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Courtship and copulation behaviors in Drosophila melanogaster males are

regulated by sex-specific products from the gene fruitless (fru). Male-specific FRU

proteins (FRUM) are putative transcription factors of the BTB-ZnF family that likely

act by controlling develoment and maintenance of the neural circuitry used during

male sexual behavior. However, which neuronal characteristics are regulated by
FRUM is mostly unknown and how FRUM neurons are grouped into circuits and the

role that specific neuronal circuits play in sexual behavior has not been elucidated. I

have identified a subset of FRUM neurons that co-express the transcription factor,

Engrailed (En). AfterfruM-RNAi-induced targeted removal of FRUM proteins from
FRUM/En neurons, males were impaired in their ability to initiate or maintain

copulation. Further, I examined two characteristics, the initial projections and

neurotransmitters used by FRUM/En neurons. Males and females showed a difference

in the neurochemistry of FRUM/En neurons in the thoracic ganglia; this

neurochemistry is disrupted infru mutant males.

For one cohort of serotonergic neurons in the abdominal ganglion that were

previously shown to be dependent on FRUM for expression of serotonin, I determined

that FRUM works in conjunction with other sex-specific genes, TAKEOUT (TO) and
DOUBLESEX (DSX), to induce of serotonin expression in males; in females

serotonin expression is repressed by DSX and TO.
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Finally, I performed a genetic screen for genes that interact with, or are

downstream targets of,fru, dsx, or dissatisfaction (dsj). I assessed fertility, copulation

success, and abdominal muscle development of EMS-mutagenized flies, resulting in

one fly line in which homozygous mutant animals had a novel muscle phenotype. By

genetic tests, the mutation was found to be allelic to string, which encodes a Cdc25-
like phosphatase.

Taken together, my research demonstrates that subsets of FRUM neurons

function in circumscribed circuits to regulate specific portions of sexual behavior, and

that FRUM, along with other sex-specific genes, controls development of these

neurons in part by determining neurochemistry. Further, FRUM likely directs multiple

downstream targets, in different subsets of neurons in which it is expressed, which

collectively provide correct development of neural circuits underlying courtship and
copulation behavior.
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Regulation by Male-specificfruitless of Neural Circuitry used During Courtship

and Copulation Behavior in Drosophila melanogaster.

CHAPTER 1

INTRODUCTION

General overview of dissertation
There has long been debate about the extent to which behavior is genetically

determined. This question is particularly difficult to answer definitively due to the

diverse types of behaviors. For my research, I will define behavior as any series of

actions performed by an animal, ranging from control of physiological mechanisms

such as rate of egg laying to more complex behaviors such as nest building. The

execution of particular behaviors is likely to involve assessing the environment,

internally processing this information, and creating motor output.

Thus, behaviors are generated through activity of specific nervous system

circuits that mediate collection of information and motor response. Visual, olfactory,

tactile, gustatory, and auditory sensory input is collected and relayed into the central

nervous system (CNS) where it activates or inhibits particular interneurons. The

combined activation or inhibition of these neurons results in activation and/or

inhibition of motorneurons that control specific muscle groups. Thus, a neural circuit

is defined by the incoming sensory input, the interneuronal internal processing of this

sensory input, and the motor output. Neural circuits may be composed of either few or

many neurons, and may or may not interact with, or have shared neurons between,

other circuits. In a few cases (for example eclosion behavior in Drosophila), behavior

is induced through changes in hormone levels, rather than direct sensory neuron input,

however, the end result of this circuitry is that in response to stimuli, the animal

performs a particular suite of actions that constitute its behavioral response to the

situation.



Drosophila melanogaster is useful as a model organism for the study of

complex behavior because it is relatively hard wired, meaning that flies begin adult

life preprogrammed as to how they will respond behaviorally in many situations.

Thus, in Drosophila, there is less variation in the way particular behaviors are

performed than in other animal species. In addition, there is a wealth of genetic

information available for Drosophila. Neurogenetic analysis in Drosophila of many

complex behaviors, including circadian rhythmicity, sleep, responses to substances of

abuse, foraging/social behavior, aggression, and learning and memory has revealed

that these behaviors have underlying genetic components (see below, Genes and

behavior). One of the most-studied behaviors in Drosophila is sexual behavior, in fact

many of the same regulator and effector genes for above-mentioned behaviors are the

same ones that are implicated in control over aspects of sexual behavior.

In the case of Drosophila sexual behavior, males perform activities different

from females, and males respond to signals that are not perceived by the female and

vice versa. In some cases, differences are due to sex-specific processing of

information within the CNS, and in other cases sensory input is collected sex-

specifically and motor output is sex-specific. Difference in motor output may also be

due to physical limitations based on differences in body form between the sexes, for

example, female genitalia will prevent females from performing behaviors such as

copulation, even if they had the necessary neural circuitry to do so.

The way in which the nervous system and the neuromuscular system are built

during development determines this sex-specificity. In Drosophila, sex-specific

neural characteristics are genetically programmed, first determined during neuronal

birth or induced by cell-cell contact, and carried out as the nervous system is formed.

Sex-specific genetics results in differences in whether the neurons survive, where the

neurons make contact with other neurons or muscles, which neurotransmitters are

used, and other properties that determine the chemical strength with which the neurons

receive or transmit information. In addition to genetic determining of sex-specific



circuitry during development, sex-specific differences in the nervous system mayneed

to be maintained in the adult for correct behavior.
Drosophila sex-specific behaviors have largely been defined by the

reproductive behaviors performed by males and females. For males, courtship begins

with a male orienting towards a female, following and tapping her with his forelegs,

extending one wing and vibrating it to create a species-specific courtship song,

extending his proboscis to touch her abdomen referred to as "licking", and attempting

copulation by curling his abdomen toward her. If the female is sufficiently stimulated,

the two will copulate for about sixteen minutes. These behaviors are totally dependent

on the genefruitless (fru). fru is multifunctional, having four promoters, with vital

non-sex-specific functions from three of the promoters and sex-specific functions via

transcripts from the 5'-most promoter. Male-specific transcripts, generated by sex-

specific alternative splicing, give rise to male-specific FRU proteins (FRUM). Males

deficient for FRUM lack all courtship and copulation behavior, with the exception of

licking, but have otherwise normal morphology and locomotion (Ito et al. 1996; Ryner

et al. 1996; Villella et al. 1997). However, different allelic combinations offru

hypomorphic mutations produce animals with different courtship and copulation

defects, showing that FRUM function is necessary at each step of the courtship

sequence, as well as for aspects of copulation (Anand et al. 2001; Goodwin et al.

2000; Lee et al. 2001; Villella et al. 1997).

My dissertation has focused on the role of specific FRUM neurons in male

courtship and copulation behavior, and the molecular role of FRUM in these neurons.

I have reduced FRUM function in a subset of neurons using directed expression of a

fruMRNAi transgene and subsequently tested these males for courtship and copulation

behavior; the results implicate a subset of FRUM neurons in specific aspects of

copulation. Disruption of one behavior without affecting others suggests that the CNS

ofDrosophila is modular, and that function of one module can be altered without

affecting function of other modules. I have also examined neuronal characteristics of

the neurons that express FRUM in males, and compared these to the characteristics of
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homologous neurons in females andfru mutant males to elucidate which neuronal

characteristics are controlled by FRUM. Experiments that compared neuronal

characteristics between males, females, andfru mutant males showed that FRUM

controls the neurochemistry of some neurons in which it is expressed, and that it does

so in neurons of the abdominal ganglion by working with other sex-determination

genes. Finally, I have screened a series of mutant lines to identify potential genes that

interact with, or are down-stream of,fru or other sex-determination genes. Among

other information, this screen shed light on non-sex-specific aspects of neuromuscular

development. My findings contribute to the understanding of how genes, in particular

fru, regulate nervous system development and function. Additional insight regarding

developmental regulation byfru broadens knowledge of how sex-specific differences

are built and maintained in the CNS, and how these differences underlie the ability of

the animal to perform complex behaviors.
This introductory chapter is organized in the following way: 1. A description

of the role of genes known to affect behavior in Drosophila, as well as the circuitry

that underlies behaviors in Drosophila and other species; 2. A description of central

nervous system and neuromuscular development in Drosophila, how this is influenced

sex-specifically, and an overview of courtship behavior andfru function. These

descriptions place my research within the field of developmental neurogenetics of

behavior.

Genes and behavior
The way in which the expression of particular genes contributes to the

behavior of an organism has been studied extensively in Drosophila melanogaster (for

review see Anholt 2004; Greenspan 2004; Sokolowski 2001). Drosophila behaviors

including circadian rhythmicity, sleep, responses to drugs and alcohol, foraging/social

behavior, aggression, and learning and memory have all been found to be genetically

determined or modified.



Perhaps the best-studied complex behavior in Drosophila is circadian

rhythmicity (Stanewsky 2002; Stanewsky 2003). Drosophila adults have peak times

of the day that they are more active,one peak in the morning and one in the evening.

In addition, flies tend to emerge as adults from the pupal case, a process called

eclosion, at dawn. The first gene to be recognized in controlling this circadian rhythm

is period (per), different mutant alleles of which lead to flies with a shorter than 24-

hour circadian cycle erTh0tt), a longer than 24-hour cycle erL0), or no rhythmicity

at all (per°'; Konopka and Benzer 1971). Since then, several other genes have been

found to be involved in the control of circadian rhythm. The genetic regulation, which

holds true for organisms from Drosophila to mammals, is a coordinated interaction of

molecular feed-back loops; the proteins Clock (Clk) and Cycle (Cyc) together activate

transcription of per and timeless (tim), which are then translated and as levels of Per

and Tim build-up in the cytoplasm, they dimerize, translocate to the nucleus, and

repress transcription of Clk and Cyc (Shirasu et al. 2003). To run once through these

loops takes approximately 24 hours. In addition to this feedback cycle, the clock can

be reset by exposure to light (Ashmore and Sehgal 2003). The way in which this

molecular transcription-translation-degradation cycle leads to behavioral rhythmicity

is partly through a set of ventrolateral neurons in the brain that express a pigment-

dispersing factor (PDF)-like neuropeptide. Although PDF is named for its function in

crustaceans, it is expressed rhythmically in the brain neurons in Drosophila, due to

functioning of the circadian clock genes (Heifrich-Forster et al. 2000; Reni et al.

1999).

In addition to circadian rhythmicity of locomotion and eclosion, Drosophila

exhibits alternating rest and activity periods (Greenspan et al. 2001; Shaw 2003). Fly

rest periods have characteristics similar to sleep in other animals, for example, an

increased threshold for arousal, and fly sleep can be altered by the same

pharmacological agents as disrupt human sleep. Genetic screens for mutations that

affect sleep rhythms are currently underway and have identified 10 mutations that

decrease the total amount of time flies spend sleeping and four mutations that result in
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flies which do not rebound after sleep deprivation (Cirelli 2003; Hendricks 2003;

Shaw and Franken 2003).
Invertebrate animal models have been successfully used to study the effect of

drugs of abuse on behavior, and many genes have been shown to mediate this effect

(reviewed in Greenspan and Dierick 2004; Wolf and Heberlein 2003). Drosophila

show a biphasic behavioral response to ethanol, after an initial bout of increased

locomotion they become increasingly more uncoordinated and eventually sedated and

immobile. Progression through the ethanol-induced behaviors is dose-dependent, and

concentrations are similar to those leading to analogous behaviors in rodents and

humans (Rothenfluh and Heberlein 2002). Further, as in rodents and humans,

Drosophila develop tolerance to ethanol showing reduced responses to repeated

exposures to the same dose of ethanol (Guarnieri and Heberlein 2003). Drosophila

also show sensitivity to cocaine, with low doses generating increased locomotion and

higher doses leading to tremors and paralysis, similar responses have been described

in rodents (McClung and Hirsh 1998). Although less studied than ethanol or cocaine,

Drosophila also respond behaviorally to nicotine, with hyperactivity at low doses and

loss of movement at high doses (reviewed in Greenspan and Dierick 2004; Wolf and

Heberlein 2003).

In many cases, mutant analysis has identified genes that contribute to these

physiological and behavioral responses to drugs of abuse in Drosophila. For example,

mutations in the cheapdate gene, which result in flies that are more sensitive to

ethanol, turned out to be allelic to amnesiac, encoding a PACAP neuropeptide (Wolf

and Heberlein 2003). PACAPs signal through G-protein coupled receptor pathways,

and consistent with this, mutations in the Drosophila adenylyl cyclase gene rutabaga,

as well as the catalytic subunit of cAMP-dependent protein kinase (pka-C1) also

caused sensitivity to ethanol (Wolf and Heberlein 2003). The effects of cocaine have

been shown to be mediated through re-uptake transporters for catecholamines, thus,

perturbation of serotonin, dopamine, and octopamine either genetically or

pharmacologically alters the fly's sensitivity to cocaine (Bainton et al. 2000; Li et al.



2000; McClung and Hirsh 1999). Additionally, circadian genes such as period have

been shown to influence cocaine response (Abarca et al. 2002; Andretic et al. 1999).

Not all behavioral responses identified are due to induced mutations or

pharmacological manipulations that change responses to stimuli. One example of a

naturally occurring behavioral polymorphism is the gene,foraging (for): In the wild,

flies may either carry the rover allele (firR) or the sitter allele (fors), withforR being

genetically dominant overfor5.
Drosophila larvae that have thefo/ allele leave

longer foraging trails and have a greater tendency to move beyond a patch of food than

do larvae homozygous forfor5
(de Belle et al. 1989; Sokolowski 1998). for also

contributes to differences in adult olfactory-dependent behavior. Thefor gene

encodes a cGMP-dependent protein kinase (PKG). Only relatively small differences

in the physiological functioning of the For kinase account for the behavioral

differences since rover larvae have only a 12% increase in PKG enzyme activity over

the sitter variant (de Belle etal. 1993; Osborne et al. 1997). A behaviorally-related

gene, since larvae that stay at a food patch turn more often, is scribbler (sbb), which

encodes a novel protein and determines the amount of larval turning behavior (Yang et

al. 2000).
Another example of a gene in which natural variants contribute to different

behavioral responses is the Neuropeptide F gene. Interestingly, levels of Drosophila

Neuropeptide F (dNPF), a homologue of the human Neuropeptide Y (NPY), have

been shown to correlate with changes in larval feeding behavior, with high levels

leading to increased attraction to food and lower levels associated with aversion to

food (Shen and Cai 2001; Wu et al. 2003). In Caenorhabditis elegans, social versus

solitary feeding is linked to natural variation in the Neuropeptide Y-like receptor,

npr-1, thus feeding and solitary versus social decision may be genetically controlled

(reviewed in Sokolowski 2003).

The study of aggression in Drosophila is a relatively new field, although

particular mutations were known to affect levels of aggression for several years (Chen

et al. 2002). Mutations in ebony (e) and black (b) both alter levels of aggression, it is



thought through regulation of levels of the amino acid beta-alanine. Flies with

mutations in e have higher than normal levels of beta-alanine and b mutants have

lower levels (Baier et al. 2002); correspondingly, e mutants appear more aggressive

and b mutants less aggressive. Behavioral changes induced by beta-alanine levels

point to small neuroactive molecules in regulation of behavior. Consistent with this,

octopamine and dopamine were both found to promote aggression, although serotonin

had no effect (Baier, Wittek and Brembs 2002). Interestingly, genes involved in sex-

determination also affect levels of aggression, as both fruitless and dissatisfaction

mutant males were found to be more aggressive (Lee and Hall 2000). h addition, the

way in which flies perform aggression is gender-selective (Nilsen et al. 2004).

Besides studies on the performance of behavior, per se, the ability of flies to

learn and remember what they have learned has been studied. Most of these studies

use a system in which two odors are presented, one at each end of a choice point in a

T-maze, and flies that choose one of the odors are given a negative reinforcement

electrical shock. Subsequently, the same flies are again given the choice of the two

odors, although with no electrical shock. The percentage of flies that do not choose

the odor previously paired with electrical shock gives a measure of how well the flies

learned to avoid the negative reinforcement. The same flies are tested over time to

determine how long they remember to avoid the negative reinforcement odor

(reviewed in Davis 2004; de Belle 1995; Roman and Davis 2001). By studying the

learning and memory ability of Drosophila mutants, the genes that underlie this aspect

of behavior have begun to be elucidated through genetic screens for mutants deficient

in learning and memory. Genes that decreased the flies' ability to learn when mutated

include rutabaga (rut), dunce (dnc), amnesiac (amn) and pigment dispersing factor

(pdj), among others. Many of the genes found encode components of cAMP

signaling, for example rut (adenylyl cyclase type 1), dnc (cAMP phosphodiesterase),

and genes encoding both the regulatory and catalytic subunit of protein kinase A.

Thus, behavioral ability is genetically regulated, however the way in which the gene



products act and interact to govern the development and maintenance of neural circuits

is in most cases not well understood.

Behavioral circuits responsible for individual behaviors have been identified in

molluscs, flies, and fish.
Essential to the study of behavior at the physiological level is identification

and characterization of the neural circuitry that is used to generate a given behavior.

Neural circuitry involved in behavior consists first of sensory neurons that transmit

information about the environment, as well as the state of the animal, into the CNS.

Second, processing of the input information occurs via intercormected interneurons

which transmit signals to the motorneurons responsible for behavioral output. No

complete circuit is known for any behavior, however following are a few examples of

systems where much of the circuitry is known. These examples include 1) a simple

circuit in which a single neuron has control over circuit function and in which the

circuit can switch between two different motor systems, 2) an escape circuit that

induces two motor systems simultaneously, and 3) a circuit that differentiates between

two motor programs in the same motor system.

The swim circuit of the marine mollusc, Tritonia diomedea, is an example of a

neural circuit that is controlled largely by a single neuron. The behavior is initiated

when the mollusc encounters predators, and consists of a series of alternating dorsal

and ventral whole-body flexions that provide a vigorous rhythmic escape swim. The

circuit is comprised of the dorsal ramp interneuron (DRI), the three dorsal swim

interneurons (DSIs), cerebral cell 2 (C2), and the two ventral swim interneurons

(VSIs). Approximately 80 sensory neurons feed input to DRI, which drives activity of

the DSIs. The DSIs regulate C2 and the VSIs, both of which also provide feedback

regulation to DRI. C2 and the VSIs regulate two sets of motorneurons (totaling about

55 neurons), the dorsal flexion neurons and the ventral flexion neurons, that regulate

dorsal and ventral muscle groups, respectively (Katz 1998). DRI has been identified

as a command neuron for this behavioral circuit because direct stimulation of DRI can
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induce the swim program and inhibition of DRI blocks the swim response (Frost and

Katz 1996).
Interestingly, this circuit directed by DRI is multifunctional as it regulates

another motor program involving very a different type of locomotion. Besides the

escape swim response, this neural network controls crawling behavior, a non-

muscular, nonrhythmic, gliding form of locomotion effected by cilia movements

against the substrate (Popescu and Frost 2002). The additional part of the circuit

controlling crawling behavior is two Pedal neurons (Pd2 1 and Pd5) which activate the

cilia, and are contacted by the VSIs and C2. Whether the animal moves by crawling

or via the swim response is likely due to the intensity of the stimulation, with low

stimulation eliciting crawling and high stimulation inducing the swim response

(Popescu and Frost 2002). However, it is possible that crawling behavior involves

additional interneurons outside the circuit headed by DRI, and the entire network of

neurons used for crawling is more distributed (Popescu and Frost 2002).

A second example of a well-defined circuit for escape behavior is that of giant-

fiber (GF) system in Drosophila. Light-to-dark signals, such as shadows cast by

objects moving overhead, induce a fly to simultaneously jump backwards and initiate

wing beating. The circuit is made up of the two GF interneurons, their synaptic targets

in the thoracic ganglion, the tergotrochanteral (jump) muscle motorneuron (TTMn)

and the peripherally synapsing interneuron (PSI) which controls motorneurons that

contact the flight musculature. The GF interneurons cormect directly to the TTMns,

and indirectly to the flight muscles via PSI. Recently, genetically engineered flies in

which the GF interneurons could be "phototriggered" by light were used to show that

the full set of behaviors, jump and flight, could be induced by activation of the GF

interneurons (Lima and Miesenbock 2005). A subset of behaviors could be produced

if the phototrigger was located instead in either the TTMn or in PSI. In addition,

locating the phototrigger in other neurons created a different behavior. These

experiments show both that the GF circuit is directing the escape behavior (causality)

and that it induces only the escape behavior (specificity).
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A vertebrate example of specified neural circuits is demonstrated in swim

versus escape behavior in the zebrafish, Danio rerio. Calcium indicators that are

fluorescent only when the neurons are active were injected into fish to label two

classes of interneurons, the circumferential descending interneurons (CiDs) and the

multipolar commissural descending interneurons (MC0D5; Ritter et al. 2001).

Surprisingly, the two behaviors did not share interneuronal classes; the CiD neurons

were active during escapes but not swimming, and the MCoD neurons were used

during swimming but not escapes (Ritter, Bhatt and Fetcho 2001). This was contrary

to many systems that have circuitry shared between similar behaviors.

Other examples of identified circuitry for specific behaviors includes the

lobster stomatogastric system which regulates rhythmic contractions of the stomach

muscles (Richards et al. 1999), the gin-trap reflex in Manduca sexta (Lemon and

Levine 1997a; Lemon and Levine 1997b), and the trap-jaw response in ants used to

catch prey and for defense (Paul 2001; Paul and Gronenberg 2002). Behavior is thus a

function of the way neurons form connections to each other, which is in turn based

upon how the nervous system in built during development.

Central nervous system development in Drosophila.
The Drosophila central nervous system (CNS) consists of a brain and ventral

nerve cord (VNC). These organs are organized segmentally and development is

controlled first by neuronal birth and differentiation (neurogenesis), and later by

outgrowth of axons and dendrites from the neurons that contact appropriate targets.

The organization of the CNS, the process by which neurons are born, and the

functional relevance of neurons developing together in cohorts is discussed below.

The CNS is segmented into units known as neuromeres, which make up the

brain and VNC; each neuromere is bisected by the ventral midline, used a reference

point to subdivide it into two hemineuromeres, with right-left symmetry. Embryonic

development sets up the basic structure of the CNS, which is used during larval life.

As the animals undergoes metamorphosis to change from the larval to the adult form,
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it ensheathes itself in a cuticular casing and is refened to as a pupa. During pupal

development the CNS is modified both by the addition of new neurons (post-

embryonic neurons) specific to the adult and by remodeling some neurons used in the

larva (embryonic neurons). Thus, in Drosophila, there are two rounds of neuron birth,

known as neurogenesis, the first round in the developing embryo and a later round

during metamorphosis. Neurogenesis has been best described in the embryonic VNC,

and the underlying principles are the same as in post-embryonic neurogenesis, thus an

initial description of neuron formation will be based on embryonic CNS generation.

Neuroblasts (NBs), neural progenitor cells, are specified from regions of the

neuroectoderm known as equivalence groups. There are 30 equivalence groups per

hemineuromere which are divided up in a grid-like pattern of rows and columns by the

combined action of the columnar genes, which specify dorsal-ventral (D-V) position,

and the segment-polarity genes, which specify anterior-posterior (A-P) position. Thus,

in each equivalence group, there is an unique combination of genes expressed which

will confer location-specific properties to the NB which arises from that region. Each

NB in a hemineuromere, therefore, is unique, and has been identified by a number that

refers to its D-V/A-P position and designates its progeny as belonging to the same

lineage. The set of 30 equivalence groups are, for the most part, the same for each

segment. From each equivalence group, NBs are specified by action of the proneural

genes of the acheate-scute (ac/sc) complex, basic helix-loop-helix transcription factors

which promote neuroblast formation Within each region of neuroectoderm, one

presumptive NB will express ac/sc genes at the highest level; this cell becomes the NB

and through Notch-Delta contact inhibition, down regulates ac/sc genes in sunounding

cells of the equivalence group shunting them toward epidermal fates (reviewed in Bhat

1999; Skeath and Thor 2003).

Once formed, the NB goes through a series of asymmetric divisions which

regenerate itself and well as produce a ganglion mother cell (GMC). The key event in

formation of the GMC is that it acquires Prospero protein, a transcription factor that

induces GMC-specific genes, preferentially over the regenerative NB. NBs go
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through several divisions to produce a series of GMCs in each lineage, the number of

which is different for each NB. Further, NBs confer different fates on each GMC

depending on when the GMC was produced. Each NB goes through sequential

expression of five genes, Hunchback (Hb), Kruppel (Kr), Pdm, Castor (Cas), and

Grainyhead (Gh); the gene expressed during GMC birth is transfened to that GMC

such that the first-born GMCs express Hb, the second wave express Kr, and so forth,

such that fates of the progeny from GMCs are regulated temporally within a NB

lineage (Brody and Odenwald 2002; Isshiki et al. 2001).

Each GMC divides terminally to produce two post-mitotic neurons andlor glia.

Considerable evidence suggests that GMCs can divide asymmetrically to produce two

progeny with different fates (Bossing et al. 1 996a; Bossing et al. 1 996b; Condron et

al. 1994; Condron and Zinn 1994). Post-mitotic cells in the CNS can be either

motorneurons, interneurons, or glia, with interneurons outnumbering the other two

cells types by far (an estimated 90% of CNS cells are interneurons; Skeath and Thor

2003). This diversity of cell types is mediated by genes selectively expressed in one

GMC daughter cell and not the other (Condron, Patel and Zinn 1994).

Different NB lineages give rise to different numbers of progeny and have a

different composition of cell types (Schmid et al. 1999). In addition, neurons that are

progeny from the same lineage tend to have similar qualities, such as neurotransmitter

expression and synaptic targets. This holds true for the developing adult CNS in

Drosophila as well as in other insects that have been studied (Truman et al. 2004;

Witten and Truman 1991a; Witten and Truman 1991b).

In insects, differentiated neurons are located toward the exterior of the CNS,

known as the cortex, and sunound an interior of the neuronal projections that connect

to one another, referred to as neuropil. In most cases, insect neurons are monopolar,

with one projection coming off of the body of the cell, or soma (Howse 1975). This

projection branches at some point distal to the cell soma into an axon and dendrites,

which transmit outgoing nerve impulses and receive incoming impulses, respectively.

The axon and dendrites each end in a network of terminals called a synapse, small
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round sites of chemical release termed boutons connected by thin filaments that form

an elaborate arbor. The synapses are located either adjoining another neuron, for

sensory neurons and interneurons, or contacting a muscle, in the case of motorneurons.

However, within the CNS the distinction between separate branches for axons and

dendrites is not true in all cases; some neurons have a less defined structure and

transmit and receive information from closely apposing arbors. The exact location to

which a neuron targets, in other words with what structures it forms a synapse, is

likely genetically encoded. However, the process of axon and dendrite outgrowth

during development involves interaction between the developing neurons and its

environment (Furrer and Chiba 2004; Ghysen 1992; Johansen and Johansen 1997).

Muscular development has characteristics in common with neural development

and is essential for behavioral performance.
For correct execution of behavior, the muscular system must develop properly

in conjunction with the developing nervous system. The mesoderm is specified in the

Drosophila embryo, from the ventral-most cells of the blastoderm that express the

transcription factor twist (twi) and invaginate to form a layer of dividing cells. These

cells are the precursors that form all muscle derivatives, including somatic muscles,

visceral muscles, the heart, and the fat body (Bate et al. 1999). In much the same

lateral-inhibition process that determines neuroblast development in the nervous

system, a muscle progenitor cell is selected from an equivalence group of mesodermal

cells. The muscle progenitor cells divides once, either producing two muscle founder

cells or one founder cell and one adult muscle precursor cell, the precursors for

somatic muscles (reviewed in Roy and VijayRaghavan 1999; Ruiz-Gomez 1998).

Founder cells carry all information necessary to establish the muscle with correct

characteristics, and nucleate the developing muscle which forms by fusion of

myoblasts to the founder cell. Mesodermal cells not selected as a progenitor cell

automatically become fusion-competent myoblasts (Baylies and Michelson 2001;

Dworak and Sink 2002).
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The adult muscle precursor cells continue expression of twi and during

metamorphosis migrate along outgrowing nerves to their final destinations where they

lose expression of twi and fuse with each other to form the mature muscle fibers (Bate

et al. 1991; Currie and Bate 1991). In adult abdominal muscles, formation is

independent of the innervating nerve (Broadie and Bate 1993), the exception being the

male-specific Muscle of Lawrence (MOL), which develops its specific morphology

due to innervation (Lawrence and Johnston 1986). In development of the adult

thoracic muscles, however, the nerves and muscles develop in conjunction, mutually

dependent on each other for proper formation (Fernandes et al. 1996; Fernandes and

Keshishian 1998). As muscles are developing, they must attach to the epidermal cells,

via specialized regions known as attachment sites. Choice of attachment location is a

reciprocal process between the muscle cells and the epidermis (Volk 1999). Thus, for

correct development, the nerves, muscles, and epidermal cells are each involved.

Sex-specific development in Drosophila is genetically determined.

