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FoxP2 is a transcription factor underlying a severe human speech and language
disorder. Research on this gene in vertebrate model organisms such as mouse and
zebra finch indicated that it is highly conserved between species and strongly
expressed in motor related brain structures. Although these studies implicated FoxP2
in development of motor control regions, the precise mechanisms are not understood.
This work is the first to explore the functional role of FoxP2's Drosophila homolog
known as FoxP. We characterize the behavioral importance of this gene in flies using
FoxP specific RNA interference throughout development, which impairs several types
of behavior, with males more strongly affected. We also used a temperature sensitive
UAS-Shibire line to disrupt FoxP neuron function in adulthood and we saw dramatic
effects on motor coordination. Our work also provides the first visualization of FoxP
expression in the fly brain. We see a small number of symmetrically expressed FoxP
neurons in clusters throughout the brain, but no obvious difference between males and
females. There is also strong FoxP expression in the protocerebral bridge within the
central complex, which is essential for higher level locomotion control and is thought
to be homologous to the vertebrate basal ganglia. FoxP2 in humans is also highly

expressed in the basal ganglia, specifically in areas important for motor coordination.



These results indicate a conserved functional homology of this gene between
invertebrates and vertebrates, both in terms of behavioral effects on motor
coordination as well as expression pattern. We also disrupted FoxP neurons
throughout pupal stages and discover that eclosion behavior is abolished, indicating a
possible role of FoxP in development during pupation. Thus we propose to establish
Drosophila as a model to study this crucial speech disease gene. We believe this work
will contribute to further understanding of the importance of FoxP transcription factors
in humans, as well as provide further support for the idea of deep homology between

the invertebrate and vertebrate brain.
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CHAPTER 1

INTRODUCTION

1.1.  Brief Overview

Human language is an integral part of society. There are many cases of impaired vocal
communication that negatively affect people throughout their lives. Understanding how the
nervous system controls this uniquely complicated behavior allows for potential prevention and
treatment of speech and language disorders and provides insight into how this ability developed
over evolutionary time. Exploration of the link between genes and neural development is crucial
to elucidate the underlying causes of these debilitating language disorders. Modern genetic and
molecular tools utilized in model organisms are extremely useful to determine the fundamental

neural structure upon which speech and language skills are built.

1.2.  Understanding the neural basis of human speech and language

1.2.1. The early years of speech studies

Human language is arguably one of the most important motor skills we have acquired as
a species. This ability has greatly contributed to formation of societies and provided a means for
passing knowledge and history to subsequent generations. Decades of past and ongoing studies
are gaining insight into how this capability developed and an understanding of changes in the
brain which differentiate complicated human speech abilities from the more rudimentary

vocalizations of our closely related primate ancestors and other animals. Besides providing



interesting answers to questions about evolution of vocal communication, these studies suggest

possible solutions to situations where human language ability is impaired.

Speech and language disorders are relatively common and can often be identified early in
childhood. Specific language impairment (SLI) is a disorder characterized by language
production and comprehension impairments without other complications such as autism or
sensory deficits. Several subtypes have been described, each with highly varied clinical
manifestations (Schwartz 2009). One study estimated the prevalence rate of SLI in English-
speaking American kindergarteners at approximately 8% and 6% for boys and girls respectively
(Tomblin et al. 1997). Given these relatively high incidence rates and the strong social and
educational importance of verbal communication skills, understanding the developmental and

neural basis of speech and language disorders is of vital importance.

Early clues to speech and language related brain regions relied on lesion studies in
individuals with localized brain injuries from stroke or accident. A classic example is the
identification in the late 1800s of two distinct language-related regions of the cerebral cortex -
Broca's area which is vital for language production and Wernicke's area necessary for
comprehension. Although somewhat crude, discovery of these areas informed early researchers
that specific locations in the brain are specialized for language related tasks. Later imaging
technology such as functional magnetic resonance imaging (fMRI) allowed for detailed analysis
of active brain regions during language tasks. The results of this technique implicated a wider
variety of brain regions involved in specific aspects of language (reviewed in Conti-Ramsden

and Durkin 2012).



Although language deficits may be due in part to environmental causes (given correlations of
higher incidence rates in certain groups such as low-income uneducated families), lineage, twin,
and linkage studies have pointed towards genetic influences on development of speech and

language (reviewed in Gopnik and Crago 1991 and Bishop 2001).

1.2.2. The KE family and FoxP2

The clearest example of a genetic based language disorder is the case of a well-studied
multigenerational pedigree in England known as the KE family. They exhibit a severe
developmental verbal dyspraxia (DVD), which manifests as difficulty in complex speech
production as well as language comprehension (Gopnik & Crago 1991; Vargha-Khadem et al.
1995). They exhibit orofacial-dyspraxia which impairs coordination of fine movement sequences
in the speech production hardware of the face and mouth, but do not show any obvious issues
with muscle weakness (Alcock et al. 2000). At the same time, they have a persistent difficulty
with grammar and language comprehension (Watkins, Dronkers, and Vargha-Khadem 2002).
Importantly, this disease is a simple autosomal-dominant Mendelian inheritance, indicating a
direct genetic etiology from an individual gene. Linkage analysis narrowed the region of this
gene to a small area on chromosome 7 (Fisher et al. 1998), and in 2001 Lai et al. indentified the
underlying cause to be a single point mutation in the DNA binding domain of the FoxP2 gene,
which is a member of a large winged-helix transcription factor family. Subsequently, several
other unrelated individuals with language impairments were discovered to have deletions and
truncations of FOXP2 (MacDermot et al. 2005; Feuk et al. 2006; Rice et al. 2011; Turner et al.
2013), and a few single nucleotide polymorphisms in the gene correlated with differential brain

activation in language related areas during an fMRI task (Pinel et al. 2012). These discoveries



provided the first direct genetic clue to language development and opened the possibility for a

greater understanding of the developmental origins of language.

Identification of FOXP2 expression in fetal brains indicated FOXP2 may play a role in
several key motor regions in the brain, including the cerebellum and areas of the basal ganglia,
with especially strong expression in the striatum (Ferland et al. 2003; Lai et al. 2003). This
region of the basal ganglia is known to be involved in motor coordination and has extensive
connections with higher order cerebral function (Middleton & Strick 2000). Imaging studies in
the KE family also showed relative size (Watkins and Vargha-Khadem 2002) and fMRI activity

changes (Liégeois et al. 2003) in similar brain regions.

1.2.3. Utilizing animal models to understand the role of FoxP2

Given the constraints of studying humans, animal models are often useful for gaining a
deeper understanding of genes involved in human disorders. Speech and language as we know it
may be unique to humans, but many other animals exhibit complex sound production for social
communication. It was quickly discovered that FoxP2 is very highly conserved across vertebrate
species. For example, in mice the FoxP2 homolog shows only three differing amino acids in the
functional regions of the protein (Enard et al. 2002) and it is expressed in similar brain regions
between the two species. Again, FoxP2 was highly expressed in a variety of motor related areas,

including the striatum (Ferland et al. 2003).

Although the brain structure is somewhat different, a bird model organism - the zebra
finch -provides a useful model for studying FoxP2, as they also exhibit complex learned
vocalizations in the form of song. Zebra finch FoxP2 sequence is also highly conserved and is

expressed in several overlapping brain regions as in humans, including the striatal region known
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as Area X (Teramitsu et al. 2004). Area X is a specific region of the bird striatum known to be an
integral part of birdsong learning and production (reviewed in Bolhuis, Okanoya, and Scharff
2010). Suppression of FoxP2 expression in this area of the finch brain during the critical song
learning period greatly impaired adult song (Haesler et al. 2007). The birds were still able to
form an adult crystallized song, but syllables within the song were disordered or incorrect in
ways reminiscent of speech errors in affected members of the KE family. Other studies showed a
variety of modulations of FoxP2 expression in Area X during juvenile song learning and indicate
that FoxP2 continues to play a role in adult song production (Teramitsu & White 2006;
Teramitsu et al. 2010; Haesler et al. 2007; Miller et al. 2010; Thompson et al. 2013). These
studies provide the closest approximation to complex learned vocalizations in a non-human
animal. Zebra finch FoxP2 also strongly implicates the striatum as an area of vital FoxP2 action,
but this model provides limitations as a wide variety of genetic tools are still lacking. Thus much
work on FoxP2 shifted to the mouse - another vertebrate model with a wider selection of genetic

tools.

