). A significant effect of genotype was

observed for 201Y (Fe2.12)=45.5; p-0.0001). Planned pair-wise comparisons with

the critical p value adjusted to O-0.0167 revealed a significant difference

between 201Y+UAS-lacz+UAS-PKA" and both 201Y+UAS-PKAct-UAS-PKA"

and 201Y+UAS-PKAc (p<0.0001 for both comparisons), but not between

201Y+UAS-PKAct-UAS-PKA" and 201Y+UAS-PKAc (p=0.019). (n=4 for each

UAS genotype, and n=5 for all others).

Figure 4. Ablation of mushroom bodies does not alter ethanol sensitivity.

A) The mean elution time (MET) in the inebriometer of hydroxyurea-treated

(+HU) and mock-treated (-HU) flies is shown. METs were subjected to two-way
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ANOVA revealing a significant main effect of genotype (Fa12)=148.7; p-0.001)

but no effect of hydroxyurea treatment (Fa12)=3.3, p=0.093) and no significant

interaction (F(1.12)=0.62; p=0.446). These data indicate that ablation of the

mushroom bodies had no effect in either genotype. (n=4 for all groups).

B, C) Males eluting from each inebriometer run were collected and their brains

dissected and stained with X-GAL. Examples of an unablated brain (-HU) and

ablated brain (+HU) are shown. HU treatment ablated all but a few gamma lobe

neurons (L) while sparing other neurons such as the dorsal giant interneurons * - sº

(DGls). .
D, E, F) Close-up view of the expression of PIGAL4] outside the MBs in 201Y. D)

-

º:
Expression in the pars intercerebralis (PI) neurons, which extend axons through j
the median bundle (MedB). E) Expression in the ventral subesophageal ganglion

(vSEG) neurons. Note axons extending from the cell bodies towards the

esophagous (E). F) Expression in the DG| neurons.

F) Expression of the microtubule-binding protein tau under the control of 201Y in

third instar larvae. In addition to expression in the MB calyx (CA), expression is , -º

observed in MB lobes (L), and the cell bodies and axons (marked by

arrowheads) of Pl and vSEG neurons. These axons project to the base of the

ring gland (RG, the outline of the unstained gland, based on a phase-contrast

image, is shown with gray lines).

Figure 5. Heat shock induced expression of PKA" results in increased

ethanol sensitivity.
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Male flies of the indicated genotypes were grown at 25°C. Flies were either heat

shocked for one hour at 37°C or kept at 25°C. 24 hours after the heat shock, flies

were tested in the inebriometer or extracts prepared for kinase activity assays.

A) PKA"-expressing flies are more sensitive to ethanol after heat shock. Two

way ANOVA revealed a significant effect of genotype (F624)=94.5, p<0.0001), a

significant effect of heat shock treatment (Fø.24)=4.6, p<0.05), and a significant

interaction between genotype and treatment (Fe29-53.5. p-0.0001). Newman

Keuls post-hoc testing revealed no significant difference between UAS-PKA" * -- *

with or without heat shock (p=0.6), but did reveal significant differences for º
hsGAL4, hsGAL4+UAS-PKA" and hsGAL4+UAS-PKA" with and without heat -

shock (p<0.001 in all cases). Newman-Keuls tests also revealed significant

differences between heat shocked hs-GAL4+UAS-PKA" and heat shocked

UAS-PKA" (p=0.02), hs-GAL4 (p=0.0001), and hs-GAL4+UAS-PKA"

(p=0.0001).

B) PKA" expression results in reduced PKA activity. Two-way ANOVA revealed

a significant effect of genotype (F(3.16)=55.1, p<0.0001), but no effect of heat

shock (Fq.16)=0.5, p=0.5), and no interaction between genotype and heat shock

(F846)=1.9, p=0.2). Newman–Keuls post-hoc testing revealed significant

differences between hsGAL4+UAS-PKA" (with or without heat shock) and all

other genotypes (p<0.001 in all cases). The only other significant difference was

between hsGAL+UAS-PKA" (without hs) and hsGAL4 (with hs) (p=0.046), n =

3 for each genotype and condition.
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Figure 6. PKA inhibition differentially affects the ethanol-induced

locomotor activity pattern. The average velocity of a population of 20 flies is

shown as a function of time. Ethanol exposure started at time 0.

A) 201Y and UAS-PKA" flies were relatively calm in air (-2 to 0 min), startled

upon exposure to alcohol (0-2 min), remained relatively active until -6 min, but

were strongly sedated by ~8.5 min of ethanol exposure. 201Y+UAS-PKA" flies

behaved similarly at early time points, but remained active during the later time

* - *points. One-way ANOVA across each time point, with the critical P-value
*"

adjusted to O-0.003, revealed a significant effect of genotype at 10 min

(Fø.9)=34.5; p-0.0001), 12.5 min (Fø.9)=130.8, p<0.0001), 15 min (Fø.9)=74.3,

p=0.0001) and 17.5 min (Fao) = 27.7, p<0.0005). Post-hoc Newman-Keuls

testing showed that at each starred time-point, PIGAL4]+UAS-PKA" flies were

different from both PIGAL4] and UAS-PKA" controls (p<0.001 for all

comparisons).

A") 201Y, 201Y+UAS-PKA" and 201Y+UAS-PKA" were exposed to air,

followed by an ethanol/air dose of 40/25 beginning at time 0 for 1 minute.

Consecutive 10 second clips were analyzed beginning 20 seconds before the

onset of ethanol and ending 20 seconds after ethanol exposure was terminated;

an additional 10 seconds was analyzed 1 minute after the end of exposure. The

startle response was similar in all 3 genotypes. n=3 for each genotype.

B) c107+UAS-PKA" flies are also resistant to the locomotor-depressant effects

of ethanol compared to controls. A significant effect of genotype was seen at 7.5

min (Fø.9)=18.1, p<0.001), 10 min (Fø.9)=30.9, p<0.0001), 12.5 min (Fºg)=47.0,
174



p-0.0001), 15 min (Fø.9)=65.3, p<0.0001) and 17.5 min (F29)=37.7, p<0.0001).

Newman-Keuls post-hoc tests showed that c107+UAS-PKA" was significantly

different from both c107 and UAS-PKA" controls at 10 min, 12.5 min, 15 min

and 17.5 min (p<0.01 for all comparisons).

C) c522+UAS-PKA" flies have normal sensitivity to the locomotor depressant

effects of ethanol. A significant effect of genotype was observed only at 15 min

(F29)=12.1, p=0.0028). In Newman-Keuls post-hoc tests, c522+UAS-PKA" was

significantly different from both c522 and UAS-PKA" controls (p<0.01) at this

time point.

D) c290+UAS-PKA" flies were also similar to controls

In A-D, n=4 for all genotypes.

E) Examples of locomotor traces of 20 flies corresponding to a 10-second period

at 12.5 minutes of ethanol exposure are shown. While almost all 201Y and UAS

PKA" flies were completely sedated at 12.5 min, 201Y+UAS-PKA" flies were

still active at this time.
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Table I. List of GAL.4 lines used to drive expression of PKAinh

Major site of expression P[GAL4] lines

A) Lines showing normal behavior when driving PKAnh.
Mushroom bodies:

Ellipsoid body:

Fan-shaped body.

Central complex small-field:

Dorsal giant interneurons:

P| neurons and/or other

ring gland projecting neurons:

Antennal lobes:

Unknown CNS expression:

Muscle:

No CNS expression:

c309, C747, C772, c.739, C758*, MJ162a, c.765*

c346*, 64Y", c.747, c.772, c'739, C758", c/67, c.41*, c119", cA91, C765*

c739, C453", 104Y, OK348", c687“, C765*

7Y, 78Y

c346*, MZ423

c309, C747, c.772, C767, c229*, Okt30° #, Feb204*#,Kurs58*#,
Janí29° 4, Mai301*#, Jan229*#, Kurs21*#,Mail 79*#, Kurs6"#

c747, C772, C739, C758", MJ162a

OKO86, OKO28*, OKO62*, OK144D*, OK144L, OK165°, OK168, ºn a

OK175", OK309", 3A4, c123a º

MHC82 i
C290 º

.
B) Lines showing resistance when driving PKAnh or PKAm-inh:
Mushroom bodies:

Ellipsoid body:

Fan-shaped body:

Pl neurons and/or other

ring gland projecting neurons:

Antennal lobes:

121 Y, 17D, c302, c584

c819, c81*, c105", c161*, c217*, c338", CA01a, c.481*, c628, º
MJ126a", c302, c232, c561, c584

c159b", c259°, 121 Y, c584, C61

MJ126a”, Feb170° #, 121 Y, c548

C584

PIGAL4], UAS-PKAinh, PIGAL4]+UAS-PKAnh, and in some cases, PIGAL4]+UAS-PKAm-inh
males were tested in the inebriometer. Lines were classified as "normal with PKAinh" if the

MET of PIGAL4]+UAS-PKAinh was within 5 minutes of the MET of controls, and "resistant
with PKAinh and PKAm-inh" if the METs of PIGAL4]+UAS-PKAinh and PIGAL4]+UAS-PKAm
inh were more than 5 minutes increased compared to controls. The major sites of
expression were determined from the references listed in Methods. In some cases,
expression patterns were confirmed in PIGAL4]+UAS-lacz males and in all cases, these
were consistent with published patterns.
*: n = 1 or 2; in all other cases n = 3 or more. #: larval expression pattern
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Table II. PKAinh expression does not
alter ethanol absorption.