In Drosophila, the sex of each cell is determined autonomously by a genetic

hierarchy known as the Sex-Determination Hierarchy (SDH; reviewed in Burtis 1993;

McKeown 1994). Through the SDH, the number of sex chromosomes in each cell is

transduced into sex-specific outputs, resulting in cellular phenotypes. In addition to

the genes in the SDH, there are other genes involved in sex-specific development. In

some cases, these are downstream targets of the SDH outputs, but in other cases, these

genes act in parallel, or in conjunction with, SDH genes. The SDH is activated by the

presence of two X chromosomes, which initiates female development, thus the

description will begin with the genetic regulation in females.

In females, the splicing factor Sex-lethal (Sxl) is active and auto-regulates the

splicing of its own pre-mRNA as well as that of the transformer (tra) gene. Under

control of Sxl, splicing produces an active female-specific form of TRA (TRAF),

which along with non-sex-specificTransformer-2 (TRA-2) regulates splicing of pre-

mRNA from the gene doublesex (dsx) into a female-specific form, translated into one
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Fig. 1.1 The sex-determination hierarchy in Drosophila melanogaster.

XY (male) XX (female)

SX! (011) SXL (On)

IRA (0111 TRAF (On)TRA-2

FRUM DSXM FRUM (Oil) DSX'IX

4,
4,

Male NS Male body Female NS (?) Female body

Male behavior Male NS Female behavior (?) Female NS

Fig. 1.1 The sex-determination hierarchy in Drosophila melanogaster. The ratio
of X chromosomes: autosomes is transduced in each cell into sex-specific outputs. In
males, the ratio of X chromosomes: autosomes is 0.5; the gene Sex-lethal (Sxl) is
"Off", and as a result the gene transformer (tra) is also "Off'. In males, transcripts
from both fruitless (fru) and doublesex (dsx) are spliced into a default male-specific
form, resulting in male specific proteins, FRUM and DSXM, which regulate male
nervous system (NS) and male body development, respectively, although these two
proteins may regulate some characteristics jointly. In females, the ratio of X
chromosomes: autosomes is 1.0; transcripts from Sxl are spliced into an active form
that regulates their own splicing as well as that of tra transcripts. Female-specific tra
transcripts are translated into female-specific TRA protein (TRA'), which, along with
TRA-2, regulates female-specific splicing of dsx transcripts. This splicing leads to
DSXF protein, which functions together with Intersex (IX) to induce female body
development. To what extent female nervous system (NS) development and female
behavior are due to absence of FRUM protein versus active induction by DSXFIX will
be discussed in this dissertation.
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SDH output, female-specific DSX protein (DSXF). Transcripts from a second output

gene at the end of the SDH,fruitless (fru), are also spliced in a female-specific manner

by TRA and TRA-2, but do not encode female-specific FRU protein (see below,

Molecular characteristics offru).

In males, which have an XY chromosome combination, Sxl, and therefore Ira,

do not make functional products. In this case, pre-mRNA from dsx is spliced into a

default, male-specific form and encodes the output male-specific DSX protein

(DSXM). Transcripts fromfru also undergo a default splice and male-specificfru

mRNAs are produced, which encode a second SDH output in males, male-specific

FRU proteins (FRUM; see below, Molecular characteristics offru).

DSX is a transcription factor of the DM-domain family and regulates aspects of

somatic sexual development, including formation of the internal and external genitalia,

pigmentation, some chemoreceptors in the legs, and select neural circuits that are used

during male courtship wing song (Baker et al. 1991; Baker and Wolfner 1988; Bray

and Amrein 2003; Burtis and Baker 1989). DSX is, interestingly, the only SDH gene

that has a direct mammalian homologue, the gene Dmrt- 1 involved in testis

development (Raymond et al. 2000; Zarkower 2002). The only known direct targets

of DSX in Drosophila are the yolk protein (yp) genes, transcription of which is

promoted by DSXF and repressed by DSXM, through direct competition for DNA

binding sites in the yp promoters (Burtis et al. 1991; Erdman and Burtis 1993;

Waterbury et al. 1999). Other potential DSX targets have begun to be examined

through microarray analysis (Arbeitman et al. 2004).

Mutations in genes of the SDH result in animals that are abnormal in sexual

development. For example in XX flies, mutations in Ira transform them to look and

behave like males. Mutations in dsx transform XX individuals into phenotypic

intersexuals, but they do not perform any male-like behavior (McRobert and

Tompkins 1985). XY flies that are mutant for Ira develop as perfectly normal males

since TRA is not active in males, but males mutant for dsx are intersexed, although

they perform most steps of courtship behavior (Villella and Hall 1996). A type of
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dominant dsx mutation that constitutively expresses male-form dsx (dsxM) was used to

determine how much of male development could be conferred on XX flies. XX; dsxM

masculinized females develop physically much like normal males, but they do not

perform any components of male behavior (Taylor et al. 1994). The explanation for

the XX versus XY behavioral differences is that XX animals lack expression of male-

specificfru, which is downstream of tra, but not dsx. fru was determined to be a

branch of the SDH dependent upon tra, but independent of dsx, through experiments

in which the neurally-induced development of a male-specific muscle, the Muscle of

Lawrence (MOL) was found to be normal in dsx mutant males but notfru males, and

that dsx could not account for all male courtship behavior. Thus, nervous system

development is controlled byfru (Ito et al. 1996; Ryner et ai. 1996; Taylor et al.

1994).

To be fully functional, DSXF is dependent upon the gene intersex (ix), thus

mutations in ix result in intersexual phenotypes in females similar to mutations in dsx

(Waterbury, Jackson and Schedl 1999). IX is a transcriptional co-factor for DSXF,

expressed in both sexes and not part of the SDH, only interacting with DSXF and not

DSXM (Garrett-Engele et al. 2002). Consistent with the lack of interaction between IX

and DSXM, ix mutant males have no detectable phenotypes and perform courtship and

copulation similar to wild-type males (Taylor et al. 1994).

Courtship behavior in Drosophila is genetically determined.

One of the best studied Drosophila behaviors is male courtship, which is to a large

degree genetically determined (Belote and Baker 1987; Crossley and Zuill 1970;

Emmons and Lipton 2003; Greenspan and Ferveur 2000; Hall 1994; Kyriacou 2002;

O'Dell 2003; Wasserman 2000; Yamamoto et al. 1998). Since most studies have

focused on male sexual behavior, that will be the focus here, however female sexual

behavior is likely also regulated genetically. Evidence from several studies indicates

that a suite of genes regulate courtship success. Mutations in these genes may disrupt

courtship and/or copulation, but in other cases these mutations block courtship
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altogether. Mutations that provide early blocks in courtship due to altering sensory

input will be discussed first, followed by mutations that influence later steps of

courtship and copulation. Second, mutations will be discussed that affect overall

levels of courtship, alter courtship targets, or block courtship altogether. Finally, a

discussion of the plasticity of courtship behavior and the regions of the CNS known to

be involved in courtship will be presented.

Mutations in genes that influenced the way in which flies receive sensory

information, for example mutations in the genes smeliblind and glass, which caused

the flies to be olfactory-deficient and blind, respectively, decreased the flies courtship

success (Tompkins 1984). Thus, it is useful to distinguish between the developmental

and/or regulatory pathways that build the potential for a behavior into the CNS versus

the necessary components for the actual performance of a behavior.

In other cases, genes were found responsible for particular subsets of courtship

behavior, such as courtship song and copulation. Mutations in these genes altered

specific aspects of courtship behavior. For example, flies with mutations in the

cacophony (cac) gene, which encodes a calcium channel, dissonance (diss), an RNA-

binding protein, or doublesex (dsx), a transcription factor, are defective for courtship

song production (reviewed in Billeter et al. 2002; Yamamoto and Nakano 1998).

However, these flies are also abenant in other ways, indicating that these genes are

pleiotropic with multiple roles in development, as are many of the genes that influence

courtship. Other genes specifically influence copulation, including celebate (ceO,

coitus interuptus (coi),Jlckle (Jic), lingerer (hg), okina (ok), platonic (plt), and stuck

(sk). In a few cases these genes have been cloned; ftc encodes a cytoplasmic tyrosine

kinase (Yamamoto et al. 1997) and hg encodes a novel cytoplasmic protein expressed

in the nervous system (Kuniyoshi et al. 2002; Kuniyoshi et al. 2003).

A small number of genes have been found to decrease overall levels of

courtship or block courtship altogether. These include courtless (coT), cuckold (cuc),

fiamenco (Jlam),freeze (fez), he 's not interested (hni), pale (pie), tapered (ta), yellow

(y), and certain alleles of fruitless (fru). In at least one case, this lowered courtship is
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due to changes in neurochemistry, as pie encodes the tyrosine hydroxylase gene used

to synthesize dopamine (Neckameyer and Quinn 1989; Neckameyer and White 1993).

For col, the lack of courtship is due to alteration of a ubiquitin-conjugating enzyme,

which is expressed in the CNS (Orgad et al. 2000). In most cases, however, the genes

have not been cloned and therefore no molecular function has been assigned.

In one case, a mutation increases male courtship. The mutant quick-to-court

(qtc), which disrupts a coiled-coil protein, results in males that initiate courtship

unusually quickly and court at abnormally high intensities (Gaines et al. 2000). Other

genetic and pharmacological manipulations have resulted in males that perform higher

than normal levels of courtship, but to target a single gene that shows this mutant

phenotype is rare. It should be noted that courtship mutant studies have also identified

genes that influence female sexual behavior. These include chaste (cht),

dissatisfaction (dsf), don giovanni (dg), icebox (ibx), and spinster (spin; Finley et ai.

1998; reviewed in Billeter, Goodwin and O'Dell 2002; Yamamoto and Nakano 1998).

While in the case of dsf a nuclear receptor transcription factor, the gene also affects

male behavior, most of these have not been cloned and have not been shown to affect

sexual behavior in males.

Three genes have been found that alter the ability of males to choose females

exclusively as courtship targets. These includefru, in which some allelic

combinations lead to males that court both other males and females, voila, and dsf

(Balakireva et al. 2000; Balakireva etal. 1998; Finley etal. 1997; Gailey and Hall

1989; Grosjean etal. 2001). In the case of voi!a, gustatory processing is disrupted,

indicating that males may have a decreased ability to tell the difference between males

and females, and therefore, court both. However, in the case offru and dsf, it is not

clear whether males cannot distinguish males from females, or whether they are in fact

able to tell the difference and court both sexes anyway. Genes such asfru and dsfare

especially useful for studying how the potential for courtship behavior is built into the

CNS, in that both mutations specifically affect courtship and not other aspects of

development.
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Although Drosophila courtship behavior clearly has a genetic basis, many

aspects of courtship are modifiable by experience, suggesting that non-genetic factors

also contribute to the expression of courtship behavior (Broughton et al. 2003; Hirsch

and Tompkins 1994; McRobert and Tompkins 1983; Quiim and Greenspan 1984;

Siegel et al. 1984). For example, a naïve male that has been placed with an

unreceptive female will decrease his courtship intensity toward a second female target,

regardless of her receptivity status (Gailey et al. 1986). In addition, males will

robustly court immature males, but over time this courtship decreases greatly (Gailey

etal. 1985).
Besides the underlying genetics, the regions of the CNS that need to be male in

order for flies to perform courtship and copulation has been investigated. Since sex-

determination in Drosophila is cell-autonomous, the regions necessary for male

courtship and copulation have been assessed by creating mosaic nervous systems,

done in one of two ways. One, gynandromorphs were created by X-chromosome loss

resulting in flies that have both male and female regions (Hall 1977; Hall 1979), and

two, regions of the CNS have been feminized in males by manipulation of the

transformer gene using GAL4 enhancer trap expression lines (Ferveur et al. 1995;

O'Dell et al. 1995). These experiments indicated that regions of the dorsal brain,

involved in processing sensory input, are involved in male performance of early

courtship steps, although later experiments showed that they are not necessary for

courtship (Kido and Ito 2002). The antennal lobes, which mediate olfactory input,

need to be male for recognition of females as courtship targets, thoracic ganglia are

important for wing vibration in song production and along with the abdominal

ganglion are used during copulation attempts. These are all regions in which male-

specific FRUM is expressed in the neurons, correlating well with the roles forfru in

male courtship behavior that were deduced by mutant analysis (Anand et al. 2001;

Ryner et al. 1996).
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Molecular characteristics offru
In addition to its sex-specific roles,fru has a vital role during development in

both sexes (Anand et al. 2001; Song et al. 2002; Song and Taylor 2003). Thefru

locus is complex, with four promoters, one of which (P1, the 5'-most of the four)

gives rise to transcripts that are sex-specifically spliced at the 5' end into male and

female forms; the other three promoters (P2, P3, P4) producing transcripts common to

both sexes. hi addition, transcripts from all four promoters are spliced at the 3' end to

encode one of three alternate zinc-finger pair carboxy terminals (Anand et al. 2001;

Goodwin et al. 2000). Whether transcripts with each of the 3' ends are produced from

all of the promoters is not yet understood, although variants with each of the 3' ends

are generated in males and females from P1 transcripts (Goodwin et al. 2000). The

sex-non-specific transcripts have been shown to be vital for development, with roles in

determining proper axonal tracts and maintaining neuronal identity in the embryo

(Song et al. 2002; Song and Taylor 2003).

The proteins encoded by the transcripts made from the sex-specific promoter,

P1, are not vital, as they affect only sexual behavior. Transcripts from P1 are

translated in males into sex-specific FRU proteins (FRUM) that have an additional 101

amino acids at the N-terminal end, not found in FRU proteins common to both sexes

(FRUCOM; Anand etal. 2001; Ito etal. 1996; Ryner etal. 1996). All FRU proteins

have sequence homology to a family of transcription factors known as BTB-ZnF

proteins, which have a BTB domain involved in protein-protein dimerization and a

pair of zinc finger domains at the terminus that bind DNA (Ito et al. 1996; Ryner et al.

1996). The BTB family includes the Broad complex, Tramtrack, and Bric-a-brac

proteins for which the family is named. There are 60 BTB proteins known in

Drosophi!a, many of which are homologues of human proteins, although FRUM has

no direct human orthologs.

In females, P1 transcripts are spliced by TRA and TRA-2 such that a stop

codon not present in male-specific transcripts is introduced and a protein product like

that in males is not translated; there is some evidence that a short peptide of 94 amino



23

acids is made from the 5' end ofPl female transcripts. However, if present, the

female peptide is at very low levels as no product is seen using anti-FRUTM antibody.

Additionally, there is a second translational start site in female P1 transcripts, which if

used, would encode a protein identical to FRUCOM.

The molecular function ofFRUM in neurons is not understood; presumably it

regulates, by itself or with a binding partner, the transcription of downstream target

genes that direct neuronal arborization, neurotransmitter expression or

neurotransmitter receptor use, cell survival, or some other sex-specific characteristic

of these neurons (Arbeitman et al. 2004; Dauwalder et al. 2002; Drapeau et al. 2003;

Lee and Hall 2001). Targets of FRUM have been assessed in several different ways.

Co-localization experiments have suggested that FRUM regulates expression of

Yellow, a secreted factor in neurons that has been shown to influence courtship levels

(Drapeau et al. 2003; Radovic et al. 2002). Other research has shown that FRUM is

co-localized with serotonin in neurons of the abdominal ganglion and that serotonin

expression in these neurons is at least partially dependent upon FRUM (Lee and Hall

2001; Lee et al. 2001).

Genetic regulation of targets byfru has also been shown. The gene takeout

(to) encodes a secreted factor expressed in fat body cells of the head, and is part of a

family of proteins that bind small lipophilic molecules. Sex-specific to transcripts

were detected in male heads, and expression of these transcripts is dependent on both

fru and dsx. Male flies that are tofru double mutants have more extreme courtship

defects, suggesting that to mutations exacerbatefru courtship phenotypes (Dauwalder

et al. 2002). Molecular screens for targets genetically regulated byfru have not

elucidated many candidate genes. By serial analysis of gene expression (SAGE), three

male-specific transcripts were identified, turn on sex-specifically (Tsx) and sex-

specific enzyme 1/2 (sxel, sxe2; Fujii and Amrein 2002). Interestingly, like to, these

genes are expressed in fat body cells in the head, however they were found to be

targets of dsx only, and notfru (Fujii and Amrein 2002). A different screen using

cDNA microarrays again identified many candidate targets of dsx, but notfru
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(Arbeitman et al. 2004). The reasons that screens such as these do not identifyfru

targets may be that genes regulated byfru are expressed in both sexes but in different

tissue-specific patterns, or thatfru up-regulates the target genes in some cells and

down-regulates targets in other cells, making it difficult to detect expression

differences.

In the following chapters, I assessed potential FRUM targets by examining

neuronal characteristics in males and comparing these characteristics to those of the

same neurons in females andfru mutant males. Through a genetic screen for

molecular targets offru, along with dsx and dsf I isolated several mutant lines of flies

with subtle changes in sex-specific phenotypes and one mutant line in which the flies

have a novel muscle phenotype. For one identified FRUM target, expression of

serotonin in the abdominal ganglion, I have shown that serotonin expression is jointly

determined byfru, to, dsx, and ix. Finally, beyond the molecular role of FRUM in the

neurons in which it is expressed, I have examined the role of particular FRUM neurons

in behavior, specifically a neuronal subset that are involved in copulation.
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ABSTRACT

In Drosophila, the male-specific forms of the Fruitless protein (FRUM) are expressed

solely in the nervous system and the loss ofFRUM expression in these neurons results

in males that are defective in courtship and copulation. To determine how individual

groups of FRUM neurons regulate sex-specific behavior, I have identified a small

subset ofFRUM neurons that co-express the transcription factor Engrailed (En) in

wild-type males. Removing FRUM from these FRUM/En neurons using an inhibitory-

RNA construct results in males that have normal courtship behavior, but show

abnormalities in the initiation and maintenance of copulation. Courtship behavior in

Drosophila consists of a set of stereotyped actions; I have disrupted FRUM function in

a small subset of neurons, which results in deficits in specific subroutines of sexual

behavior. These data suggest that the central nervous system is modular, and that

function of individual modules can be disrupted without affecting other courtship

behaviors or general locomotion.



INTRODUCTION

In Drosophila melanogaster, male reproductive behaviors are under control of

the fruitless (fru) gene, one of two direct outputs of the sex determination hierarchy in

males (Ito et al. 1996; Ryner et al. 1996). Males with differentfru mutant allele

combinations have abnormalities at one or more of the particular steps of the courtship

sequence, with the exception of licking behavior (Emmons and Lipton 2003; Ito et al.

1996; Ryner et al. 1996; for review see Baker, 2001 #239; Yamamoto and Nakano

1998). In addition, thefru gene functions in male copulation behavior and sperm

transfer (Lee et al. 2001; Manoli and Baker 2004). The male-specific functions offru

are dependent on transcripts from thefru promoter (P1) located farthest from most of

the protein coding region. P1 transcripts are sex-specifically regulated by Tra and

Tra-2 (Ryner et al. 1996), such that in males P1 fru transcripts encode male-specific

Fm protein (FRUM), and in females P1 transcripts are produced but no detectable sex-

specific protein is made (Lee et al. 2000; Usui-Aoki et al. 2000). By sequence

homology, FRUM is a transcription factor of the BTB/ZnF (Broad complex-

Tramtrack-Bric-a-brac/Zinc Finger) family and is expressed in 2000-4000 central

nervous system (CNS) neurons. (Goodwin et al. 2000; Lee et al. 2000; Manoli et al.

2005). FRUM neurons are distributed throughout the brain and ventral nerve cord and

overlap with regions previously implicated in male courtship behavior (Ferveur and

Greenspan 1998; Ferveur etal. 1995; Hall 1977; Hall 1979; O'Dell etal. 1995).

Based on the expression pattern of FRUM and the fact that individual steps of

courtship and copulation behavior are affected infru mutants, FRUM is thought to

regulate the development and function of neurons that participate in neuronal circuits

that are used during male courtship and copulation behavior (Lee and Hall 2001;

Manoli and Baker 2004). From these previous studies, it has been inferred that

subsets of FRUM neurons are involved in execution of behavioral subroutines, and

other FRUM neurons may exert more global control over the timing or sequence of
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male sexual behaviors. Evidence for this model is small, since the function of most

FRUMexpressing neurons in male specific behaviors is unknown.

In order to determine the role of individual neurons in male courtship behavior,

I identified a subset of FRUM neurons, chosen because they express a well-known

transcription factor, Engrailed (En). En is expressed in a small subset of neuroblasts

(NBs) that divide to produce both embryonic and postembryonic neurons within the

CNS, in regions known to be important for courtship behavior (Ferveur and Greenspan

1998). En neurons are either local circuit interneurons, that connect exclusively to

other neurons within their segment of origin, or interganglionic interneurons, forming

connections between ganglia (Siegler and Pankhaniya 1997; Siegler et al. 2001). En is

expressed in the posterior of each neuromere from embryonic stages onward in

Drosophila and in other arthropods (Patel etal. 1989; Siegler and Jia 1999; Siegler

and Pankhaniya 1997). By using En as a marker, I have been able to identify a small

subset of FRUM neurons and to follow their development at different stages. En and
FRUM are co-expressed in roughly 2% of FRUM neurons (approximately 0.1% of all

neurons). To determine the role ofFRUM/En neurons in male behavior, I significantly

reduced or eliminated FRUM expression in En neurons using an inhibitory-RNA

directed against male-specific fru transcripts, and examined the courtship and

copulation behavior of these males. Males lacking FRUM in only the En neurons have

normal courtship behavior, but show deficits in the initiation and maintenance of

copulation, which leads to a high degree of sterility.

MATERIALS AND METHODS

Fly stocks and crosses: Fly stocks were maintained at room temperature on an agar,

comfiour, dextrose, and yeast medium supplemented with 0.1% Nipagen

(p-hydroxybenzoic acid methyl ester; Sigma, St. Louis) to inhibit mold, and reared on

a 12h:12h light:dark (12h L/D) cycle at 25°C, unless otherwise noted. A Canton-S

strain (CS-A, provided by Jeffrey Hall, Brandeis University, Waltham, MA) was used
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as wild-type. fru mutant stocks include Df(3R)fru44° /ru440), a deficiency that

removes upstream sequences as well as the P1 and P2fru promoters, and

Df(3R)fru'5 (fru't'5), a deficiency that removes thefru common coding region

(Anand et al. 2001). Flies deficient for P1 transcripts, and thus the FRUM proteins,

were created by crossing these parental stocks and collectingfru440/fru'5 progeny.

Transgenic flies carrying two copies of an RNAi construct that targeted transcripts

encoding amino acids 3-101 of the N-terminal coding region of male-specificfru

transcripts (UAS-fruMIR; Manoli and Baker 2004) were provided by Devanand

Manoli, Stanford University, Palo Alto, CA. Devanand Manoli also provided the

fruPl-GAL4 stock, in which the GAL4 protein coding region is fused directly

downstream of thefru P1 transcriptional start site (Manoli et al. 2005). To increase

GAL4 activity, a UAS-GAL4 construct (BL#5939, P{w[+mC]=UAS-Ga14.H} 12B)

was recombined onto the second chromosome with UAS-fruMIR; three independent

recombinations were maintained as stocks, referred to as UAS-fruMIR, UAS-GAL4 I, II,

and III. To block GAL4 activity in the peripheral nervous system, a Cha-GAL8O

construct (P{Cha-GAL8O.K}) was recombined onto the third chromosome with UAS-

fruMIR, referred to as UAS-fruMIR,Cha-GAL8O. The recombined UAS-GAL4 lines as

well as recombined Cha-GAL8O line were provided by Devanand Manoli.

The engrailed-GAL4 line (en-GAL4; P{en2.4-GAL4}el6E) was provided by

Andrea Brand, University of Cambridge, Cambridge, United Kingdom. Two reporter

lines were used to detect En and mv expression independently: en025lacZ
(BL#5 801; P {ry[+t7 .2]=en-lacZ(Xho) } en{Xho25 ]/In(2LR)O, Cy', Bloomington Stock

Center) and inV02IlacZ (provided by Chihiro Hama, RIKEN Center for

Developmental Biology, Kobe, Japan). The second chromosome balancer

In(2LR)O,Cy1 will hereafter be referred to as CyO. Reporter lines UAS-GFP-lacZN,

(a combination nuclear-localized GFP and 3-galactosidase reporter, provided by

Matthias Landgraf, University of Cambridge, Cambridge, United Kingdom), and UAS-

mcd8: GFP (a membrane-bound GFP reporter, BL#5 137; P {w[+mC]=UAS-
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mCD8::GFP.L}LL5; Bloomington Stock Center) were used in conjunction with the

en-GAL4 driver.

Animal staging, dissections, and immunohistochemistry: Larvae, staged pupae which

were collected at 0 hr after pupal formation (APF), and adults were sexed, aged at

25°C, and processed for immunohistochemistry. Central nervous systems (CNSs)

were dissected in Phosphate Buffered Saline (PBS), fixed in 4% paraformaldehyde for

15 minutes, washed 3-5 times in PBS+0. 1% Triton-X (PBS-Tx), blocked in PBS-

Tx+ 10% normal goat serum (NGS) for at least 20 minutes, and incubated in primary

antibody overnight at 4°C. CNSs were subsequently washed, blocked, incubated in

secondary antibody for 2 to 4 hrs at room temperature (in the dark for fluorescent

secondary antibodies) and washed briefly before mounting. For double-labeling using

mouse and rat primary antibodies, CNSs were first incubated with mouse primary

antibody and the appropriate secondary antibody as above, then blocked with anti-

mouse FAB fragments (Sigma) for one hour, and incubated with the rat primary and

secondary antibodies as above.

Male-specific FRU protein was detected by rat antiFRUM antibody (Lee et al.

2000; Manoli and Baker 2004) used at 1:400 in PBS-Tx+10%NGS+0.1% Sodium

Azide. Rabbit anti-3-galactosidase (3gal, 1:10,000, Cappel, Durham, NC) was used to

detect expression from the lacZ gene. Rabbit anti-serotonin (5HT, Sigma) was used at

1:500. Mouse anti-aquorea fluorescent protein (AFP, 1:200, Q-Biogene, Inc.,

Carlsbad, CA) was used to detect and amplify green fluorescent protein (GFP) signal.

Mouse anti-Engrailedllnvected (En, 1:5 or 1:10, Development Studies Hybridoma

Bank, Iowa City, IA) recognizes both En and mv proteins.

All primary antibodies were detected with either fluorescent secondary

antibodies (Molecular Probes) of the appropriate goat IgG conjugated to Alexa-488,

-555, -594, or -647 fluorochromes, or by the appropriate goat IgG conjugated to

horseradish peroxidase (HRP, Jackson ImmunoResearch Laboratories, West Grove,

PA) followed by color reaction with diaminobenzidine (DAB, Sigma).
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Imaging and image analysis. For fluorescent imaging, CNSs were mounted on a

poly-L-lysine (Sigma, St. Louis, MO) -coated coverslip in ProLong solution

(Molecular Probes, Eugene, OR), and fluorescent images were obtained on a Zeiss

51 0-Meta confocal scanning microscope. For bright-field imaging, DAB-reacted

CNSs were mounted on a poly-L-lysine coverslip, dehydrated through an ethanol

series to xylene, and mounted in Permount (Fisher Scientific, Pittsburgh, PA). An

Olympus Vanox-TX microscope with a Sony DKC-5000 digital camera under

differential interference contrast optics was used to capture bright-field images,

subsequently processed for clarity and contrast using PhotoShop 5.0 (version 5.0.2,

Adobe Systems Inc., San Jose, CA). Analysis of neuronal cell counts was made by

Kruskal-Wallis One-Way Analysis of Variance (ANOVA) followed by Multiple

Comparison Procedures, Dunn's Method (SigmaStat, version 2.03, SPSS Inc.,

Chicago, IL).

Fertility assays: Fertility assays were performed using males aged for 3-7 days. In

one assay, males were aged, then housed in food vials with 2-4 virgin wild-type

females. In other assays, males used in courtship and copulation tests (see below)

were subsequently placed in food vials with 1-4 virgin females. To determine the

fertility of specific copulations, mated females were housed individually in food vials

at 29°C. After seven days, vials were scored for the presence or absence of progeny.

Vials in which male andlor female parents died during the seven days were not

counted.

Courtship behavioral assays and data analysis: Virgin wild-type female flies were

collected under light CO2 anesthesia within 12 hours of eclosion and aged for 3-5 days

en masse. Males were collected within 24 hours of eclosion, and aged individually for

4-6 days at 29°C. Behavioral assays were performed between 6 to 10 hours after

Zeitgeber time 0 (lights on). For courtship assays, a female then a male fly was
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aspirated into a 1.0 cm diameter x 0.5 cm high courtship chamber. Courtship of each

male-female pair was video-recorded until copulation occurred or for 10 minutes.

Males expressing thefruTM RNA1 constructs (en-GAL4/UAS-fruMIR males) were

generated from UAS-fruMIR/CyO; UAS-fruMIR females crossed to en-GAL 4 males.

Two types of control males were created: wild-type females were crossed to en-GAL4

males for en-GAL4/+ males or to UAS-fruMIR/CyO; UAS-fruMIR males for UAS-

fruMIR/+,. UAS-fruMIR/+ males. Wild-type males were obtained by crossing wild-type

males and females in parallel with other crosses. The most effective expression of the

RNAi transgene occurred at 29°C, therefore all males for behavioral assays were

reared and aged at 29°C on a 12h L/D cycle.