As mentioned earlier, mice and human FoxP2 protein is almost identical in sequence
(Enard et al. 2002) and they share expression patterns in similar brain regions, with strong
expression in the basal ganglia (Ferland et al. 2003; Lai et al. 2003). Although mice are not
known to have learned complex vocalizations, the pups do emit multiple types of vocalizations
to elicit maternal care (Branchi et al. 2001). In mouse behavioral studies with alterations of
normal FoxP2 expression, impairments in pup cries and motor coordination are apparent.
Homozygous FoxP2 mutants and knockouts show delayed growth and die at three weeks of age.
For heterozygotes development appears normal, but some reports indicate disrupted elements of

pup cries (Shu et al. 2005; Fujita et al. 2008). In addition to vocalization assays, other motor



behaviors were tested in heterozygotes which showed deficits in motor coordination in pups and
adult mice (Shu et al. 2005; Fujita et al. 2008; Groszer et al. 2008). Further exploration of the
brains of these mice indicated structural abnormalities in the cerebellum (Scharff & Haesler
2005), and changes in synaptic plasticity in both the cerebellum and basal ganglia (Groszer et al.
2008; French et al. 2012). A humanized version of FoxP2 in mice has opposite effects on
plasticity in the basal ganglia (Enard et al. 2009; Reimers-Kipping et al. 2010).These results
indicate a more generalized but highly conserved role of this gene in fine motor control, with

several of these studies implicating possible important roles for the basal ganglia.

The FOX gene family is extensive, but all are transcription factors which share a similar
winged-helix DNA binding domain, and the majority act as transcriptional activators (Stroud et
al. 2006). Many FOX genes are involved in human diseases and neural development (Lehmann
et al. 2003). Studies looking more specifically at the molecular properties of the FoxP2 protein
indicated that it is usually a transcriptional repressor (Vernes et al. 2007), and requires
dimerization with itself or other FoxP family members for normal function (Li et al. 2004).
Chromatin immunoprecipitation assays combined with microarrays identified an extensive list of
potential FoxP2 regulated genes, many of which are thought to be involved in development of
neural networks (Vernes et al. 2007; Spiteri et al. 2007; Vernes et al. 2011). Focus on one of
these, CNTNAP2, found a correlation with language processing and autism (Peter et al. 2011;
Kos et al. 2012; Poot et al. 2010), but the majority of others remain unexplored. As yet, many
questions remain unanswered about the details of FoxP2 actions in the nervous system and its

precise role in human speech.



1.3.  Development of an invertebrate model to study FoxP2

1.3.1. The utility of the genetic model organism Drosophila melanogaster

Looking beyond vertebrate limitations, the fruit fly Drosophila melanogaster is a long-
standing model for genetic studies, with an extensive molecular toolkit allowing for a deeper
exploration of the link between genes and behavior. Many genes are highly conserved between
flies and humans (approximately 70% for known disease genes), and the fly has provided a great
deal of information on form and function of key developmental genes essential for both
invertebrates and vertebrates. An excellent example of this is the discovery of the homeobox
(Hox) genes encoding for transcription factors responsible for patterning the anterior-posterior
body axis in early embryos (McGinnis & Krumlauf 1992). The original FOX gene was
discovered and named in Drosophila as well (Lai et al. 1991). In addition, despite the great
differences in brain structure between insects and humans, there are several similar regions. This
includes the olfactory glomeruli which are organized in a way that resembles the vertebrate
olfactory system (Hildebrand & Shepherd 1997) as well as the mushroom bodies, which are
analogous to the vertebrate hippocampus, which are involved in learning and memory (Cayre et
al. 2002). The central complex is also thought to be homologous to the basal ganglia and is

important for motor coordination in both structures (Strausfeld & Hirth 2013).

The fly also exhibits relatively complex behaviors requiring intricate motor coordination,
many of which are social behaviors (Sokolowski 2010). Included among these is courtship,
where the male repeats many steps in a stereotyped courtship sequence incorporating song
production as a major component. Males "sing" to females by vibrating a single wing to produce

two different song types (Ewing 1983). Only the males sing and direct this attention to the



females who exhibit a more limited set of behavior including running away from the pursuing
male, rejection behaviors when the male attempts to copulate, and acceptance behavior leading
to successful copulation. The two types of courtship song produced by the male are
accomplished by a unilateral wing extension and vibration. Sine song is a simple hum and seen
with less frequency than pulse song, which consists as a series of short pulses separated by a
precisely regulated inter-pulse-interval (IPI) (Greenspan & Ferveur 2000). This IPl varies
between different Drosophila species and is suspected to serve as a method for females to
distinguish males of their own species, and perhaps serve as some way to evaluate male fitness

(Talyn & Dowse 2004).

A defining feature of the fly model is the fully sequenced genome and an established
suite of molecular tools available to manipulate gene expression. One powerful strategy is the
GALA4/UAS system which is frequently used in Drosophila to drive expression of a gene-of-
interest in a specified cell type. The GAL4 is a transcriptional activator originally from yeast
which can be expressed under promoters for specific genes. GAL4 binds to an upstream activator
sequence (UAS) which transcribes a gene of interest. UAS lines are available to activate a
variety of genetic tools, such as visualizing gene expression with reporter proteins, or targeted
reduction of expression of a specified gene via RNA interference. A combination of these

techniques is used in the work described in the following chapters.

1.3.2. The fly FoxP2 homolog

Most importantly for this dissertation work is the recently discovered Drosophila

homolog of FoxP2, known as FoxP, which is highly conserved in amino acid sequence with



especially high conservation in the functional DNA binding domain. As in vertebrates, FOxP is
also strongly expressed in the nervous system from early in development (Lee & Frasch 2004;
Santos et al. 2011; Chintapalli et al. 2007). One recent study determined that FoxP has two splice
variants, with both expressed in the nervous system and one also in hemocytes (Santos et al.
2011), but the function of this gene in flies remained unexplored. At the start of this project,
FoxP was still unnamed and known only by number (CG16899). The work presented here
provides the first characterization of Drosophila FoxP's behavioral function, expression pattern,
and importance in developmental timing, and establishes a new model organism to contribute

understanding of this well-conserved and vital transcription factor across organisms.

1.4. Perspectives

This chapter provided a review of the research attempting to understand the genetics and
neural development underlying speech and language production, how the transcription factor
FoxP2 ties into this understanding, and the potential utility of the fruit fly Drosophila
melanogaster as a model system to explore the role of FoxP2. Chapter 2 establishes the
behavioral importance of FoxP in flies. Chapter 3 identifies the specific brain regions expressing
FoxP as well as the crucial timing of action of this gene. Chapter 4 provides a summary and

discussion of the previous chapters, as well as future directions.
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CHAPTER 2
CONSERVED FUNCTION OF DROSOPHILA MELANOGASTER FOXP IN BEHAVIOR

IMPLIES A CRUCIAL ROLE IN MOTOR COORDINATION

2.1.  Abstract

FoxP2 is a highly conserved vertebrate transcription factor known for its importance in human
speech and language production. Disruption of FoxP2 in several vertebrate models indicates a
conserved functional role for this gene in both sound production and motor coordination, but
little is known about FoxP2's precise role in the nervous system. The recent discovery of the
well-conserved Drosophila melanogaster homolog, FoxP, provides an opportunity to study the
role of this crucial gene in an invertebrate model. We hypothesized that, like FoxP2, Drosophila
FoxP is important for behaviors requiring fine motor coordination. We used targeted RNA
interference to reduce expression of FoxP and assayed the effects on a variety of adult behaviors.
Male flies with reduced FoxP expression exhibit decreased levels of courtship behavior, altered
pulse-song structure, and sex-specific motor impairments in walking and flight. Acute disruption
of synaptic activity in FoxP expressing neurons using a temperature-sensitive shibire allele
dramatically impaired motor coordination. Our results establish the necessity of this gene in
motor coordination in an invertebrate model and suggest a functional homology with vertebrate

FoxP2.
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2.2. Introduction

Language is a vital part of human social behavior. This complex trait is impaired in
approximately 7% of the population and this deficit manifests in early childhood (Tomblin et al.
1997). Several studies indicate that deficits are largely due to complex genetic influences
(Bishop 2006). Identifying the evolutionary origin and construction of the neural networks
involved in acoustic communication requires an understanding of the underlying genetics, but

until recently, specific genes have remained elusive.