Transgenes [Ethanol], mM

201 Y 21.4 + 0.8

201 Y + UAS-PKAinh 23.7 ± 1.8

C107 34.2 + 1.2

c107 + UAS-PKAinh 32.8 + 0.4

C522 30.1 + 0.5

C522 + UAS-PKAinh 29.0 + 0.9

C747 35.7 + 1.9

C747 + UAS-PKAinh 33.6 + 1.7

C290 32.8 + 0.1

c290 + UAS-PKAinh 32.0 + 0.1

MHC82 36.4 + 0.2

MHC82 + UAS-PKAnh 38.9 + 1.1

UAS-PKAinh 31.8 + 0.7

Ethanol concentration after a 30-minute

exposure to ethanol vapor is shown.
Concentration values are mM, except for
201 Y+UAS-PKAinh and 201Y, for which
values represent mmol EtOH/pg protein
(see Methods). No significant differences
were seen between PIGAL4] and
PIGAL4]+UAS-PKAinh flies (Student's t
test) (n=3).

º -
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Supplement to Chapter 1:

A Possible Role for Insulin Signaling in Regulating Ethanol Sensitivity
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In order to investigate whether cAMP signaling in neurosecretory cells

plays a role in regulating ethanol sensitivity, we expressed PKA" under the

control of a number of lines with GAL4 expression in neurosecretory cells. Most

of these did not result in altered ethanol sensitivity (Table I). However,

expression of PKA" in insulin-producing cells (IPCs), using a Drosophila insulin

(dilp) promoter fused to GAL4 (Rulifson et al., 2002), resulted in dramatically

increased ethanol sensitivity (Figure 7A). As shown in Figure 7B, GAL4 is - *

expressed in only a small number of cells in the nervous system: the cell bodies 4.º

of the IPCs are found in the pars intercerebralis (PI), and extend projections

through the median bundle (med. b.) towards the esophagus (Cao and Brown,

2001; Rulifson et al., 2002). The projections then extend to the corpus

cardiacum (Rulifson et al., 2002), a neuroendocrine organ that has been

implicated in the control of sugar levels in the blowfly Calliphora erythrocephala

(Duve, 1978; Normann, 1975; Normann and Duve, 1969).

Flies with mutations in the insulin signaling pathway, or in which the IPCs

are ablated, are smaller than wild type, whereas flies in which insulin is

overexpressed are larger (Bohni et al., 1999; Brogiolo et al., 2001; Chen et al.,

1996; Montagne et al., 1999; Rulifson et al., 2002; Weinkove et al., 1999). As a

first step toward determining if PKA inhibition in IPCs alters fly size, we assayed

the amount of total protein contained in groups of 30 flies. dilp-GAL4+UAS

PKA" flies have 84-89% the total protein of controls (Table III). This suggests

185



that they are somewhat smaller than controls, which would be consistent with a

decrease in insulin signaling in flies expressing PKA" in the IPCs.

To rule out effects of PKAinh expression on ethanol pharmacokinetics,

ethanol absorption was measured in flies exposed to ethanol for 30 minutes.

When flies were exposed to 50U/45U ethanol/air, di■ p-GAL4+UAS-PKA" flies

had a higher internal ethanol concentration compared to controls (Table IV).

However, because these flies are more sensitive to ethanol than controls, this

concentration of ethanol resulted in some of the di■ p-GAL4+UAS-PKA" flies **

being sedated, whereas the control flies were unaffected. Gas exchange in

Drosophila occurs through the spiracles, and can be regulated via muscular

control of spiracle opening (Lehmann, 2001). Therefore, we reasoned that

sedation, which may impair muscular control, may also affect ethanol absorption.

Consistent with this, when flies were sedated by exposure to carbon dioxide prior

to ethanol exposure, they absorbed much higher amounts of ethanol, regardless

of genotype (Table IV). However, when di■ p-GAL4+UAS-PKA" flies were

exposed to a low concentration (15U/70U) of ethanol that did not result in

sedation, the amount of ethanol absorbed was similar to controls (Table IV). This

suggests that the increased absorption observed in the first experiment was due

to their increased propensity to become sedated at that higher ethanol

concentration. Therefore, it appears that di■ p-GAL4+UAS-PKA" flies do not

exhibit altered ethanol absorption prior to the onset of sedation.

One possible effect of PKA" expression in IPCs is perturbation of insulin

secretion. In panceratic B cells, glucose, acting through a PKA-independent
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pathway, is the main stimulant of insulin secretion. However, peptides that signal

through the PKA pathway can potentiate glucose-stimulated insulin secretion.

For example, peptides that inhibit PKA, such as PKI, or disrupt PKA anchoring by

binding to the PKA Rll subunit, do not affect glucose-mediated insulin secretion,

but block potentiation of insulin secretion by glucagon-like peptide 1 (Lester et

al., 1997). If insulin secretion in Drosophila is similarly regulated, PKA" may

decrease insulin secretion. Therefore, we attempted to rescue the dilp

GAL4+UAS-PKA" phenotype in two ways: by expressing di■ p2 under the control

of a heat shock promoter or under the control of the GAL.4/UAS system in IPCs.

di■ p-GAL4+UAS-PKA"+hs-dip2 flies, with or without heat shock, were

somewhat more resistant than dip-GAL4+UAS-PKA" flies, but were more

sensitive than some of the controls, such as dilp-GAL4(Figure 8A). Interestingly,

overexpression of dilp2 under the control of dilp-GAL4 resulted in decreased

sensitivity to ethanol compared to dilp-GAL4 alone — the opposite phenotype

from that observed in dip-GAL4+UAS-PKA" flies. The ethanol sensitivity of

dilp-GAL4+UAS-PKA"+UAS-dip flies was intermediate between that of di■ p

GAL4+UAS-di■ p and di■ p-GAL4+UAS-PKA" (Figure 8B). Whether this

represents partial rescue, or simply additive effects of resistance-causing and

sensitivity-causing manipulations, is difficult to know. Ideally, quantitative

measurement of insulin levels in the hemolymph of different genotypes would

resolve this question, and would allow determination of whether the degree of

ethanol sensitivity correlates with insulin levels.

: -
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Another approach to test whether insulin signaling regulates ethanol sensitivity

is to test mutants with alterations in this pathway. Because the mutations tested result

either in lethality or small size and developmental delay when homozygous (Bohni et

al., 1999; Brogiolo et al., 2001; Chen et al., 1996; Weinkove et al., 1999), the mutants

were tested as heterozygotes. Four mutant alleles of the insulin receptor were tested

(Inrº, Inrº”, Inrº" and Inrº), as well as mutants with disruptions in the

Drosophila insulin receptor substrate-1 homolog (chico') and the p50 subunit of

Drosophila class 1A phosphoinositide 3-kinase (p60°). These mutations were tested in gº

two different genetic backgrounds (see Methods). In the “Dahomey" background, the

p60°, Inrº, and Inrf” mutations appeared to result in increased ethanol sensitivity,

whereas the chico' mutant is normal (Figure 9A). Both biochemical (Yenush et al.,

1996) and genetic evidence suggests that Chico subserves only a portion of Inr

--

function: for example, although chico' is most likely a null mutation, chico'

homozygotes are viable (Bohni et al., 1999), whereas most Inrmutants are not (Chen

et al., 1996). If further testing upholds the difference in ethanol sensitivity, it suggests

that the function of insulin signaling in this process may involve a Chico-independent

pathway.

In a second genetic background, the Inrº mutation appeared to

dominantly increase ethanol sensitivity, whereas the other three Inralleles

tested, E19, EC34 and p5545 had more modest effects (Figure 9B). Thus,

Inrº resulted in increased ethanol sensitivity in both genetic backgrounds

tested, while Inrf” had a stronger effect in the Dahomey background. These

results suggest that decreased insulin signaling may result in increased ethanol
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sensitivity, although it must be emphasized that the results in both Figures 8 and

9 are preliminary.