Five courtship parameters were measured from the 10-minute video recordings

of courtship between individual pairs of one male and one wild-type female. Latency

to courtship initiation (lat Court1) is the interval between the addition of the male and

his first wing extension. The courtship index (CI) is the percentage of time in a given

interval that a male performs any courtship behavior toward the female, such as

orientation, following, wing extension, tapping/licking, and attempted copulation. If a

male copulated, the CI was calculated using up to a three minute courtship interval

directly prior to copulation. If a male did not copulate, the CI was calculated for the

last three minutes of the recording period. Latency to first attempted copulation (lat 1t

COpatt) is the interval between Court1 and the first instance of genital-genital contact.

The number of attempted copulations (# Copatt) was counted from the onset of

courtship through the entire recording period, or until copulation occuned. Some

males copulated on the first attempt. The latency to copulation (lat Cop) was

measured from Court until the flies achieved copulation or until the end of the

recording period if copulation did not occur.

Courtship behavioral data were not normally distributed; thus the raw data

were transformed to either the square root of the raw data (lat Court1 and lat 1st
COpatt)

or by rank order (CI, # COPatt, and lat Cop). For each courtship parameter, the

transformed data were compared by Two-Way ANOVA using the categories "day"
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and "genotype". No difference was found in data collected on different days

(lat Court1, P=O.2 16; CI, P=0.05 1; lat 1St COPatt, P=0.908 # COatt, P=0.900; lat Cop,

P=O.734). No interaction was found between genotype and day for lat Court1

(P=0.140), lat 1St COPatt (P=0.334), # COpatt (P=0.407), or lat Cop (P=0.147). For the

CI, a significant interaction between genotype and day was detected (P=<O.001) for

one genotype of control males; experimental males showed no differences between

days; thus this interaction was most likely a result of strain differences. Based on

these statistical results, we pooled data for each genotype. The differences between

genotypes were analyzed using a Kruskal-Wallis One-Way ANOVA on Ranks on

pooled data (Table 2). The source of significant difference was determined by

Multiple Comparison Procedures (Dunn's Method). One control fly, which never

initiated courtship, was excluded from the analysis. All behavioral statistics were run

using SigmaStat (version 2.03, SPSS Inc.) and graphed using Microsoft Excel.

Copulation behavioral assays: Copulation duration was determined in two different

situations. One, for males that copulated during the courtship assays detailed above,

the duration of copulation was measured (Table 2.2). Two, flies were collected and

aged as above; a female, then a male, were transferred to a courtship chamber, and up

to ten male-female pairs were monitored simultaneously by video recordings for 30

minutes (Fig 2.2). In some experiments, flies from these 30-minute copulation

duration assays were tested again two days later to determine copulation duration and

fertility (Fig 2.2B). In other experiments, male and female flies were dissected

directly following copulation to determine the presence of sperm andlor a mating plug

(Fig 2.2C; Manoli and Baker 2004). Transfer of sperm plug material was analyzed by

dissecting out male and female reproductive tracts within 60 minutes of the end of

copulation and viewing samples under UV light, according to published procedures

(Lung and Wolfner 2001).

For copulation durations measured for males from the courtship behavior

assays, data were rank-transformed and compared by Two-Way ANOVA using
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categories genotype and day. No difference was found between days (P=O.234) or

interactions between genotype and day (P=0.146). Thus, copulation duration data

were pooled for each genotype and analyzed by a Kruskal-Wallis One-Way ANOVA

on Ranks, followed by All Pairwise Multiple Comparison Procedures (Dunn's

Method). The number of males that mated during courtship behavioral tests, as well

as the percentage of males of each genotype that were fertile, were compared by Chi-

squared tests. The number of males that mated was found to be significantly different

between genotypes (P=<O.00l), Chi-square=34.990, 3 degrees of freedom. The

percentage of males that were fertile was also significantly different between

genotypes (P=0.037), Chi-square=8.509, 3 degrees of freedom.

For courtship and copulation tests with en-GAL4/UAS-fruMIR,UAS--GAL4 or

en-GAL4/UAS-fruMIR,Cha-GAL8O males, flies were collected and aged as above; a

female then a male were transferred to a courtship chamber, and up to ten male-female

pairs were monitored simultaneously by video recordings for 30 mm (Table 2.4).

Fertility tests with these males were also performed as above.

RESULTS

A subset of En neurons co-label with FRUM: In order to define a subset of FRUM

neurons, I co-labeled central nervous systems (CNSs) with antibody against Engrailed

(En), a transcription factor with a well-defined expression pattern in the embryo. In

the embryonic CNS, En is expressed in about 32 neurons distributed in the posterior

compartments of each ventral nerve cord (VNC) and subesophageal ganglion (SOG)

segment (Siegler and Jia 1999). In the brain, four groups of up to 15 cells are found in

the protocerebrum although brain expression fades to just a few cells by the end of

embryogenesis (Schmidt-Ott and Technau 1992).

The adult pattern of En neurons and its relationship to the embryonic pattern

have not been previously described. In the adult CNS, En is expressed in three

anterior, bilaterally-symmetric groups in the brain in the dorsolateral, mediolateral,
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Fig. 2.1 FRUM and En are co-expressed in a subset of neurons throughout
development. The expression patterns of FRUM and En were analyzed by
immunohistochemistry using antiFRUM (green) and anti-En (magenta) in early pupae
through adults and the number of co-expressing neurons counted. (A-B) In 50 hr APF
pupae, FRUM (A) and En (B) are expressed throughout the brain and ventral nerve
cord. (C) Schematic ofFRUM/En co-expression. Pink circles represent En-only
neurons, white circles represent FRUM/En neurons. Area highlighted in D-F is
diagrammed in box 1. Area highlighted in G-I is diagrammed in box 2. Images
shown at 27 hr APF (D, G), 50 hr APF (E, H), and in adult (F, I). (D-F) In the
anterior mediolateral brain, FRUM/En are co-expressed (arrowheads) in neurons from
early pupal stages to adult. (G-I) In the VNC, FRUM/En are co-expressed
(arrowheads) in midline neurons of Ti and medial neurons in Ti -T3 from early pupal
stages to adult. Total numbers of neurons that co-express FRUM/En in each region are
noted at the bottom of the figure in panel J, average ± standard error (n=8 brain, n=5
VNC). Images are confocal z-stacks through the entire CNS (A, B) or stacks of a
subset of z-slices (D-I). APFafter pupal formation, Br=brain, mid=midline,
AbG=abdominal ganglion, VNC=ventral nerve cord. Size bar = 100 jim in A and B,
20 jim in D-I.
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and ventrolateral supraesophageal ganglion, as well as in 4-5 neurons laterally near the

optic lobes and a small number of neurons in the SOG (Fig. 2.1). In the VNC, En

expression is found in three main ventral-posterior groups in the pro-, meta-, and

mesothoracic (Ti, T2 and T3) ganglia, as well as in neurons of the abdominal

ganglion (AbG, Fig. 2.1). I have confirmed the En pattern directly by anti-En

antibody, and indirectly using an en-GAL4 construct to drive expression of both

nuclear and membrane-bound GFP (UAS-GFP-lacZN and UAS-mcd8: GFP,

respectively). In all cases, the en driver expresses solely within all En cells. Sheath

glia that provide the blood-nerve barrier around the CNS (Auld et al. 1995) also

expressed En.

To better understand the relationship between the embryonic and adult

expression patterns for En and how these patterns change as the animal ages, I counted

the numbers of En neurons in two regions, the anterior mediolateral brain and the

ventral portion of Ti, that are easily identifiable through development and that

co-express FRUM during pupal and adult stages (Lee et al. 2000; Ryner et al. 1996).

By the second larval instar, there were roughly 11 neurons per side in the anterior

mediolateral brain and 23 in Ti; these numbers rose to 24 and 44 neurons in third

instar larvae (data not shown). In the adult, the number of neurons greatly increased to

about 45 En neurons per side in the anterior mediolateral brain and 120 En neurons in

Ti, all of which were present by 28 hr after pupal formation (APF, Table 2.1). During

development, subgroups of En neurons could be distinguished within each region as

closely adjoining clusters of cells surrounded by a sheath, indicating that En neurons

within each region of the CNS are likely from more than one neuronal progenitor cell

lineage (data not shown). The regions of En expression were consistent between

embryo and adult, although the pattern became less distinct as the CNS condensed

during embryogenesis and metamorphosis.

To define the developmental co-expression of FRUM in En neurons, I

examined CNSs co-labeled with antiFRUM and anti-En antibodies and identified four

sets of En neurons in which FRUM is co-expressed. In the brain, FRUM begins to be
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Table 2.1
Total number of En cells in the medial anterior brain and prothoracic ganglion

by genotype.

Medial brain (Med Br) First thoracic ganglion (Ti)
Genotype 28 hr APF 50 hr APF Adult 28 hr APF 50 hr APF Adult

WTmale 47.2±2.1 46.2±2.2 48.4±2.0 107.8±3.5 118.8±3.9 110.7±7.1

(n=16) (n=9) (n=14) (n=10) (n=10) (n=10)

WTfemale 48.4±1.3 35.2±3.9a 50.7±2.3 111.2±3.2 117.6±3.1 94.5±5.3

(n=19) (n10) (n=l0) (n10) (n=10) (n=10)

fru male 44.5±1.6 47.2±2.5 42.2±2.0 132.2±4.9" 114.9±3.3 89.3±7.3

(n=10) (n=6) (n=13) (n=5) (n=10) (n=10)

fru female 47.5±2.5 36.5±5.0 40.8±1.6 121.2±3.2 105.1±3.7 103.0±7.2

(n=8) (n=4) (n=13) (n=5) (n=7) (n=l0)

All data are reported as average ± standard error. Thefru genotype
The number of regions that were counted (n) is given in parentheses under each value.
aStatistically significant difference from WT 28 hr male, WT 28 hr female, fru 28 hr
female, WT adult male and WT adult female medial brain (P=<O.001). bStatistically
significant difference from WT adult female andfru adult male Ti (P=<O.00i).
APF=after pupal formation.
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expressed at 8 hr after pupal formation (APF) in 10 of 46 neurons in the anterior

mediolateral En group (FRUM/EnBr neurons). In Ti, FRUM expression begins at 8 hr

APF, in a midline group of 14 neurons (FRUM/EnT1midline), which are likely

progeny of the median neuroblast (Truman et al. 2004). At the stages for which I

could detect FRUM expression, this midline cluster is part of the much larger En group

of approximately 120 neurons in Ti, representing multiple en-positive lineages

(Truman et al. 2004). Slightly later in development, at 12 hr APF, FRUM expression

begins in four medial En neurons in each thoracic ganglion (FRUM/EnT1, T2, T3

medial) and in 8-12 En neurons of the abdominal ganglion (FRUM/EnAbG, Fig. 2.1).

In all groups, these FRUM/En neurons are detected throughout the remainder of

metamorphosis into adult stages (Fig. 2.1). By examining CNSs from En reporter

lines en°25-!acZ and inva2'lacZ, labeled for FRUM and 3-gal, I found that all

FRUM/En neurons express both En, and the closely related mv proteins (Coleman et

al. 1987; Gustayson etal. 1996), at all developmental stages (data not shown).

Outside the CNS, en-GAL4 expresses in the posterior epidermis of each abdominal

segment, two direct flight muscles, the posterior compartment epithelia of imaginal

discs and their adult derivatives, including the genitalia, and sensory neurons derived

from the epithelia of the antenna, legs, and genitalia (data not shown). I dissected

pupal and adult males expressing nuclear or membrane-bound GFP under the control

of the en-GAL4 driver and labeled for both En and FRUM proteins by antibody; no

overlap of FRUM and En outside the CNS was observed (data not shown).

I have confirmed co-expression of FRU1 and En by using afruPl-GAL4

driver (Manoli et al. 2005) to express membrane-bound GFP and subsequently

co-labeling adult CNSs with anti-En antibody. Interestingly,fruPl-GAL4 is expressed

in more cells than can detected by antiFRUM antibody. In the same regions already

identified by co-expressed anti-FRUTM and anti-En antibodies, I found fruPl-GAL4 and

En co-expressed in 10-19 neurons in each medial anterior brain hemisphere, 16-24

neuron at the Ti midline, 4 medial neurons in each thoracic segment, and 12-19

neurons in the AbG; this adds an extra 34-38fruPl-GAL4IEn neurons to the





co-expression pattern (Fig. 2.2A-C). Besides these previously identified regions, I

detectedfruPl-GAL4/En neurons in a few additional regions. These included 8-16

neurons in each ventral anterior brain hemisphere, 8-10 neurons in the SOG, 2-4

neurons per side ventrolaterally in each thoracic segment, and 15-20 neurons at the

midline in both T2 and T3. Thus, byfruPl-GAL4 there are a total of approximately

160 neurons that co-express En, including the original set of 53 that co-express anti-

FRUM and anti-En antibodies.

Regions in which there were neurons that co-expressedfruPl-GAL4 and En in

males were also found to have an equal number of co-expressing neurons in females

andfru mutants; neurons in females andfru males had similar morphology and were

in similar locations as in wild-type males (Fig. 2.2D-F, data not shown). ThefruPl-

GAL4IEn co-expressing neurons in females andfru mutant males included

homologues of the neurons marked by FRUM antibody as well as the additional fruPl-

GAL4 co-expressing neurons. The additional neurons that are marked byfruPl-GAL4

but not FRUM antibody may be neurons that express FRUM at very low levels that are

not detectable by antibody. Alternatively, neurons that are marked byfruPl-GAL4 but

not FRUM antibody may represent expression of thefru driver in neurons in which

endogenous FRUM is expressed only at specific developmental time points. I chose to

focus on the set of 53 neurons marked by En and FRUM antibody since those neurons

can be reliably detected and followed in animals in which other GAL4 driver

constructs are used.

Expression offruMRNAi leads to the selective reduction of FRUM expression in
FRUM/En neurons: To selectively reduce FRUM expression in just the FRUM/En

neurons, I used the en-GAL4 driver to direct expression of afruMinhibitory RNA

transgene construct (UAS-fruMIR; Manoli and Baker 2004). In males raised at 29°C in

which en-GAL4 drives expression of two UAS-fruMIR transgenes (en-GAL4/UAS-

fruMIR males), FRUM expression was reduced to very low levels in FRUM/En neurons.

The relative reduction ofFRUM protein in individual neurons was determined by
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analysis of single confocal images of CNSs from 2-3 day adults stained by the anti-

FRUM antibody. The pixel intensity of the FRUM label in individual FRUM/En

neurons was compared to label of neighboring FRUMonly neurons for each group of

brain, midline, medial, and abdominal FRUM/En neurons. The neighboring FRUM

only neurons are identifiable in each animal and thus can be used as a point of

reference. In wild-type males, FRUM/En neurons have lower levels of FRUM

expression compared to the FRUM neighbor reference neurons, therefore the ratio of

pixel intensity is a number less than one. The ratio of FRUM/Enneuron:FRUMneuron

pixel intensity was calculated for FRUM/EnBr, -Timidline, -Ti, -T2, -13 medial and

-AbG neurons. For en-GAL4/UAS-fruMIR males, the FRUM/En neuron in each group

with the greatest remaining FRUM expression was compared to the reference FRUM

only neuron (Fig. 2.3 C'-D') and the relative pixel intensity was calculated.

By comparing the ratio found in each group of neurons between wild-type and

the en-GAL4/UAS-fruMIR males, I estimated that FRUM expression is reduced in

en-GAL4/UAS-fruMIR males by an average of 86% in the brain; in the midline, medial,

and abdominal En neurons, FRUM is reduced by an average of at least 81%, 77%, and

77%, respectively (Fig. 2.3). This reduction is statistically significant in all regions

(P=<0.00i for Br, Ti-midline, and Ti- T2- 13-medial neurons, P=<0.005 for AbG

neurons; paired t-tests on arcsine transformations of ratios, normalized to 1.00 for WT

CNS regions). En expression begins embryonically and persists in the adult in all
FRUM/En groups; thus En expression encompasses the period of FRUM expression,

from late larvae through adult. Hence, in transgenic males the UAS-fruMIR construct

will have been driven prior to the onset of FRUM expression and UAS-fruMIR

expression will continue into adulthood, suggesting that FRUM/En neurons have

reduced FRUM expression throughout development.

FRUM is necessary in En neurons for normal male copulation behavior: In order

to determine whether removing FRUM from En neurons caused a reproductive defect,

I first tested en-GAL4/UAS-fruMIR males for fertility by pairing individual males with



Table 2.2
Courtship and copulation phenotypes of males expressing a FRUM inhibitory RNA transgene compared to control

males.

Genotype Lat. Court1 CI Lat. 15t
C0patt # Cop Lat. Cop. # males mated Cop. duration* Fertility*

WT 33.1±3.3sec 0.83±0.02 149.4±26.5 sec 1.5±0.6 239.2±34.7 sec 24 (96%) 16.7±0.6 mm 100%

(n25) (n=18) (n=8)

en-GAL4I+ 64.7±9.2sec 0.76±0.04 102.5±18.9 sec 1.0±0.3 146.5±18.8 sec 29 (100%) 16.5±0.7 mm 89%

(n=29) (n20) (n19)

UAS-fruMIRI+ 42.5±7.4sec 0.76±0.04 65.3±15.2 sec 0.9±0.2 124.6±22.8 sec 28 (100%) 17.1±0.7 mm 86%

(n=28) (n=22) (n=14)

en-GAL4/UAS-fruMIR 45.9±4.9sec o.88±0.02a 181.0±19.5 secb 11.5±2.2c 468.1±34.7 secc 16(57%)c 10.9±1.5 minc

(n=28) (n=13) (n=23)

All data are reported as average ± standard error. Lat.=latency, CI=courtship index, att.=attempted, Cop.=copulation,
sec=seconds, min=minutes. *A subset of males tested for courtship behaviors were analyzed for copulation duration and
fertility (n, given in parentheses under the copulation duration and percentages fertile). The numbers of males (n) tested for
Lat. Courtm, CI, Lat. 1st COpatt, # COpatt, Lat. Cop, and # males mated are given in parentheses under each genotype.
aStatistically significant difference from genotype en-GAL4/+ (P=O.019). bStatistically significant difference from genotypes
en-GAL4/+ and UAS-fruMIR/+ (P<O.001). eStatistically significant difference from all other genotypes (P=<O.001).
dStatistically significant difference from all other genotypes (P=<O.037).
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2-3 virgin females for one week. In these fertility tests, only 60% (n=20) of

en-GAL4/UAS-fruMIR males were fertile; by comparison, 85% of wild-type males

(n20), 83% of en-GAL4/+ males (n=18), and 90% of UAS-fruMJR/+ males (n=20)

were fertile. To determine whether en-GAL4/UAS-fruMIR males were sterile due to

defects in courtship andlor copulation behavior, males were paired with mature virgin

females and video-recorded for 10 minutes. All males exhibited courtship behaviors,

including orientation to and following the female, extending and vibrating their wing,

proboscis extension, and tapping. The en-GAL4/UAS-fru'IR males took an average of

468 seconds, or nearly 8 minutes, to achieve copulation. However, for control males

the latency to copulation (lat Cop) ranged between 125-23 9 seconds, or 2-4 minutes,

depending on genotype (Table 2.2). Thus, the en-GAL4/UAS-fruMIR males have a two

to four times longer latency to copulation compared with controls.

To determine the stages of courtship andlor copulation responsible for the

longer copulation latency of en-GAL4/UAS-fruMIR males, I analyzed four other

courtship parameters from these video recordings (Table 2.2). The latency to

courtship initiation (lat Court1) by en-GAL4/UAS-fruMIR males was not different

compared to controls (Table 2, P=0.265). The courtship index (CI), the percentage of

time spent courting, by en-GAL4/UAS-fruMIR males was 88%, a level that is similar to

or exceeds the CIs calculated for all control males, indicating that en-GAL4/UAS-

fruMIR males perform robust courtship. The first significant difference detected was a

longer latency to the first attempted copulation (lat 1st Copatt); for en-GAL4/UAS-

fruMiR males, the latency to the first attempted copulation averaged 181 seconds (3

minutes) compared with an average of 103 seconds for en-GAL/+ males, 65 seconds

for UAS-fruTMIRI+ males, and 149 seconds (2.5 minutes) for wile-type males.

However, the one- to two-minute delay to the first attempted copulation only accounts

for a portion of the longer latency to copulation for en-GAL4/UAS-fruMIR males

(Table 2.2).

From this analysis, I inferred that the longer latency to copulation for

en-GAL4/UAS-fruMIR males was due largely to a longer interval between the first
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copulation attempt and achieving copulation. en-GAL4/UAS-fruMIR males made on

average 12 copulation attempts, with 21% of en-GAL4/UAS-fruMJR males making over

20 attempts at copulation. At the extreme, one male of this genotype made 37

attempts in less than 10 minutes. By comparison, 94% of control males made no more

than three attempts at copulation (Table 2.2). During this 10-minute recording period,

nearly all control males achieved copulation; however, only 39% (11/28) of the

en-GAL4/UAS-fruMIR males mated in this same period, with another five males

copulating in the chambers after video recording had ceased (Table 2.2).

h-i the course of these courtship/copulation experiments, I discovered that

enGAL4/UASfru1WIR males copulated for overall shorter durations than control males

(Table 2.2). The average copulation duration for control males was 16-17 minutes, in

agreement with previously published copulation durations (Lee et al. 2001), while

en-GAL4/UAS-fruMIR males copulated on average for 11 minutes (Table 2.2).

Twenty-three of the en-GAL4/UAS-fruMIR males were subsequently transferred to

food vials with 2-3 virgin females to establish their fertility. Fourteen of 23 males

were fertile (61%). Of these fertile males, only nine had been observed mating during

the 10 minutes. Another four males were observed mating but were sterile even when

given subsequent free access to virgin females; these sterile males had the shortest

recorded copulation durations, ranging from 2-10 minutes. Thus, these data suggest

that the sterility of en-GAL4/UAS-fruMIR males was due either to failure to copulate,

or to an inability to copulate long enough to transfer sperm, seminal fluids, or both to

the female (Lung and Wolfner 2001).

To examine more clearly the extent of copulation defects for en-GAL4/UAS-

fruMiR males, the copulation durations of males were measured in a separate set of

experiments (Fig 2.4A-C). Control and en-GAL4/UAS-fruMIR males were paired

individually with mature virgin females and allowed 30 minutes to copulate. In these

copulation experiments, as in courtship assays, a large percentage (42-55% depending

on the experiment, see Fig. 2.4 legend) of en-GAL4/UAS-fruMIR males failed to mate.

The en-GAL4/UAS-fruMIR males that mated had a wide range of copulation durations,
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Fig. 2.4 en-GAL4/UAS-fruMIR males have abnormal copulation durations.
en-GAL4/UAS-fruMIR males had variable copulation durations and often failed to
transfer sperm and mating plug material, resulting in sterility. (A) Scatter plot of
copulation duration of control and experimental males mated to wild-type females,
points indicate copulation duration for individual males, color scheme and average
copulation durations by genotype are as follows: WT, dark blue diamonds, 16.3±0.6
mm; en-GAL4/+, light blue diamonds, 15.7±0.4 mm; UAS-fruMIRI+, green diamonds,
18.3±0.7 mm; en-GAL4/UAS-fruMIR, pink triangles, 15.2±2.2 mm. (B) Copulation
duration was measured for the same male on two consecutive days, each with a fresh
wild-type female. Trend lines for Day 1 versus Day 2 durations show that Day I
copulation duration does not predict Day 2 copulation duration: control genotypes
grouped, R2=0.006, en-GAL4/UAS-fruMIR males R2=0.137; individual genotype
correlations as follows: WT, R2=0.0004; en-GAL4/+, R2=0.037; UAS-fruMIR/+,
R2=0.5. The average copulation duration was the same for controls on both days; WT,
16.2±0.8 mm, 15.3±0.8 mm; en-GAL4I+, 17.2±0.7 mm, 17.0±0.5 mm; UAS-fruMIR 1+,
16.0±0.6 mm, 16.4±0.7 mm. Copulation durations for en-GAL4/UAS-fruMIR males
were different, 11.0±2.5 mm, 4.2±1.6 mm; four en-GAL4/UAS-fruMIR males did not
mate on either day. Filled symbols indicate that the copulation was fertile. Color
scheme as in Fig. 2.4A. (C) Copulation duration was measured in relation to transfer
of sperm and mating plug. WT (blue diamonds, n=32) and en-GAL4/UAS-fruMIR pink
triangles, n=38) males were used for this experiment; all males that copulated are
shown on the graph. In this test, 84% of WT males mated with average copulation
duration of 16.5±0.5 minutes, compared to only 55% of en-GAL4/UAS-fruMlR males
that mated, with an average duration of 7.5±0.9 minutes. Males that transferred sperm
along with a mating plug are shown as filled symbols (both genotypes). In the case of
en-GAL4/UAS-fruMIR males, those that transferred a mating plug, but no sperm are
shown as open symbols and those that did not transfer sperm or a mating plug are
shown as white symbols.
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from around five minutes to a maximum of 27 minutes, whereas control males had

more uniform copulation durations (Fig. 2.4A).

To determine whether males had consistent copulation durations, and whether

there was a correlation between copulation durations from the same male, a second set

of copulation experiments was performed. Individual control and en-GAL4/UAS-

fruMIR males were paired with single mature virgin females on two consecutive days

(Fig. 2.4B). The average duration of copulation for control males was the same on

both days, an average of around 16 minutes. In contrast, the average copulation

duration for en-GAL4/UAS-fruMIR males was 11.0±2.5 and 4.2±1.6 minutes, on Day 1

and Day 2, respectively. Of the 14 en-GAL4/UAS-fruMIR males, three mated on both

days, seven mated on only one day and four did not mate; all control males mated on

both days. Taken together, these data suggest that a male's success or failure in

mating one day is not indicative of his success or failure in mating on a second day,

for either en-GAL4/UAS-fruMIR males or controls (Fig. 2.4B legend). To determine if

there is a relationship between copulation duration and fertility, females from these

matings were transferred singly to food vials (Fig. 2.4B). Matings by control males

(n=20), with durations ranging from 12 to 21 minutes, were largely fertile. Only two

matings by control males resulted in females that did not produce offspring, and both

of these males had fertile matings on the second day. Of the females that mated with

en-GAL4/UAS-fruMIR males (Day I n=8, Day 2 n=4), only two produced offspring;

these males had copulation durations of 16 and 20 minutes.

The transfer of sperm to the female begins seven to 10 minutes after the

initiation of copulation (Lung and Wolfner 2001). I dissected the reproductive tracts

of females that mated, but did not produce offspring (n=10), and found that no sperm

was present (data not shown). For sterile en-GAL4/UAS-fruMIR matings, the durations

fell into two groups. Three males had durations in the control range (11, 15, and 17

minutes); four had very short durations, but no sperm was transferred in either case to

females.



50

In the third set of copulation duration experiments, the ability of

en-GAL4/UAS-fruMIR males to transfer sperm plug material to the female was

examined, since this material is transferred prior to sperm and later becomes the solid

plug (Lung and Wolfner 2001). Reproductive tracts from males and females were

removed within 60 minutes after copulation and viewed by fluorescent and differential

interference contrast (DIC) light microscopy to determine the presence of mating plug

material and sperm, respectively (Fig. 2.4C). Control males always transferred both

the sperm plug and sperm to the female in copulations that ranged from 12 to 25

minutes. en-GAL4/UAS-fruMIR males with copulations of three minutes or less did not

transfer either sperm or sperm plug material. The first sperm plug material was

transferred with copulations of around 4-5 minutes and sperm was only transferred

with copulation of at least 12 minutes, in agreement with the timeline of substance

transfer for wild-type copulations (Lung and Wolfner 2001).