FoxP2 is a vertebrate transcription factor known for its importance in speech and
language production in humans. It's role in human behavior was originally discovered in a
multigenerational family whose affected members have severe developmental verbal dyspraxia
(DVD) throughout life, and underlying this deficit is a single point mutation in the DNA binding
domain of FOXP2 (Lai et al. 2001). Since this discovery, independent mutations and truncations
of FoxP2 have been linked to disorders with specific impairment in production of fluent speech
(Lai et al. 2001; MacDermot et al. 2005; Zhao et al. 2010). Across vertebrate models, FoxP2 is
remarkably well conserved, both in amino acid sequence and brain expression patterns (Enard et
al. 2002; Ferland et al. 2003; Haesler et al. 2004). For potential human language disease genes,
animal models which show highly conserved form and function between species provide the

means for a deeper understanding of the details of sound production.

FoxP2 effects on vocal production are not unique to humans. As a parallel to learned
human speech, knockdown of FoxP2 in male zebra finch chicks during the critical song learning
period significantly alters the structure of their crystallized adult song (Haesler et al. 2007). This
result closely resembles grammatical impairments seen in humans, indicating that FoxP2 may

play a conserved functional role in vocal production. In mice, a variety of FoxP2 mutations and
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deletions have demonstrated effects on development and behavior. FoxP2 null mice are
developmentally delayed and die within 3 weeks of birth, indicating a crucial role of FoxP2 in
early postnatal life (Groszer et al. 2008; Fujita et al. 2008; Shu et al. 2005). In contrast, mice
heterozygous for functional FoxP2 were developmentally normal but exhibited a variety of other
deficits, such as a reduction in the amplitude of ultrasonic vocalizations (Gaub et al. 2010),
abnormal synaptic plasticity, and deficits in motor skill learning (Groszer et al. 2008; Kurt et al.
2012; French et al. 2012). From this variety of work in vertebrates, it is suggested that FoxP2
plays a role in fine motor control, which may have provided a neural substrate for development
of complex vocalizations such as language (Fisher & Scharff 2009). Despite these insights into
the potentially conserved role of FoxP2 in sound production and fine motor control, the precise
function of this gene remains poorly understood.

Recently, a gene in the fruit fly Drosophila melanogaster was identified as a closely
related homolog to the vertebrate FoxP subfamily (Santos et al. 2011). The discovery of this
invertebrate homolog in a genetically tractable organism such as Drosophila provides new
possibilities for functional analysis and understanding of the evolutionary importance of the

FoxP2 gene.

The results presented in this chapter provide the first functional characterization of the
previously unexplored insect FoxP gene. | hypothesized that the fly FoxP would have conserved
behavioral functions comparable to FOXP2. The rationale for this is that FoxP is highly similar
to vertebrate FoxP2 in several ways. First, the protein sequence is well conserved between the
two, especially in the DNA binding domain. This is shown clearly when using BLAST to align

human FOXP2 to fly FoxP protein sequences (Fig. 1) (Marygold et al. 2013).
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Figure 1. Protein sequence similarity between human transcription factor FOXP2 and the
Drosophila melanogaster homolog FoxP (CG16899). The top lines of text correspond to a
portion of the amino acid sequence of the human FOXP2 protein. The bottom lines labeled
CG16899 correspond to the Drosophila FoxP amino acid sequence. The middle lines indicate
matching amino acids (letters) or conserved substitutions (+). The highlighted section marks the

forkhead DNA binding domain, and the boxed arginine residue (R) indicates the amino acid
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Secondly, both are highly expressed in the nervous system from early in development
(Chintapalli et al. 2007; Lee & Frasch 2004; Santos et al. 2011). Lastly, fruit flies produce an
acoustic social signal in the form of courtship song. This courtship sequence is a highly
stereotyped and easily quantifiable sequence of body movements including singing, where the
male extends and vibrates a single wing to produce songs (Fig. 2). If FoxP serves an analogous
role in formation of the nervous system, | predicted that reduced levels of FoxP would impair
courtship song and other types of complex locomotion in ways that parallel vocal and motor
impairments seen in vertebrate FoxP2 studies. To test this | employed the UAS-GAL4 system
with a FoxP specific UAS-RNAI to knockdown expression of FoxP in specific tissue types. After
confirming successful knockdown we recorded several aspects of fly behavior, including
courtship song, walking, and flight. We found deficits in all of these behaviors in adults, with
males more strongly affected than females in these assays. Additionally, | created a FoxP-GAL4
line which when combined with a conditional temperature sensitive UAS-shibire® line to
transiently disrupt neurotransmission in FoxP expressing neurons, we observed dramatic effects
on motor coordination. Our results provide the first characterization of FoxP's behavioral
importance in invertebrates and suggest an intriguing homology with the crucial human speech

and language gene, FOXP2.

2.3.  Materials and methods
Animals

Drosophila melanogaster fruit flies were maintained at room temperature (23-25°C) or in
a 29°C incubator on standard yeast and glucose media. We reduced FoxP mRNA expression by
crossing GAL4 driver lines with a UAS-RNAI construct specific to FoxP: UAS-FoxPIR (15732)

from the Vienna Drosophila Stock Center (Dietzl et al. 2007). Two different GAL4 drivers were
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Figure 2. A male fly courting a female in a recording chamber. An individual male placed

with a virgin female will court vigorously in the above chamber, while a microphone underneath
records song and a camera above captures courtship behavior. The male (M) orients to the
female (F) and extends a vibrating wing (W) to produce courtship song.
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crossed to the UAS-RNAI line, including the pan-neural elav-GAL4 (FBst0000458) and the
ubiquitously expressed Act5c-GAL4 (FBst0003954). We also generated a GAL4 line driven by
the putative FoxP promoter (FoxP-Gal4), which was crossed with the temperature sensitive
UAS-Shi®" line (FBst0044222) to selectively disrupt FoxP neuron function. This line contains a
temperature sensitive mutation in the shibire gene, which codes for a semi-dominant form of the
endocytotic protein dynamin (Kitamoto 2001). This allowed for silencing of any neurons
expressing this mutation when the fly was placed at an elevated temperature. When combined

with our FoxP-GAL4, Shi® was only present in FoxP expressing cells.

RNAI efficacy

RNAI knockdown was assessed using RT-PCR. RNA was extracted from 30 adult fly
heads using Trizol (Invitrogen, Carlsbad, CA, USA), and 1ug of RNA was reverse transcribed
using Superscript 11 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
directions. FoxP cDNA was amplified by PCR using the primers 5’-
CCCATCCGACAAACAAATTC-3* and 5 -TCACATTCTCAACCCGCATA-3’, Failsafe
(Epicentre, Madison, WI, USA) with Buffer D, and the following program: 2min at 94°C for 1
cycle; 15s at 94°C, 15s at 47°C, 45s at 72°C for 35 cycles; 5min at 72°C for 1 cycle. The
ribosomal marker Rp49 (Primers 5 -AAGATGACCATCCGCCCAGCA-3° and 5’-
CCCTTGAAGCGGCGACGC-37) was used as a control and all PCR products were separated by

gel electrophoresis for identification.

Transgenic fly generation
For creation of the FoxP-GAL4 line, a 1.5kb fragment of genomic DNA upstream of the

FoxP gene (5'-CCGGATCCTGTTTTTAAAACTGAAATTTATAATCATTACCATTG-3' and
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5-CCGGTACCGCCTTAGGATGCATTTTGAAAC-3' containing the underlined BamHI and
Kpnl restriction sites, respectively for each primer) was used as the putative promoter region and
amplified by PCR using DyNAzyme EXT DNA polymerase (New England Biolabs, Ipswich,
MA, USA), which was then cloned into the pGaTB GAL4 vector. The resulting construct of the
FoxP promoter and GAL4 was subcloned into the pCaSpeR2 P-element transformation vector.
This construct was injected into embryos (Bestgene, Chino Hills, CA, USA), and transformants
were selected based upon CNS fluorescence expression when combined with a UAS-CD8::GFP

reporter line.