In summary, expression of PKA" in a very restricted fashion in the CNS

results in increased ethanol sensitivity. Whether expression in these cells is

responsible for the increased ethanol sensitivity observed when PKA" is

ubiquitously expressed under the control of hsGAL4 (see Chapter 1) will be

interesting to determine. An intriguing hypothesis is that PKA" regulates insulin

secretion, which in turn modulates ethanol sensitivity. Preliminary experiments in **

which dilp2 was overexpressed, as well as testing of mutants with deficiencies in 1.

insulin signaling, suggest that this mayºbe the case, but further experiments are

needed to distinguish between an effect of the PKA" on insulin expression

versus an effect on secretion. Future directions are discussed in the Conclusions

chapter.

Experimental Procedures

The dilp-GAL4 (II) and hs-dilp2 (II) strains were obtained from Eric Rulifson

(Stanford University, Stanford, CA; Rulifson et al., 2002) and were tested without

outcrossing. The UAS-PKA" strain was obtained from Dan Kalderon (see

Chapter 1). UAS-PKA" was obtained from John Kiger (see Chapter 1). UAS

dilp2 (II) was from Ernst Hafen (Universitat Zurich, Zurich, Switzerland; Brogiolo

et al., 2001) and was tested without outcrossing. chico', p80°, Inrº and Inrf”

mutants outcrossed to the Dahomey background were obtained from David

Gems (University College, London, UK). Inrº", Inrº, Inrº, Inrº and the
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coisogenic control strain ri rede were obtained from Marc Tatar (Brown

University, Providence, RI). 20 male chico'/CyO, p60°/CyO, Inrº/TM3,

Inrf”/TM3 and Dahomey flies, as well as 20 male Infº/TM3, Inrº/TM3,

Inr”/TM3, Inrº/TM3 and the coisogenic control strain ri rede were crossed

to 25 XX, wº) virgin females for testing in the inebriometer. Inebriometer testing,

heat shock, histology, ethanol absorption assays and protein assays were

performed as described in Chapter 1. GFP expression in dilp-GAL4+UAS-GFP

flies was visualized using a Zeiss Axioskop II. Images were captured with a **

Spot2 (Technical Instruments, San Francisco, CA) camera and processed with
-

Photoshop (Adobe) software. In Table IV, “4-CO2" flies were anesthetized on a fly

pad with carbon dioxide for 50 minutes prior to ethanol exposure. |

|
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Figure Legends

Figure 7. Expression of PKA" in insulin-producing cells increases

sensitivity to ethanol.

A) di■ p-GAL4, di■ p-GAL4+UAS-PKA" and di■ p-GAL4+UAS-PKA" flies were

tested in the inebriometer. One-way ANOVA revealed a significant effect of

genotype (F(2.12) = 115.2; p-0.0001), and post-hoc Newman-Keuls testing

revealed significant differences between dilp-GAL4+UAS-PKA" and di■ p-GAL4

(p=0.0002) and dilp-GAL4+UAS-PKA" and dilp-GAL4+UAS-PKA"

(p=0.0002), but not between dip-GAL4 and dilp-GAL4+UAS-PKA" (p=0.7).

Error bars indicate standard error of the mean. n=5 for each genotype.

B) 3-galactosidase (left) and GFP (right) expression under the control of di■ p

GAL4 was visualized by staining whole-mount nervous systems with X-GAL or

visualization under fluorescence, respectively. A cluster of cell bodies is seen in

the pars intercerebralis (PI), with projections extending through the median

bundle (med. b.) towards the esophagus. Projections are also observed along,

or on top of, the ventral nerve cord (arrowheads).

Figure 8. Expression of dilp2 may partially rescue the sensitive phenotype

of dilp-GAL4+UAS-PKA" flies.

A) Flies expressing di■ p-GAL4, UAS-PKA", hs-dip2, or combinations thereof

were tested in the inebriometer. “4 heat shock" flies were heat shocked for 1

hour at 37°C 24 hours prior to testing. dip-GAL4+UAS-PKA"+hs-di■ p2 flies

– h"
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were less sensitive than di■ p-GAL4+UAS-PKA" flies, but more sensitive than

other controls. n=2 for each genotype and condition.

B) Flies expressing dilp-GAL4+UAS-di■ p2 were resistant compared to dilp-GAL4

alone in the inebriometer. dip-GAL4+UAS-di■ p2+UAS-PKA" flies were

intermediate in sensitivity relative to dilp-GAL4+UAS-dilp2 and dilp-GAL4+UAS

PKA" flies. n=2 for each genotype.

Figure 9. Insulin pathway mutants may have altered ethanol sensitivity.

A) chico', p60°, Inrº and Inrf” mutants, as well as the control strain,

Dahomey, were tested as heterozygotes in the inebriometer. p60°/4, Inrº/+

and Inrf"/+ flies appeared to be more sensitive to ethanol than the control,

whereas chico'A' flies had normal ethanol sensitivity. n=2 for each genotype.

B) Inrº”, Inrº, Inrº" and Inrºº mutants, as well as the control strain ri rede,

were tested as heterozygotes in the inebriometer. Inrº/+ flies had the

greatest increase in ethanol sensitivity. n=2 for each genotype.
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Genotype Protein, a.u.

dilp-GAL4+UAS-PKA" 0.308 + 0.006

dilp-GAL4+UAS-PKA" 0.369 + 0.006

dilp-GAL4 0.351 + 0.012

UAS-PKA" 0.348 + 0.009

Table Ill. Decreased total protein in dilp-GAL4+UAS
PKA" flies.

Protein levels (+ standard error of the mean) were

determined from extracts of 30 flies of each genotype.

One-way ANOVA revealed a significant effect of

genotype (Fe3.12)=9.0, p=0.002). Post-hoc Newman
Keuls testing showed that di■ p-GAL4+UAS-PKA"
differed significantly from each of the other three
genotypes (dip-GAL4+UAS-PKA", p=0.002; di■ p
GAL4, p=0.01; UAS-PKA", p=0.006). Protein levels of
the other three genotypes did not differ significantly from

each other. a.u.-arbitrary units. n=4 for each genotype.
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Genotype

dilp-GAL4+UAS-PKA"

dilp-GAL4+UAS-PKA"

dilp-GAL4

UAS-PKA"

[Ethanol], mM

50/45, 12 min 15/70, 60 min *ºn.
54.39 2.25 139.3

23.25 4.22 153.5

24.42 3.47 144.5

24.42 3.55 157.2

Table IV. Ethanol absorption of di■ p-GAL4+UAS-PKA".
Ethanol concentrations (mM) after exposure to 50U/45U ethanol/air or 15U/70U

ethanol/air are shown. After exposure to 50U/45U ethanol/air, some of the dilp
GAL4+UAS-PKA" flies were sedated. No flies were sedated during exposure to
15U/70U ethanol/air. Flies anesthetized with CO2 prior to ethanol exposure

remained sedated throughout the course of exposure. 3 groups of 30 flies each

were exposed to ethanol for each genotype and condition.
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Chapter 2

A Genetic Screen for Mutants with Altered Locomotion in the

Presence of Ethanol
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Introduction

Drosophila melanogaster has been successfully used as a model

organism to study diverse biological processes, such as development and

circadian rhythms. Thanks to the conservation of molecular function across

evolutionary time, these studies have spearheaded an elucidation of the

mechanistic underpinnings of these processes not just in insects, but in

mammals (including humans) as well.

Much of the power of Drosophila as a model organism stems from its well

developed genetics. The study of Drosophila genetics began in the early part of

the 20" century with Thomas Hunt Morgan, and has continued unabated since

that time. Classically, forward mutagenesis has been used to isolate mutant

strains with phenotypes of interest, providing an unbiased approach to a problem

of interest. More recent advances, such as germline transformation (Rubin and

Spradling, 1982; Spradling and Rubin, 1982), the sequencing of the euchromatin

of the Drosophila genome (Adams et al., 2000; Myers et al., 2000), and

inactivation of specific genes with double-stranded RNA interference (Carthew,

2001; Kalidas and Smith, 2002) provide effoient means for reverse genetic

approaches and accelerate forward genetics as well.

Previous studies from our laboratory used the inebriometer to isolate

mutants with altered sensitivity to ethanol (Moore et al., 1998; Singh and

Heberlein 2000). The inebriometer primarily measures the loss of postural

control of flies as they become intoxicated. However, ethanol causes a variety of

behavioral consequences in addition to the loss of postural control. For example,
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flies exposed to low doses of ethanol become hyperactive, and locomotor activity

decreases as flies become sedated (Parr et al., 2001; Singh and Heberlein,

2000). Mutants that behave similarly in the inebriometer can have different

locomotor activity profiles in ethanol (Chapter 1 and F. Wolf, unpublished

observations), suggesting that these behaviors are genetically separable. We

have developed a high-throughput screening device that allows measurement of

the locomotor activity of flies as they are exposed to ethanol. A forward genetic

screen of P-element lines (Figures 1 and 2) has allowed identification of mutants

with altered activity in the presence of ethanol. The P-element insertions should

facilitate cloning of the disrupted genes.