If both the fertility and substance transfer data are considered, 30% of

en-GAL4/UAS-fruMIR males that mated with wild-type durations (>12 minutes, n=10)

did not transfer sperm, even though these en-GAL4/UAS-fruMIR males produced wild-

type levels of sperm plug material and motile sperm (data not shown). These findings

suggest that these mutant males may have a slight delay in the timing of sperm and

mating plug material transfer compared with controls, but if the copulation had a long

enough duration both sperm and sperm plug material were transferred. Post-mating
sterility of certain fruitless mutants has been linked to defects in a group of

serotonergic neurons in the dorsal posterior abdominal ganglion, which are either

missing or fail to express serotonin in females andfru mutants (Lee and Hall 2001;

Lee et al. 2001). Tn a wild-type male, these serotonergic neurons send projections

down the main abdominal nerve to form terminal arbors on the accessory glands,

testicular ducts, seminal vesicles, vas deferens, and anterior ejaculatory duct (Lee et

al. 2001). To determine whether the sterility of en-GAL4/UAS-fruMIR males might be

due to loss of this serotonergic innervation, I dissected reproductive tracts and labeled

with anti-serotonin. In en-GAL4/UAS-fruMIR males, the serotonergic nerve terminals





Table 2.3
Activity of en-GAL4/UAS-fruMIR males compared to controls.
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Genotype Animal # Ave. # of line crossings per animal Average per genotype

en-GA L4/+

UAS-fruMIR/+

en-GA L4/UAS-fruMIR

I

2

3

4

5

6

7

8

1

2

3

4

2

3

4

5

6

7

8

12.7

17.4

13.8

13.1

16.1

25.5

10.8

12.0

9.8

18.0

13.3

12.9

14.9

16.1

17.0

19.3

13.5

21.7

27,7

20.4

12.6

15.1

23.6

15.2

15.2±1.6

15.2± 1.1

18.7±1.9

Males were loaded individually into tubes and the number of times each male crossed
a laser line was counted every 30 minutes for 12 days. For the first five days, males
were kept on a 12:12 hr L/D cycle and in constant darkness for the remaining seven
days; the males were maintained at 29°C for the duration of the experiment. The
number of line crossings within each 30 minute period was averaged over the 12 days
for each male. In the far right-hand column, averages for each genotype are shown.
Values are average ± standard error. There is no statistical difference between
genotypes for average line crossing (P=0.214, One-way ANOVA).
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were present and appeared to be at wild-type levels on the same set of reproductive

structures (Fig. 2.5). Therefore the presence of serotonergic innervation on the male

internal reproductive organs may be necessary for successful copulation, but is not

sufficient.
To rule out the possibility that low general activity or somephysical defect

caused the copulation phenotypes ofen-GAL4/UAS-fruMIR males, I compared

locomotor activity levels and anatomy of external male genitalia between mutant

males and controls. I found no differences in overall activity of en-GAL4/UAS-fruMIR

compared to control males (Table 2.3). In addition en-GAL4/UAS-fruMIR perform

courtship as robustly as control males (CI, Table 2.2), thus it is unlikely that reduced

locomotion accounts for the lower copulation success of en-GAL4/UAS-fruMIR males.

Further, I examined the external and internal genital cuticular structures and

abdominal-genital musculature of control and en-GAL4/UAS-fruMIR males, and found

no differences in morphology, including structure of the Muscle of Lawrence (MOL),

a male-specific dorsal abdominal muscle that is missing infru mutant males (data not

shown).

Since males must be raised and maintained at 29° C for the UAS-fruMIR to be

effective, a type of temperature-sensitivity experiment could potentially address

whether FRUM is important in En neurons developmentally, in maintainingadult

neurons, or both. In this experiment, en-GAL4/UAS-fruMIR males are either raised at

25° C (analogous to the permissive temperature), then switched to 29° C (the

restrictive temperature), or vice versa, with FRUM expression depleted at 29° C and

restoredlmaintained at 25° C. In practice, however, this experiment is technically

challenging, since 1) FRUM expression took up to several days to be restored and 2)

FRUM was not found to be fully depleted when males were raised at 25° C and later

switched to 29° C, possibly due to weaker driving capability of the en-GAL4 in adult

stages. However, I did find that en-GAL4/UAS-fruMIR males do not have courtship or

copulation phenotypes when raised at 25° C, serving as a control for genetic

background effects.
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Although I found no overlap ofFRUM and En expression outside the CNS, I

wanted to address the possibility that the copulation phenotypes could be due to

disruption of peripheral nervous system function. I used males with a Cha-GAL8O

transgene as well as en-GAL4 and UAS-fruMIR. The Cha-GAL8O construct represses

GAL4 activity in cholinergic neurons, which includes all primary sensory neurons

(Barber et al. 1989), such that the UAS-fruMIR is not transcribed in the periphery of

these males. I paired en-GAL4/UAS-fruMIR,Cha-GAL8O males individually with wild-

type virgin females and examined courtship and copulation (see materials and

methods). These males did not have courtship defects (data not shown), but did have

abnormalities in copulation, similar to en-GAL4/UAS-fruMIR males (Table 2.4). This

indicates that the copulation phenotypes ofen-GAL4/UAS-fruMIR males are not due to

UAS-fruMIR expression in the peripheral nervous system.

I also wanted to determine if further reduction ofFRUM in the En neurons

would result in exacerbated copulation phenotypes and whether new phenotypes

would become apparent. To further reduce FRUM expression, I enhanced levels of the

UAS-fruMIR transgene by addition of a UAS-GAL4 construct that provides positive

feedback for GAL4. en-GAL4IUAS-fruMIR, UAS-GAL4 males did not have additional

phenotypes, but did exhibit more severe copulation defects (Table 2.4). I used three

independent recombinations of the UAS-GAL4 transgene into the UAS-fruMIR

background, as well as an en-GAL4 driver that had been backcrossed (see materials

and methods). Males in which UAS-GAL4 was used to drive the UAS-fruMIR

construct had lower copulation success, as fewer males mated and they had shorter

copulation durations. Thus, few of these males were fertile (Table 2.4).

This suggested that the further FRUM is reduced, the more severe the copulation

phenotype, and that I have detected the full range of phenotypes caused by loss of

FRUM in En neurons. Importantly, in en-GAL4/UAS-fruMIR, UAS-GAL4 males, which

have significantly different genetic background from the original en-GAL4/UAS-

fruMIR males, the best case scenario of males tested were those that had phenotypes

similar to the en-GAL4/UAS-fruMIR males. This indicated that the copulation defects



Table 2.4
en-GAL4/UAS-fruMIR males exhibit the full range of phenotypes from FRUM

depletion in En cells.

Genotype Percent mated Ave. cop. dur. Percent fertile

WT 71%(n=7) 16.6±2.1(n7) 88%(n16)

en-GAL4/UAS-fruMIR 57% (n=28) 10.9±1.5 (n13) 61% (n=23)
(original genotype)

en-GAL4/UAS-fruMIR, Cha-GAL8O 33% (n=6) 27.5±10.6 (n=2) 40% (n=15)

en-GAL4/UAS-fruMJR, UAS-GAL4 I 0 (n=9) N/A 19% (n=16)

en-GAL4/UAS-fruMIR, UAS-GAL4 II 14% (n7) 2.0 (n=l) 25% (n16)

en-GAL4/UAS-fruMIR, UAS-GAL4 III 50% (n=6) 6.7±3.8 (n=3) 59% (n17)

All data are reported as average ± standard error. The number of males that were
examined (n) is given in parentheses after each value. N/A = not applicable.
Ave.=average, cop.=copulation, dur.=duration, copulation duration given in minutes.
All males were raised and maintained at 29°C. The data for en-GAL4/UAS-fruMIR are
repeated from Table 2.2 for comparison. Males for these tests had the en-GAL4
chromosome backcrossed into a w background for four generations, and the UAS-

fruMIR chromosomes recombined with either Cha-GAL8O or UAS-GAL4. Cha-GAL8O
was used to derepress any FRUM reduction in peripheral En neurons. UAS-GAL4 was
used to increase UAS-fruMIR expression, three separate recombinant lines were used,
denoted I, II, and 111.
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in en-GAL4/UAS-fruMIR males are due specifically to depletion of FRUM, and not to

genetic background effects. Together, these results point to a cause originating within

the CNS for the en-GAL4/UAS-fruMIR males' specific defect in the ability to initiate

and maintain copulation.

DISCUSSION

The relationship of FRUM expression to En neuronal lineages: FRUM and En are

co-expressed by antibody labeling in roughly 53 neurons, 10 in each hemisphere of the

anterior medial brain, 14 at the prothoracic midline (Ti), up to 4 medially in each

thoracic segment (Ti, T2, and T3), and 9 in the abdominal ganglion (AbG). Using the

fruP 1 -GAL4 to drive expression of a reporter, homologues of these neurons are

present in females andfru mutant males (also see Chapter 3). Clusters of neighboring

En neurons are likely progeny from the same neural precursor cell lineage. In the

embryonic ventral nerve cord (VNC), Engrailed (En) is expressed in eight neuroblasts

(NBs), including the median neuroblast (MNB), NB1-2, 6-1, 6-2, 7-1, 7-2, 7-3, and

7-4 (Bossing etal. 1996b; Schmid, Chiba and Doe 1999). A subset of embryonic NB

begin a second round of divisions post-embryonically, of which there are seven that

are En positive, NB lineages 0, 1, 3, ii, 12, 19, and 23. Only five of these post-

embryonic lineages have been identified as belonging to a specific embryonic NB;

lineage 0 (MNB), lineage 1 (NB 1-2), lineage 12 (NB 6-1), lineage 3 (NB 7-1), and

lineage 19 (NB 7-4; Truman etal. 2004). By their position, FRUM/EnT1 midline

neurons are almost surely progeny of the MNB, but for other FRUM/En groups, the

lineal relationships remain to be determined. In the brain, much less is known about

the neuronal lineages but based on characterization of NB lineages of the embryonic

brain (Urbach et al. 2003; Urbach and Technau 2003a; Urbach and Technau 2003b;

Younossi-Hartenstein et al. 1996) and descriptions of the axonal trajectories in the

larval brain (Dumstrei et al. 2003), the three anterior brain En groups (dorsal, medial,

ventral) likely lie at the boundary between the dorsal and ventral protocerebrum and
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between the proto- and deutocerebrum. FRUM/EnBr, FRUM/EnT1 midline, and

FRUM/Enabdominal ganglion (AbG) neurons are all small cells, likely to be post-

embryonic intraganglionic interneurons, consistent with the idea that they participate

in local circuits. FRUM/EnT1, T2, T3 medial neurons are larger and may be part of

interganglionic interneuronal circuits (Siegler and Pankhaniya 1997).

The pattern of En expression in the CNS is segmentally-repeated, however

only in a fraction of segments is anti-FRUTM co-expressed in En neurons. For example,

in the medial brain but not dorsal or ventral brain En groups, and midline in the

prothoracic ganglion (Ti) but not meta- or mesothoracic ganglia (T2 or T3) midline

neurons. In the embryo, the subesophageal (SOG), Ti, T2 and T3 En groups are

considered to be the homologues of the segmentally-repeated AbG pattern (Bossing et

al. 1996b; Schmid, Chiba and Doe 1999). At present it is not known why FRUM

expression by antibody is only found in some homologous En groups, but based on the

segment-specific expression it is possible that expression of homeotic genes of the

bithorax complex may regulate the initiation of FRUM expression in these lineages

(Hirth et al. 1998; White and Wilcox 1984). It is also possible that there are

homologues of FRUM/En neurons in each segment but that these neurons have lower

levels of FRUM, too low to be detectable by FRUM antibody, due to either post-

translational modification of FRUM andlor cell-specific differences in FRUM turn-over.

The fact thatfruPl-GAL4 drives in additional locations not seen using antiFRUM

antibody in consistent with this idea. A difference in the level of FRUM expression

may be related to the importance of its function in different neurons.

en-GAL4/UAS-fruMIR males have specific defects in initiation and maintenance of

copulation: I have reduced FRUM expression in all En neurons and thus affected a

collective group of at least 50 FRUM interneurons, as identified by antibody,

distributed through the brain, thoracic, and abdominal ganglia. en-GAL4/UAS-fruMIR

males have no detectable physical defects and are as active as controls. However,

these males exhibit deficits in copulation but not courtship behavior. This conclusion
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is based on my finding that enGAL4/UASfru1WIR males perform robust courtship, yet

make many copulation attempts without copulation success. en-GAL4/UAS-fruMlR

males that do copulate most often have short copulation durations; in 76% of cases the

short copulations result in a failure to transfer sperm and mating plug material to the

female (Fig. 2.4C).
The first behavioral difficulty I detected occurs in en-GAL4/UAS-fruMIR male

courtship at the transition between the end of courtship and successful copulation. For

example, en-GAL4/UAS-fruMIR males attempt copulation quite well, but are frequently

not able to switch from attempting to initiating copulation. This transition could be

regulated by FRUM/En neurons in either the abdominal ganglion or the thoracic

ganglia, or both. During mating, males coordinate the movement of legs and

abdominal bending, regulating contraction or relaxation of multiple abdominal and

thoracic muscle groups, such that a male first makes genital contact and subsequently

transitions to a stable position on the female. FRUM/En neurons are interneurons,

since their processes do not leave the central nervous system (CNS). These

interneurons could belong to one or more classes of interneurons: sensory interneurons

processing incoming primary sensory information, pre-motor intemeurons that

contribute to the activity of motorneurons affecting copulationbehavior,

neurosecretory cells that modulate the activity of other neurons via release of

neurochemicals, or neurons forming part of a descending control pathway in which

higher centers in the CNS influence the function of neurons in the thoracic and

abdominal ganglia. I do not know exactly how the FRUM/En neurons are involved in

the circuits that govern copulation behavior, but based on the location of FRUM/En

neurons, I postulate that FRUM/EnAbG neurons may regulate abdominal muscle

control, for example the movement of the claspers of the genitalia or positioning of the

aedegus, or both. I expect that interneurons in the prothoracic ganglion coordinate the

movement of the legs and/or wings. The FRUM/En neurons in the brain are small and

are putative local circuit interneurons, in that they do not seem to connect directly to

the VNC, and are not as likely to be involved in copulatory behavior since they are
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found in regions deemed necessary for male courtship but not copulation behavior

(Hall 1977; Hall 1979). However, I cannot rule out a role in copulation behavior for

FRUM/EnBr neurons.

en-GAL4/UAS-fruMIR males have mutant phenotypes similar to otherfru

mutants: I have shown that FRUM is necessary in FRUM/En neurons in order for

males to reliably initiate and maintain copulation. Specific defects in copulation

behaviors have been previously attributed to the loss of FRUM function that occurs in

certain hypomorphicfru mutants. Some of these mutants have phenotypes that are

more severe than en-GAL4/UAS-fruMIR males; for examplefru',fru3, andfru4

homozygous mutant males never attempt copulation and also fail to produce, or have

abnormalities in, the courtship song (Villella et al. 1997; Wheeler et al. 1989). Some

fru males, for examplefru' homozygotes, perform male-male courtship, a phenotype

that is not present in en-GAL4/UAS-fruMIR males. Otherfru mutant combinations,

however, generate males with behavioral phenotypes that are similar to

en-GAL4/UAS-fruMIR males. Hypomorphicfru mutant males that are able to copulate,

for examplefru'/fru3, have extremely long copulation durations, and often fail to

transfer either or both sperm and seminal fluids (Lee et al. 2001; Villella et al. 1997).

Interestingly, fru'/fru3 males lack expression of FRUM in about 50% of AbG neurons

(Lee and Hall 2001). While en-GAL4/UAS-fruMIR males lack FRUM in many fewer

neurons thanfru'/fru3males and exhibit often short copulation durations, the

copulation phenotypes are consistent with otherfru mutants in that affecting FRUM in

neurons, including those in the AbG, results in defects in copulation. Males mutant

forfru, includingfru'/fru3 males, have defects in certain serotonergic neurons that

project out of the CNS (Lee and Hall 2001). Since the serotonergic neurons in the

terminal ganglion do not express En, I did not anticipate inactivation of FRUM in these

neurons; as expected en-GAL4/UAS-fruMIR males had serotonergic nerve terminals on

their reproductive tracts indicating that the these neurons were producing their

expected neurotransmitter.
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Based on similarities between the En neurons in other insects and Drosophila,

I propose that the FRUM/En neurons are interneurons involved in processing sensory

input andlor coordinating motor control, potentially including descending neurons in

higher brain centers that govern behavioral output. Thus, the removal of FRUM in En

interneurons interferes with the integration of afferent information from the male's

terminal region andlor legs and the activity of the serotonergic FRUM AbG neurons or

other motorneurons that innervate the males reproductive tract, resulting in the

particular copulation phenotypes of en-GAL4/UAS-fruMIR males. FRUM/En

interneurons might be part of one or more components of the copulation circuit, either

as interneurons that receive primary sensory inputs from the genitalia or legs or as pre-

motor interneurons that mediate the motor output.

Phenotype of en-GAL4/UAS-fruMIR males are similar to other copulation mutant
phenotypes: Other genes have been implicated in regulation of male copulation.

Mutations in some of these, for example celibate, platonic, cuckold, and nerd

decreased the likelihood that a male would attempt copulation (Castrillon et al. 1993;

Ferveur and Jallon 1993; Hall etal. 1980). en-GAL4/UAS-fruMIR males, on the other

hand, make many copulation attempts without success. Mutants besidesfru that have

phenotypes more similar to en-GAL4/UAS-fruMIR males, in that they alter the duration

of copulation, include stuck (sk; Hall et al. 1980), coitus interruptus (coi; Hall et al.

1980), okina and fickle (JIc; reviewed in Yamamoto, Jallon and Komatsu 1997),

lingerer (hg; Kuniyoshi et al. 2002); recently, males with mutations in the period (per)

and timeless (tim) genes were found to have longer than average copulation durations

(Beaver and Giebultowicz 2004). Of this list, males homozygous for an allele offic

(Baba et al. 1999) are similar to en-GAL4/UAS-fru'1IR males in that they initiate, but

do not maintain, copulation. Thesefic males have difficulty in sustained aedeagus

extension via the protractor muscles, although these males also have internal structural

problems with the apodeme (Baba et al. 1999). I could detect no anatomical cuticular

or muscular defects in en-GAL4/UAS-fruMIR males; however, lack of neuronal
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integration to sustain protractor muscle contraction is a possibility. In a few cases,

en-GAL4/UAS-fruMIR males have difficulty disengaging from the female prior to the

end of copulation, a phenotype associated with sk and hg mutants. Males expressing

the effects of hypomorphic hg mutations have difficulty terminating copulation (the

phenotype for which the gene was named), and interestingly, males suffering the

effects of hg null mutations make many attempts but never achieve copulation

(Kuniyoshi et al. 2003). hg encodes a set of cytoplasmic proteins that are expressed in

the CNS, a region that potentially overlaps with FRUM expression (Kuniyoshi et al.

2003). Thus, big andfru may work in at least partially overlapping sets of neurons to

regulate copulation.

Conclusions: My data support a model in which different groups ofFRUM neurons

regulate different aspects of courtship and copulation behavior. In this model, the

nervous system is modular, with designated clusters of interconnected neurons

responsible for particular behavioral outputs. My data indicate that FRUM is necessary

in specific subsets of En neurons in order for males to perform specific copulation

behaviors, consistent with the idea that some regions of the CNS need to be male (In

this case via FRUM expression) in order for flies to correctly perform male behaviors;

however, I have not ruled out the possibility that these circuits are also used during

non-sex-specific behaviors. The reverse is also true in that there are non-sex-specific

regions of the nervous system that influence sex-specific behavior, for example, a

subset of neurons in the lateral protocerebrum that regulate initiation of courtship has

recently been discussed (Broughton et al. 2004). Additional studies, at the individual-

cell level, will be important to elucidate how the ability to perform courtship and

copulation is built into the nervous system developmentally and how this ability is

maintained in the adult fly.
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ABSTRACT

In Drosophila melanogaster, the male-specific forms of the Fruitless protein (FRUM)

are expressed in approximately 2000-4000 neurons of the central nervous system

thought to regulate courtship behavior, as well as specific sensory neurons. Previous

research has identified 8 to 14 serotonergic neurons in which the presence of serotonin

is largely dependent upon FRUM. To determine whether FRUM specifies sex-specific

properties in other individual groups ofFRUM neurons, I have identified a subset of 53

FRUM neurons, recognized by anti-FRUTM, that co-expresses the transcription factor

Engrailed (En) in wild-type males. I have determined which neurotransmitters are

used and the initial projection pattern of En neurons and found a neurochemical

difference between segmentally-repeated FRUM thoracic neurons in males and their

homologues in females. This neurochemistry is disrupted infru mutant males, but no

other sex- or genotype-specific differences were detected. Thus FRUM does not have

the same molecular role in all neurons. Sex-specific differences in neurochemistry are

one example of developmental divergence between males and females that may

underlie behavioral differences.
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INTRODUCTION

In Drosophila, development of the central nervous system (CNS) encompasses

differentiation of neurons such that they acquire specific neuronal cell characteristics.

The diversity of differentiated neuronal types is controlled by combinatorial gene

expression during neuronal birth and development (for review see Skeath and Thor

2003), with the particular genes expressed controlled by neuronal birth order and

developmental timing (Brody and Odenwald 2002; Isshiki et al. 2001). Neuronal

characteristics under developmental control include, but are not limited to, cell

survival/apoptosis, outgrowth (projection) of neuron axons and dendrites to correct

locations, contact of projections with appropriate partner neuronal projections, and

neurochemical profile. In addition, traits such as neurotransmitter expression must be

maintained in the adult.

The fruitless (fru) gene has been shown to regulate differentiation of a set of 8

to 14 neurons in the abdominal ganglion that in males becomes serotonergic and is

either missing or lacks serotonin expression in females andfru mutant males (Lee and

Hall 2001). Besides governing almost all aspects of courtship behavior (Ito et al.

1996; Ryner etal. 1996; for review see Baker et al. 2001; Emmons and Lipton 2003;

Yamamoto and Nakano 1998),fru regulates steps of copulation and sperm transfer

(Lee et al. 2001; Manoli and Baker 2004). In the current model, male-specific FRU

protein (FRUM) directs sex-specific differentiation of neurons by altering the

expression of genes that control neuron characteristics. Thus, infru mutant males the

characteristics of the homologous neurons will either develop in a default program or

not be specified. Transcripts from the most distal of fourfru promoters (P1) are

spliced sex-specifically, giving rise to FRUM protein in males and no detectable

protein in females (see Chapters 1, 2). FRUM is a putative transcription factor of the

BTB/ZnF (Broad complex-Tramtrack-Bric-a-brac/Zinc Finger) family and is

expressed in approximately 2000-4000 CNS neurons (Goodwin et al. 2000; Lee et al.
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2000) plus sensory neurons in peripheral tissues, including the antennae, legs, and

genitalia (Manoli et al. 2005).

To select a subset of FRUM neurons for further study, I identified a population

of FRUM neurons that co-expressed Engrailed (En, see Chapters 1, 2). By FRUM and

En antibodies, En and FRUM are co-expressed in four regions of the CNS: the anterior

medial brain, midline in the prothoracic ganglion, medially in each thoracic ganglion,

and in neurons of the abdominal ganglion, for a total of approximately 53 neurons.

Additional FRUM/En neurons were identified using a P1-derived GAL4 driver,fruPl-

GAL4, which allows examination of neurons that express FRUM at levels too low to be

detectable by antibody or that express FRUM transiently (Manoli et al. 2005). I

determined that homologues of the FRU1IEn neurons are present in females andfru

mutant males (see Chapter 2). in this chapter, I assessed the initial projections from

each of the cohorts of FRUM/En neurons, made comparisons between wild-type males,

females andfru mutant males, and found no differences across sex or genotype. I did,

however, find differences in the neurochemistry of one set of FRU4/En neurons, a

segmentally-repeated thoracic ganglia group, which expressed a reporter construct

driven by Ddc-GAL4 in males, but not females, and in only some neurons of the set in

fru mutant males. These data provide a second example offru-dependent

neurochemical differences between males and females.

MATERIALS AND METHODS

Fly stocks and crosses: Fly stocks were maintained at room temperature on an agar,

comfiour, dextrose, and yeast medium supplemented with 0.1% Nip agen

(p-hydroxybenzoic acid methyl ester; Sigma, St. Louis) to inhibit mold, and reared on

a 12h:12h light:dark (12h L/D) cycle at 25°C, unless otherwise noted. A Canton-S

strain (CS) was used as wildtype. fru mutant alleles include: Df(3R)fru44° (fru440), a

deficiency that removes the P1 and P2fru promoters as well as upstream sequences,

and Df(3R)fru5tI5 (fru°"5), a deficiency that removes thefru common coding region
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(Anand etal. 2001; Ito etal. 1996). Flies deficient for P1 transcripts, and thus the

male-specific FRU proteins, were created by crossing animals from parental stocks

and collectingfru44O/frut'5 progeny.

The engrailed-GAL4 line (en-GAL4; P{en2.4-GAL4}el6E) was provided by

Andrea Brand, University of Cambridge, Cambridge, United Kingdom. Several

GAL4 driver lines were used to identify cells expressing differentneurotransmitters.

Dopaminergic and serotonergic neurons were identified by the expression of DOPA

decarboxylase (Ddc) from Ddc-GAL4 (BL#7009, w[ 1118]; P {w[+mC]Ddc-

GAL4.L}4.36 and BL#7010, w[1 118]; P{w{+mC]=Ddc-GAL4.L}4.3D, Bloomington

Stock Center, Bloomington, Indiana). The Tyrosine hydroxylase (TH)-GAL4 line used

to label dopaminergic neurons (Friggi-Grelin et al. 2003) was provided by Ulrike

Heberlein, University of California, San Francisco. Reporter lines UAS-GFP-lacZN, (a

combination nuclear-localized GFP and -galactosidase reporter, provided by

Matthias Landgraf, University of Cambridge, Cambridge, United Kingdom), and UAS-

mcd8:GFP (a membrane-bound GFP reporter, BL#5 137; P{w[+mC]=UAS-

mCD8::GFP.L}LL5; Bloomington Stock Center) were used in conjunction with

en-GAL4, Ddc-GAL4, and TH-GAL4 drivers.

Animal staging, dissections, and immunohistochemistry: Larvae, staged pupae

collected at 0 hr after pupal formation (APF), and adults were sexed, aged at 25°C,

and processed for immunohistochemistry. Central nervous systems (CNSs) were

dissected in Phosphate Buffered Saline (PBS), fixed in 4% paraformaldehyde for 15

minutes, washed 3-5X in PBS+0.1% Triton-X (PBS-Tx), blocked in PBS-Tx+10%

normal goat serum (NGS) for at least 20 minutes, and incubated in primary antibody

overnight at 4°C. CNSs were subsequently washed, blocked, incubated in secondary

antibody for 2 to 4 hrs at room temperature (in the dark for fluorescent secondary

antibodies) and washed briefly before mounting. For double-labeling using mouse

and rat primary antibodies, CNSs were first incubated with mouse primary antibody

and the appropriate secondary antibody as above, then blocked with anti-mouse FAB
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fragments (Sigma) for one hour, and incubated with the rat primary and secondary

antibodies as above.

Male-specific FRU protein was detected by rat antiFRUM antibody (Lee et al.

2000; Manoli and Baker 2004) used at 1:400 in PBS-Tx+10%NGS+0.1% Sodium

Azide. Rabbit anti-gamma aminobutyric acid (GABA, Sigma) was used at 1:500.

Rabbit anti-glutamic acid decarboxylase (GAD, 1:500), a gift from F. Rob Jackson,

Tufts University School of Medicine, Boston, MA, was used to confirm GABA signal.

Rabbit anti-3-galactosidase (gal, 1:10,000, Cappel, Durham, NC) was used to detect

expression from the lacZ gene. Rabbit anti-serotonin (5HT, Sigma) was used at 1:500.

Rat anti-Ddc (1:400), a gift from Jay Hirsh, University of Virginia, Charlottesville,

VA, was used to detect both serotonergic and dopaminergic neurons (Lundell and

Hirsh 1998). Mouse anti-aquorea fluorescent protein (AFP, 1:200, Q-Biogene, Inc.,

Carlsbad, CA) was used to detect and amplify green fluorescent protein (GFP) signal.

Mouse anti-Engrailedllnvected (En, 1:5 or 1:10, Development Studies Hybridoma

Bank, Iowa City, IA) recognizes both En and mv proteins.

All primary antibodies were detected with either fluorescent secondary

antibodies (Molecular Probes) of the appropriate goat IgG conjugated to Alexa-488,

-555, -594, or -647 fluorocbromes, or by the appropriate goat IgG conjugated to

horseradish peroxidase (HRP, Jackson ImmunoResearch Laboratories, West Grove,

PA) followed by color reaction with diaminobenzidine (DAB, Sigma).

Imaging and image analysis: For imaging, CNSs were mounted on a poly-L-lysine

(Sigma, St. Louis, MO) -coated coverslip in ProLong solution (Molecular Probes,

Eugene, OR), and fluorescent images were obtained on a Zeiss 51 0-Meta confocal

scanning microscope.
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RESULTS

FRUM/En neurons have the same initial projection in males, females andfru
mutant males: I identified four groups of neurons that co-expressed anti-FRUTM and

En (FRUM/En neurons): a bilaterally-symmetric group of roughly 10 neurons per

hemisphere in the anterior medial brain (FRUM/EnBr neurons), a midline group of 14

neurons in the prothoracic ganglion (FRUM/EnTl midline neurons), a segmentally-

repeated group of four neurons per thoracic ganglion (FRUM/EnT1, T2, T3 medial

neurons), and 8-12 neurons of the abdominal ganglion (FRUM/EnAbG neurons).

Detailed analysis of the developmental timeline and role in behavior of these
FRUM/En neurons has been performed elsewhere (see Chapter 2).

To determine whether there were sex-specific differences between these
FRUM/En neurons in males and their homologues in females, and whether these

differences were dependent upon FRUM, I carried out morphological analyses of these

neurons in males, females, andfru mutant males. I first examined the initial neuronal

projection, using an en-GAL4 driver to direct expression of membrane-bound GFP

(UAS-mcd8:GFP) in all En cells (see materials and methods); the en-GAL4 expression

pattern is identical to endogenous En expression (data not shown). The initial

projection of the neurons indicates which neuropil, or neuronal processing center, the

neurons contact, and potentially gives some indication as to their function. I expected

that for embryonically-born neurons, initial projections would not differ between

males and females in that these neurons would have pioneered growth to their synaptic

targets before the onset of FRUM expression. However, based on my analysis of En

expression in the CNS during metamorphosis (see Chapter 2), most FRUM/En neurons

are likely post-embryonic. Therefore, FRUM/En neurons are developing connections

to their final targets during metamorphosis, a time when FRUM is expressed.