Behavior

For courtship assays, individual males were anesthetized with CO, a few hours post-
eclosion and raised in isolation prior to testing. Assays were performed 4-6 days later, to allow
flies to mature and recover from CO; anesthesia. For each recording experiment, a single virgin
female (age 3-5 days) was paired with an individual male in a 10mm diameter by 6mm height
plastic chamber with a copper mesh bottom (Rubinstein et al. 2010). Flies were gently aspirated
into the chamber with a mouth pipette. The chamber was placed above a small microphone in a
humidified box on a 25°C heat block to maintain suitable conditions to stimulate courtship. A
microscope and attached camera recorded video of the courtship behavior to a computer.
Recording started within 30 seconds of adding both flies to the chamber, and continued for 5
minutes or until successful copulation, whichever came first. Courtship behavior was recorded
by hand from offline videos using Etholog (Ottoni 2000) by an observer blind to the male's
genotype. Courtship index (CI) is the percentage of time a male courts, which was calculated as

the time spent courting over the total time of the experiment. For knockdown female copulation
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latency (CL) experiments, courtship was observed for 20 minutes or until successful copulation
and the time to copulation was recorded.

Overall activity level was assayed using the DAM2 Drosophila Activity Monitor
(Trikinetics, Waltham, MA, USA). Individual flies were placed in monitor tubes and the number
of laser beam breaks per minute was automatically recorded for one hour for the RNAI
knockdown experiment.

Flight ability was tested by placing groups of approximately 25 flies in a petri-dish on a
heat block at a noxious temperature (46°C) to induce a flight escape response. The assays were
video recorded for offline data analysis. The petri-dish walls and ceiling were coated with fluon
(Bioquip products, Rancho Dominguez, CA, USA) to prevent flies from crawling on these
surfaces. A trial test using flies with clipped wings was performed to ensure that flies were
unable to escape by jumping rather than flying. For the actual flight assay, groups of 20-25 intact
flies were briefly anesthetized and placed in the dish one hour prior to testing to acclimate to
their environment and recover from CO, anesthesia. The dish was then placed on the heat block
for 30 seconds before the lid was removed and the flies were allowed 30 seconds to escape from
the noxious heat stimulus. The number of flies remaining at the end of the experiment was
recorded from video analysis and used to calculate the proportion which escaped: Flight Index
(FI) = [# flies at start — # flies remaining]/[# flies at start].

The larval locomotion experiment used wandering third instar larvae which were placed
individually on the center of a 15 cm petri dish with 0.07% agarose. This dish was placed on grid
paper with 6 mm squares, and video recorded for three minutes. Offline analysis of the number
of squares crossed per 30 seconds was used to calculate a mean rate of squares per time for each

genotype and gender.
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For the acute shibire® experiments, observational recordings from several flies were

tsl tsl

performed with an individual fly from either a UAS-Shi~" control or a FoxP>Shi~" fly in a vial
placed in an incubator at 37°C. For quantification of these effects, flies were recorded in the
DAM system in an incubator for a two hour series with 30 minutes of recording for each
successive temperature with a range from room temperature (23-25°C), 30°C, 35°C, and room
temperature again. Increasing the temperature by 5°C was observed to take 3 minutes for each of

these intervals.

Statistics and analysis

Statistical analysis was performed using JMP 9 (SAS Institute Inc., Cary, NC, USA)
using either student t-tests for data with two groups, or ANOVA with correction for multiple
comparisons (Tukey HSD) for data with three or more groups. Courtship song analysis was
performed using custom designed peak detection software. Audio signal was 100Hz high pass
filtered and denoised above 750Hz. Pulses below twice the noise level were ignored. The time
point of a peak was defined as the maximum intensity of a pulse with a maximum width of 25
milliseconds. Computer identified pulses were reviewed by hand to confirm accuracy of the
program as well as compared with video data to confirm wing extension behavior. A minimum
of three consecutive pulses were required to be classified as a bout with a maximum of 125
milliseconds between pulses. For courtship index and larval locomotion, Etholog (Ottoni 2000)
was used to manually record the percentage of time courting and the number of squares traversed

over time, respectively.
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2.4. Results

2.4.1. FoxP knockdown

In order to assay phenotypic effects of reduced FoxP, we used RNA interference (RNAI)
to produce knockdown of FoxP expression. RT-PCR confirmed reduced expression levels of
FoxP mRNA from these flies. Expression of FOxP is noticeably reduced in adult heads using two
types of GAL4 driver lines (the pan-neural elav-GAL4 and the ubiquitous Act5c-GAL4),

although faint expression remains, indicating a partial knockdown (Fig. 3).

2.4.2. Courtship and song

I hypothesized that reduction of FoxP levels would affect courtship song production in
adult male flies, similar to sound production deficits seen in vertebrates. Courtship assays show a
robust effect of FoxP knockdown on both courtship behavior and song. WT (93%, n=29) and
UAS-RNAI control males (94%; n=16) vigorously court females throughout the length of the
assay , whereas only 65% of elav>RNAI males (n=23) raised at room temperature exhibit any
courtship behavior (Fig. 4A). Elav>RNAI males (n=15) who do court and sing show a
significant reduction in courtship index (CI), which is the proportion of time spent courting, as
compared to both WT (n=27; P<0.0001) and UAS-RNAI (n=15; P=0.0003) controls (Fig. 4B).
We also tested whether FoxP knockdown in females affects courtship behavior in normal males
using courtship index (Fig. 5A) and copulation latency (Fig. 5B) assays, but observed no
significant differences (UAS-RNAI n=14; elav>RNAIi n=13; Act5¢c>RNAI n=13; p>0.7 for all

group comparisons).
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Figure 3. Confirming knockdown of FoxP expression. A. RT-PCR of FoxP indicates
successful partial knockdown of FoxP RNA in adult fly head tissue. The UAS-RNAI control
shows strong expression without knockdown. Elav>RNAI and Act5¢c>RNAI knockdown flies
exhibit reduced FoxP RNA, although some faint expression remains. Rp49 primers were used as

an RT-PCR control.
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During the knockdown male courtship experiments, we concurrently recorded the male
pulse song (Fig. 6A) and found that song structure is also altered in FoxP knockdown flies, with
a faster and more variable inter-pulse-interval (IP1) (Fig. 6B; P=0.0291), longer pulse song bouts
(Fig. 6C; P=0.0291), and a greatly reduced percentage of time spent singing (Fig. 6D;
P=0.0069). We also created a stronger knockdown by raising flies at 29°C, which increases the

efficacy of the GAL4 (Brand & Perrimon 1993), but all elav>RNAI males failed to court.

2.4.3. Locomotion and flight

Based on subtle locomotion deficits observed in heterozygous FoxP2 mutant mice, we
predicted that the effect of FoxP knockdown in flies might have a generalized effect on motor
coordination in other behaviors. To test this, we performed both flight and walking assays using
FoxP RNAI with the same GAL4 drivers as in the courtship assays. In the flight assay, FoxP
knockdown flies were less likely to use flight to escape from a heated dish after removal of the
lid (Fig. 7A; P<0.0001). This effect was stronger in males, with both elav>RNAi males (n=12;
P<0.0001) and Act5c>RNAI males (n=4; P<0.0001) significantly different compared to UAS-
RNAI control males (n=12). Whereas, Act5c>RNAI females showed a less significant decrease
in flight escape (n=11; P=0.01112) and elav>RNAI females were not significantly different from
UAS-RNAI control females (n=11; P=0.9840). Upon careful observation, knockdown flies that
did not escape were running rapidly in the bottom of the dish, indicating that the reduced flight is

unlikely due to impaired heat sensitivity.