Results and Discussion

Ethanol Causes Dose-Dependent Changes in Locomotor Activity
To examine whether the effect of ethanol on locomotor activity in flies is

dose-dependent, we tested a control strain at various doses by altering the ratio

of ethanol vapor to air delivered to the exposure chamber, a 60 mm x 60 mm x

15 mm clear plastic box. The flies were filmed before and during the course of

ethanol exposure and their average speed at different times during the exposure

was calculated (see Methods). The flies were also filmed during exposure to

humidified air, prior to ethanol exposure, a period during which they showed

variable amounts of locomotion (Figure 3). This variablity is likely caused by the

fact that the flies had been tapped into the box 6 minutes prior to the start of

filming; the rates of calming down from that stimulus are variable.
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At all doses tested, flies reacted almost immediately and transiently to the

onset of ethanol exposure by an increase in locomotor activity, a startle response
C

mediated by olfactory inputs (F. Wolf and U. Heberlein, unpublished

observations; Figure 3). At the lowest dose tested, 20U ethanol/45U air, flies did

not startle as much as at higher doses, and at both 20U/45U and 25U/40U,

activity returned to baseline levels by the second time point sampled, one minute

after the start of ethanol exposure. At somewhat higher doses (30U/35U and

35U/30U), the flies did not return to baseline levels before the onset of the

second phase of increased activity, the hyperactive response (see below). At the

highest dose tested, 40U/25U, the startle response persisted for longer than at

lower doses; the flies were more active at the second time point sampled than at

the first.

The second phase of the response to ethanol was characterized by a

sustained increased in locomotor activity (Figure 3). Maximal locomotor

activation was achieved with fairly low doses of ethanol, 25U/40U and 30U/35U.

At the lowest dose of ethanol tested, 200/45U, the onset of locomotor activation

was slower and did not achieve the same maximal speed. This suggests that

this dose is too low to evoke maximal locomotor activation.

The third phase of the ethanol response was a decrease in locomotor

activity (Figure 3). This phase was accompanied by flies falling onto their backs

and failing to right themselves, at which point they were also not arousable by

mechanical stimuli (data not shown). This decrease in locomotor activity was

also dose-dependent. At the two lowest doses tested, flies did not become fully
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sedated, ever after 30 minutes of ethanol exposure. With increasingly higher

doses, the flies became sedated more quickly, and at the two highest doses,

essentially all the flies stopped moving by the end of the exposure (Figure 3; for

technical reasons, the speed never reached 0 mm/sec in these experiments.)

In summary, flies show two dose-dependent phases of increased

locomotor activity, one immediately following the onset of ethanol (the transient

startle), and a second more prolonged period of hyperactivity that follows the

startle; at higher doses, flies exhibit locomotor depression and sedation. At these

higher doses, the hyperactive period is somewhat blunted, presumably because

some flies are starting to become sedated early during the course of exposure.

Higher Throughput Screening in the Booz-o-mat
In order to identify mutants with altered ethanol-induced locomotor

activation and depression, a higher-throughput screening device was developed,

the booz-o-mat. Whereas the 60 mm x 60 mm box allows only one genotype to

be screened per "run," the booz-o-mat allows 8 genotypes to be screened

simultaneously (see Methods). As shown in Figure 4, the locomotor activity of w

Berlin, a wild-type strain, was very similar in each tube. To assess whether the

dose-dependence of the locomotor activity profile was also observed in the booz

o-mat, a small collection of PIGAL4] lines was tested at two ethanol doses,

70U/80U and 100U/50U. Relative to the single-chamber assay, these higher

flow rates were needed because ethanol vapor and air were being delivered to

eight separate chambers simultaneously. The PIGAL4] insertions were
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generated in the w Berlin background (see Methods), and thus are in a different

genetic background compared to the control line shown in Figure 3.

Nevertheless, similar to the results in Figure 3, flies exhibited a startle response

to ethanol at both doses tested, with the hyperactive response more pronounced

at the lower dose and the sedative response more pronounced at the higher

dose (Figure 5). Two screens were undertaken, one at the lower dose (F. Wolf,

unpublished) and one at the higher dose (this report).

PIGAL4] Screen for Mutants with Altered Ethanol-Induced Locomotor

Profiles

Hemizygous and homozygous viable PIGAL4] lines on the first, second or

third chromosomes were generated as described in the Methods and in Figures 1

and 2. Care was taken to maintain the w Berlin genetic background during

generation of the lines. 636 PIGAL4] lines were screened in the booz-o-mat at an

ethanol dose of 100U/50U. Typically, 40 to 60 genotypes were screened in a

day, and the average response of these was calculated to establish a mean

locomotor activity profile against which to compare potential mutants. This was

necessary because the PIGAL4] average differed from the w Berlin background

strain (Figure 6). w Berlin was more active during the first half of the exposure

compared to the PIGAL4] average, although at later time points this difference

disappeared. There are several possible explanations for this difference. First,

the PIGAL4] element carries a white’ minigene, the marker used to select for the

presence of the insertion. w encodes an ABC transporter that may have a
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neurobiological function (Campbell and Nash, 2001). Second, the difference in

eye pigmentation may affect the behavior. The role of visual inputs in the

locomotor assay has not been studied; filming the flies in dim red light (which is

not visible to Drosophila), or putting the PIGAL4] insertions into a white”

background, could resolve this question. Third, expression of GAL4 itself may

affect the behavior. There is ample evidence to suggest that protein

overexpression affects ethanol sensitivity in the inebriometer (see Chapter 1), so

it would not be surprising if this were also the case in the locomotor tracking

assay.

The PIGAL4] average on different days is shown in Figure 7. With the

exception of 4 of the 21 days shown (6/27/01, 8/22/01, 7/24/01 and 6/21/01), the

averages on most of the days were quite similar to each other. Thus, large day

to-day variability was not typically observed, although on some days the average

was quite different from the norm; the reasons for this are unclear.

Of the 636 lines screened, 10 (1.6%) were selected for outcrossing after

retesting. Lines were retested if they differed by about 2 standard deviations

from the average of the other lines tested that day. PIGAL4] lines that

consistently had speeds greater than 2 standard deviations above the average

were selected for outcrossing. These are shown in Figures 8, 9 and10 and fall

into four classes: 1) lines with elevated locomotor activity throughout much of the

course of ethanol exposure (7-65, 10-184; Figure 8); 2) a line with increased

activity at the end of the exposure but not earlier (4-12; Figure 8); 3) lines with

increased activity during the middle part of ethanol exposure, but not towards the
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end of exposure (9-73, 10-187, 8-29; Figure 9); and 4) lines with somewhat

variable phenotypes (3-11, 8–47, 5–28, 8-152; Figure 10). Lines 7-65, 10-184, 9

73, 10-187, 8–29 and 4-12 all showed remarkably consistent phenotypes, even

when tested over the course of several months. Lines 10-187 and 8-29 were

interesting in that the magnitude of the startle response was decreased, but the

magnitude of hyperactivity was increased, whereas 9-73 showed a normal startle

and increased hyperactivity. (Note that lines with changes restricted to the startle

response were not pursued; a separate screen by B. Cho was performed for

mutants with altered startle response and startle response habituation.)

Conclusion

A screen for mutants with altered locomotor activity at a high dose of

ethanol was performed in an apparatus, the booz-o-mat, designed for high

througput screening 1.6% of lines screened were selected for further study.

These potential mutants had various changes in ethanol-induced behaviors:

increased hyperactivity, decreased sedation, or a combination of both of these

changes. This suggests that different phases of the locomotor response to

ethanol are genetically separable. The startle response also appears to be

separable from the ensuing responses. Cloning of the genes disrupted in these

mutants may lend insight into the molecular control of these behaviors (see

Conclusions chapter).
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Experimental Procedures

Drosophila Stocks and Genetics

A non-isogenic w” stock in the Berlin background was generated, and

all stocks used in generating PIGAL4] insertions were “Berlinized" by

chromosome replacement or outcrossing. The scheme for generating autosomal

PIGAL4] insertions is shown in Figure 1. Virgin females carrying a PIGAL4]

donor balancer chromosome marked with Cy were mated en masse to males

carrying the A2-3 transposase at 20°C. 3 to 5 dysgenic males were mated to 5

XX, wº) virgin females at 20°C. Subsequent crosses were incubated at 25°C.

Individual males with w' eye color (ie orange or red eyes) were selected and

mated to 5 XX, wº) virgin females to determine whether the insertion was X

linked or autosomal. If the progeny females had w' eye color, the insertion was

autosomal, whereas if progeny females had w eyes, the insertion was X-linked.