I compared adult anterior mediolateral brain and ventral pro- and mesothoracic ganglia

regions between adult wild-type males, females, andfru mutant males (Fig. 3.1). The

membrane-bound GFP construct allowed visualization of the cell soma of the En



69

Fig. 3.1 Females andfru males have homologous En neurons similar to FRUM/En

neurons in males. Homologues of the male FRUM/En neurons were present in
females and fru males. A) Frontal view of the anterior brain in a wild-type male,
showing expression of membrane-bound GFP (magenta) in En cells. For position
reference, cornered area depicts the region shown in panels B, C, and D. B)
Magnified image of region boxed in (A), FRUM shown in green. FRUM/En neurons on
the right side of the medial anterior brain are shown (top arrow). Other En, nonFRUM

neurons are marked (lower arrow). Initial projections from these two groups of
neurons join together and project posteriorly, and dorsal, bifurcating dorsal to the cell
bodies (arrowheads). C) Females have En neurons in the medial anterior brain
identical to males (arrows), which send similar projections (arrowheads). D) Medial
brain En neurons are additionally present infru males (arrows) and have initial
projections comparable to wild-type males and females (arrowheads). E) Ventral
view of En neurons in the ventral nerve cord (VNC) of a wild-type male. For position
reference, cornered area depicts the region shown in panels F, G, and H. F) In a wild-
type male, midline neurons in the prothoracic ganglion and medial neurons in the pro-
and meso-thoracic ganglia (arrows) co-express FRUM/En. 0) In females, midline and
medial (arrows) En neurons of the VNC are present and have initial projections like
wild-type males. H) In afru mutant male, midline and medial (arrows) VNC En
neurons are similar to wild-type males. In brain images, dorsal is toward the top. In
VNC images, anterior is toward the top. al=antennal lobe, SOG=subesophageal
ganglion, VNC=ventral nerve cord, Tl=prothoracic ganglion, T2=mesothoracic
ganglion, T3metathoracic ganglion, AbG=abdominal ganglion. Images are stacks of
confocal z-sections. Size bars=20 urn, panels B, C, D same magnification; panels F,
G, H same magnification.
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neurons, along with the entire axonal/dendritic projections; a subset of the En neurons

also expressed FRUM in wild-type males. Since every En cell was labeled by this

method, an intricate arbor was created within all neuropils, making it difficult to

distinguish the terminal arborizations of these neurons. However, the initial

projections of En neurons were distinct and could be used to make comparisons

between genotypes.
Males and females have a similar group of En neurons in the anterior

mediolateral brain (Fig. 3.1A-C). The cell bodies of these FRUM/EnBr neurons are

very anterior; they send neuronal processes posteriorly, then dorsally in the brain. The

processes split into two trajectories, one that continues dorsally and one that leads

more medially. This group of En neurons contains both FRUMpositive and non-

FRUM neurons in wild-type males. In both sexes these two sub-types of neurons in

the cluster (FRUM+ and FRUM) seem to project to the same location.

In the thoracic ganglia, I examined two groups of neurons, the FRUM/EnT I

midline and the FRUM/EnT1, -T2, -T3 medial neurons. The cell bodies of neurons

within these groups are in the ventral portion of the thoracic ganglia, and all are

present in males and females (Fig. 3.1E-G). As a group, the FRUM/EnT1 midline

neuron cell bodies extend from the ventral surface to a few cell body-widths more

dorsal. The projections from these neurons are oriented dorsally from the cell bodies,

and they then join a commissure that runs across the prothoracic segment. Other En

(non-FRUTM) neurons have similar projections and also join this comniissure.

In the prothoracic ganglion, the FRUM/En medial neurons are more anterior

than the FRUM/EnT1 midline neurons (Fig. 3.1F). Their cell bodies are larger than

the other En neurons, including the FRUM/EnT1 midline group, and their projections

run dorsally away from the soma, then laterally and head toward the leg neuropil of

the prothoracic segment (Fig. 3.1F). In the second and third thoracic segments,

FRUM/EnT2 and -T3 medial neurons are also larger diameter than other En neurons

in each segment, however FRUM/EnT2 medial neuron cell bodies are located to each

side of the midline, lateral to the group of En neurons; FRUM/EnT3 medial neuron
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cell bodies are more posterior than the other En neurons (Fig. 3.1 F, data not shown).

The projections from the FRUM/EnT2 medial neurons run dorsal/posterior and the

T3-FRUM/En medial neuron projections run dorsal/anterior (data not shown).

In addition,fru mutant males have homologous neurons in each of the regions,

medial brain, prothoracic Ti-midline, and thoracic Ti-, T2-, T3-medial. In thefru

mutant males, the initial projections were similar to wild-type males (Fig. 3.1B, D,

F, H). Thus, in the absence of FRUM, the FRUM/En neurons develop normal initial

projections, as might be expected since this characteristic is not different between

males and females for this set of neurons.

Brain, Ti midline, and AbG FRUM/En neurons are GABAergic in males, females

andfru mutants: The only neuronal characteristic that has previously been shown to

be sex-specifically regulated by FRUM is neurotransmitter expression (Lee and Hall

2001; Lee et al. 2001). Thus, I have assessed neurotransmitters used by FRUM/En

neurons in wild-type males and whether their use is different in females andfru

mutant males. I labeled adult CNSs with antibodies to gamma-aminobutyric acid

(GABA), a neurotransmitter that is expressed in En neurons in other insects (Siegler,

Pankhaniya and Jia 2001).

In wild-type males and females, FRUM/EnBr and FRUM/EnT1 midline En

neurons are GABAergic (Fig. 3.2A, B). To confirm this finding, I have also labeled

with antibodies to the enzyme for GABA synthesis, glutamic acid decarboxylase

(GAD). GAD has been shown to strictly co-localize with GABA only in neurons that

are truly GABAergic (Jackson et al. 1990). Many En neurons label with GAD,

including the FRUM/En.Br, FRUM/EnT1 midline, and FRUM/EnAbG (Fig. 3.2C,

F-G). Thus, in male brain, midline Ti, and abdominal FRUM/En neurons are

GABAergic. I also labeled adult CNSs from females with En and GAD and observed

that FRUM/En homologous neurons of the brain, prothoracic, and abdominal ganglia

were positive for GAD (Fig. 3.2D, data not shown). Hence, greater than 80% of
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Fig. 3.2 Males, females, andfru males express GABA/GAD in En neurons in the
brain, midline Ti, and abdominal ganglion. GABAergic neurons were visualized
by immunohistochemistry usineither anti-GABA (blue, panels A and B) or anti-
GAD (blue, panels C-G). FRU is shown in green, En in magenta. Brain, midline,
and abdominal FRUM/En neurons and homologues are GABAergic in males, females
andfru mutant males (arrowheads). In addition, there are En neurons in the VNC that
are distinctly non-GABAergic (arrows). A) Midline prothoracic En neurons in wild-
type males. B) Midline prothoracic En neurons in females. C) FRUM/En midline
neurons in males. D) Homologous midline En neurons in females. E) Midline En
neurons infru males. F) Brain FRUM/En neurons in wild-type males, four shown in
this confocal section. G) AbG FRUM/En neurons in wild-type males, three shown in
this confocal slice. H) CNS schematic showing locations of images in relation to the
full pattern of FRUM/En expression. In panels A, B, C, D, E, and G, anterior is toward
the top. In panel F, dorsal is toward the top. GABA=gamma aminobutyric acid,
GAD=glutamic acid decarboxylase, VNC=ventral nerve cord, AbG=abdominal
ganglion, Tl=prothoracic ganglion, T2=mesothoracic ganglion, T3=metathoracic
ganglion, al=rantennal lobe. Images are individual confocal z-sections. Size bar2O
um, panels A-G same magnification.
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FRUM/En neurons and homologues in females, including FRUM/EnBr, FRUM/EnT1

midline, and FRUM/EnAbG neurons and homologues, are GABAergic.

In addition, I labeled CNSs fromfru males with En and GAD, and observed

GAD expression in all regions which expressed GAD in wild-type males, the

FRUM/EnBr, FRUM/EnT1 midline, and FRUM/EnAbG neuron homologues (Fig.

3.2E, data not shown). Many neurons have been shown to express exclusively one

small molecule neurotransmitter, although they may have additional peptide

neurotransmitters (Nassel 1996). Thus, FRUM does not regulate GABA, or potentially

any neurotransmitter, expression in most FRUM/En neurons.

Medial thoracic FRUM/En neurons have a sex-specific difference in

neurochemistry, partially dependent uponfru: In other insects, En neurons are

either GABAergic or serotonergic (Lundell et al. 1996; Siegler, Pankhaniya and Jia

2001), thus the four medial FRUM/En neurons in each thoracic ganglion (FRUM/En

-Ti, -T2, -T3 medial), which were not GABAergic, were potentially using serotonin

as their neurotransmitter. To determine whether FRUM/En medial thoracic neurons

could be expressing serotonin (5HT), I labeled adult CNSs with antibodies to GFP

driven by DOPA decarboxylase-GAL4 (Ddc-GAL4), a transgene construct that drives

expression in both serotonergic and dopaminergic neurons (Lundell and Hirsh 1998).

Interestingly, the four medial FRU4/En neurons in each thoracic segment expressed

Ddc-GAL4 in males, but not in females (Fig. 3.3). To confirm this result, I used a

second, independently inserted, Ddc-GAL4 driver (Ddc-GAL4 II) which gave similar

results. This indicated a difference in neurotransmitter chemistry between males and

females in the medial En neurons. Thus, I examined whether this difference was

controlled by FRUM. Infru mutant males, some, but not all, medial En neurons were

labeled with Ddc-driven GFP, indicating that expression of the GAL4 driver was

partially dependent on FRUM (Fig. 3.3).
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To quantify the difference in the number of Ddc-GFP neurons, I co-labeled

CNSs with En and Ddc-GFP and counted the number of neurons labeled by En and

Ddc in males, females, andfru mutant males. There are two different classes of

EnIDdc neurons in each thoracic segment, which can be distinguished on the basis of

cell size and intensity of Ddc-GFP expression; the neurons in one class are smaller in

diameter and have very intense Ddc expression and the neurons in the other class are

larger in diameter and have weak Ddc expression; the latter class are the FRUM/En

medial neurons. Wild-type males have an average of 1.8±0.4 and 3.2±0.2 large

EnIDdc neurons in the pro- and meso-thoracic ganglia, respectively (n=5, Table 3.1).

Homologues of these cells are also present in the metathoracic ganglion. However, I

did not include these in my analysis. Females have no large EnIDdc neurons in any of

the thoracic ganglia (n=5, Table 3.1). fru mutant males have an average of 1.0±0.3

and 1.4±0.4 large EnlDdc neurons in pro- and meso-thoracic ganglia (n=5, Table 3.1).

In males, the Ddc-GAL4 II driver expressed in 2.8±0.04 medial En neurons in the

prothoracic ganglion and 4.0±0.0 medial En neurons in the mesothoracic ganglion

(n=5). In females, Ddc-GAL4 II did not express in any medial En neurons (n=3).

Expression from the Ddc-GAL4 II driver was not assessed infru males, since the

location of the insertion made crosses into afru mutant background tecimically

difficult. Thus, females completely lack Ddc-GAL4 expression in the Ti-, T2-, T3-

medial En neurons, and on averagefru mutant males express Ddc-GAL4 in about half

the number of Ti-, T2-, T3-medial En neurons that express Ddc-GAL4 in wild-type

males (Fig. 3.3, Table 3.1). All sexes and genotypes have equal numbers of the

smaller, more intense Ddc-expressing EniDdc neurons.

To determine whether the medial thoracic FRUM/En neurons that expressed

Ddc used serotonin as a neurotransmitter, I labeled adult CNSs with anti-serotonin

(5HT). Surprisingly, the FRUM/Enmedia1 neurons do not express 5HT, nor do

homologous neurons in females (data not shown), although the smaller, intensely Ddc-

expressing EnIDdc neurons are serotonergic (data not shown). Thus, I used a reporter

construct driven by the tyrosine hydroxylase (TH)-GAL4 driver to label male and
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Table 3.1
Number of Ddc-GAL4 and En cells in the pro- and mesothoracic ganglia by sex

and genotype.

Prothoracic 2an2lion Mesothoracic 2an2lion
Genotype Lg En/Dde Sm En/Dde Ddc only Lg EnJDdc Sm En/Dde Dde only

WT male l.8±o.4a 5.6±0.2 5.2±0.7 3.2±o.4a 4.0±0 5.0±0.5
(n=5)

WT female Oa 5.8±0.2 4.2±1.2 3.2±0.4 3.4±0.6
(n=5)

fru male 1.0±0.3 5.8±0.2 6.8±0.8 1.4±o.4a 32±04 4.6±0.5
(n=5)

All data are reported as average + standard error. Thefru genotype isfru"5/fru440.

The number of regions that were counted (n) is given in parentheses under each
genotype. aStatistically significant difference of each sex-genotype within a column
from each other (P=<O.001). No other values within each column (comparison by sex
and genotype within a ganglion) were statistically different. The number of small
EnIDdc neurons or the number of Ddc only neurons were not different in the pro- and
mesothoracic ganglia. Sm=small, Lg=large, Ddc=DOPA decarboxylase-GAL4,
En=Engrailed.
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female CNSs, along with anti-En. TH is an enzyme needed for the synthesis of

dopamine, but not serotonin; thus expression of TH is specific to dopaminergic

neurons (Neckameyer 1998a). None of the En neurons labeled with TH in males or

females (data not shown), and thus En!Ddc neurons do not appear to be synthesizing

the neurotransmitter dopamine. Labeling with anti-Ddc antibody does not label

FRUM/En medial thoracic Ddc-GAL4 neurons, however this may be due to weak

endogenous Ddc expression or Ddc may be localized to nerve terminals, rather than

the cell soma. However, since two independent insertions of Ddc-GAL4 both label the

medial FRUM/En neurons, this difference is specific to Ddc expression. These data

indicate there is a difference in the neurochemistry between males and females of the

medial thoracic FRUM/En neurons, and that this difference is partially dependent upon

FRUM.

NonFRUM En neurons do not have sex-specific neurotransmitter expression:

Besides the FRUM/En neurons and homologues, many nonFRUM En neurons are

GABAergic. All En neurons in the medial brain express GAD in males and females

(Fig. 3.2F, data not shown). GAD also labels most En neurons in Ti, T2, and T3 and

many En neurons in the abdominal ganglia of males and females (Fig. 3.2C-E, data

not shown).
In the prothoracic ganglia in males, there are only ten En neurons that do not

express GAD; these neurons are more lateral than the midline FRUM/En neurons, and

all express Ddc-GAL4. Four of these neurons are the male-specific FRUM/Enmedial

neurons that have weak Ddc-GAL4 expression. The other six are nonFRUM En

neurons that strongly express Ddc-GAL4 and are visualized by anti-5HT (Fig. 3.4,

data not shown). In T2 and T3, there are eight En neurons that do not express GAD;

four are the FRUM/En neurons, and four are non-FRUTM, 5HT-positive En neurons

(Fig. 3.4, data not shown). In addition, there are sixteen En neurons in the abdominal

ganglion not labeled by GAD, and the same number that are serotonergic in males and
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Fig. 3.4 Schematic of wild-type neurotransmitter expression in En neurons in
males. A) In wild-type males, FRUM and En are co-expressed in a subset of En
neurons in the brain (white circles). Together with En only neurons (pink circles),
these neurons have initial projections (black line) that run posterior and dorsal. All of
these neurons express GABA (blue outline). B) In the pro- and meso-thoracic ganglia
(left panel) and metathoracic and abdominal ganglia (right panel), FRUM and En are
co-expressed in midline neurons in the prothoracic ganglion and medial neurons in
each thoracic ganglion (white circles). Midline neurons express GABA (blue outline)
and send projections into a commissure running across this segment, while medial
neurons weakly express Ddc-GAL4 (orange outline). In the prothoracic ganglion,
medial neurons are anterior to the other En neurons and send projections
anteriolaterally. In the mesothoracic ganglion, the medial neurons are more lateral and
send projections posteriorly. In the metathoracic ganglion, the medial neurons are
positioned posterior to the other En neurons and send projections anteriorly. In
addition, there are En only neurons (pink circles) closely apposed to the FRUM/En

neurons; many of these are GABAergic (blue outline), however six in the prothoracic,
four neurons in the mesothoracic, and four neurons in the metathoracic ganglion are
serotonergic (green outline) and have projections that join with midline FRUM/En

neurons. In the abdominal ganglion, FRUM and En are co-expressed in 8-12 neurons
that send projections toward the midline, and are GABAergic (white circles, blue
outline). In this ganglion, there are 16 En only neurons that are serotonergic (pink
circles, green outline) that send projections similarly to FRUM/En neurons.
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females. Thus, En neurons that do not express FRUM lack sex-specificity with respect

to neurotransmitter expression.

DISCUSSION

Control of neuronal characteristics by FRUM: I have shown a sex-specific

difference in neurochemistry that is partially dependent on FRUM for one group of

FRUM/En neurons that are segmentally-repeated in each of the thoracic ganglia. This

is in contrast to most FRUM/En neurons which do not have differences in

neurochemistry between males and females. Interestingly, thefruPl-GAL4 driver

expresses in additional neurons that are not detected as FRUMpositive by anti-FRUTM.

Many of these fruPl-GAL4IEn neurons are at the midline in the meso- and

metathoracic segments, indicating that these neurons may be segmental homologues of

the midline-Ti FRUM/En neuron in the prothoracic segment. However, FRUM is

expressed at much lower levels in meso- and meta-thoracic neurons. The idea that

these neurons are segmental homologues is supported by my finding that these

neurons are also GABAergic, as are neurons at the midline in the prothoracic

ganglion. Previously, the only neuronal characteristic shown to be regulated by FRUM

was the expression of serotonin in abdominal ganglion neurons (Lee and Hall 2001;

Lee et al. 2001). Thus, FRUM may have different molecular roles in different groups

of neurons.

I have shown that wild-type males, females, andfru mutant males have no

changes in initial projection of FRUM/En neurons. FRUM/En neurons include four

groups, found in the brain, thoracic, and abdominal ganglia. I was not able to directly

assess the initial projection ofFRUM/En neurons in the abdominal ganglion for two

reasons: one, there are many En-positive, nonFRUM neurons in this region and the

arborization of these other neurons obscures view of individual neurons of interest,

and two FRUM/En neurons are distributed throughout this ganglion making it difficult

to pinpoint homologous neurons in females andfru mutants. Interestingly, previous
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work has shown that removal ofFRUM does not change the neuronal arbor of

subesophageal ganglion neurons (Manoli and Baker 2004). Potentially, FRUM does

not control initial projection in any of the neurons in which it is expressed. It is likely

that this is true for at least most FRUM neurons, since a recent report ofafruPl-GAL4

driver indicates that the neural processes labeled by the driver form similar patterns

and are present in the same neuropils in females (Manoli et al. 2005). This

supposition is supported by the fact that many neurons have already made initial

projections into regions of neuropil by the time FRUM begins to be expressed in late

larval stages (Ryner et al. 1996; Truman et al. 2004).

Behavior modulation by neurochemicals: Two sets of FRUM neurons have now

been shown to be dependent upon FRUM expression for proper neurochemistry, the

medial FRUM/En neurons and serotonergic neurons of the abdominal ganglion.

Control of behavior by FRUM via changes in neurochemistry is an intriguing

possibility, as there are many examples of behavioral modifications induced by

neurotransmitter changes in Drosophila. For example, increased dopamine, serotonin

and octopamine have each been shown to induce locomotion and grooming (Yeliman

et al. 1997), lower levels of octopamine and dopamine decrease aggression (Baier,

Wittek and Brembs 2002), decreased GABA reduces locomotion and interferes with

geotaxis and righting behavior (Leal and Neckameyer 2002).

Examples are also known in which changes in neurotransmitter affect sex-

specific behavior. Notably, octopamine has been shown to control egg-laying

behavior in females (Monastirioti et al. 1996), dopamine and octopamine have been

shown to be important for courtship conditioning in males (Neckameyer 1998a; O'Dell

1994), dopamine is necessary for female receptivity (Neckameyer 1998b), and

serotonin levels have been indirectly linked to male indiscriminate courtship of males

and females (Nilsson et al. 2000; Zhang and Odenwald 1995). Additionally, the

serotonergic efferent neurons in the abdominal ganglion, which also express FRUM,
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have been correlated with male fertility (Lee and Hall 2001; Lee et al. 2001), however

a direct link between those specific neurons and fertility has not been shown.

Neuropeptides have been implicated in behavior as well, acting as

neuromodulators and neurohormones (for review see Nassel 2002). Neuropeptide F

(NPF), the invertebrate homologue of Neuropeptide Y (NPY), regulates feeding in

Drosophila larvae (Lee et al. 2004; Sokolowski 2003), pigment-dispersing factor

(PDF) is involved in circadian rhythmicity (Heifrich-Forster et al. 2000; Renn et al.

1999), and several peptide hormones regulate ecdysis: ecdysis-triggering hormone

(ETH), eclosion hormone (EH), and crustacean cardioactive peptide (CCAP; Clark et

al. 2004; Park et al. 2003). No neuropeptides have been specifically linked to sexual

behaviors in Drosophila or other animals.

Neurochemical control byfru: My finding thatfru males have Ddc-GAL4-GFP

expression in only half the number of male-specific Ddc-GAL4 neurons suggests that

fru is regulating some aspect of the neurochemistry in these neurons. Perhapsfru

controls Ddc itself, although this could not be determined since anti-Ddc expression

was not observed in these neurons. I have examined expression of several

neurotransmitters known to be expressed in En neurons in Drosophila and other

insects. That fact that none of these neurotransmitters were detected in the FRUM/En

Ti-, T2-, T3-medial thoracic neurons indicates that these neurons use a

neurotransmitter not previously associated with En neurons. Once identified, the

expression pattern of this neurotransmitter can be assessed for sex-specific differences

as well as changes between wild-type andfru males.

Conclusions: I examined a subpopulation of the total number ofFRUM neurons and

found no sex-specific differences in the initial projections, or neurotransmittersused

for most neurons of this set. Only one set ofFRUM/En neurons, medial segmentally-

repeated thoracic En neurons, showed a sex-specific difference. I expect that the

majority of FRUM neurons will differ in some characteristic between males and



85

females, based on the fact thatfru mutant males lack almost all courtship and

copulation behavior. It is possible that some FRUMexpressing neurons will be

functionally redundant with other FRUM neurons, and therefore may not necessarily

be sex-specific. However, FRUM is expressed in potentially only 2% of the 200,000

central nervous system neurons; with expression in that small a neuronal percentage,

any redundancy may be minimal. If not controlling cell survival, initial projection, or

neurotransmitter expression, the role of FRUM in En neurons may be to determine

neurotransmitter receptor choice, development of the terminals of neurons, aspects of

neuronal excitability, or other points of neuron function. Possibly FRUM controls

some or all of these properties in many of the neurons in which it is expressed. With

the availability of techniques to make individual cell clones and study single or small

groups of cells in culture, it is now possible to examine the more subtle changes

induced by FRUM in neuron development.
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ABSTRACT

In wild-type Drosophila melanogaster males, a set of serotonergic neurons in the

dorsal posterior portion of the abdominal ganglion innervate the internal reproductive

organs. Development andlor differentiation of these neurons has previously been

shown to be dependent upon male-specific Fruitless protein (FRUM).

Correspondingly, certainfru mutants that lack FRUM expression in neurons of the

abdominal ganglion, and do not have efferent serotonergic neurons, are sterile even

though they copulate. In order to determine other factors that regulate serotonin

expression in these neurons, I have examined the abdominal ganglia in males and

females mutant for genes of the Sex-Determination Hierarchy. In males, FRUM

functions to induce serotonin expression in efferent neurons, but works jointly with

Doublesex male-specific protein (DSXM) and Takeout (TO). In females, serotonin

production is repressed by Doublesex female-specific protein (DSXF), Intersex (IX),

and TO. By retrograde filling from the nerve terminals as well as by using GAL4

drivers to mark the neurons, I have determined that the efferent neurons are present,

but are not serotonergic, in females andfru mutants. Thus the associated sterility

phenotypes are likely due to loss of neurotransmitter, rather than absence of the

neurons.
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INTRODUCTION

In Drosophila, sexual development is under control of a sex-determination

hierarchy (SDH), a genetic cascade that transduces the ratio of X chromosomes to

autosomes into sex-specific outputs (Ito et al. 1996; Nagoshi et al. 1988; Ryner et al.

1996). This hierarchy functions autonomously in each cell such that the animal

differentiates as male or female, aspects of which include pigmentation, internal and

external genitalia, some sensory neurons, and the central nervous system. One output

of the SDH is male-specific fruitless protein (FRUM), which is expressed in

approximately 2000-4000 neurons in the central nervous system (CNS) as well as

sensory neurons (Ito et al. 1996; Lee et al. 2000; Manoli et al. 2005; Ryner et al.

1996). Transcripts from the most distaifru promoter (P1) are spliced sex-specifically,

such that in males, but not females, P1 mRNAs are translated into FRUM protein

(Heinrichs et al. 1998). FRUM controls elements ofnervous system development that

underlie male courtship and copulation behavior. The evidence for this is two-fold:

one,fru mutant males that lack FRUM expression also lack courtship and copulation

behavior; and two, these mutants also lack the Muscle of Lawrence (MOL), a male-

specific muscle in the dorsal adult abdomen that has been shown to develop only when

contacted by a male-differentiated motorneuron (Gailey et al. 1991; Taylor and Knittel

1995; Usui-Aoki et al. 2000).

Only one neuronal characteristic had previously been shown to be downstream

of FRUM function. In certainfru hypomorphic mutants, a cohort of efferent neurons

in the abdominal ganglion (AbG) fails to produce serotonin, a phenotype that is

correlated with male sterility (Lee and Hall 2001, however see Chapter 3). In wild-

type males, these neurons express serotonin, exit the central nervous system

(are efferent), and form terminal arborizations on most of the internal male

reproductive organs, including the testicular ducts, seminal vesicles, vas deferens,

accessory glands, and anterior ejaculatory duct. No serotonergic innervation is

detected on the testes, posterior ejaculatory duct, sperm pump, or muscles of the
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apodeme (Lee and Hall 2001; Lee et al. 2001). Females also have efferent neurons in

the AbG, which innervate the ovaries, calyx, and oviducts. However, in contrast to the

male neurons, in females at least some efferent AbG neurons use the neurotransmitter

octopamine (Monastirioti 2003). Whether the efferent serotonergic neurons in males

and the efferent octopaminergic neurons in females are homologues of each other or

represent two distinct neuron populations has not been determined. Whether factors

besides FRUM regulate serotonin expression in these efferent neurons in males, and

whether it is simply lack of FRUM in females that results in no serotonin expression in

these neurons, has not been addressed.

A second output of the SDH is doublesex (dsx). dsx primary transcripts are

spliced into male- and female-specific mRNAs that are translated into male-specific

(DSXM) and female-specific (DSXF) proteins, respectively (Baker et al. 1989; Baker

and Wolfner 1988). DSXM controls aspects of male somatic development, such as

pigmentation (Kopp et al. 2000) and development of the male internal and external

genitalia (Keisman et al. 2001). DSXM also has a small role in male courtship

behavior (Taylor et al. 1994; Villella and Hall 1996) and has recently been shown to

regulate development of male-specific gustatory receptors in the first pair of legs

(Bray and Amrein 2003). DSXF controls female development of the internal and

external genitalia and female pigmentation (Kopp et al. 2000). Mutant studies and

molecular characterization have shown that DSXF represses male differentiation by

acting in conjunction with another protein Intersex (IX). IX is expressed in both

sexes. However, it has no apparent role in males, as ix mutant males have no

detectable phenotypes, nor does IX interact with DSXM (Garrett-Engele et al. 2002).

In the current model, DSXM and DSXF compete with each other to regulate

sex-specific development, with DSXM promoting male development and DSXF

repressing male development in males; the reverse is true in females (Waterbury,

Jackson and Schedi 1999). Thus, flies that are deficient for DSX, or IX in the case of

females, develop as intersexual animals. However, the only tissue in which direct

molecular interaction of DSXF or DSXM been shown to regulate a target gene is in the
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fat body. In the fat body, DSXF activates transcription of the mRNA encoding the

yolk proteins in females and DSXM represses its transcription in males (Bownes

1994).

Thus, DSX and FRUM are thought to work largely independently, with DSX

specifying somatic sexual differentiation and FRUM specifying male-specific neuronal

development. In contrast to this, transcription of the gene takeout (to), which is male-

specific, was shown to be dependent on both FRUM and DSXM (Dauwalder et al.