28



—

(o)} o] o

o o o
|

[ ®)
o
I

Courting flies (%)
B
o

o

WT UAS-RNAI elav>RNAI

vy
—
o
o
|

S D 0]
o o o
| | |
i
—

[ ®)
o
I

Courtship index (%)

o

WT | UAS-RNAIi elav>RNAI |

Figure. 4. Effects of FoxP knockdown on male courtship behavior. RNAiI mediated
knockdown of FoxP reduces courtship in male flies. **P<0.005. A. Fewer elav>RNAI
knockdown males (n=23) court or sing compared to controls (UAS-RNAIi n=16; WT n=29)
(mean = SEM). B. Knockdown males that do sing (n=15) spend significantly less time courting
than controls (UAS-RNAI n=15; WT n=27).
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Figure 5. Effects of female FoxP knockdown on male courtship behavior. RNAi knockdown
females do not induce a significant courtship behavior difference in UAS-RNAI control males as
measured by A. courtship index (UAS-RNAI n=14; elav>RNAI n=13; Act5c>RNAI n=13) or B.
copulation latency (UAS-RNAI n=14; elav>RNAI n=12; Act5c>RNAIi n=13). Mean + SEM for
each group.
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labeled. B. IPI is reduced and more variable in knockdown males (n=12) compared to controls

(n=9). C. Average song bout duration is increased in knockdown males. D. Knockdown males

show a significant decrease in proportion of time spent singing.
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Walking ability in adults was measured using general activity level as assayed by number
of beam breaks per minute in a Drosophila automated monitoring system (DAMS, Trikinetics).
Both male and female RNAI knockdown flies for either driver type were significantly less active
compared to controls over a one hour DAMS experiment (Fig. 7B; P<0.001). elav>RNAI males
(n=30; P<0.0001) and Act5c>RNAI males (n=32; P<0.0001) were significantly less active than
UAS-RNAI control males (n=33). Once again, this effect was larger in males, but unlike in the
flight assay, both elav>RNAIi females (n=33; P=0.0115) and Act5c>RNAi females (n=33;
P<0.0001) were significantly less active than UAS-RNAI control females (n=33).

FoxP knockdown larvae had a large increase in activity as measured by the rate of boxes
crossed per time (Fig. 7C). These flies exhibited less frequent turning behavior and often reached
the edge of the plate before the controls. No obvious difference between genders was observed.

In order to more closely examine the behavioral role of FoxP expressing cells, we created
a FoxP specific GAL4 line. When combined with the temperature sensitive dynamin mutant
UAS-Shi*! line to temporarily impair synaptic transmission in adult FoxP neurons, we see
dramatically disturbed movement during heating (Fig. 8). Observationally, within a few minutes
at elevated temperatures the FoxP>Shi® flies drop to the floor of the vial and begin to display
extremely uncoordinated and abnormal walking behavior such as jerky sideways and backwards
walking. They are unable to climb the walls of the vial, and they produce spastic movements
along the bottom of the vial. Eventually they slow and appear to walk less and often stop
moving, but do not paralyze. It was also noted that these flies appear to have an impaired
righting reflex, with extended time needed to right themselves when flipped onto their backs.

Using the DAM system to quantify the change in coordination in these flies, we see a

dramatic difference in activity in both males and females at 35°C as compared to room
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temperature (Fig. 9). Initially all groups show similar low activity levels at room temperature,
which then increase at higher temperatures. At 30°C all groups have slightly increased activity
relative to room temperature. At 35°C the UAS-Shi™! controls greatly increase activity, but the
FoxP>Shi"! flies do not show the same dramatic increase in activity. All groups return to low

activity levels after removal from heat.
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Figure 7. Effects of FoxP knockdown on locomotion and flight. FoxP knockdown impairs
locomotion and flight, with a much greater effect in males (mean + SEM). Symbols indicate
significant difference from gender matched control. *P<0.05, **P<0.005. A. A lower
percentage of FoxP knockdown flies (elav>RNAI n=27; Act5c>RNAI n=15) escape in a heated
flight assay as compared to controls (UAS-RNAI n=23). B. Locomotion activity is also
decreased in FoxP knockdown flies (n=11 each group). C. FoxP knockdown in late stage larvae
indicates increased locomotion for both groups compared to controls, with no significant

difference between genders.
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Figure 8. Walking behavior after disrupting neurotransmission in FoxP expressing cells.
Time-lapsed images show that at 35°C, FoxP>shibire® flies (right) are no longer able to crawl on
the side of the vial, and they exhibit spastic uncoordinated movement along the bottom of the
vial, resulting in little forward progress. UAS-shibire® controls (left) continue to run rapidly on
all surfaces of the vial, occasionally disappearing from view. Individual images are still frames
captured every one second from eight seconds of video recorded after two minutes in the

incubator.
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Figure 9. Quantification of average activity level after acute disruption of FoxP expressing
neurons using a temperature sensitive UAS-shibire® line in adult flies. The Drosophila
activity monitor (DAM) was used to monitor average activity level over 30 minutes for each
temperature (mean £ SEM). Room temperature (RT) varied between 23-25°C. Unlike controls,

activity level for FoxP>Shi® flies decreases dramatically at 35°C for both sexes.
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2.4. Discussion

FoxP2, a crucial speech and language gene in humans, affects sound production and
motor skills in other organisms and is thought to be involved in synaptic plasticity and
development in brain regions known to be important for fine motor control (Fisher & Scharff
2009). Despite several years of study, the mechanism of action of FoxP2 in vertebrate nervous
systems is not well understood. The fly homolog FoxP is similar in sequence and expression, but
its function has yet to be addressed. Our research indicates that Drosophila FoxP also plays a
role in motor coordination in the CNS.

Successful partial knockdown of FoxP using RNAI in flies mimics heterozygous
mutations in humans and mice, as well as RNAI used in zebra finch. In our study, no gross
developmental abnormalities are apparent in knockdown flies. These flies, as in vertebrates with
partial FoxP2 deficiency, show specific motor deficits without any obvious external
morphological aberrations. With the stronger 29°C knockdown of Act5c>RNAIi we do observe
pupal lethality in males — this is consistent with results in homozygous null mutant FoxP2™"
mice, which have severe developmental defects and die around 3 weeks of age (Groszer et al.
2008; Fujita et al. 2008; Shu et al. 2005). FoxP may be playing an essential role in neural
development and it is possible that FoxP plays distinct roles in various tissues at different time
points in development, as this is a common trait of transcription factors. The crucial timing of
FoxP action will be addressed in the following chapter.

Given the role of FoxP2 in human speech, zebra finch song learning, and possibly mouse
pup cries, we predicted that FoxP would also play a role in sound production in insects. Our
results indicate that this is indeed the case, although given the other motor impairments, the

effects on courtship and song are likely related to motor coordination impairments, rather than a
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specific disruption of the song circuitry. This is supported by previously reported results in mice,
where effects on pup cries were one of many deficits, including motor skill learning and synaptic
plasticity (Groszer et al. 2008; Kurt et al. 2012; French et al. 2012). Partially reduced FoxP does
not completely eliminate song production in the majority of flies, but does change song structure,
which also supports the idea of disrupted fine motor control rather than a more general inability
to produce or maintain movement. Strongly convincing support for this idea comes from the
dramatic effects on walking using the FoxP>Shi"! flies. These results demonstrate that FoxP
expressing neurons are crucial for maintaining proper motor coordination, but without abolishing
movement completely. This result is especially notable for being an acute disruption of FoxP
neurons, rather than a chronic disruption throughout development using the RNAI knockdown.
This reduces the likelihood of compensatory mechanisms and off target RNAI effects.

Unexpectedly, we observed that impairment in the majority of motor tasks was more severe in
males than females. In both the walking and flight assays, males were strongly affected, with
only a slight but significant impairment in Actoc>RNAI females. Elav>RNAI females exhibit no
significant difference in the flight assay, and only a slight decrease in walking activity level. This
is likely because the neural elav-GAL4 is a weaker driver than Act5c-GAL4 (Schroeder &
Jackson 2002). We cannot rule out the possibility of a greater sensitivity to the RNAI in males
(Ni et al. 2008), but it may be that FoxP itself plays different roles in the two sexes. While the
majority of vertebrate FoxP2 studies have not addressed sex specific behavioral differences, a
few studies have found differences in expression level of FoxP2 in rodents and humans, as well
as a behavioral difference in pup calls between the sexes (Hamson et al. 2009; Bowers et al.
2013). It is already known that normal locomotion in flies is sexually dimorphic (Martin 2004),

which is not unexpected given their many non-overlapping behaviors such as male courtship and
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fighting versus female egg laying. These sex differences raise the intriguing question of whether
any gender differences might be observed in future FoxP2 studies in vertebrates.