For autosomal insertions, 10 males carrying the insertion were mated to 10 w;

Bl/SM6-TM6B virgin females. 10 males and 10 females heterozygous for the

insertion over the SM6-TM6B balancer were crossed together to generate a

homozygous stock. The scheme for generating X-linked PIGAL4] insertions is

shown in Figure 2. After determining the chromosomal location of inserts, 10

males carrying X-linked PIGAL4] inserts were crossed to 10 FM6K, y, w, B virgin

females to generate a balanced stock. Lines were generated through the

combined efforts of F. Chanut, M. Andres, D. Guarnieri, K. Woo, A. Rothenfluh,

J. Niclas, B. Cho, F. Wolf, and A. Rodan.
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For behavioral testing, 20 females and 20 males homozygous or

hemizygous for the PIGAL4] insertion were mated in bottles and the females

allowed to lay eggs. The parents were then discarded after two days. Ten days

later, 25 male progeny of each genotype were collected and housed in vials for

an additional two days until testing. Flies were reared and stored at 25°C in an

incubator with 70% humidity in constant light on standard cornmeal/molasses

food.

PIGAL4] insertions were mapped by crossing to a w; Bl/CyO; TM2/TM6B

double balancer stock. In the second generation, Cy females were selected and

crossed to their male siblings. Segregation of wº versus the balancers was

scored to determine chromosomal location. For example, third chromosome

insertions resulted in TM2/TM6B flies with w eyes. The chromosomal locations

of the 10 lines selected for outcross were as follows: 7–65, 3–11, 9-73, 10-184,

10-187 (I); 4–12 (II); 5-28, 8–47, 8–29, 8-152 (III).

PIGAL4] lines were outcrossed by crossing 20 virgins to 20 w Berlin or w

Canton S males. Subsequently, 20 PIGAL4]/+ virgins were crossed to 20 w

Berlin or w Canton-S males for an additional five generations. PIGAL4] lines

were then made homozygous by crossing heterozygote siblings together and

selecting homozygote progeny with two copies of the mini-wºº gene, recognized

by their darker eye pigmentation. In addition to the 10 potential mutant lines, 32

control lines were outcrossed to generate a control population against which to

compare the mutant lines. These included: 3-26, 3–69, 3-85, 3-89, 7-27, 7-42, 7

51, 7-82, 8–12, 8-79, 8-87, 8–142, 8-188, 10-84, 10-89, 10-191, 10-197. 10-198

208



(I); 4–26, 4–48, 4-58, 4-74, 8–1, 8–51, 8–89, 10-8, 10-69 (II); 4–85, 8–165, 8-200,

10-6, 10-67 (III).

w; UAS-PKA"/+ flies, a control strain in an isogenic w” background

(see Chapter 1), were used in the dose-response experiment of Figure 3.

Locomotor Tracking System

Locomotor tracking assays were carried out with an ethanol

vapor■ humidified air mixture of 200/45U, 25U/40U, 30U/35U, 35U/30U, or

40U/25U in a 60 mm x 60 mm x 15 mm clear plastic box, or with a mixture of

70U/80U or 100U/50U in the "booz-O-mat." The custom-built booz-O-mat

consisted of 8 parallel clear plastic test tubes, 125 mm long with a diameter of 15

mm, that were horizontally arrayed on a clear, 9 mm-thick plastic surface raised

26 mm from the surface of the light box. Flies in each tube were visually isolated

from flies in other tubes by white plastic walls. The tubes were held snugly

against a foam surface by means of a plastic screw. Ethanol vapor or air was

delivered to each tube through Fisher vinyl tubing, with inner diameter 5/16", wall

thickness 1/16", and outer diameter 7/16". A single source of ethanol or air was

used and split via connectors into eight streams, providing a separate inlet for

each tube. The initial stretch of tubing was 28 cm, the two second segments

were 4.8 cm, the four third segments were 10 cm, and the eight fourth segments

were 9 cm long. The connectors were Y-shaped, with 3.3 cm-long arms.

Outflow was provided by multiply perforations on the opposite end of each tube

produced with a heated 22 gauge needle. Ethanol was maintained at 20°C, and
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the assay was carried out in a room maintained close to 20°C. The experiments

in the 60 mm x 60 mm box were carried out as described in Chapter 1. In the

booz-o-mat, flies were exposed to humidified air for 10 min, filmed in air for 2

min, and then filmed in the presence of ethanol vapor for an additional 21

minutes. The tubes were then flushed of ethanol by flowing air through the tubes

for an additional ten minutes, with the flies still in the tubes. The flies were filmed

with a Sony DCR-TRV900 digital video camera. Movie clips were captured on an

Apple G4 PPC using Adobe Premiere (Adobe Systems) at 10 frames per second.

The flies' locomotion over 20 second intervals at different times following the start

of ethanol exposure (30 sec, 1.5 min, 3 min, 4 min, 6 min, 7.5 min, 10 min, 12

min, 15 min, 17.5 min and 20 min) was tracked using the DIAS Dynamic Image

Analysis System (Soltech, Oakdale, A) under control of the OneClick scripting

program. Average speed over the interval was extracted from the DIAS data

using a Perl program, and was calculated by dividing the flies' total path length

by the total number of object-frames. A mock run was performed at the

beginning of each day to "flyify" the chamber.

Screen

In each tube, 25 flies of the same genotype, homozygous or hemizygous

for a PIGAL4] insertion, were tested. w Berlin was tested in the first tube for

each run. 40 to 50 different genotypes were typically tested per day, though as

few as 20 and as many as 60 were sometimes tested. The average speed and

standard deviation at each time point of all PIGAL4] lines tested that day was
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determined. Individual PIGAL4] lines were then compared to the average. Lines

that appeared different from the average, for example those with several points

close to or greater than 2 standard deviations above the mean, were retested on

a different day. For retesting, new parents were used to generate male progreny.

Lines with average speeds greater than 2 standard deviations above the mean

across several time points were selected for outcrossing.
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Figure Legends

Figure 1. Generation of Autosomal PIGAL4] insertions.

All strains used were in the w Berlin background. The first two crosses were

carried out at 20°C to reduce the rate of transposon hopping; subsequent

Crosses were carried out at 25°C.

Figure 2. Generation of X-linked PIGAL4] insertions.

As for the autosomal insertions, all strains used were in the w Berlin background.

Figure 3. Ethanol has dose-dependent effects on locomotor activity.

The average velocity of a population of 20 w; UAS-PKA"/+ males in the 60 mm

x 60 mm box is shown as a function of time. In this and subsequent figures,

ethanol exposure started at time 0.20U/45U ethanol/air was the lowest dose

tested, 40U/25U the highest. At all doses, a transient increase in activity (startle)

followed the onset of ethanol exposure. At lower ethanol doses, a sustained

period of hyperactivity was seen, whereas higher doses resulted in sedation

(decreased activity). n = 3 for each dose.

Figure 4. Locomotor Activity of w Berlin in the Booz-o-mat.

25 W Berlin males were tested in each of the 8 tubes of the booz-O-mat with an

ethanol/air mixture of 100U/50U. The behavior of the flies is similar in each tube

of the booz-O-mat. n = 1 for each tube.
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Figure 5. Dose-Dependent Effects of Ethanol in the Booz-o-mat.

A population of 20 PIGAL4] lines was tested at two different doses, 70U/80U and

100U/50U ethanol/air. At the lower dose of ethanol, the hyperactivating effect of

ethanol was more pronounced, whereas at the higher dose, sedation

predominanted. Each line was tested once at each dose.

Figure 6. Behavior of PIGAL4] Lines vs. w Berlin.

The average locomotor velocity during ethanol exposure of most of the PIGAL4]

lines tested during the screen (~600) is shown compared to the average velocity

of w Berlin over the same period of time. w Berlin was more active than the

P[GAL4] lines during the first 10 minutes of exposure; subsequently w Berlin and

the PIGAL4] lines behaved similarly. In this and subsequent figures, all flies

were tested in the booz-O-mat at an ethanol/air dose of 100U/50U. n=167 for w

Berlin.

Figure 7. PIGAL4] Average on Different Days of Testing.

The average locomotor velocity of the PIGAL4] lines tested on each day of

screening is shown. The PIGAL4] average was quite consistent from day to day

even though different lines were tested on each day.

Figure 8. Potential Mutants with Decreased Ethanol-Induced Sedation.
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Three potential mutants exhibited a decrease in ethanol-induced sedation, as

manifested by increased activity relative to other lines at the end of the exposure.

For this and subsequent figures, each line was tested on the dates shown and

compared to the average of all other PIGAL4] lines tested on those days. Lines

7-65 and 10-184 were consistently more active than controls throughout the

course of ethanol exposure. Line 4-12 was similar to controls early during the

exposure, but was markedly more active at late points. In all cases the

locomotor tracking behavior was reproducible over a period of months.