2002). TO is a secreted lipophilic-molecule binding factor expressed in the fat body

of the head in males. Mutations in to exacerbate courtship phenotypes infru mutant

males (Dauwalder et al. 2002).

By mutant analysis, I have identified both FRUM and DSXM as factors that

promote the differentiation of serotonergic efferent neurons in the posterior portion of

the AbG in males. Conversely, in females DSXF along with IX represses serotonin

expression. By performing retrograde fills from the terminals present on the

reproductive organs in both males and females, I have shown that the neurons are

present in females and mutants, although not serotonergic. In addition, I have shown

that TO modifies the expression of serotonin in these neurons. Using afruPl-GAL4

driver to label the FRUM neurons in males and their homologues in females, I have

confirmed that identical neurons are present in females, however only a subset can be

induced to ectopically express serotonin. Development of these efferent neurons is

one example of neuronal differentiation that is controlled by both FRUM and DSX,

and highlights an additional role for the gene to in modulating sex-specific

development.

MATERIALS AND METHODS

Fly stocks and crosses: Fly stocks were maintained at room temperature on an agar,

cornflour, dextrose, and yeast medium supplemented with 0.1% Nipagen

(p-hydroxybenzoic acid methyl ester; Sigma, St. Louis, MO) to inhibit mold, and
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reared on a 12h:12h light:dark (12h L/D) cycle at 25°C, unless otherwise noted. A

Canton-S strain (CS) was used as wild-type. fru mutant alleles are as follows:

Df(3R)fru44° (fru440) is a deficiency that removes upstream sequences as well as the

P1 and P2fru promoters; Df(3R)frusu7t'5 (frusatI5) is a deficiency that removes thefru

common coding region (Anand et al. 2001); In(3R)fru (fru') is an inversion with

breakpoints at 90C and 91B1-2;fru3 andfru4 are both mutants created by insertion of a

P {lacZ, ry+} transposon. fru3 andfru4 were later discovered to carry a mutation in

takeout (to), to1 (Dauwalder et al. 2002) thus will be referred to as tofru3 and tofru4;

stocks offru3 andfru4 that are not to mutants were provided by Brigitte Dauwalder,

University of Houston, Houston, TX and will be referred to as tofru3 and tofru4.
Allfru stocks were balanced over In(3LR)TM6B, Tb (TM6B) or In(3LR)TM3, Sb

(TM3). Flies deficient for P1 transcripts, and thus the male-specific FRU proteins,

were created by crossing these parental stocks and collectingfru44O/fruS(5 progeny.

Homozygousfru',fru3, andfru4 animals occur as a fraction of progeny from

heterozygous matings and were obtained from the stock lines.

doublesex (dsx) mutant stocks are as follows: Dp(1; Y)B'; dsx' p" is a null

mutant of dsx and will be referred to as dsx' (Baker and Wolfner 1988). BSY;

T(1;3)0R60, y, DsxD Sb e (Dsx') and Dp(1,2; Y)bw +. Dsx (DsxM) are both

dominant alleles of dsx, created by transposable element insertions that disrupt correct

splicing of the dsx transcript such that only DSX male-specific transcripts and protein
(DSXM) are made, regardless of the chromosomal make-up of the animal.

Df(3R)dsxM"5 (dsxM+R15) and Df(3R)dsx'3 (dsx'"3) are deficiency lines created

by excision of the DsxM and Dsx' transposable elements, respectively (Baker and

Wolfner 1988). Mutant stocks of intersex (ix) are as follows: pr' cn1 ix1 (ix') is a

spontaneous point mutation resulting in loss of ix function (Chase and Baker 1995).

ix3 is an ethyl methanesulfonate-induced point mutation, also resulting in loss of

function, and Df(2R)en-B (enB) is a deficiency that removes ix regulatory and coding

sequences (Chase and Baker 1995). All dsx and ix stocks were balanced over

In(3LR)TM6B, Tb (TM6B) orin(3LR)TM3, Sb (TM3).
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To detect FRUMexpressing neurons in males and homologous neurons in

females, a line in which GAL4 protein coding region is fused directly downstream of

thefru P1 transcriptional start site (fruPl-GAL4; Manoli et al. 2005) was provided by

Devanand Manoli, Stanford University, Palo Alto, CA. A second driver, Cha-GAL4

(P{w[+mC]=Cha-GAL4.W}19B) which drives expression in all cholinergic neurons

(Gorczyca and Hall 1987; Yasuyama and Salvaterra 1999), was a gift from Paul

Salvaterra, Beckman Research Institute of the City of Hope, Duarte, CA. 55B-GAL4

(BL#1803, P{w[+mW.hs]=GawB}55B), which drives expression in abdominal

ganglion cells, was obtained from the Bloomington Stock Center. Reporter lines UAS-

mcd8: GFP (a membrane-bound GFP reporter, BL#5 137; P{w[+mC]UAS-

mCD8::GFP.L}LL5; Bloomington Stock Center) and UAS-gfpN (a combination

nuclear-localized GFP and J3-galactosidase reporter, provided by Matthias Landgraf,

University of Cambridge, Cambridge, United Kingdom) were used in conjunction

with the fruPl-GAL4, Cha-GAL4, and 55B-GAL4 drivers.

Dissections and immunohistochemistry: Animals were sexed and processed for

immunohistochemistry. Central nervous systems (CNSs) or reproductive tracts were

dissected in Phosphate Buffered Saline (PBS), fixed in 4% paraformaldehyde (PFD)

for 15 minutes, washed 3 to 5 times in PBS+0. 1% Triton-X (PBS-Tx), blocked in

PBS-Tx+10% normal goat serum (NGS) for at least 20 minutes, and incubated in

primary antibody overnight at 4°C. CNSs and reproductive tracts were subsequently

washed, blocked, incubated in secondary antibody for 2 to 4 hours at room

temperature (in the dark for fluorescent secondary antibodies) and washed briefly

before mounting. For double-labeling using mouse and rat primary antibodies, CNSs

were first incubated with mouse primary antibody and the appropriate secondary

antibody as above, then blocked with anti-mouse FAB fragments (1:200, Sigma) for

one hour, and incubated with the rat primary and secondary antibodies as above. For

staining with anti-serotonin, flies were anesthetized on ice, dissected individually, and

fixed for 1 hr in 4% PFD on ice. Directly after fixation, preparations were incubated
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in PBS-5% Triton-X for 5 minutes to aid in antibody penetration, and subsequently

washed as above.
Male-specific FRU protein was detected by rat antiFRUM antibody (Lee et al.

2000; Manoli and Baker 2004) used at 1:400 in PBS-Tx+10%NGS+0. 1% sodium

azide. Rabbit anti-3-ga1actosidase (3ga1, 1:10,000, Cappel, Durham, NC) was used to

detect expression from the lacZ gene. Rabbit anti-serotonin (5HT, Sigma) was used at

1:500. Rat anti-DOPA decarboxylase (Ddc, 1:400), a gift from Jay Hirsh, University

of Virginia, Charlottesville, VA, was used to detect both serotonergic and

dopaminergic neurons (Lundell and Hirsh 1998). Mouse anti-aquorea fluorescent

protein (AFP, 1:200, Q-Biogene, Inc., Carlsbad, CA) was used to detect and amplify

green fluorescent protein (GFP) signal. Rabbit anti-synaptotagmin (Syn, DSYT2) was

used at 1:1000 and was a gift from Troy Littleton, Baylor College of Medicine,

Houston, TX (Littleton et al. 1993).

All primary antibodies were detected with either fluorescent secondary

antibodies (1:300, Molecular Probes, Eugene, OR) of the appropriate goat IgG

conjugated to Alexa-488, -555, -594, or -647 fluorochromes, or by the appropriate

goat IgG conjugated to horseradish peroxidase (HRP, 1:200, Jackson

ImmunoResearch Laboratories, West Grove, PA) followed by color reaction with

diaminobenzidine (DAB, Sigma).

Retrograde labeling: Animals were anesthetized one at a time and the ventral nerve

cord was dissected still attached to internal reproductive organs in Drosophila

Schneiders' Medium (Gibco-BRL/Invitrogen, Carlsbad, CA). Each preparation was

then transferred in Scimeiders' Medium to a small well made of silicone sealer on a

coverslip. Individual nerves from the seminal vesicles, accessory glands, ejaculatory

duct, sperm pump, andlor genitalia were isolated from the rest of the CNS into a

separate chamber by forming a wall of silicone grease across the well. Crystals of

biocytin (Sigma) were placed in the second chamber with the severed nerve end and

preparations incubated this way for 1-2 hours at 4°C. The preparations were
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transferred to wash solution (PBS-Tx), fixed in 4% PFD, washed 3-5 times, blocked,

and incubated with fluorescently-conjugated streptavadin (AlexaFluor 555, 1:200,

Molecular Probes) for 2-3 hours at room temperature in the dark. In some cases,

preparations were subsequently labeled with other antibodies, procedure as above.

Imaging and image analysis: For fluorescent imaging, CNSs or reproductive tracts

were mounted on a poly-L-lysine (Sigma) -coated coverslip in ProLong solution

(Molecular Probes), and fluorescent images were obtained on a Zeiss 51 0-Meta

confocal scanning microscope. Analysis of neuronal cell counts was made by

Kruskal-Wallis One-Way Analysis of Variance (ANOVA) followed by Multiple

Comparison Procedures, Dunn's Method (SigmaStat, version 2.03, SPSS Inc.,

Chicago, IL).

RESULTS

Serotonergic abdominal ganglion efferent neurons have distinct position and
morphology: To understand more completely the distribution and synaptic targets of

serotonergic abdominal ganglion (AbG) neurons, I labeled central nervous systems

(CNSs) with anti-serotonin (5HT). In agreement with the published literature, I found

that in males the posterior region of the abdominal ganglion (AbG) contains 8-14 5HT

neurons, an average of 9.9±0.4 (n=12), that send projections out the abdominal nerve

and contact the male internal reproductive organs (Fig. 4.1A; Billeter and Goodwin

2004; Lee and Hall 2001; Lee et al. 2001). In addition, the AbG contains smaller 5HT

neurons whose projections do not leave the CNS, and thus are interneurons. These

smaller neurons are generated in the embryo and persist in the adult (Lundell et al.

1996; Lundell and Hirsh 1998). Previous descriptions of the efferent 5HT neurons did

not discuss whether the full set of efferent 5HT neurons was composed of multiple

subsets, or the relationship between individual neurons and organs that are innervated.

Three options are possible: one, each individual neuron contacts only one reproductive
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Fig. 4.1 Serotonin expression in abdominal ganglion efferent neurons is sex-
specific. Expression of serotonin (5HT, shown in green) was visualized by
immunohistochemistry in the abdominal ganglions of males and females. A) WT
males have large efferent 5HT neurons (top arrowhead) in the posterior region of the
abdominal ganglion (AbG) that send projections out the main abdominal nerve (lower
arrowhead). Smaller, non-sex-specific interneurons are also 5HT-positive (arrow). B)
Lateral view of WT male AbG showing efferent 5HT neurons (arrowheads) on the
dorsal (right side), ventral (left side), and posterior (lower left) abdominal ganglion.
C) 5HT-positive nerve terminals on the male internal reproductive tract. D) WT
females do not have efferent 5HT neurons, although the 5HT non-sex-specific
interneurons are present (arrow). E) Lateral view of WT female AbG. F) Biocytin
retrograde labeling (magenta) in a WT male of four neurons in the AbG (arrowheads).
G) Biocytin retrograde labeling in a WT female of two large efferent neurons
(arrowheads). H) AbG from a WT male that was retrograde labeled and incubated
with 5HT. Large efferent neurons are also 5HT-positive (arrowheads), smaller 5HT
interneurons (arrow). I) Male reproductive tract that was retrograde labeled from the
seminal vesicle. Nerve terminals can be observed on the accessory gland (arrow).
Images are stacks of confocal z-sections. Size bar = 20 um panel A (use for panels A,
B, D, E, G, H). Panels C and I size bar = 200 um.
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organ such that neurons within this group are subdivided bywhich organ they

innervate. Two, each individual neuron contacts multiple organs, indicating that the

set of efferent 5HT neurons is homogenous with respect to target choice. Three, the

set of 5HT neurons is composed of neurons of both types.

hi addition to potentially being able to subdivide the set of efferent 5HT

neurons by target choice, I found that the neurons are also subdivided spatially.

Within the AbG, the set of efferent 5HT neurons is subdivided spatially into a dorsal,

terminal, and ventral population of cell bodies (Fig. 4.1B). The numbers of neurons

within each subgroup may differ slightly from animal to animal, but all neurons send

projections out of the CNS. These 5HT efferent neurons are large cells with bilateral

projections that bifurcate as the projection extends ventrally from the cell soma. One

branch runs down each side of the main abdominal nerve. Terminals from the efferent

5HT neurons make contact with the accessory glands, testicular ducts, seminal

vesicles, vas deferens, and anterior ejaculatory duct (Fig. 4.1C).

To view a subset of the efferent neurons and to assess the innervation pattern

for individual neurons, biocytin was used to perform retrograde fills from nerves that

terminated on the male internal reproductive organs; subsequently CNSs were

co-labeled with anti-5HT to visualize the entire set (Fig. 4.1H). The male

reproductive tract consists of paired accessory glands and paired testes that each

empty into a seminal vesicle via the testicular duct. The seminal vesicles are each

joined to the ejaculatory duct by the vas deferens. Retrograde fills were performed

from nerves that innervated the seminal vesicles, accessory glands, or ejaculatory duct.

When the nerve proximal to only one of the two seminal vesicles was labeled, up to

four neurons were visualized in the AbG (Fig. 4.1F). In many cases in which a

preparation was labeled from just the nerve proximal to a single seminal vesicle,

biocytin-labeled terminals could be seen on the other seminal vesicle and occasionally

on the accessory glands (Fig. 4.11). Thus, some individual efferent 5HT neurons

contact more than one organ, for example the seminal vesicles and the accessory

glands, and some contact a single organ. However, in the case of paired organs, each
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neuron contacts both organs via the bifurcating branch down each side of the main

abdominal nerve.

Females do not have efferent 5HT-expressing neurons in the AbG (n=12, Fig.

4.1 D, E), also consistent with previous data (Lee and Hall 2001; Lee et al. 2001),

although they do have other smaller non-sex-specific 5HT neurons that project within

the CNS (Fig. 4.1D).

Animals that lack 5HT-expression in efferent neurons have homologous non-5HT
neurons: In wild-type males, all efferent 5HT neurons are known to co-label with

male-specific Fruitless protein (FRUM), andfru mutant males were shown to lack

efferent 5HT neurons (Lee and Hall 2001). One question that has not been fully

addressed is whether animals that lack efferent 5HT neurons do not have the cells

present or just fail to express 5HT within the neurons. Experiments to determine

whether the cells were present suggested thatfru mutant males had at least some of

these neurons because a fraction of the cells could be labeled by soaking CNSs in

exogenous 5HT, and synaptic nerve terminals could be detected on the reproductive

tracts offru males, even though they lacked 5HT (Lee and Hall 2001; Lee etal. 2001).

However, whether the full set of efferent neurons is present infru males, or whether

any of the efferent neuron homologues are present in females, has not been

determined.

To determine whether animals that lack 5HT expression in efferent terminal

neurons retain the cells, retrograde labels using biocytin were performed onfru males.

It was possible to retrogradely label up to five neurons when experiments were

performed that labeled from nerves proximal to the seminal vesicles, accessory glands,

and ejaculatory duct (data not shown), indicating that some of the neurons are

physically present. Retrograde labeling was also performed on females, labeling from

nerves terminating on the common oviduct, calyx, and lateral oviducts. From these

experiments, large terminal neurons were labeled in the CNS, in roughly the same

position as the ventral and terminal 5HT efferent neurons found in males (Fig. 4.1 G).
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This suggests that although females do not express 5HT in efferent neurons, they do

have homologous neurons, which send projections out of the CNS to the female

internal reproductive organs.

th addition, I have dissected CNSs from animals in which thefruPl-GAL4

driver was used to express membrane-bound GFP in all neurons that would express

FRUM in males, or in the homologous neurons in females, and I co-labeled with 5HT

(Fig. 4.2; Manoli et al. 2005). In males, the terminals from these neurons contact the

male reproductive tract, as expected, and produce wild-type arborizations that are

co-labeled with 5HT (Fig. 4.2D). Moreover, these experiments clearly show that in

the AbG, females have homologousfruPl neurons that send efferent projections out of

the CNS, and that thefruPl-GAL4 driver labels an equal number of efferent neurons

in males and females (Fig. 4.2A, B).

fru mutant males also have the full set of efferent AbG neurons (Fig. 4.2C).

However, only a subset of the efferent neurons labels with 5HT infru mutant males

(Fig. 4.2C, compare to Fig. 4.1). Surprisingly, a subset of the efferent AbG neurons

labels with 5HT infruPl-GAL4 females. This subset appears similar to that labeled

byfruPl-GAL4 and 5HT infru mutant males. Interestingly, in females thefruP]

neurons also contact the reproductive tract, with ectopic 5HT at the nerve terminals.

The innervation spreads over the ovaries, calyx, and oviducts, and appears to have

slightly disorganized terminals (Fig. 4.2E). The fact that these females have some

5HT expression in efferent neurons indicates that they are masculinized, since wild-

type females do not have any 5HT expression in efferent neurons of the AbG.

Some serotonergic neurons differentiate in the absence of FRUM, modified by

TO: Previous data indicated that the efferent SHT neurons in males are dependent

upon FRUM for differentiation as serotonergic (Lee and Hall 2001; Lee et al. 2001).

However, in experiments detailed above using thefruPl-GAL4 driver, some 5HT

expression was detected in efferent neurons infru mutant males. To determine more

clearly whether FRUM was required for 5HT expression in the efferent neurons, I
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Fig. 4.3 Mutations in to enhancefru mutant phenotypes in 5HT expression.
Abdominal ganglia (AbG) and reproductive tracts fromfru and to mutants were
examined for presence of 5HT expression (green) by immunohistochemistry. A)
fru44O/frusd5 males have 5HT expression in 2.8±0.8 efferent neurons (n=4,
arrowheads). B)fru44O/frutI5 males have 5HT innervation on the seminal vesicles
only. C) tofru3 homozygous males have 0.5±0.3 efferent 5HT neurons (nz=4). D)
tofru3 males have 2.7±0.4 (n=6) efferent 5HT neurons, more than tofru3 males and
similar tofru440/fru"5 males. E) When 5HT innervation is present in tofru3 males,
it is on the seminal vesicles. F) to mutant males have WT 5HT expression in efferent
AbG neurons (arrowheads, Table 4.1). G) 5HT innervation of the reproductive tract
is normal in to males. H) to mutant females have ectopic 5HT expression in
efferent neurons (arrowheads, Table 4.1). I) to mutant females have ectopic 5HT
innervation on the lateral oviducts. Images are stacks of confocal z-sections. Size bar
= 20 urn panel D, use for panels A, C, D, F, G. Size bar = 200 urn panel G, use for
panels G and B. Size bar = 50 urn panel I, use for panels B and I.
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dissected the CNSs from males with different combinations offru alleles and labeled

with anti-5HT (Fig. 4.3).
Infru44O/frut5 males, which arefru P1-null, I observed 2-4 efferent 5HT

neurons, or an average of 2.8±0.8 (n=4, Fig. 4.3, Table 4.1). Previous publications

usedfru hypomorphic mutants to determine the requirement for FRUM in 5HT

expression (Lee and Hall 2001; Lee et al. 2001). In the same genotypes previously

found to have no efferent 5HT neurons,fru3 andfru4 homozygous males, I found that

they did lack most 5HT efferent neurons, but approximately 50% of males had one

faint cell (Fig. 4.3).

These data presented a contradiction in thatfru null males had more neurons

with 5HT expression than did the hypomorphic mutants, and if FRUM were solely

responsible for 5HT expression in these efferent neurons, the results should be

reversed. Thus, I sought to determine loci that may interact withfru in determining

the 5HT expression of efferent neurons. Recently,fru3 andfru4 stock lines were found

to additionally carry mutant alleles of the gene takeout (to) which exacerbates thefru

mutant male courtship behavior phenotypes (Dauwalder et al. 2002). To determine

whether to also works in conjunction withfru in differentiation of the efferent 5HT

neurons, I dissected CNSs from tofru3 and tofru4 males and labeled with 5HT (Fig.

4.3). Infru mutant males with to function restored, there are more efferent neurons

that label with 5HT than in to, fru3 or to, fru4 double mutants (Fig. 4.3), a number

similar tofru440/fru'"5 males. Thus, the truefru null phenotype is loss of 5HT

expression in most, but not all, efferent AbG neurons.

Interestingly, in to females, a small number of efferent neurons express 5HT,

indicating that TO may function in females to repress 5HT expression (Fig. 4.3, see

Discussion). Along with the fact that homologous neurons to the efferent male 5HT

neurons are present in females, and thatfruPl-GAL4 females had 5HT expression in

some efferent AbG neurons, this indicated that other genes may be responsible for

repressing 5HT expression in these cells.
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Table 4.1
Number of efferent SilT neurons in the abdominal ganglion by sex and genotype.

Genotype XY animals XX animals

WT 9.9±0.4 (n=12) 0 (n=12)

fru4 °/fru ouJ5 2.8±0.8 (n=4) ND

tofru3/tofru3 0.5±0.3 (n=4) ND

tofru3/tofru3 2.7±0.4 (n=6) ND

to/to 13.7±2.7 (n=3) 0.7±0.4 (n=3)

dsx'/dsx' 7.7±1.0 (n6)a 0.4±0.2 (n=8)

dsx'/dsx''5 7.7±0.7
(=9)a

3.0±0.3 (n=7)

dsxM5/dsxR3 7.6±0.6 (n=1O)a 3.0±0.2 (n=7)

dsxM5/dsx+ 10.3±0.6 (n=9) 0 (n=6)

DsxM/dsxl 10.8±0.6 (n=6) 4.2±0.4 (n=10)c

Dsx'/dsx' 9.9±0.7 (n=7) 3.2±0.8

DsxM/dsxR3 ND 4.2±0.4 (=7)C

DsxM/dsx+ 10.3±0.6 (n=6) 2.0±0.3 (n10)

Dsx'/dsx ND 0.5±0.2 (n=8)

ix3/ix3 11.8±0.6 (n=5)" 0.7±0.3 (n=15)

ix'/ix3 12.7±0.8
(=13)b

0.2±0.1 (n=13)

ixl/enB 11.7±0.5
(_12)b

0 (n=7)

ix3/enB 10.7± 1.4 (n=3) 0.6±0.4 (n=7)

ix3/en8;dsx'/dsxM'5 8.5±1.5 (n=2) 2.0±0.4 (n=4)

ix'/ix3; dsx'/dsx'"'5 14.0±0 (n=2) 3.0±0.4 (n=4)

All data are reported as average ± standard error. The number of abdominal ganglions
(AbGs) that were counted (n) is given in parentheses after each value. ND = not done.
aStatistically significant difference from WT and dsxM5/dsx+ males. dsx males
(dsx'/dsx', dsx'/dsx"5, and dsxMl5/dsx3) were not different from each other,
thus grouped and compared to both WT and dsx/+ control males (dsxM+Th'5/dsx+,
t-test). Other statistical differences were calculated within each sex by One-Way
ANOVA followed by all pair-wise comparisons, (males = Tukey Test, females =
Dunn's Method, see materials and methods). bstatjstically significant difference from
dsx'/dsx', dsx' /dsxM+ and dsxM +RIS/dsx 3(P<000 1). cStatistically significant
difference from all genotypes except dsx'/dsxM 5and dsxMI5/dsx3(P=<O.001).



105

Serotonin production is repressed in females by DSXF in conjunction with IX:

Previously, it was thought that females did not express 5HT in efferent neurons

because they do not express FRUM (Lee and Hall 2001; Lee et al. 2001). However, I

have shown that these neurons are physically present in females, but only express 5HT

in cases where females are altered genetically. Thus, although 5HT expression can be

induced by FRUM, it can also be repressed by other genes. To determine which other

genes might be involved in regulating 5HT expression in the efferent neurons of the

AbG, I have examined CNSs labeled with anti-5HT in sex-determination mutants.

Animals mutant for genes of the sex-determination hierarchy (SDH) seemed a logical

starting place for identifying genes involved in 5HT expression because SDH genes

control other aspects of sexual development and differentiation.

Wild-type females have no 5HT-expressing efferent neurons (Fig. 4.1). In

comparison, in the absence of dsx function, females (XX animals) express 5HT in a

complement of the efferent 5HT neurons (Fig. 4.4). XX; dsx' homozygotes have on

average 0.4±0.2 (n=8) efferent 5HT neurons (Table 4.1, Fig. 4.3). Two other

genotypes deficient for dsx were also tested. XX, dsxM5/dsxI and XX,

dsx)?3/dsxM5 animals were found to have on average 3.0±0.3 (w=7) and 3.0±0.2

(n=7) efferent 5HT neurons, respectively (Table 4.1, Fig. 4.4). The number of 5HT

efferent neurons may be low in the dsx' homozygotes due to effects of the genetic

background, since in transheterozygous dsx mutants the numbers of 5HT efferent

neurons are higher. These data suggest that DSXF works to repress 5HT expression in

the efferent AbG neurons.

In development of the structures derived from the genital disc, DSXF works in

conjunction with LX, which is necessary for its function (Garrett-Engele et al. 2002;

Waterbury, Jackson and Schedl 1999). To assess whether DSXF function also requires

IX in differentiation of efferent 5HT neurons, I dissected CNSs from ix mutants and

labeled with anti-SHT. Four different genotypes were used: XX; ix3 homozygotes

(n=15), XX, ix'/Lv3 (n=13), XX; 1x1/enB (n=7), and XX, L3/enB (n=7). In each of these

cases except for XX; ix/enB, a few efferent 5HT neurons were detected (Table 4.1).
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Although there were fewer 5HT efferent neurons than in most dsx mutant female

genotypes, the fact that ix mutants do have some 5HT expression in these neurons

indicates that IX is involved in regulating expression of 5HT. The number of 5HT

neurons may be low in ix mutants due to either some residual IX function in these

animals or by genetic background effects.

To determine whether IX and DSXF were functioning together, I examined

5HT expression in ix; dsx double mutants (Fig. 4.4). If the two genes functioned

independent of each other, the mutant phenotype in the double-mutant would be an

additive affect of each mutation, whereas if the two genes act together, the double

mutant phenotype will match the single mutants. In XX; ix'/ix3; dsxM5/dsxJ

animals, 3.0+0.4 (n=4) efferent 5HT neurons were detected and in XX, ix3/enB;

dsxM/dsxI animals 2.0+0.4 (n=4) 5HT neurons were observed. These numbers are

statistically the same as for the dsx deficiency mutant (Table 4.1). Thus, the

phenotype in the double mutant is no stronger than in either single mutant, indicating

that DSXF and IX work in conjunction to repress production of 5HT in these efferent

neurons.

DSXM induces serotonin expression in a few efferent neurons: Historically, DSXM

and FRUM were thought to work largely independently, in different cell types, to

specify different characteristics. However, since to, which was shown to be dependent

on both FRUM and DSXM (Dauwalder et al. 2002) was found to modify the expression

of 5HT in efferent neurons, perhaps male-specific DSX (DSXM) also has a role in

determining 5HT expression. In addition, DSXM is thought to work in opposition to

DSXF. Thus if 5HT expression is repressed by DSXF, it may be induced by DSXM.

To determine whether dsx has a role in the differentiation of efferent 5HT

neurons in males, I dissected CNSs from XY, dsx mutant animals and labeled with

anti-5HT. Three genotypes were used: dsx' homozygotes, dsxM5/dsxI , and

dsx3/dsxM5. All three were found to have a similar number of efferent 5HT

neurons, 7.7±1.0 (n=6), 7.7±0.9 (n9), and 7.6±0.6 (n10), respectively (Table 4.1).
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The numbers of 5HT neurons in dsx males are statistically lower than numbers of 5HT

neurons in wild-type males (Table 4.1), indicating a role for DSXM in inducing

expression of 5HT in efferent neurons. Males with a dominant masculinizing allele of

dsx, XY; DsxM/dsx+, have 10.3+0.5 (n=6) 5HT neurons, a number statistically the

same as wild-type males (Table 4.1). Thus, extra DSXM does not induce increased

numbers of 5HT efferent neurons. It should be noted that ix mutant males have no

change in the number of efferent 5HT neurons as compared to wild-type males (Table

4.1), as would be expected since IX has no known function in males (Garrett-Engele et

al. 2002).

To further ask whether DSXM induces 5HT expression in efferent neurons, I

examined CNSs from masculinized females (Table 4.1, Fig. 4.4). These genotypes

included XX,DsxM/dsx' XX;DsxD/dsx', XX;DsxMIdsx'3 , all of which have only

DSXM function since the other allele of dsx is null. These animals had comparable

numbers of efferent 5HT neurons to those of dsx null females, 4.2±0.4 (n=l0), 3.2±0.8

(n=9), and 4.2±0.4 (n=7), respectively (Table 4.1). This indicated that DSXM could

not further induce ectopic 5HT expression in females; the only 5HT expression in

these animals may be due to lack of repression by DSXF. Two chromosomally female

genotypes that have both DSXM and DSXF were also used: XX; DsxM/dsx+ and XX,

Dsx'/dsx (Table 4.1). Animals of these genotypes had fewer, but statistically similar

numbers of SHT neurons to fully masculinized females, 2.0±0.3 (n=10) and 0.5±0.2

(n=8). These data indicate that in direct competition between DSXF and DSXM, the

phenotype is similar to loss ofDSXF, and therefore it is repression by DSXF (in

conjunction with IX) that regulates lack of 5HT expression in females.