This work establishes the behavioral effects of FoxP knockdown in an invertebrate with
functional parallels to the vertebrate FoxP2. Further work addressing the mechanisms of action
of this gene in the nervous system may contribute to understanding elements of Drosophila brain
development, as well as provide valuable insight into the evolutionarily conserved functions of
the FoxP homologs across invertebrates and vertebrates. In the following chapter | will address

the expression pattern and crucial timing of action of FoxP in the fly CNS.
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CHAPTER 3

SPATIAL AND TEMPORAL ANALYSIS OF FOXP IN THE NERVOUS SYSTEM

3.1.  Abstract

The vertebrate transcription factor FoxP2 is mutated in a multigenerational human family with a
severe speech and language disorder. FoxP2 is known to be strongly expressed in brain regions
important for motor coordination, such as the basal ganglia and the cerebellum but little is known
about FoxP2's precise role in the nervous system. The recent discovery of the well-conserved
Drosophila melanogaster homolog, FoxP, provides an opportunity to study the role of this
crucial gene in an invertebrate model with a diverse suite of molecular tools. Utilizing a GFP
reporter to visualize FoxP in the fly brain reveals expression in relatively few neurons in
distributed clusters within the larval and adult CNS, including distinct labeling of the adult
protocerebral bridge. This structure is a region of the insect central complex known to be
important for motor coordination in insects and thought to be homologous to areas of the
vertebrate basal ganglia. A temperature dependent disruption of FoxP neuronal activity during
pupation demonstrates that FoxP is essential for successful eclosion behavior, suggesting a
possible role in the dramatic changes in the nervous system during the transition from larva to
adult. Our results suggest a role for FoxP in construction of specific brain regions important for
fine motor coordination, supporting a deep homology in brain development between insects and

humans.
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3.2. Introduction

Impairments in speech and language are usually evident early in development with
delayed onset or unusual speech production in young children (Tomblin et al. 1997). The critical
nature of proper speech production in human society creates a great need for prevention and
treatment of these disorders. Some brain regions are already known to play crucial roles in
speech production and language comprehension, but contribute only a small piece to
understanding the complexity of language development. The discovery of the human KE family
with severe language deficits due to a mutation in the transcription factor FOXP2 presents an

opportunity to investigate language related brain regions in more detail (Lai et al. 2001).

Examination of affected KE family members' brains showed several abnormalities in
both form and function. Even before the discovery of FOXP2, magnetic resonance imaging
(MRI) scans identified structural differences relative to controls, with abnormal amounts of gray
matter in several motor areas, such as parts of the basal ganglia, sensorimotor cortex, and
cerebellum (Vargha-Khadem et al. 1998; Watkins & Vargha-Khadem 2002). Language tasks
performed while using positron emission tomography (PET) (Vargha-Khadem et al. 1998) and
functional magnetic resonance imaging (fMRI)(Liégeois et al. 2003) also highlighted differences
in brain activity, including more widespread activation in affected family members versus
controls. Striatal structures stood out as different in both size and activity level (Vargha-Khadem
et al. 1998; Watkins & Vargha-Khadem 2002; Liégeois et al. 2003). These studies directly
compared the affected KE family members to controls in order to identify differences associated
with the mutation, but these results were only able to identify changes late in development. This
information may not be representative of early direct effects of FOXP2, but instead reflect the

result of compensatory mechanisms or plasticity in language learning possibly facilitated by
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speech training during childhood. It is difficult to interpret the connection between this data with

FOXP2's direct contribution to changes in these regions.

Complementing the structural and functional imaging, molecular techniques revealed
FoxP2 expression in early development. When FoxP2 in mouse and human fetal brain were
compared, both organisms show expression in similar brain regions at early time points in
development. Particularly strong expression in motor areas such as the striatum and cerebellum
is consistent with the morphological and activity changes in the KE family (Ferland et al. 2003;
Lai et al. 2003). In several other vertebrate species similar FOxP2 expression patterns in early
neural development are evident, with expression continuing into adulthood in several structures

(Scharff & Petri 2011).

The importance of this gene in neural development was further emphasized in studies
which manipulated FoxP2 expression in model organisms. In juvenile zebra finches, FoxP2
knockdown during the song learning period results in incorrectly formed adult songs. This was
accomplished by injection of FoxP2 RNAI specifically into Area X (Haesler et al. 2007), which
exhibits features similar to the mammalian striatum (Carrillo & Doupe 2004). Further studies
with Area X have found FoxP2 target gene expression during song learning (Graham & Fisher
2012). Mouse models with reduced FoxP2 expression also exhibited abnormal synaptic plasticity
in the striatum and cerebellum (Fisher & Scharff 2009; French et al. 2012). Whereas, mice
altered to express the humanized version of FoxP2 showed opposite effects on synaptic plasticity
in the striatum (Enard et al. 2009; Reimers-Kipping et al. 2010). Thus several studies in multiple
organisms have emphasized the striatum as an important area of FoxP2 action (Graham & Fisher

2012).
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The fruit fly Drosophila melanogaster FoxP is highly conserved with FoxP2 and it is also
expressed early in the nervous system (Lee & Frasch 2004), with continued expression
throughout development. RNA-seq experiments indicate that FoxP expression is relatively low
during most life stages, but higher in early to mid pupal stages and peaks at the mid-pupal stage
P8 (Graveley et al. 2011). Given the variety of well-established molecular tools available in this
organism to look at brain expression and function at different time-points, flies are an attractive
system to explore this well-conserved gene. Some of these tools include specific antibodies or
libraries of transgenic lines, which are useful for both visualization and manipulation of specific

genes.

As a first step towards understanding the specific role of FoxP in the nervous system, we
sought to define the spatial and temporal pattern of FoxP expression with the aim of linking this
knowledge back to developmental and behavioral effects. Based on known expression patterns in
FoxP2, we predicted that insect FoxP would be expressed in discrete brain regions important for
motor coordination. We also expected to see expression differences between the genders, given
the sex specific behavioral effects from our previous work. Our predictions also pinpointed
pupation as a likely time of FoxP action in the nervous system, given that this is the moment of
peak expression and a period of complete reconstruction of the nervous system. In order to
explore these questions, we generated two molecular tools: a FoxP antibody and a FoxP-GAL4
line which, when combined with two different UAS-GFP lines, allowed for visualization of the
expression pattern of FoxP in the larval and adult CNS. This revealed that FoxP is limited to
relatively small subsets of neurons in the brain and ventral ganglion, which appear in several
distinct clusters throughout. Particularly strong expression was evident in the protocerebral

bridge, part of the central complex, which is thought to be involved in sensory-motor integration
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(Strauss 2002), and has been compared to the vertebrate basal ganglia (Strausfeld & Hirth 2013),
although no gender based difference was observed. When we used our FoxP-Gal4 with a
conditional temperature sensitive UAS-shibire line to transiently disrupt neurotransmission in
pupae we observed dramatic effects on eclosion behavior. Animals failed to emerge from the

pupal case, indicating a crucial role of FoxP+ neurons in this behavior,

3.3.  Materials and methods
Animals

Drosophila melanogaster fruit flies were maintained at room temperature (23-25°C) or in
a 30°C incubator in vials with standard yeast and glucose media. We reduced FoxP mRNA
expression by crossing the ubiquitously expressed Act5c-GAL4 (FBst0003954) driver line with a
UAS-RNAI construct specific to FoxP: UAS-FoxPIR (15732) from the Vienna Drosophila Stock
Center (Dietzl et al. 2007). We also generated a GAL4 line driven by the putative FoxP promoter
(FoxP-Gal4), and recombined it with UAS-CD8:..GFP (FBst0005130) and UAS-nls::GFP
(FBst0004776) for visualizing the pattern of FoxP protein expression in the CNS. The FoxP-
Gal4 was also recombined with the temperature sensitive UAS-Shi®! line (FBst0044222) to

selectively disrupt FoxP neuron function.

Antibody production

The polyclonal FoxP antibody was raised against a Maltose Binding Protein-FoxP fusion.
The fusion was generated by inserting a 462bp (154aa) PCR product from the FoxP coding
region into the pMAL-c5X vector (New England Biolabs, Ipswich, MA, USA). The fusion

protein was injected into a guinea pig to produce the FoxP antibody (Pocono Rabbit Farm,
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Canadensis, PA, USA). The resulting antiserum was affinity purified as described in Risinger et
al. 1997. The region used is not conserved with vertebrate FoxP2, but is common to both A and
B isoforms of FoxP. Primers used were 5’-ATGCATCGGATACATGACGACGAGTATTC-3’

and 5’-GAGTTCGCCATGCGGAAGTACTAT-3’.