Figure 9. Potential Mutants with Increased Ethanol-Induced Hyperactivity.

Three potential mutants exhibited an increase in locomotor activity between 3

and 14 minutes of exposure. Two of these, 10-187 and 8-29, also had a

decreased startle response, while the third, 9-73, had a normal startle.

Figure 10. Potential Mutants with Variable Phenotypes.

Four potential mutants exhibited somewhat variable phenotypes in response to

ethanol. 3-11 exhibited a decrease in sedation on one of the days tested, but

this phenotype was not as strong on the other day on which it was tested. 8-47

was more hyperactive than controls on two of five days on which it was tested,

and had a slight decrease in sedation on all days. 5-28 also had slightly

decreased sedation on three different days. 8-152 showed a pronounced

increase in hyperactivity on one of the days on which it was tested, and a more

subtle phenotype on the other two days.
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Defining Circuits

Behavior is the output of neural circuits, and it is therefore important to

define the circuits underlying behaviors of interest. In this regard, Drosophila has

both advantages and disadvantages compared to similar studies in the

mammalian brain. The Drosophila brain is obviously smaller and simpler.

Despite this, it is less well understood than the mammalian brain. There have

been some histological studies of the Drosophila brain: for example, Power used

silver staining to describe the major tracts in the brain (Power, 1943) and ventral

nerve cord (Power, 1948) of the fruitfly, and Hanesch performed Golgi

impregnations to describe the different cell types of the central complex

(Hanesch et al., 1989). Similar studies have also been performed in other flies

as well as other insects (for example, Strausfeld, 1976). However, in Drosophila,

the connectivity of various parts of the brain is, for the most part, poorly

understood. A careful study using Golgi impregnations, as well as a screen of a

large number of PIGAL4] lines, found that extrinsic neurons projecting onto, or

out of, the mushroom bodies, mainly connect this structure with the anterior part

of the superior medial, superior lateral, and inferior medial protocerebrum (Ito et

al., 1998). Nothing is known, however, about these regions of the protocerebrum

— where do they in turn project to? Nevertheless, continued efforts are underway

in the Drosophila community to understand the wiring of the fruitfly brain, and

increasingly sophisticated techniques are being used to achieve this goal. For

example, a Japanese consortium has generated thousands of PIGAL4] lines that
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are being used to analyze brain wiring throughout development (for example, see

Ito et al., 1997), and significant progress has been made recently in analyzing the

wiring of the olfactory system (see Introduction; Marin et al., 2002; Wong et al.,

2002).

More poorly understood is the function of various Drosophila neurons.

One difficulty stems from the lack of access to electrophysiology. However,

another experimental technique widely used in the study of mammalian brains,

lesion experiments, can be achieved through the use of genetics, for example by

expressing cell death genes or blocking neurotransmission in specific neurons.

The goal of the project described in Chapter 1 was to identify neurons in

which the cAMP signaling pathway was acting to modulate ethanol sensitivity.

We were not able to identify individual neurons with this function, but we did learn

that even a single signaling pathway can modulate ethanol sensitivity in different

ways depending on which cells are affected. For example, decreasing cAMP

signaling by expressing a PKA inhibitor in some cells results in increased ethanol

sensitivity, whereas expressing the same inhibitor in other cells results in

decreased sensitivity. The behavioral effect observed when cAMP signaling is

globally inhibited, for example by mutating genes in the pathway, depends on the

way these different groups of cells interact with each other. This highlights the

importance of understanding both the molecules and circuitry underlying a

particular behavior, particularly when the molecules under study are broadly

expressed.
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One difficulty with our attempt to identify individual neurons in which caMP

signaling modulates ethanol sensitivity is that PIGAL4] lines tend not to be

expressed in a sufficiently limited pattern. One way to limit GAL4 expression

further is to use the “mosaic analysis with a repressible cell marker" (MARCM)

system, in which small clones expressing GAL4 can be generated (Lee and Luo,

1999). Indeed, this approach has led to a much more detailed understanding of

olfactory wiring in the Drosophila brain (Marin et al., 2002). Due to the clonal

nature of this technique, however, it is not compatible with the behavioral assays

thus far devised for measuring ethanol sensitivity, which depend on testing

populations of identical flies. Development of single fly assays would ameliorate

this problem, but may be difficult due to the fly-to-fly variability in ethanol

sensitivity. A second approach is to screen for PIGAL4] lines with more limited

expression patterns; this is currently under way in our laboratory. Finally,

expressing GAL4 under the control of a promoter (or a fragment thereof) of a

gene of interest also may result in a restricted expression pattern. An example of

this is dilp-GAL4 (see below).

A major drawback to the GAL.4/UAS approach used in Chapter 1 is the

lack of temporal control over gene expression. When assaying the adult fly, it is

entirely feasible that events during embryonic, larval or pupal life will affect the

adult's behavior — wiring of the nervous system being the most obvious

possibility. In most PIGAL4] lines, GAL4 is observed in a dynamic, changing

pattern throughout development (Kei Ito, personal communication). The best

solution to this problem would be to control when GAL4 is turned on and off.
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Some attempts have been made to achieve this using the tetracycline-dependent

transactivator system (Bello et al., 1998) and an RU486-inducible GAL4

(Osterwalder et al., 2001; Roman et al., 2001). These systems are useful for

limiting GAL4 to a specific stage of development, such as adulthood, but

because they depend on transcription and translation, they do not allow for rapid

on-and-off manipulations of neurons. A powerful tool in this regard is UAS-shi".

shi", a heat-sensitive, semi-dominant mutation in the Drosophila dynamin

homolog, rapidly inactivates neurons when flies are shifted to the restrictive

temperature by interfering with synaptic vesicle recycling; the effect is quickly

reversible when the flies are returned to the permissive temperature. Thus, when

expressed in cholinergic neurons, shift to the restrictive temperature results in

paralysis of the fly within a minute's time, and shift to the permissive temperature

results in an equally fast functional recovery (Kitamoto, 2001). The one

drawback of this tool is that it requires flies to be heated to 30°C; ethanol

sensitivity is decreased by prior exposure to 37°C heat (Scholz et al., 2000).

Heat shock-inducible tetanus toxin has also been used to turn on tetanus toxin

expression in adulthood, although some leakiness of the heat shock promoter

was observed (Keller et al., 2002).

The GAL.4/UAS system revolutionized the study of development in

Drosophila, and will continue to be a useful tool for studying wiring of the brain,

an essential undertaking if we are to better understand behavior. Undoubtedly,

technological advances that allow both temporal and spatial control over gene

expression will similarly revolutionize the study of adult behavior.
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Insulin and Ethanol

As mentioned above, driving expression of GAL4 under the control of

specific promoters provides a means of restricting GAL4 expression. An

additional advantage is that the cells in which GAL4 is expressed are better

defined — in the case of dilp-GAL4, for example, we know that the cells are

insulin-producing. Although the insulin-producing cells (IPCs) may also have

other functions, the phenotype observed when PKA" is expressed in these cells

generates testable hypotheses. The most obvious of these is that insulin

signaling regulates ethanol sensitivity. There have been many studies of the role

of the insulin pathway in growth regulation and lifespan (reviewed in Garofalo,

2002; Leevers, 2001), and consequently, many mutants and tools generated

(see Chapter 1, supplement). Still, even if insulin is shown to regulate ethanol

sensitivity, many questions remain. For example, does insulin have

developmental effects on the nervous system (or other ethanol-responsive

tissues)? The insulin receptor is expressed throughout the Drosophila nervous

system (Garofalo and Rosen, 1988), but its function there is not understood. The

insulin receptor is also expressed in the mammalian nervous system, but only a

small number of papers describe neuronal effects of insulin. Neuronal-specific

knockout of the insulin receptor results in altered food intake, obesity and other

metabolic derangements, and reproductive problems (Bruning et al., 2000). In

bag cell neurons of Aplysia, insulin appears to trigger neuropeptide secretion

(Jonas et al., 1997). Finally, insulin treatment of neurons results in translocation
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of GABAA receptors to postsynaptic sites (Wan et al., 1997). This is particularly

intriguing given that these receptors are potentiated by ethanol administration

(see Introduction).

Another question is whether the metabolic effects of insulin influence

ethanol-related behaviors. As in mammals, insulin regulates carbohydrate

homeostasis in flies, including Drosophila (Duve et al., 1979; Rulifson et al.,

2002). It is conceivable that flies with altered insulin signaling may be more or

less able to respond to an ethanol challenge because of altered metabolic

resources. In flies, trehalose is a major form of carbohydrate found in the

hemolymph; it is broken down by trehalase into glucose. A PIGAL4] strain in

which the P-element is located close to the trehalase gene is more sensitive to

the behavioral effects of acutely administered nicotine (A. Rothenfluh,

unpublished results), suggesting that metabolic derangements can alter drug

induced behaviors. It is also important to consider the metabolic effects of

ethanol on the fly (Geer et al., 1993), and the ways in which insulin signaling may

influence those. In humans, metabolic derangements can lead to stupor or coma

— states that are at least superficially similar to ethanol-induced sedation.