Serotonergic efferent abdominal ganglion neurons are labeled by Cha-GAL4 and

55B-GAL4: A set of cholinergic neurons in the abdominal ganglion that sends

efferent projections to the male internal reproductive organs has been implicated in the

timing of sperm arid seminal fluid transfer to the female (Acebes et al. 2004). These

neurons are marked by both the Cha-GAL4 driver, which expresses in all cholinergic
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neurons, as well as the 55B-GAL4 driver, which has been shown to create copulation

deficits in males when driving expression of the feminizing transgene, UASTRAF.

However, it was reported that the neurons labeled by these drivers were not

serotonergic (Acebes et al. 2004). Thus, I wanted to determine whether there are two

sets of efferent AbG neurons that innervate the internal reproductive organs.

To clarify the relationship between Cha-GAL4 or 55B-GAL4 expression and

expression of 5HT in the efferent neurons, I double-labeled CNSs and reproductive

tracts for each driver together with 5HT. In contrast to the previous report, all efferent

5HT neurons were positive for Cha-GAL4-GFP (Fig. 4.5) and all efferent 5HT

neurons were labeled by 55B-GAL4-GFP (Fig. 4.5). This indicates that there exists a

single population of efferent neurons that are labeled by 5HT, Cha-GAL4, and 55B-

GAL4.

However, most, but not all, 5HT terminals on male reproductive organs were

labeled by Cha-GAL4 or 55B-GAL4 driving membrane-bound GFP. These 5HT-

positive, non-C/ia or -55B terminals could potentially be due to the presence of a few

serotonin-only peripheral neurons that could create synapses on the internal organs, or

alternatively to the failure of GFP expression some terminals. Co-labels on the male

reproductive tracts of Cha-GAL4 or 55B-GAL4 driving expression of membrane-

bound GFP and anti-Synaptotagmin, a presynaptic marker, indicated that the terminals

were indeed synaptic. Additionally, within the CNS, some efferent 55B-GAL4

neurons are unlabeled by 5HT. These neurons may branch off from the main

abdominal nerve anterior to the male reproductive organs.

Interestingly, females have Cha-GAL4 and 55B-GAL4 neurons in the terminal

portion of the AbG, although they do not label with 5HT (Fig. 4.5). I used the 55B-

GAL4 driver to express membrane-bound GFP reporter in females, and observed 55B-

positive nerve terminals on the lateral oviducts, common oviduct, and calyx (Fig. 4.5).

This provided further confirmation that females have homologous neurons to the male

5HT efferent neurons.



Fig. 4.5 Efferent neurons are labeled by Cha-GAL4 and 55B-GAL4 in both sexes.
Expression of GFP reporter labeling either Cha-GAL4 or 55B-GAL4 cells (magenta)
and 5HT expression (green) was viewed by immunohistochemistry. A) In males, Cha
labels 5HT efferent neurons in the AbG (arrowheads). B) In females, Cha labels
neurons similar to the efferent neurons in males, but they do not express 5HT
(arrowheads). C) In males, all Cha-GAL4 neurons terminals on the reproductive tract
co-localize with anti-Syn (blue), although a few terminals labeled by Syn do not
express Cha (inset, arrow). D) In males, Cha-GAL4 terminals all also express 5HT.
There are a few terminals that express 5HT, but not Cha (inset, arrow). E) In males,
55B labels 5HT efferent neurons in the AbG (arrowheads). F) In females, 55B
neurons are present in the AbG, but do not express 5HT (arrowheads). G) In the male
reproductive tract, 55B terminals are labeled with anti-syn, but some terminals do not
express 55B (inset, arrow). H) In males, efferent 5HT neurons all express 55B
(arrowheads), however some 55B neurons do not express 5HT (arrows). I) In a
female, 55B neurons form terminals on the ovaries, calyx, lateral oviducts and
common oviduct in the female reproductive tract. None of these terminals express
5HT. J) In a male, 55B neurons form terminals on the male reproductive tract all of
which also express 5HT. A few 5HT terminals do not express 55B (inset, arrow). K)
In a female, many terminals, labeled by Syn, do not express 55B, however the 55B
terminals clearly express syn (inset). Syn=synaptotagmin, vd=vas deferens,
ag=accessory gland, ed=ejaculatory duct, tes=testis, ov=ovary, com.ov=common
oviduct. Images are stacks of confocal z-sections. Size bar = 20 urn panel A, use for
panels A, B, E, F, H. Size bar = 200 urn panel C, use for panels C, D, G, I , J, K.
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DISCUSSION

In males, FRUM, DSXM, and TO jointly control differentiation of efferent SHT

neurons: In the abdominal ganglion of wild-type males, there is a set of 8-14

serotonergic (5HT-expressing) neurons that innervate the male reproductive organs.

This set of neurons provides the reproductive organs with their sole source of central

nervous system (CNS)-derived innervation. It is possible that there may also exist a

small number of 5HT neurons that have terminals on the reproductive tract, but are

marked neither by Cha-GAL4 nor by 55B-GAL4 drivers. Production of 5HT in these

neurons is heavily dependent on FRUM, as all but 2-3 of these neurons do not express

5HT infru mutants. In contrast, however, presence of the neurons is not regulated by

FRUM. The role of DSXM in promoting 5HT expression is minor in comparison to

FRUM, but significant, since dsx mutant males have statistically fewer efferent 5HT

neurons than wild-type males.

I have identified Takeout (TO) as a factor that modifies expression of 5HT in

the efferent neurons. In males that are doubly-mutant for to andfru3 orfru4 , 5HT is

expressed in fewer efferent neurons than in either mutant alone. This provides a

second example in which to modifiesfru phenotypes; previous data have shown that to

exacerbates thefru mutant courtship phenotypes, and that to transcription depends on

both dsx andfru (Dauwalder et al. 2002).

The distribution of efferent 5HT neurons: The fact that efferent 5HT neurons are

located in more than one dorsal-ventral region of the abdominal ganglion suggests that

within this total population, there may be subsets of neurons. These 5HT neuron

subsets may be different from each other in their regulatory gene requirements for

induction of 5HT expression, their synaptic targets organs, or both. I have shown that

some 5HT efferent neurons make terminal arborizations on both the seminal vesicles

and on the accessory glands. In addition, some neurons appear to have terminals on a

single organ type only, based on the fact that infru mutants, which have only some of
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the 5HT efferent neurons, terminals were only observed on the seminal vesicles.

Other classes of neurons may be present as well that innervate different subsets of the

reproductive organs.

In addition, the set of 8-14 5HT efferent neurons in wild-type males may be

divided into neurons that require FRUM for expression of 5HT, and those that do not.

There could also be additional regulatory categories, for example many neurons

express 5HT in the absence of DSXM, but not all. It is still unclear whether these two

categories of subdivision, synaptic target and regulatory gene requirement, are related

to neuron subsets, or how they may be related to other possible subdivision categories.

A single cohort of efferent neurons innervate the male reproductive organs: The

efferent 5HT neurons in males express both the Cha-GAL4 and 55B-GAL4 drivers,

and form the large majority of nerve terminals on the internal reproductive organs.

Neurons labeled by both the Cha-GAL4 and 55B-GAL4 drivers have previously been

linked to regulation of sperm and seminal fluid transfer (Acebes et al. 2004). My data

show that there is only one set of central nervous system neurons that innervate the

male reproductive tract, and these neurons express 5HT as well as Cha-GAL4 and

55B-GAL4. There are two potential reasons why the previous authors did not detect

5HT in these neurons: one, antibody penetration was not sufficient to detect the 5HT

expression, or two, something in the genetic background disrupted 5HT expression.

The latter explanation seems unlikely, since I have used the same driver constructs as

previous researchers. However, genetic background clearly makes a difference, given

that alleles such as to affect 5HT expression in these neurons.

Feminization of the cholinergic neurons labeled by the Cha-GAL4 driver

implicated these neurons in male sterility. The neurons responsible for this sterility

may not be only the efferent 5HT neurons, since Cha-GAL4 labels many neurons in

the AbG and interfering with interneurons upstream in the circuit from the efferent

neurons could also result in sterility. However, since the efferent 5HT neurons



114

provide the sole centrally-derived innervation to the reproductive tract, interfering

with their development almost certainly would affect fertility.

In females, DSXF and IX repress expression of SilT in efferent neurons: Wild-

type females do not express 5HT in the efferent neurons, although based on reporter

expression from thefruP]-GAL4 driver, the cells are physically present. DSXF and IX

together suppress 5HT expression in efferent neurons. However, even in masculinized

females, the full male complement of 8-14 5HT neurons is never observed; dsx mutant

females have at most an average of four 5HT-expresssing efferent neurons. This

indicates that other factors could also be involved in suppressing 5HT expression in

these neurons (see below). The relationship between these four 5HT neurons induced

in females and any group of the potential subsets in males is currently not known.

The fact that mutant females have at most one-half of the 5HT neurons present

in males suggests that the set of 8-14 efferent 5HT neurons in males may consist of

multiple subgroups, as mentioned above, and that only one homologous subgroup can

be induced to express 5HT in females. This idea is supported by subgroupings in the

physical locations of the neuron cell bodies; in males the 5HT efferent neurons can be

found in ventral, terminal, or dorsal regions of the AbG. Expression of 5HT in mutant

females tends to be in the ventral and terminal groups, although not exclusively so.

Wild-type females have a set of octopaminergic neurons in the AbG that innervate the

ovaries and oviducts, and regulate egg-laying (Cole et al. 2005; Monastirioti 2003). A

subset of these octopaminergic neurons could potentially express 5HT ectopically in

dsx, ix mutant females. Alternatively, there could exist two groups of neurons in

females that innervate the reproductive tract, those that are octopaminergic and those

that can be converted to serotonergic. Interestingly, a subset of the neurons marked by

thefruPI-GAL4 driver are also serotonergic in females, indicating another subdivision

of the total population of efferent neurons.
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Other candidate genes for regulating 5HT expression in efferent neurons in
females: In females mutant for to, a few of the neurons do express 5HT indicating

that in wild-type females, TO partially represses 5HT expression. Whether TO

functions downstream of DSXFIX or in a separate pathway has not been determined

as it would involve making dsx-to double mutants. It is perhaps surprising to find a

function for TO in females, since to transcripts were identified by male-specific

expression in the fat body of the head. However, to transcripts are also expressed in

the antennae of both sexes, thus not all to appears to be sex-specific(Dauwalder et al.

2002). TO is a member of a family of secreted proteins that bind small-lipophilic

molecules, and may regulate circadian input in feeding behavior (Sarov-Blat et al.

2000; So et al. 2000). In terms of serotonin expression, TO may function as a

signaling molecule that normally inhibits serotonin expression in female efferent

neurons.

Another gene that interacts with dsx to regulate female sexual development is

hermaphrodite (her), which is expressed sex-non-specifically (Pultz et al. 1994).

HER has been shown to function parallel to DSXF to control yolk protein synthesis, as

well as in conjunction with DSXF to regulate foreleg bristle and tergite development,

all aspects of female sexual differentiation (Li and Baker 1998). Thus, HER may be a

candidate for another regulatory factor determining differentiation of terminal efferent

neurons.

Conclusions: The efferent 5HT neurons of the abdominal ganglion are one of only a

few groups of FRUM neurons for which the neurotransmitter is known to have a sex-

specific difference. In addition, the efferent 5HT neurons provide a second example

of a phenotype in whichfru and to act together, and are the only group of neurons for

which regulation of neural characteristics has been shown to be jointly dependent on

FRUM and DSX. The molecular functions of FRUM are not yet known, for example,

how it regulates expression of serotonin in the efferent neurons, whether the action of
FRUM is on enzymes for serotonin synthesis or another part of the serotonin
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expression pathway. But the fact that FRUM works in conjunction with other

transcription factors such as DSX means that dsx downstream target genes could be

candidate target genes forfru as well. FRUM and DSXM have also been shown to both

affect courtship behavior, thus it may not be uncommon for these two genes to work

jointly to affect sex-specific development.
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ABSTRACT

The correct formation of adult musculature in Drosophila involves precise and

coordinated development of the muscle precursor cells as well as innervating neurons.

We have identified an allele of string (stg), a Cdc25-type phosphatase involved in

mitosis of most Drosophila cells, that results in misorientation of muscle fibers in the

adult dorsal abdomen. This mutation was isolated in a screen of 146 ethyl-

methanesulfonate-induced male-sterile lines, a subset of the Zuker Collection. The

mutation was mapped by both deficiency and meiotic mapping to the distal end of

chromosome 3R, and subsequently found to fail to complement string. Mutant

analysis suggests that stg may have additional roles that have not been previously

described. Other male-sterile lines from the screen were characterized for phenotypes

similar to fruitless (fru), doublesex (dsx), or dissatisfaction (dsJ), in order to identify

potential interactors or downstream targets of these transcription factors. Mutations

analyzed in these additional male-sterile lines may be in genes regulating the neural

development that underlies male courtship behavior and fertility.
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INTRODUCTION

The formation of Drosophila musculature involves fusion of muscle precursor

cells, known as myoblasts, to form multinucleate muscle cells (for review see Baylies

and Michelson 2001; Chen and Olson 2004; Taylor 2000). The process of myoblast

fusion is regulated via interactions among the cells such that one myoblast becomes

the founder cell, and surrounding myoblasts become fusion-competent, fusing with the

founder cell to form a mature muscle (Abmayr et al. 2003; Dworak and Sink 2002).

In the adult, these muscles form in conjunction with the terminal outgrowth of neurons

that will innervate them (Broadie and Bate 1991; Fernandes and Keshishian 1995;

Femandes and Keshishian 1998). Thus, the precise positioning of a muscle is due to

coordination between the myoblast population and the innervating nerve terminal. To

be fully developed, the muscle fibers must attach to the epidermis at specific cells

called tendon organs (Schnorrer and Dickson 2004; Volk 1999).

An important aspect of muscle development is the correct orientation of the

muscle fibers as they attach. Orientation defines the consequence of muscle

contraction to move limbs or position the body. Fibers in the dorsal adult abdomen

run anterior to posterior, attaching at the posterior end and in the middle of the tergite

of each abdominal segment. The factors determining the orientation of muscle

attachments in the adult are unknown; however, the innnervating neurons have been

shown to influence the choice of attachment points and nuclei number in a male-

specific muscle, the Muscle of Lawrence (MOL; Taylor and Knittel 1995) In the case

of the MOL it is the sex-specific character of the innervating nerve that determines the

muscle phenotype (Lawrence and Johnston 1986), which is hypothesized to acquire

masculine identity via expression offruitless (fru; Gailey, Taylor and Hall 1991; Usui-

Aoki et al. 2000). Embryonic muscles, however, can develop correctly in the absence

of innervation (Broadie and Bate 1993), thus in the adult abdomen muscle fiber

positioning may be due to the properties of the nerves, myoblasts, epidermal cells, or
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any combination of these cell types. Precisely what factors contribute to the correct

positioning and orientation of adult muscle fibers is not known.

In a screen designed to identify downstream targets or interacting factors of the

sex-determining genesfru, doublesex (dsx), and dissatisfaction (dsJ), I isolated several

mutant lines which had homozygous mutant animals in which MOL formation was

abnormal. These mutants additionally had otherfru-like phenotypes including male-

sterility and courtship abnormalities. Homozygous mutant animals from one mutant

line in particular were characterized by ectopic mispositioned muscles in the dorsal

adult abdomen. The mutation, termed EM3-1, maps to the distal end of the right arm

of chromosome three, and fails to complement alleles of string (stg).

stg encodes a Cdc25 phosphatase, involved in the regulation of cell division by

initiating mitosis; cells mutant for stg arrest at the G2/M transition (Edgar and

O'Farrell 1989). Detailed analyses of the 40 kb regulatory region directly upstream of

stg has shown that much of the regulation of stg is specific to the nervous system,

although some regulatory regions were specific to developing mesoderm and

epidermis (Edgar et al. 1994; Lehman et al. 1999). Flies in which Stg is

overexpressed are defective in neurogenesis and neuroblasts do not acquire their

proper fates (Negre et al. 2003). I hypothesize, therefore, that the cause of ectopic

muscles in EM3-1 mutants is a failure of proper cell division due to disrupted Stg

function. Stg function disruption in neural precursors could lead to abnormal

motorneurons which nucleate the formation of muscle fibers in improper locations.

However, it is also possible that Stg function has been disrupted in the mesodermal

cells or epidermal attachment cells such that muscles are formed ectopically.

MATERTALS AND METHODS

Fly stocks: Fly stocks were maintained at room temperature on an agar, comfiour,

dextrose, and yeast medium supplemented with 0.1% Nipagen (p-hydroxybenzoic acid

methyl ester; Sigma, St. Louis) to inhibit mold. Crosses were reared on a 1 2h: 1 2h



121

light:dark (12h LID) cycle at 25°C, unless otherwise noted. A Canton-S strain (CS)

was used as wild-type. Lines screened for fertility, muscle development, and

copulation phenotypes were obtained from Barbara Wakimoto, University of

Washington, Seattle, WA, and are a subset of a larger collection of approximately

12,000 mutagenized lines known as the Zuker Collection (Koundakjian et al. 2004).

All lines described in this paper have ethyl-methanesulfonate (EMS)-induced

mutations on the third chromosome, using the isogenized parental stock bw, st, and

balanced over TM6B. Lines detailed here were initially characterized as homozygous-

viable, male-sterile with motile sperm (146 lines, initial characterization by Barbara

Wakimoto). Thus bw; St 1S used as a control genotype; lines used in this screen are

referred to as Z lines (Wakimoto et al. 2004).

Stocks used for deficiency mapping constitute the third-chromosome

deficiency-mapping kit (DK3) obtained from the Bloomington Drosophila Stock

Center, Bloomington, TN. DK3 consisted of 76 lines of flies, each deficient for a

different region of the third chromosome. In total, this kit spans roughly 90% of the

third chromosome (see Table 5.2). Stocks used for meiotic mapping include ru1 h' th'

St1 Cu' Sr' es Ca1 (rucuca,BL#576, Bloomington) and ru1 h' th' st1 CU' sr1 es Pr'

ca'/TM6B, Bri', Th' (rucuca, PrITM6B, BL#1711, Bloomington).
Transposable element excision used line w; Pfry+ Delta2-3}SbITMB6

(BL#1798, Bloomington Stock Center) as a stable source of transposase. Lines used

in non-complementation tests (Table 5.3) were all obtained from the Bloomington

Drosophila Stock Center, except for ms(3)CB27 which was a gift from Kai Zinn,

California Institute of Tecimology, Pasadena, CA.

Screening Criteria and identfIcation methods: Homozygous mutant Z line animals

were identified by white eye color due to the presence of an allele of brown (bw) on

the second chromosome and scarlet (st) on the third chromosome. In addition, all

homozygous mutant animals lack the balancer TM6B, and therefore the dominant

marker Tubby (Th). Initial screening was performed to determine whether
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homozygous mutant Z line males were truly sterile. Males were placed in food vials

en masse with 3-5 virgin wild-type females and left for at least fourteen days at 25°C.

Vials in which all males or all females died during the first four days were not

counted. In parallel to these experiments, homozygous mutant Z line females were

placed in food vials en masse with 3-5 wild-type males and treated as above. Females

for this experiment were not necessarily virgin since the purpose was to determine

female fertility, thus precisely which genotype male fertilized the eggs was not

important. Flies in each vial were scored as fertile if any adult offspring were

produced, and flies were scored as sterile if no adult offspring were produced.

Homozygous mutant Z line males were also screened to determine whether

they copulated in a given time period. For this assay, males were collected within 24

hours of eclosion, aged individually in food vials for 4-6 days, and paired individually

with virgin wild-type females in courtship chambers. Flies were video-recorded for 60

minutes and scored as to whether they mated and general activity level. A separate

group of homozygous mutant Z line males were dissected to view the morphology of

the Muscle of Lawrence (MOL, see dissections mounting and imaging below) and

longitudinal dorsal abdominal segment muscles. Z lines were categorized into groups

based on the suite of phenotypes present in homozygous mutant animals. The

phenotypes scored were male-fertility, female-fertility, male courtship and copulation

behaviors, and MOL morphology.

Deficiency and meiotic mapping: One Z line selected for further analysis, EM3-1, was

first mapped for male-sterility using the third chromosome deficiency kit (DK3). In

deficiency mapping, Z/TM6B heterozygous males were crossed to each DK3 line and

transheterozygous male progeny with the Z mutant chromosome over the deficiency

chromosome (Z/DJ) were paired en masse to virgin wild-type females and fertility

assessed as above (screening criteria and identification methods). In cases where Z/Df

males were sterile, the Z line was first retested with the same deficiency line, then
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subsequently tested with smaller deficiencies encompassed by the original DK3 line

(Table 5.3).

Further fine-scale mapping was performed using meiotic mapping techniques.

ZITM6B males were crossed to rucuca females and progeny with the Z mutation in

trans to rucuca (Z/rucuca) were collected. Z/rucuca females were crossed to rucuca,

Pr! TM6B males; male progeny from this cross with the recombined Z line-rucuca

chromosome over the rucuca, Pr chromosome (rec/rucuca, Pr) were collected.

rec/rucuca, Pr males were back-crossed to Z/TM6B females and male progeny with

the rec chromosome over the original Z mutation (rec/Z) were scored for sterility and

muscle phenotypes.

Transposable-element excision: The transposable element from line y' w1118;

P{w[+m C] =lac W}l(3)L6241L6241/TM3, Ser' (L6241, BL# 10347, Bloomington) was

excised by crossing to a source of transposase (see above, fly stocks). Progeny from

this cross in which the transposable element was mobile were identified by mosaic eye

color. These mosaic males were crossed to w; TM3/TM6B and progeny in which the

transposable element had been excised were identified by white eyes. These males or

females were crossed individually to w; TM3/TM6B, progeny with the transposable

element excision chromosome balanced over either TM3 or TM6B were collected, and

progeny with each excision were crossed to each other and maintained as stocks.

Dissections, mounting, and imaging: To view abdominal muscle morphology,

including the MOL and longitudinal segmental muscles, flies were starved for 1-2

days in vials containing moistened filter paper. In a dissection dish filled with

phosphate-buffered saline (PBS) the abdomen was removed and pinned open. Internal

organs and most trachae were removed for up to six preparations per dish. PBS was

removed and fixative added (4% paraformaldehyde, PFD); preparations were fixed for

about 10 minutes, after which fixative was removed and a PBS wash added.

Preparations were unpinned, and mounted on a microscope slide in ultrapure glycerol.
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For labeling of abdominal nerves, animals were collected as mid- to late-stage pupae,

as judged by morphology (Bainbridge and Bownes 1981), abdomens were dissected as

above, and preparations transferred to an Eppendorf tube, washed in PBS-0. 1%

Triton-X, (PBS-Tx) and blocked in PBS-Tx + 10% normal goat serum. Preparations

were incubated in anti-22C10 (Developmental Studies Hybridoma Bank) overnight at

4°C, washed, blocked, and incubated in goat-anti-mouse secondary antibody

conjugated to horseradish peroxidase (HRP) for 2-4 hours at room temperature.

Followed antibody staining, preparations were color-reacted with diaminobenzidine

(DAB, Sigma, St. Louis, MO). Preparations were then mounted as above.

For central nervous system (CNS) labeling, CNSs were dissected in PBS,

transferred to fix for 20-30 minutes, washed, blocked, and incubated in anti-Even-

skipped (1:100, Developmental Studies Hybridoma Bank, Iowa City, IA) overnight at

4° C. Subsequently, CNSs were washed, blocked and incubated in goat-anti-mouse-

Alexa-488 (Molecular Probes, Eugene, OR) for 2 hours at room temperature. CNSs

were mounted on poly-L-lysine-coated coverslips in ProLong solution (Molecular

Probes).

For imaging, muscle preparations were viewed using an Olympus Vanox-TX

microscope under polarized light optics. Images were captured with a Sony DKC-

5000 digital camera and subsequently processed for clarity and contrast using

PhotoShop 5.0 (version 5.0.2, Adobe Systems Inc., San Jose, CA). CNSs were

viewed under fluorescence using a Zeiss 5 10-Meta confocal scanning microscope, and

images were obtained using this system.

RESULTS

Z lines can be divided into groups based on the suite of phenotypes observed in

homozygous mutant animals. I obtained a subset of 146 lines from the Zuker

Collection (Z lines, see materials and methods) that were classified as male-sterile

with motile sperm. Of these lines, analysis of 38 lines was not pursued because they
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The remaining 108 third-chromosome Z lines were screened for male fertility, female

fertility, percent of males that copulate, and abdominal muscle morphology.

Screening criteria for sorting the lines was based on phenotypes of flies mutant for

either fruitless (fru), dissatisfaction (dsj), or doublesex (dsx), all involved in sex-

specific development of the nervous system and other somatic sexual characteristics.

Sincefru, dsf, and dsx all encode transcription factors thought to regulate multiple

aspects of sexual development, I anticipated that in the screen I would find either

interactors or downstream target of these regulatory genes. Mutations in interactors

would cause suites of phenotypes similar to the phenotypic complement offru, dsf, or

dsx; mutations in downstream targets would result in animals that have a subset offru,

dsf, or dsx phenotypes.

Using the data obtained from homozygous animals of each Z line, I subdivided

the Z lines into groups based on the suite of phenotypes present (Table 5.1).

Interestingly, none of the lines had phenotypes exactly likefru, dsf or dsx. For

example, none of the lines had males that completely lacked the MOL, did not

perform any courtship, or had abnormally formed genitalia. Additionally, for most of

the lines, homozygous animals were not affected in all categories. Of the 108 lines, 44

were male sterile, 59 were female sterile, 28 had males that do not copulate, and 32

had possible muscle defects. These phenotypes are not mutually exclusive, such that

animals from many lines have more than one mutant phenotype of the above list (Fig.

5.1). For example, of the 44 lines that have sterile males, 25 also have sterile females,

17 lines also had males that did not copulate, and 13 also had males with MOL

defects. Within these subclasses, there is also overlap (Fig. 5.1). Of lines with males

that were sterile, many also had females that were sterile in addition to other

abnormalities, although only a few of the lines had animals abnormal in all categories

(Fig. 5.1A). Frequently, I could not obtain enough homozygous mutant Z line animals

to test, thus the line was scored as Not Tested for that category. This was due either to
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Table 5.1
Initial screening of 108 Z-lines subdivided lines by phenotype for four

characteristics.

Characteristic: Categories:

Male Fertility Sterile: 44 lines Fertile: 19 lines Not Tested: 45 lines

Female Fertility Sterile: 59 lines Fertile: 30 lines Not Tested: 19 lines

Male Copulation* No cop: 28 lines <50% cop: 23 lines Not Tested: 56 lines

Muscle morphology Defect: 32 imes No Defect: 55 lines Not Tested: 21 lines

* One line that had greater than 50% of males that copulated is not included here.
Males and females from Z-lines were examined for fertility, males were assessed as to
whether they copulated with wild-type virgin females, and males were dissected to
view muscle morphology (Muscle of Lawrence, MOL). Lines from which
homozygous mutants were not easily obtained, or from which the animals died during
the experiment are listed as not tested.
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Fig. 5.1 Z-lines screened have multiple, non-mutually exclusive phenotypes.

A.

25 female-sterile

B.

44 lines male-sterile

11 female-fertility
not tested

17 zero male copulation

45 lines male-fertility not tested

37 male copulation
not tested

13 muscle-defects

16 muscle development
not tested



Fig. 5.1 (continued) Z lines screened have multiple, non-mutually exclusive
phenotypes.

C.

25 male-sterile

59 lines female-sterile

15 zero male
copulation

19 muscle-defects
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Fig. 5.1 Z lines screened have multiple, non-mutually exclusive phenotypes.
Venn diagrams show the overlap of phenotypes between screened Z-lines. For many
of the lines that were screened multiple phenotypes were present. A) Of the 44 lines
that are male-sterile, 25 are also female-sterile, 17 did not have male-copulation, and
13 had muscle defects. B) Of the 45 lines for which we were not able to test for male-
fertility, 11 were additionally not able to be tested for female fertility, 37 were not able
to be tested for male copulation, and 16 were not able to be tested for muscle
development. C) Of the 59 lines that were female-sterile, 25 were male-sterile, 15 did
not have male-copulation, and 19 had muscle defects.
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not enough mutant animals that eclosed or to animals that died shortly into the test.

However, animals from only very few of the lines were not able to be tested for any of

the categories; often animals could be tested for at least one category (Fig. 5.1B).