Immunohistochemistry

For antibody staining, 3rd instar larva were dissected and fixed in 4% paraformaldehyde
for 30 minutes and processed as in Loveall and Deitcher 2010. Adults brains were dissected and
fixed in 4% paraformaldehyde for 20 minutes and processed as above. The following primary
antibodies were used: the polyclonal guinea pig anti-FoxP (1:250) raised to the FoxP-MBP
fusion protein, Rabbit anti-GFP (1:4000; Invitrogen), neuronal marker mouse anti-elav (1:400;
Developmental Studies Hybridoma Bank), and the glial marker mouse anti- repo (1:30;
Developmental Studies Hybridoma Bank). Secondary fluorescent antibodies used were goat anti-
rabbit green Alexa 488 (1:2000; Molecular probes, Eugene, OR), donkey anti-guinea pig Cy3 red
(1:1000; Jackson ImmunoResearch, Westgrove, PA, USA), and donkey anti-mouse Cy3 red
(1:1000; Jackson ImmunoResearch, Westgrove, PA, USA). Fluorescence images were acquired

using a Leica SP5 Confocal microscope (Cornell Imaging Facility) with a 20x objective.

Eclosion timing

Earlier behavioral experiments which attempted to use a stronger knockdown by placing
Act5¢>RNAI at 29°C resulted in a complete lack of eclosion behavior in males. Subsequently we
examined eclosion in FoxP >Shi® flies raised at 30°C to disrupt neurotransmission in FoxP cells

at the pupal stage. For this experiment, wandering third instar larvae were transferred to fresh
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food vials (ten per vial) and kept at either room temperature (23-25°C) or placed in a 30°C
incubator for several days. The number of empty pupal cases were recorded and an eclosion
percentage was calculated by dividing the number eclosed over the number which pupated.

Larvae were selected randomly and not inspected for gender.

Statistics and analysis
Statistical analysis was performed using JMP 9 (SAS Institute Inc., Cary, NC, USA)
using student t-tests. ImageJ (National Institutes of Health, Bethesda, MD, USA) was used for

FoxP>nls::GFP cell counting.

3.4.  Results
3.4.1. Visualizing FoxP expression pattern

In order to examine the expression pattern of FoxP in the CNS we used an antibody
specific to FoxP and a FoxP-GAL4 line which we combined with the membrane bound UAS-
CD8::GFP or the nuclear localized UAS-nls::GFP reporter lines to produce GFP specifically in
FoxP expressing cells. Using the FoxP antibody on larval brains, we visually confirmed
successful knockdown, with Act5c>RNAI flies showing greatly reduced FoxP expression as
compared to controls (Fig. 1). Strongly overlapping expression of the pattern from these two
independently created tools indicates a reliable FoxP staining pattern in larvae brain (Fig. 2).
FoxP appears to be limited to a relatively small number of cells in the larval and adult brain (Fig.

3). FoxP-GAL4>CD8::GFP expression in adult brain strongly labeled the distinct "handlebar"
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UAS-RNAI ActSc>RNAI Anterior
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v
Anti-FoxP Anti-FoxP Posterior

Figure 1. FoxP antibody staining in larva brain. A. Dissected larva brains stained with a FoxP
antibody show distributed clusters of cells within an individual brain lobe. B. Larva with FoxP
RNAI knockdown do not show expression with the antibody, confirming successful knockdown.
C. Schematic of larva brain with dotted-line box indicating the region shown in A and B in two

different brains. BL indicates the brain lobes and VG is the ventral ganglion.
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anti-GFP
FoxP>CD8::GFP anti-FoxP Overlay

Figure 2. Overlap of FoxP antibody staining and FoxP-GAL4 expression. A. FoxP-GAL4
crossed with a membrane-bound green flourescent protein (UAS-CD8::GFP) revealed FoxP
expressing cells in the third instar larval CNS, which was then stained with an antibody to GFP
(green). B. FoxP antibody also labels FoxP expressing cells in the same brain (red). C.
Approximately identical overlap of the molecular tools used in B and C indicates that both are

specific to FoxP cells.
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Figure 3. Expression pattern of FoxP in the adult brain. Expression of FoxP in the CNS is
limited to a relatively small number of neurons in distinct clusters. A. Adult brain of a
FoxP>CD8::GFP fly stained with anti-GFP shows strong labeling in the protocerebral bridge
(white arrow) and other unidentified cell clusters. B. FoxP expressing cells are also widely
distributed throughout the adult thoracic ganglion. C. Schematic of the adult CNS with
symmetrical brain lobes and thoracic ganglion. Me = medulla, Lo = lobula, AL = antennal lobe,

TG = thoracic ganglion.
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shaped protocerebral bridge (PB), which is a substructure in the central complex (CX). Many
other small FoxP cell clusters are labeled throughout the adult CNS, but remain to be identified.
Widely distributed expression is also seen throughout the thoracic ganglion in both larvae and
adult. These expression patterns were consistently reliable across more than 30 adult and more
than 20 larva brains, with approximately equal numbers of males and females from both FoxP-

nls::GFP and FoxP-CD8::GFP lines.

FoxP cells with nuclear localized GFP in adult flies were also stained with antibodies to
the neuronal marker elav or the glial marker repo. FoxP expression appeared to be exclusively
localized to neurons (Fig. 4), and not glia (Fig. 5).

3.4.2. Quantification of FoxP cells

Estimated cell counts using FoxP-nls::GFP adult brains indicate a conservative
approximation of 419 * 16 neurons (n=6), with no significant difference between the right and
left lobes (p=0.8499). We also observe no significant difference between males (413+ 17; n=3)
and females (424 + 17; n=3; p=0.2279)( Fig. 6). From qualitative visual inspection no obvious
differences in expression pattern are noticeable between the sexes. Mean = SEM for each group.
3.4.3. Eclosion timing

When perturbing activity of FoxP expressing cells using a temperature sensitive shibire
mutant, we see a dramatic affect on eclosion behavior. In earlier behavioral experiments we
observed that Act5c>RNAi males at 29°C all failed to eclose. FoxP>UAS-Shi® kept at 30°C
during pupation all failed to eclose (0%; n=30), whereas FoxP>UAS-Shi® flies at room
temperature nearly all successfully emerged as adults (89%; n=29). Importantly, FoxP>UAS-
Shi® flies at both room temperature and 30°C all successfully reached the late pupal stage (Fig.

7).
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anti-elav FoxP=nls::GFP

Figure 4. Confirming if FoxP is in neurons. Example of co-expression of FoxP>nls::GFP
(green) and the neuronal marker elav (red) in a zoomed section of the adult brain. Overlap in the

merged image indicates that these FoxP cells are neurons.
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anti-repo
FoxP>nls::GFP

Figure 5. Confirming FoxP is not in glia. FoxP>nls::GFP (green) expression and antibody
staining for the glial marker repo (red) in a single lobe of the adult brain. The absence of overlap
indicates that FoxP is likely not expressed in glial cells.
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Figure 6. FoxP cell counts in FoxP>nls::GFP adult brains. A. No significant difference in
number of FoxP expressing cells is seen between the two brain lobes (n=6 each; p=0.8499). B.
No significant difference is seen in whole brain FoxP cell counts between males and females
(n=3 each; p=0.2279). Mean + SEM.
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Figure 7. Disruption of FoxP neurons during pupation prevents eclosion. Examples of vials
of FoxP>Shi®® which when placed in a 30°C incubator during pupation all reach the late dark
pupal stage but fail to eclose. Dark ovals are occupied pupal cases positioned on the walls of a

vial with fly food media (light brown substance).
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3.5. Discussion