Another intriguing question is whether insulin, or some other product of the

IPCs, may control release of amn. As mentioned above, insulin application

results in neuropeptide release from Aplysia bag cell neurons (Jonas et al.,

1997). Consistent with this idea, the IPCs project to the corpus cardiacum, an

adult neuroendocrine organ derived from the larval ring gland (Rulifson et al.,

2002). A Placz) insertion in the amn open reading frame (cheapdate) results in

232



lacz expression in the larval ring gland, suggesting that amn may be expressed

there. Whether di■ p-GAL4+UAS-PKA" results in altered amn release could be

tested by attempting rescue of the dilp-GAL4+UAS-PKA" phenotype by inducing

expression of amn.

Since amn itself is a putative neuropeptide or neurohormone, it is also

feasible that it acts on the IPCs. As mentioned above, amn is weakly related to

PACAP, and application of PACAP to pancreatic islet cells (which secrete

insulin), or intravenous injection of PACAP, potentiates glucose-stimulated insulin

release; this effect is reduced in mice lacking the PACAP-type-1 (PAC1) receptor

(Jamen et al., 2000; Jamen et al., 2002). Consistent with this, intravenous

injection of glucose results in decreased insulin release in PAC1 -/- mice, which

are therefore less able to clear the glucose load (Jamen et al., 2000). Perhaps

amn flies are also impaired in insulin secretion; it would be interesting to try to

rescue the amn phenotype by inducible expression of insulin. An assay to

quantitatively measure insulin in flies would be useful in this regard, and would

also help determine whether insulin levels are decreased in dilp-GAL4+UAS

PKA" flies. In mammals, insulin levels are typically measured by

radioimmunoassay or ELISA. Because the genes encoding Drosophila insulins

have been cloned (Brogiolo et al., 2001), it should be possible to generate

different anti-insulin antibodies for use in these assays. Because the insulin

producing cells are solely in the brain (Rulifson et al., 2002), one way to assess

the levels of secreted insulin would be to measure the amount of insulin in the

body.
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201Y, one of the PIGAL4] lines resulting in altered ethanol sensitivity

when used to drive expression of PKA", also expresses GAL4 in pars

intercerebralis (PI) neurons projecting to the corpus cardiacum. Are these Pl

neurons the IPCs? The most direct way of assessing this would be to test

whether the GAL4-expressing neurons in 201Y also express insulin. However,

other experiments suggest that this is not the case. First, expression of PKA"

under the control of 201Y results in resistance, whereas expression under the

control of dilp-GAL4 results in sensitivity. Second, expression of the cell death

gene reaper under the control of dilp-GAL4 results in developmental delay

(Rulifson et al., 2002), whereas 201Y+UAS-reaperflies eclose at the normal

time; 201Y+UAS-reaper mes also have crinkled wings, a phenotype not observed

in dilp-GAL4+UAS-reaper adult flies (data not shown). Furthermore, expression

of a constitutively active PKA catalytic subunit results in lethality when controlled

by dilp-GAL4, but not when controlled by 201Y (data not shown). In contrast,

expression of UAS-tetanus toxin results in reduced viability when controlled by

201Y, and normal viability when controlled by dilp-GAL4 (data not shown).

Interestingly, dilp-GAL4+UAS-tetanus toxin flies are not developmentally

delayed, unlike dilp-GAL4+UAS-reaperflies. This suggests that tetanus toxin,

which cleaves synaptobrevin, does not block insulin release from the IPCs.

Tetanus toxin does block insulin secretion from pancreatic 3 cells, however

(Huang et al., 2001). Whether this is due to a physiological difference in insulin

secretion between IPCs and 3 cells remains to be determined. It is also possible

that tetanus toxin does block insulin release, and that the developmental delay
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that results from killing of the IPCs with reaper is not due to a defect in insulin

signaling but some other function of the IPCs. However, the developmental

delay was rescued by heat shock-induced expression of dilp2(Rulifson et al.,

2002), and other mutants in which insulin signaling is impaired, such as flies with

mutations in the insulin receptor, are also developmentally delayed (Chen et al.,

1996). This suggests that the insulin pathway does indeed control

developmental rates.

Another interesting question is whether there is a relationship between

ethanol sensitivity and lifespan. Caenorhabditis elegans mutants with loss-of

function mutations in the insulin receptor (daf-2) live longer than wild-type

(Kenyon et al., 1993; Kimura et al., 1997), prompting studies of the Drosophila

insulin receptor mutants. One heteroallelic combination of insulin receptor

mutations results in increased lifespan in Drosophila (Tatar et al., 2001), as does

mutation of the insulin receptor substrate, chico (Clancy et al., 2001). However,

chico'/+ heterozygotes are also long-lived (Clancy et al., 2001), but appear to

have normal ethanol sensitivity (Chapter 1, supplement), suggesting that these

phenotypes are dissociable.

Another recently described role of the insulin signaling pathway is in

hypoxia-induced death. C. elegans daf-2 are resistant to the effects of hypoxia at

the cellular and organismal level (Scott et al., 2002). It will be interesting to

determine whether perturbing insulin signaling in Drosophila results in altered

sensitivity to hypoxia, and whether those phenotypes correlate with ethanol

sensitivity phenotypes.
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In summary, use of the GAL.4/UAS system in this case has generated

many testable hypotheses, and perhaps may implicate insulin signaling in

ethanol sensitivity. A number of mice with perturbations in insulin signaling have

also been generated, and could easily be used to test for a connection between

insulin and ethanol sensitivity in mammals. Furthermore, insulin signaling is

disrupted in a large number of patients with insulin resistance or frank diabetes,

providing a fairly straightforward means of studying this question in humans.

Genetic Screens and Behavior

Forward genetic screens have yielded a wealth of insight into the

molecular mechanisms regulating processes like development. In theory, this

approach could prove equally fruitful for understanding the molecular

underpinnings of behavior. Indeed, this was appreciated by Seymour Benzer,

who initiated the first forward genetic screen seeking behavioral mutants

(Benzer, 1967). A few years later, Konopka and Benzer reported the isolation of

three alleles of the period gene, which alter the circadian rhythmicity of eclosion

behavior and locomotion in Drosophila (Konopka and Benzer, 1971). The

identification of other mutants with aberrant rhythmicity, and the cloning of the

genes disrupted in these mutants, has led to a detailed understanding of the

mechanisms regulating circadian rhythms (Allada et al., 2001). Thus, forward

genetic screens that sought to identify mutants with altered behavior have indeed

been successful in elucidating underlying molecular mechanisms, although it

must be emphasized that this process took nearly thirty years of effort (and is still
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continuing). There are several reasons for this success: the behavioral assays

used can detect subtle differences in behavior, and many of the genes controlling

circadian rhythms are not essential for viability, allowing null alleles to be

discovered in screens of adult flies. Also, the best understood clock genes —

such as period, timeless, Clock, cycle, and doubletime — are all expressed in the

pacemaker neurons, where they regulate each other to generate molecular

oscillations that are then presumably translated into behavioral oscillations

(Allada et al., 2001). Thus, although it was not known a priori, the behavioral

screens were uncovering a single, intracellular molecular machine. Identification

of key pacemaker cells, such as the LNv neurons, may also allow identification of

the neurons to which they connect, and thus downstream components of the

circuit regulating the output behaviors.

As is detailed in the Introduction, forward genetic screens have also been

undertaken to improve understanding of learning and memory, but these have

not recapitulated the success of the circadian rhythm screens. While a number

of molecules have been identified that, when mutated, result in deficient learning,

it is not clear how (or whether) these work together to regulate learning. There

are two possible reasons for this. First, there may be a coherent, integrated

mechanism that includes some or all of the molecules identified, as well as those

that have yet to be identified, and that further study will reveal this mechanism.

Alternatively, it is possible that genetic screens will never reveal “learning genes,"

as they have “clock genes." A reason that this may be the case is that, unlike the

rhythms underlying circadian behaviors, which are ultimately controlled by a
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small number of pacemaker neurons, olfactory learning probably takes place by

the modulation in strength of a large number of synapses. Although the neurons

comprising the mushroom bodies are thought to be essential for olfactory

learning, it is not clear which of these neurons' synapses undergo plasticity

during the learning behavior. Current technology does not allow these synapses

to be identified or monitored, since electrophysiological recording in the

Drosophila brain has not been achieved.