The category that encompassed the highest number of lines was female

sterility, and animals from lines included in this category again often had multiple

phenotypes (Fig. 5.1C). Interestingly, the lines with sterile females that had multiple

phenotypes were not necessarily the same as the lines with sterile males that had

multiple phenotypes, suggesting that phenotypes were not linked. h fact, in

previously published data using other Z lines, mutant chromosomes were frequently

found to contain more than one EMS-induced mutation (Koundakjian et al. 2004).

Homozygous mutants from line EM3-1 have unusual muscle defects. One Z line

was selected for further study based on a novel muscle phenotype in homozygous

mutants. Of the 108 lines, both male and female mutants that have mis-positioned

longitudinal segment muscles of the abdomen were observed in one line. This line is

male sterile, female fertile, and 12% of males tested (n=26) copulated with females.

In addition, 69% of animals (n=45) have at least one mis-positioned muscle, referred

to from here forward as ectopic muscles. I have termed this line EM3-1, for ectopic

muscle third chromosome characterized mutant one. The ectopic muscles are

positioned in the dorsal, anterior region of the abdominal segments (Fig. 5.2), are

present in males and females, and are not seen in transheterozygous animals from this

line or in wild-type animals (Fig. 5.2A-D). Ectopic muscles may have anywhere from

one to several fibers, which are perpendicular to the axis of the normal dorsal

longitudinal muscles, and may occur in one or more hemisegments in a given animal

(Fig. 5.2E). Additionally, these ectopic muscles are innervated (Fig. 5.2F).

The mutant locus causing ectopic muscles in animals from line EM3-1 maps to

the end of 3R, separate from the locus causing male-sterility. I have determined

that the mutant locus causing ectopic muscles in EM3-] animals is at the distal end of
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Fig. 5.2 Homozygous EM3-1 mutants have ectopic muscles in the adult dorsal
abdomen. Musculature of the adult abdomen was viewed by polarized light
microscopy in both sexes. A) Wild-type female dorsal adult abdomen showing
longitudinal segment muscles (arrowhead). B) Wild-type male dorsal adult abdomen
showing longitudinal segment muscles (arrowhead) and the Muscle of Lawrence
(MOL, arrow). C and D) Males and females that are homozygous mutant for EM3-1
have ectopic muscles (small arrows) that are completely perpendicular to the axis of
the normal longitudinal segment muscles (arrowheads). In some cases in males, fibers
that would form the MOL are misoriented. B) A schematic composite showing the
location of ectopic muscles in a total of 34 EM3-1 homozygous mutant animals.
Ectopic muscles frequently occur near the dorsal midline and are more often in the
anterior portion of the segments. F) View of one ectopic muscle in where the
ilmervating nerve (small arrows) can be seen using anti-Futsch (22C 10) antibody. The
nerve continues on (arrow) to innervate the longitudinal segment muscles (arrowhead).
Size bars = 200 um. Panels A, B, C, D same magnification.
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the right arm of chromosome three. I determined the location of the mutation causing

the ectopic muscles in line EM3-1 animals first by mapping the mutation using a series

of third chromosome deficiencies that span over 90% of the third chromosome (see

materials and methods). The ectopic muscle phenotype is recessive since

heterozygous animals do not have ectopic muscles. When EM3-] was tested in trans

to each of 76 deficiency lines, ten crosses produced progeny that had ectopic muscles

(Table 5.2). A summary of these lines, including the region of the chromosome that is

deficient is shown in Table 5.2. Upon examination of animals from the deficiency

stock lines (the deficiency chromosome in trans to a balancer chromosome), five stock

lines had animals with ectopic muscles, and four deficiency lines produced animals

with ectopic muscles when the deficiency was in trans to a wild-type chromosome

(data not shown).

Four of the deficiency lines, Df(3R)3450, Df(3R)A113, Df(3R)012]5, and

Df(3R)Dr-rv], consistently had a high percentage of animals that had ectopic muscles,

both in animals with the deficiency in trans to EM3-1 and in animals from the stock,

suggesting some haploinsufficiency in muscle development for this region of the

chromosome. These four deficiencies overlap in a region of the distal end of the right

arm of chromosome three, from cytological position 99A1 to 99A8. However, of all

deficiency/EM3-1 combinations, only line Df(3R)3450 resulted in sterile male

offspring when in trans to EM3-1 (Fig. 5.3A). This suggested that the locus

responsible for the ectopic muscle phenotype and the locus causing male sterility map

separately.
Since all deficiency lines that covered the region 99A1 ;99A8 also had ectopic

muscles in animals from the stock, I undertook a second mapping project using

meiotic recombination to more precisely determine the location(s) of the mutation(s)

causing ectopic muscles and male sterility. To do so, the mapping chromosome

rucuca was used (see materials and methods). Males with recombinant chromosomes,

each of which contained part of the original EM3-1 chromosome and part of the

rucuca chromosome, were backcrossed to line EM3-1. Animals in which the
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Table 5.2
Select deficiency regions uncover sterility or ectopic muscles when in trans

to EM3-1.

Stock
Number

Cytological location of
deficiency

Fertile Muscle
normal

2577 61A;61D3 Y Y
439 6105-8;62A8 Y Y
600 62A10-B1;62D2-5 Y Y
2400 62B8-9;62F2-5 Y Y
3650 62F;63D Y y
3649 63C2;63F7 Y Y
3686 63F6-7;64C13-15 Y Y
3096 64C;65C Y Y
4393 65A2;65E1 Y Y
1420 65F3;66B10 Y N
1541 66B8-9;66C9-10 Y Y
3024 66D10-11;66E1-2 Y Y
4500 66E1-6;66F1-6 Y y
1688 66F5;066F5 Y Y
2479 66F5;67B1 Y Y
997 67A2;67D11-13 Y Y
89 67E5-7;68C2-4 Y Y
2547 67F2-3;68D6 Y Y
2611 68A2-3;69A1-3 Y Y
2612 68C8-11;69B4-5 Y Y
4507 69B1-5;69D1-6 Y Y
4366 70A1-2;70C3-4 Y Y
3124 70C1-2;70D4-5 Y N
3126 70D2-3;71E4-5 Y Y
2992 71C;71F Y Y
3640 71F1-4;72D1-10 Y Y
2993 72C1-D1;73A3-4 Y Y
2998 73A3;74F Y Y
2608 75A6-7;75C1-2 Y Y
2990 75B8;75F1 Y Y
3000 76A3;76B2 Y Y
3617 76B1-2;76D5 Y y
5126 76B4;77B Y Y
2052 77A1;77D1 Y Y
3127 77B-C;77F-78A Y Y
3627 77B-C;77F-78A Y Y
4429 77F3;78C8-9 Y Y
4430 78C5-6;78E3-79A1 Y Y
4506 79C1-3;79E3-8 Y Y
4370 79E5-F1;79F2-6 Y Y
339 82D3-8;82F3-6 Y N
4787 82F3-4;82F10-11 Y Y
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Table 5.2 (continued)
Select deficiency regions uncover sterility or ectopic muscles when in trans

to EM3-1.

1990 83C1-2;84B1-2 Y Y
1884 84A1-2;84B1-2 Y Y
1842 84A6;84D14 Y N
1968 84D4-6;85B6 Y Y
1962 85A2;85C1-2 Y Y
1893 85D11-14;85F6 Y N
1931 85D8-12;85E7-F1 Y N
3128 86C1;87B1-5 Y y
3003 86E2-4;87C6-7 Y Y
3007 87B11-13;87E8-11 Y Y
1534 87D1-2;88E5-6 Y Y
383 88E7-13;89A1 Y Y
1467 89B7-8;89E7 N*

4431 89E1-F4;91B1-B2 Y Y
3071 89E3-4;90A1-7 Y Y
3011 90F1-F4;91F5 Y Y
3012 91F1-2;92D3-6 Y y
4962 92B3;92F13 Y y
2425 93B;94 Y Y
3340 93B6-7;93D2 Y Y
4940 95A5-7;95C10-11 Y Y
2585 95A5-7;95D6-11 Y Y
4432 95D7-D11;95F15 Y Y
2363 95F7;96A17-18 Y N
3468 96A2-7;96D2-4 Y Y
1910 97A;98A1-2 Y Y
823 97E3;98A5 Y Y
430 98E3;99A6-8 N N
669 99A1-2;99B6-11 Y N
3547 99B5-6;99F1 Y Y
3546 99D3;100F Y Y
3369 IOOC;IOOD Y Y
1011 100D;100F05 Y Y

* Males in which this deficiency is in trans to another chromosome have genitalia
that do not complete rotation during development, therefore fertility of animals
with this deficiency in trans to EM3-1 could not be determined. Lines for which
the deficiency in trans to EM3-1 produced sterile males or animals with ectopic
muscles are shown in bold. Y = fertile/no ectopic muscles, N = sterile/have
ectopic muscles.
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locus/loci causing ectopic muscles or sterility has been homozygosed will have muscle

defects and/or be sterile. The portions of each chromosome that were retained was

determined by visual inspection of the animals for changes in physical appearance

caused by the markers on the rucuca chromosome.

Animals in which the distal end of the third chromosome (3R) was recombined

away from the EM3-1 chromosome never had ectopic muscles. Conversely, animals

in which the distal end of 3R was retained from the EM3-1 chromosome always had

ectopic muscles (Fig. 5.3B). Seventeen individual recombinants fell into the former

category and eight individual recombinants fell into the latter group (Fig. 5.3B).

Based on the recombination frequencies, this very clearly places the mutation causing

ectopic muscles distal to the marker ebony (e) at cytological position 93D1-3, likely

close to, or on the other side of, the marker ca at cytological position 99B8-lO.

As suspected from the deficiency mapping, the mutation causing male-sterility

did not map to the same location as the mutation causing ectopic muscles. Males that

had recombinations which recombined awayEM3-] near e at 93D1-3, but retained

EM3-1 near ca at 99B8-lO, were always fertile (n=8 individual recombinations).

Conversely, males that had recombinations which retained EM3-] near e, but

recombined away EM3-1 near Ca, were always sterile (n==lO individual

recombinations). Based on these data as well as results of other recombinational

events, the locus for male-sterility is between thread (th) at cytological position 72D1

and ca at cytological position 99B8-lO (Fig. 5.3B).

EM3-1 fails to complement alleles of string (stg). In order to determine which gene

had been disrupted in line EM3-1 to cause ectopic muscle phenotypes, I performed

complementation testing using several lines of flies with mutant alleles in the vicinity

of ca. In addition to animals from the deficiency lines used in mapping above,

animals from thirty lines with single gene mutations between cytological positions

98F1 and 99E1 were crossed to EM3-1 and transheterozygous progeny examined to

look for non-complementation of the ectopic muscle phenotype (Table 5.3). Animals
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Table 5.3
Several mutant lines failed to complement EM3-1.

Mutant allele: Cytological location: Muscle phenotype:

Deficiencies:
Df(3R)M37 98D3-7;98D3-7 -

Df(3R)A113 98F14;100F +++
Df(3R)3450 98E3;99A6-8 +++
Df(3R)Dr-rvl 99A1-2;99B6-1 1 ++
Df(3R)0 1215 99A6;99C1 +++
Df(3R)L127 99B5-6;99E4-F1 -

Df(3R)ca 99B8-1O;99B8-1O -

Df(3R)ca'" 99B8-1O;99B8-1O -

Dp(3;1)67N 99D6-E1;100F5 -

Df(3R)R133 99E;IOOF +

Df(3R)B81 99C8;100F5 +

Df(3R)X3F 99D1-2;99E1,84F -

Point mutants:
ren' 99A6-99C1 +

slug3 99A6-99C 1 +

ms(3)CB27 99A7 +

Ptp99A' 99B1-3 -

Dr' 99B4-5 -

Ca' 99B8-1O -

kay' 99C2-4 ++
ncd' 99C4-5 -

Transposon insertions:
stg°'453" 99A -

l(3)s2784s2784 98F1-2 ++
Doa°'7"58 98F4-5 +

BG02628 98F5 +

l(2)43Bb°4614 99A ++
BG02426 99A10 +

1(3)0470804708 99A1-2 ++
1(3)0674306743 99A4-5 ++
l(3)L624IL6241 99A5-6 +++
stg°'235 99A5-6 +

1(3)0252102521 99A5-6 -

Y603 99B -

nccl°54 99C1-2 -

BG01495 99C3 ++

All mutant lines are listed by gene name, in order of increasing cytological location.
+/- indicates whether animals transheterozygous for the mutant allele and EM3-1 had
ectopic muscles; no ectopic muscles, + up to one-third of animals, ++ one-third to
one-half of animals, +++ greater than half of animals had ectopic muscles.
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from six lines with transposable element insertions had significant ectopic muscles

when the insertional mutant chromosome was in trans to EM3-I. These six

transposable element mutant lines, 1(3)s2784c2 784 l(2)43Bb046'4", 1(3)04 708° 708,

1(3)0674306743, l(3)L624lL6241, and BG01495, were additionally tested in trans to the

four deficiency lines that uncovered EM3-1, as well as tested in trans to each other.

Progeny from all six of these lines had ectopic muscles when the insertional mutant

chromosomes were in trans to deficiency chromosomes and to each other (data not

shown). One insertional mutant line, however, consistently had animals with ectopic

muscles when the insertional mutant chromosome was in trans to EM3-1, deficiency

chromosomes, and other insertional mutant chromosomes, but not in heterozygous

animals from its own stock line. I selected this mutant line, l(3)L624]"624' , to use for

further analysis to determine the location of EM3-1.

l(3)L6241'624' is a homozygous lethal mutant created by insertion of a

transposable element in the upstream regulatory region of string (stg). stg encodes a

Cdc25-type phosphatase, a rate-limiting protein involved in cell division shown to

control entry into mitosis (Edgar and O'Farrell 1989). I have compared the insertion

point of the transposable element in 1(3)L6241"624' to the Drosophila genomic

sequence and determined that it is inserted approximately 6 kb upstream of the

transcriptional start of stg.

I created 65 lines in which the transposable element from l(3)L6241"624' had

been excised (see materials and methods). In cases where the excision was precise,

the transposable element is removed with no alteration to flanking sequences and the

genome reverts to wild-type. In imprecise excisions, the transposable element is

removed along with flanking genomic sequence, creating a deficiency mutation. Since

stg is a homozygous lethal mutant, imprecise excisions removing stg function will

likely be homozygous lethal, but imprecise excisions that do not remove stg coding

sequence may be viable. I anticipate that precise excisions will be viable as well.

Thus homozygous viable lines may include both precise and imprecise excisions, and

homozygous lethal lines are likely imprecise excisions.
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Of the 65 excision lines, 48 are homozygous viable and 17 are homozygous

lethal. I have crossed eight of the homozygous viable and seven of the homozygous

lethal lines to EM3-], and determined whether progeny have ectopic muscles. Five of

the homozygous viable lines have ectopic muscles when in trans to EM3-1; three do

not. Similarly, three of the homozygous lethal lines have ectopic muscles when in

trans to EM3-1 and four lines do not have ectopic muscles. I have examined

homozygous animals from three of the viable lines that had ectopic muscles in trans to

EM3-1, all of which have ectopic muscles as homozygotes (Table 5.4).

EM3-1 and l(3)L624l'6241 both fail to complement sig mutations. In order to

determine whether EM3-1 and l(3)L624I'624' are allelic to stg, I performed

complementation testing by crossing stg4, a null allele of stg to EM3-1 and

l(3)L6241'6241. Progeny that were transheterozygous for stg4 and either EM3-1 or

l(3)L6241'624' were examined for the presence of ectopic muscles. In both cases,

ectopic muscles were present, although more robustly in stg4Il(3)L6241'624' animals

(data not shown). This is consistent with the mutation in EM3-1 and the insertion in

l(3)L6241'624' both causing disruption of the same gene, therefore both are allelic

to stg.

Ectopic muscles may be due to changes in cell identity. I have additionally
observed ectopic muscles in flies in which the identity of motorneurons has been

disrupted. Flies in which the gene fruitless (fru) has been ectopically expressed have a

high percentage of ectopic muscles (data not shown); these animals have disruptions

in the pattern of Even-skipped (Eve) expression in developing motorneurons (Song

and Taylor 2003).

In order to determine whether the ectopic muscles in line EM3-1 and progeny

from crosses with l(3)L6241'624' were due to abnormal motorneuron development, I

labeled CNSs with an antibody to Eve, expressed in specific motorneurons that

innervate dorsal muscle targets in the embryo (Landgrafet al. 1999). Heterozygous
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Table 5.4
Transposon excision lines were scored for viability and ectopic muscles.

Homozygous viable:
1 y
2 y
18 y
22 y

Ectonic muscles present:
In trans to EM3-1: As homozygote:
n ND
n ND
n ND
n ND

3 y y y

12 y y y

24 y y y

30 y y ND

31 y y' ND

14 n ND

20 n n ND

21 n n ND

16 n y ND

28 n y ND

29 n y* ND

Animals from transposon excision lines were examined for viability and whether they
had ectopic muscles, either in excision homozygotes or in animals in which the
excision is in trans to EM3-1. *Mimals of this genotype had occasional ectopic
muscles. y = had ectopic muscles, n = do not have ectopic muscles. ND = this
genotype not analyzed.



141

and homozygous animals for EM3-1 did not have obvious defects in the expression of

Eve, indicating that it is unlikely that Eve-positive motomeurons were disrupted.

Thus, alterations caused by the mutation in line EM3-1 may affect developing

neurons, muscles, or epidermal cells, all of which contribute to correct muscle

development. Based on the fact that EM3-1 is allelic to stg, the ectopic muscles in line

EM3-1 are likely due to disruption of cell division, which then alters the identity or

other aspects of the cells involved.

DISCUSSION

Z lines fall into several non-mutually exclusive phenotypic groups: I have

screened 108 Z lines that were originally classified as male sterile, with motile sperm.

The rationale for obtaining this subgroup was that these Z lines were more likely to

have mutations in genes which partner with, or are targets of,fru, dsf or dsx, since

males of each of these genotypes have courtship or other defects that result in

decreased fertility. I expected that when mutated, genes that are either binding

partners or downstream targets offru, dsf or dsx would have either all or a subset of

the mutant phenotypes for these transcription factors. While many of the Z lines that

were further screened had multiple phenotypes, none had phenotypes that matched

those expected. For example, none of the lines lacked a Muscle of Lawrence (MOL)

completely or failed to court at all, bothfru phenotypes. This may indicate important

information about the way in whichfru controls neuronal phenotypes. While it is

possible that I simply did not screen enough mutant lines to find mutations that

replicatefru phenotypes exactly, results from this screen suggest that of the genes that

are downstream targets offru, none are solely responsible for a given aspect of

development; there may be no single gene that controls MOL formation or whether a

male will perform courtship. Rather, these aspects ofdevelopment are controlled by

many genes, all of which would have to be mutated to have completefru-like

phenotypes. These data also suggest that the case may be similar for dsf and dsx.
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Characterization of EM3-1: Line EM3-1 was found to have two mutations, one

responsible for the sterility and one that results in ectopic muscles. In fact, multiple

induced mutations on a chromosome was found to be common in analysis of other Z

lines (Wakimoto, Lindsley and Herrera 2004). The locus causing ectopic muscles in

EM3-1 failed to complement a transposable element mutation in line l(3)L6241'6241,

with the insertion in the upstream regulatory region of stg. These data indicated that

EM3-1 is allelic to stg. Stg encodes a Cdc25-like Drosophila phosphatase, null

mutations of which are embryonic lethal (Edgar and O'Farrell 1989). EM3-1 is likely

to be a hypomorphic allele of stg as these animals are homozygous viable.

The upstream regulatory region of stg has been analyzed, and was found to be

a composite of multiple regions, each of which regulate stg transcription in different,

although partially overlapping, subsets of tissues including embryonic and post-

embryonic neural precursor cells, mesoderm, and epidermis (Edgar, Lehman and

O'Farrell 1994). The transposon insertion in l(3)L624]L6241 lies approximately 6kb

upstream of the stg transcriptional start site, in an area that has been mapped as an

enhancer for embryonic and larval neuroblasts. The mutation in line EM3-1 could

affect the regulatory region of only one tissue type, therefore producing a non-lethal

phenotype. Although the motorneurons that I examined, those positive for Eve, did

not appear to be abnormal, disruption of other motorneurons is possible. It is also

possible that in line EM3-1, Stg function has been disrupted in myoblasts or epidermal

cells.

Conclusions: I have identified an EMS-induced mutation EM3-1 that causes ectopic

mispositioned muscles in the dorsal adult abdomen, and which is likely a hypomorphic

allele of stg. Muscle development in Drosophila is a complex interaction involving

coordination of both the nerve that will innervate the muscle as well as the myoblasts

that fuse to create the muscle fibers, and the epidermal cells to which the muscles

attach. In the case of EM3-1, the ectopic muscles are innervated, thus it may be that
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the nerve targets to an inappropriate location and attracts myoblasts to create an

ectopic muscle. Alternatively, the myoblasts may migrate to an abnormal location,

and subsequently attract a nerve. In either scenario, the ectopic muscles attach to the

epidermal cells, via existing attachment sites that would have been utilized by the

normal longitudinal segment muscles or by induced ectopic attachment sites.
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CHAPTER 6

CONCLUSION AND FUTURE DIRECTIONS

Summary of chapters
The overall objective of my research is to understand the behavioral function

of specific subsets of neurons that express male-specific FRU protein (FRUM), as well

as to elucidate the molecular roles of FRUM. I addressed the function of FRUM

neurons in male behavior by first, identifying a subset of the FRUM neurons that co-

label with Engrailed (En), and second, severely reducing FRUM expression in these En

neurons using directed expression offruMspecific RNAi transgenes. Males in which

FRUM was reduced specifically in the En neurons had normal courtship but abnormal

copulation. This indicates that the FRUM/En neurons are part of neural circuitry that is

used during copulation, but not courtship.
Anti-FRUTM and En co-labeled a set of 53 neurons, which are located in the

medial brain, midline and medially in the thoracic ganglia, and in the abdominal

ganglion (AbG). Experiments in which thefruPl-GAL4 driver was used to label

FRUM neurons in conjunction with anti-En suggest that there are up to 160 neurons

co-expressing FRUM/En. Most of the neurons detected byfruPl-GAL4 expression are

in the same groups or segmentally-homologous regions as FRUM/En neurons detected

by anti-FRUTM, thus I conclude that these neurons may express FRUM at levels too low

to be detected by antibody. Therefore, although I could only follow FRUM expression

in 53 neurons, these additionalfruPl neurons may be part of the copulation circuit that

I disrupted by expression offruMRNAi.

I examined potential cellular functions of FRUM by multiple methods. One

series of experiments sought to describe sex-specific differences in neuronal

characteristics, including cell survival, location of the initial neuronal projections, and

neurotransmitter expression. In these experiments I determined that homologues of

the FRUM/En neurons are present in females and infru mutants, thus FRUM does not
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control cell survival in these neurons. Additionally, FRUM/En neurons do not have

sex-specific differences in the initial projection of the neurons, indicating that initial

projection is not under FRUM control. In fact, the initial neuronal projection may not

be controlled by FRUM in any neurons, since most neurons have already made initial

projections into their proper neuropil regions by the time FRUM expression is first

detected in late larval stages (Ito et al. 1996; Ryner et al. 1996; Truman et al. 2004).

This suggestion is supported by studies on a different group of FRUM neurons in the

subesophageal ganglion in which the projection is not controlled by FRUM (Manoli

and Baker 2004).

I did find sex-specific differences in neurochemistry in one group of FRUM/En

neurons that are repeated in each of the three thoracic ganglia. These neurons express

Ddc-GAL4 in males, but not in females. This difference between males and females is

only partially dependent upon FRUM sincefru mutant males express Ddc in only some

of the medial neurons. It is possible that sex-specific neurochemistry in these neurons

may also regulated by other genes, such as doublesex (dsx). DSX is an especially

good candidate for jointly regulating the neurochemistry of these neurons with FRUM

since I have shown that DSX is involved in determining expression of serotonin in

neurons of the AbG.

In the AbG, FRUM is necessary for serotonin (5HT) expression in most of the

8-14 efferent neurons that express 5HT in wild-type males. However, these 8-14

neurons may be a composite of subgroups that have differences in terminal contact

organs and different requirements in gene regulation of 5HT. In order for 5HT to be

expressed in the full set, DSXM is also necessary. Further, 5HT expression in these

neurons in males is modified by takeout (to). Similar to FRUM/En neurons, I have

shown that the efferent neurons are physically present in females andfru mutant

males, but that 5HT expression in these neurons is sex-specific; in females, 5HT

expression is repressed by DSXF and IX, as well at TO.

The second series of experiments to determine molecular targets of FRUM

involved a genetic screen for genes that were either interacting partners, or down
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stream targets, offru, dsf, or dsx. This screen did not elucidate any candidate genes

that had robustfru-, dsf-, or dsx-like phenotypes, suggesting that these transcription

factors may have multiple target genes, that may be different in different cells, which

collectively control sexual differentiation of each cell type. Interestingly, this screen

did identify a mutant line in which the mutation is allelic to string (stg), a Cdc25-like

phosphatase that controls cell division. This result emphasizes the interplay between

the central nervous system (CNS), developing musculature, and epidermal cells in

formation of the adult fly.

Future directions of research determining the role of FRUM in behavior.

My data suggest that the portions of the CNS of Drosophila that subserve

reproductive behavior are organized in a modular fashion, since neuronal circuits for

copulation can be disrupted without affecting circuits used for other sex-specific

behaviors, such as courtship, or general locomotion. However, whether the FRUM/En

neurons are involved in other male behaviors is not known, for example male

aggressive behavior. This highlights two key points in studies of any gene, but

especiallyfru, on the behavior of an organism.

One, to show definitively that FRUM has sole control over circuits for

copulation behavior, a test of FRUMs capability to induce these circuits is needed. I

have shown that FRUM is necessary for conect development or function of neurons

that are part of copulation circuits, but it has not been shown that FRUM is sufficient to

induce this development. Experiments to show FRUM sufficiency in this case are

technically challenging because the circuitry necessary for earlier courtship behaviors

as well as male-specific morphology of the abdomen may be needed in order for an

animal to be physically able to copulate.

However, experiments to address the sufficiency of FRUM to govern CNS

development for all male courtship behavior are now possible. ThefruPl-GAL4

driver can be used to express FRUM in the homologous cells in females, and the

sexually dimorphic behavior analyzed to determine if these flies are now capable of
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performing male courtship. Three scenarios are possible: one, these females will now

be able to perform all steps of male courtship. Two, these females will be able to

perform some steps of male courtship, but will be limited by their anatomy, which

develops under control of dsx, not fru. And, three, these females will not be able to

perform male courtship, either because FRUM is not sufficient, or because female-

specific genes act to repress male-courtship circuitry in the female CNS. Interestingly,

work with the gene retained (rein) indicates that RETN may repress some male-

courtship-like behavior in the female, which exists in a FRUMindependent manner

(Ditch et al. 2005).

The second point regarding studies offru is whether FRUM circuitry is

dedicated to functions for courtship and copulation behavior. It is true that loss of

FRUM results in courtship and copulation defects, without affecting general

morphology or locomotion. However, comprehensive testing of the full range offru

behavioral effects has not been performed. This is in part because behavioral trials are

limited to assaying for behaviors that are recognized; flies may perform other

behaviors with sex-specific components that are not yet documented. Additionally,

fru mutants have not been tested widely for behaviors outside of courtship and

copulation. The exception is some evidence that FRUM may affect male aggression

behavior (Lee and Hall 2000), although to what extent aggression is separable from

courtship is not yet clear.
The caveat to all behavioral tests thus far withfru mutants is that only function

of FRUM has been removed, not the neurons themselves. The true test of whetherfru

circuits are dedicated to courtship is to remove function of the FRUM neurons, or to

remove the neurons themselves, and test flies for behavior. Experiments to remove

function of the FRUM neurons are possible using thefruPl-GAL4 to drive expression

of tetanus toxin, which repress synaptic activity. In addition, using thefruPl-GAL4 to

driver expression of pro-apoptotic genes will result in cell death of all FRUM neurons.

In both experimental designs, males would subsequently be tested for sexual behavior,

as well as other behaviors. It is clear, though, that FRUM plays a critical role in
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development of the nervous system and that ability of flies to perform courtship and

copulation behavior.

Future directions of research for the study of complex behavior

Many genes have been shown to contribute to the behavior of an organism,

thus behavior is clearly under multigenic regulation. Reciprocally, many genes that

influence behavior also influence other aspects of development, and thus are

pleiotropic. The future of behavioral neurogenetics may lie in approaches that

synthesize functions of multiple genes to the behavioral output and that integrate

functions of single genes across tissue types, a direction the field is already heading

(Anholt 2004; Hall 2005). The initial data for this type of approach comes from

experiments such as microarray analysis. What is now needed are ways to combine

the information of changes in expression levels of single genes into meaningful output

that encompasses the entire genome, and the whole organism.

In this regard, however, FRUM is unique among gene products that influence

behavior in thatfru is a single gene, functioning sex-specifically only in the nervous

system, which controls multiple aspects of courtship and copulation, but without

affecting general functioning of flies. Althoughfru likely regulates multiple

downstream targets, this specificity of phenotype and tissue expression placesfru as a

prime candidate to be studied further to determine how genes regulate behavior,

specifically, what aspects of nervous system development are under control byfru.
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