Perhaps the classic example of a learning paradigm in which the

underlying mechanisms have been elucidated come from studies in Aplysia of a

simple behavior (the gill withdrawal reflex) controlled by a simple, defined circuit

(Kandel and Schwartz, 1982). Similarly, are ethanol-induced behaviors, such as

increased hyperactivity and sedation, regulated by a small number of “command"

neurons (analogous to the pacemaker cells controlling rhythmic behaviors), or

are the neural circuits underlying these behaviors diffuse? Based on the

success of circadian rhythm screens versus olfactory learning screens, it might

be expected that in the former case, forward genetic screening may be more

informative. However, even if there are a number of neural circuits affected by

ethanol, isolating genetic changes to one of these circuits may prove to be a

powerful way of studying the effects of individual genes. One way to do this is

by RNA interference in specific cells using the GAL.4/UAS system; this approach

has been used, for example, to decrease period levels in timeless-expressing

cells, a manipulation that results in altered circadian rhythms (Martinek and

Young, 2000). This approach is currently being used in our laboratory to
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inactivate a variety of G protein-coupled receptors (D. Guarnieri, unpublished

results). A current difficulty, however, is choosing the cells in which to inactivate

the receptors, highlighting the importance of defining neurons regulating ethanol

induced behaviors.

Thus far, only one gene, amnesiac (amn), implicated in the regulation of

ethanol sensitivity in Drosophila has been identified by forward genetic

screening. Since then, a number of mutants with altered ethanol sensitivity have

been identified, including those described in Chapter 2. Cloning of the mutated

genes is the obvious next step. P-element mutagenesis, together with the

availability of sequence information for most of the Drosophila genome, facilitates

this process. However, pitfalls remain. The candidate gene close to the insertion

point of the P-element still must be proven to be the gene disrupted by the

mutation and responsible for the mutant phenotype. P-elements frequently result

in altered gene expression; this can be assessed by measuring transcript levels. .

However, measuring transcript levels alone may be misleading: as discussed in

the Introduction, the linotte P-element appears to alter expression of at least two

nearby genes. Phenotypic rescue with a wild-type copy of the gene is the best

evidence that a given gene is responsible for the phenotype. This can be difficult

to achieve for behavioral phenotypes, especially if the behavior is particularly

sensitive to gene dosage. Nevertheless, many of the learning-deficient mutants

have been functionally rescued (see Introduction).

ldentification of genes will be useful in many regards. First, genes with

restricted expression patterns may help define neurons and circuits regulating
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ethanol sensitivity. Second, genes with known functions may link ethanol

sensitivity to other, better-understood processes, allowing inroads to be made in

understanding ethanol's actions at the molecular level. As described in the

Introduction, ethanol has been shown to influence a wide variety of possible

targets in cell culture, such as a number of different ion channels. How ethanol's

actions on these targets results in altered behavior is an open question. One

potentially interesting outcome of genetic screening would be to find mutants in

which these molecules are disrupted. On a cautionary note, however, a similar

rationale drove genetic screens seeking to identify anesthetic targets (see

Introduction), yet over ten years of effort has failed to identify a specific molecular

target. Finally, genes with unknown functions may represent members of a class

of molecules specific to alcohol responsiveness; indeed, finding such genes

represents a strength of the forward genetic approach. Given the importance of

ethanol in guiding the fruitfly to sites attractive for egg-laying, it may not be

entirely unlikely that such ethanol-specific genes exist.

Are genes influencing ethanol sensitivity in Drosophila the same as those

affecting ethanol sensitivity in mammals? As mentioned above, amn is distantly

related to pituitary adenylyl cyclase-activating peptide (PACAP); mice deficient in

the PACAP-type-1 receptor do not have altered sensitivity to ethanol in the loss

of-righting reflex assay (Otto et al., 2001), but caution must be exercised in

interpreting negative results, particularly with behavioral assays. In contrast,

substantial evidence exists in both flies and mice that cAMP signaling modulates

ethanol sensitivity in both species.
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Does the accumulation of mutants always provide insight into the process

studied? An argument could be made that, although forward genetics has not

provided a coherent picture of the mechanisms underlying olfactory learning in

Drosophila, it has identified a number of genes involved in synaptic plasticity (see

Introduction), a process thought to lie at the core of learning and memory.

However, some have argued that the identification of a long list of molecules

implicated in hippocampal LTP, a type of synaptic plasticity, has not been very

informative (Sanes and Lichtman, 1999). The reasons for this also plague the

study of olfactory learning in Drosophila: for example, it is difficult to sort out

“core mediators" of the process versus “modulators" and “effectors" (Sanes and

Lichtman, 1999). That is, it is difficult to distinguish the molecules playing a

central role in synaptic plasticity and/or learning, versus those that have other,

less direct effects on the process. The same may hold true for ethanol-related

behaviors. For example, as discussed in the Introduction, knocking out a variety

of molecules important for neural function results in altered ethanol sensitivity in

mice. Despite this, a coherent picture of how ethanol acts has not emerged,

precisely because it is unclear whether the molecules in question are central to

ethanol's actions on the nervous system.

Sanes and Lichtman (1999) provide an example of a molecular

mechanism underlying a neuronal function, action potential propagation. While

voltage-gated ion channels are recognized as core mediators of action potential

propagation, perturbations of other molecules could also disrupt this process.

However, it was the understanding of the electrical changes occurring at the
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cellular level during action potential propagation that made it clear that the ion

channels are indeed the core mediators, rather than affecting action potential

propagation indirectly. In the case of circadian rhythms, a key finding was that

some of the molecules exhibit circadian oscillations in their expression, and that

these oscillations are regulated by the clock genes (Allada et al., 2001). Perhaps

what is needed for ethanol is an understanding of what individual neurons do

upon exposure to ethanol, and how these neuronal actions are altered by

mutations. Again, the lack of electrophysiological access to intact Drosophila

brain neurons make this somewhat difficult to address, but the use of genetic

tools may compensate for this limitation to some degree. For example,

expression of calcium sensors in specific neurons may allow neuronal activation

to be monitored by imaging; first steps in this direction have been taken Wang et.

al, and Rosay et al. (Rosay et al., 2001; Wang et al., 2001). It may also be

possible to infer which neurons are activated or inhibited by interfering with these

processes. For example, evoked synaptic transmission can be blocked by

expression of tetanus toxin light chain (Sweeney et al., 1995), and neuronal

depolarization can be inhibited by overexpression of a potassium channel

(Paradis et al., 2001).

The connection between ethanol-related behaviors and learning becomes

even more relevant as more complex aspects of ethanol-induced behaviors are

considered. In the studies described here, the acute behavioral effects of

ethanol were examined; studies in humans suggest that acute sensitivity to

ethanol may be a marker for susceptibility to alcoholism (Schuckit, 1994;
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Schuckit and Smith, 1996). Another interesting area of study is the transition that

occurs between non-addicted and addicted States. Some models see this

transition as a form of maladaptive learning (Everitt et al., 2001). Developing

paradigms in Drosophila modeling some of the changes that occur with chronic

alcohol use will be an interesting future direction. Assuming that circuits can be

defined that are involved in acute sensitivity to ethanol, it will be interesting to

determine how these change as the animal transitions from a "naïve" to

“addicted" state (taking into account that, as for other animal models, a fly is

never likely to be addicted in the same way as a human). This has been a

central goal of addiction studies in mammals; perhaps the simpler nervous

system of Drosophila, as well as the variety of tools available, will make this

question somewhat easier to study in the fly.

Outlook

In summary, a complete understanding of ethanol's actions on the

nervous system is likely to require analysis at multiple levels: 1) at the organismal

level, defining behavioral assays that can dissect different aspects of ethanol

related behaviors; 2) at the cellular level, understanding which neurons underlie

these various behaviors, and how neuronal behavior is altered by ethanol

administration; 3) and at the molecular level, understanding of how individual

molecules mediate the neuronal responses to ethanol. In Drosophila, the most

technically challenging of these is understanding the behavior of different

neurons in an awake, behaving animal; as technological breakthroughs occur,
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this will hopefully become more experimentally accessible. On the other hand,

defining the circuits underlying behaviors defined by specific assays is becoming

increasingly feasible. Our first attempts in this direction, described in Chapter 1,

have already given us clues about which neurons might be involved in

modulating ethanol sensitivity, and use of new tools described above should

further our understanding, as should developing knowledge about the Drosophila

brain. Similarly, genetic screens for mutations altering ethanol-induced

behaviors should reveal the molecular underpinnings of these behaviors.

Combining these two approaches – manipulating genes in specific brain regions

— further increases their power. As the acute effects of ethanol are better

understood, changes that occur upon chronic administration of ethanol can be

studied, perhaps allowing insight into the plasticity thought to underlie addiction.
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