As in vertebrates, FOXP is strongly expressed in a variety of regions in the brain. In larvae
and adult we observed a relatively small number of neurons expressing FoxP, but distributed
throughout a wide area of the CNS. This is similar to the expression pattern seen with in situ
hybridization in the honeybee Apis mellifera (Kiya et al. 2008). In adults some of these neurons
are organized in distinct clusters, suggesting that FoxP may have direct behavioral effects though
a specific identifiable motor-related network. Notably, FoxP+ neurons appear to send axonal
projections within the distinctive protocerebral bridge (PB) structure, which is part of the central
complex (CX). FoxP-CD8::GFP flies show distinct external bilateral clusters that are potentially
projecting into the PB. This is similar to recent findings of late-born external projecting neural
lineages into the PB (Riebli et al. 2013). FoxP may be responsible for development of specific
subsets of these neurons. A recently constructed wiring diagram of the PB (Lin et al. 2013) as
well as establishment of the developmental origins of CX neurons (Yang et al. 2013), may allow
for future studies to determine the exact FoxP neurons which contribute to their PB expression.
The function of the PB itself has not been extensively studied, although the CX as a whole is
thought to be involved in higher locomotion control (Strauss 2002) and has been implicated in
courtship song production in both Drosophila and grasshoppers (Popov et al. 2003; Heinrich et
al. 2012). Some work has specifically examined the role of the PB using mutants with structural
defects specific to the bridge — early studies with the no-bridge mutant indicate deficits in
learning, walking speed, and courtship (Bouhouche et al. 1993; Strauss et al. 1992; Hall 1994). A
more recent study implicated this structure in sensorimotor integration as demonstrated in a gap
crossing assay. Two types of bridge mutants showed deficits in correct aiming when attempting

gap crossing (Triphan et al. 2010). Although some of these deficits are consistent with our

60



results, it is not possible to know at this point if the behavioral deficits we see in FoxP
knockdown animals are due to disturbed activity in the PB or in one of the other unidentified
FoxP expressing neuronal clusters, but it is an intriguing possibility that the role played by FoxP
in motor coordination may be related to its expression in this part of the CX. Importantly, the CX
has been compared to the vertebrate basal ganglia and the PB to the striatum (Strausfeld & Hirth
2013), which in vertebrates is known to be important for motor coordination and shows strong
FoxP2 expression (Lai et al. 2003; Ferland et al. 2003). Our work further contributes to the
possibility of a deep homology in brain structure and function of the insect CX and vertebrate
basal ganglia.

Somewhat unexpectedly, considering the sex-specific effects on behavior, no obvious sex
differences was noticeable at the morphological level, both in terms of expression pattern and
cell counts in adult brains. The behavioral difference in flies could be due to undetected subtle
variations in neuronal populations expressing FoxP between the sexes. Alternatively, the sex
difference could be due to as yet unknown gender specific splice variants, as is the case with the
well-studied Drosophila fruitless transcription factor (Dauwalder 2011). If the overall structure
of the circuit is the same, it may be at the molecular level in that FoxP expression level or
transcriptional targets vary between the sexes.

Suppression of activity in FoxP expressing neurons during pupation impaired eclosion
behavior, where animals reached a late pupal stage but were unable to emerge as adults. The
potentially less severe partial knockdown of FoxP expression in development with Act5c>RNAI
at 29°C exhibits the sex-specific effect on eclosion as seen with other behaviors, but disruption of
neural activity in FoxP>UAS-Shi® flies affects both genders equally. The level of FoxP needed

in development may be flexible or dose-dependent, but functional FoxP neurons are crucial for
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eclosion behavior. Given the motor impairments described in the previous chapter, a likely
explanation is that these flies simply lack the motor ability to emerge from the pupal case. The
fact that the larvae are able to successfully grow and pupate indicates that FoxP plays a less
important role in earlier stages of development. From this, a tentative hypothesis may be that
FoxP is performing a vital function in neural development during pupation - a time at which the
nervous system has a major transition between larva and adult forms. Potentially supporting this
is the known peak in FoxP expression at the mid-pupal stage (Graveley et al. 2011).

In conclusion, several intriguing parallels between FoxP and FoxP2 have emerged from
this work, such as behavioral changes in the form of disrupted coordination of movement due to
reducing FoxP expression in development or inhibiting activity in FoxP expressing cells. Also
correlated is the fact that FoxP expression is in select regions of the brain throughout
development, including a subsection of an insect brain area known to be important for motor
skills (the central complex) which has been proposed to be homologous to corresponding
vertebrate motor control brain regions (the basal ganglia) (Strausfeld & Hirth 2013). FoxP also
appears to be playing a role in CNS development, with a particularly strong effect within the
transition from larval to adult nervous systems during pupation. This work is far from complete
but leads to a wide range of possibilities for further exploration of this gene in flies, possible
identification of details pertaining to FoxP2, and insights into the evolutionary conservation of

the developmental foundations of motor coordination.
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CHAPTER 4

SUMMARY AND FUTURE DIRECTIONS

4.1 Brief overview

In the previous chapters | used a reverse genetics approach to determine the function of
the previously unexplored Drosophila melanogaster FoxP - with the goal of identifying possible
similarities between it and the homologous human FOXP2 speech and language gene. A variety
of genetic, molecular, and behavior techniques used to explore functional properties of FoxP
revealed the behavioral importance, expression pattern, and critical timing of this gene in the

nervous system.

4.2  Characterizing the importance of Drosophila FoxP on fly behavior

The questions addressed in Chapter 2 stem from the prediction that fly FoxP and human
FOXP2 may both be involved in complex motor control. To test this we utilized techniques that
reduced FoxP expression throughout development and disrupted FoxP expressing neurons in

adults and tested effects on behavior.

4.2.1 Knockdown of FoxP expression during development

In order to determine the effect of FoxP on behavior, we used targeted RNA interference
to partially reduce FoxP expression throughout development and tested effects on several
behaviors, including courtship, song production, flight, and overall walking activity level. All of

these behaviors were impaired by FoxP reduction, indicating a developmental role for this gene
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in neurons needed for coordinated motor control. Unexpectedly we also observed a sex-specific

difference in the majority of these behaviors, with males more strongly impaired than females.

4.2.2 Acute disruption of FoxP expressing neurons in adults

Using a temperature sensitive shibire line to disrupt neurotransmission in adult FoxP
expressing neurons allowed for more precise manipulation of the FoxP "network™ on behavior.
Affected flies exhibited dramatic uncoordinated spastic movement and reduced walking activity,

providing further support for a role of FoxP in motor coordination.

4.3 Determining the location and timing of FoxP action

As a means of dissecting the underlying mechanisms of action of FoxP on behavior, it
was necessary to localize FoxP in the nervous system as well as begin to define a critical period
of FoxP neuronal activity in development. To accomplish this we created tools to visualize FoxP
expression in the CNS and identified when in development this expression becomes essential for

behavior.

4.3.1 Expression pattern of FoxP in the nervous system

We created both a FoxP specific antibody and a FoxP-GAL4 transgenic line to visualize
the location of FoxP expressing cells in the brain. The FoxP-GAL4 combined with a UAS-GFP
line provided bright fluorescent labeling of FoxP cells. This identified a relatively small number
of neurons symmetrically expressed in the brain lobes with no obvious difference between males

and females. Strong expression was seen in an area of the insect central complex known as the
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protocerebral bridge. This structure may be a link between FoxP expression and behavior, as it is

a region previously implicated in motor control.
4.3.2 Timing

As evident from Chapter 2, FOxP neurons are essential for motor coordination in adults,
but when in development is FoxP expression acting on these neurons? Initial observation that
strong FoxP RNAI knockdown prevented eclosion, combined with data from other studies
showing FoxP peak expression during the mid-pupal stage, prompted us to examined the
importance of this time point more closely. We used the FoxP>UAS-Shi® line to disrupt
neurotransmission in FoxP neurons specifically during pupation and observed effects on eclosion
behavior. This perturbation prevented eclosion in 100% of animals but allowed them all to reach
late pupal stage normally. This suggests that FoxP expression may be playing a key role in the

redevelopment of the nervous system from larvae to adult.

4.4 Future directions

As this work is the first functional study of FoxP in flies, much remains to be explored.
An obvious question to address next would be identifying cell types which make up the FoxP
network and how these are connected to behavior. This could be done by looking for
colocalization of FoxP with a variety of neurotransmitter cell types. If FoxP neurons are
comprised of particular neuron classes, then knockdown with RNAI or conditional manipulations
in subsets of these could potentially provide a method of determining which FoxP neurons are
most important for behavior. It would be of great interest to identify properties of the neurons
projecting through the PB and manipulate these specifically.
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Generation of FoxP mutants would provide highly desirable tools to complement the
RNAI knockdown studies, especially if located in the conserved portion of the forkhead domain,
or with a mutation in the same residue as the KE family, as was done in mice (Fujita et al. 2008).
It would also be helpful to generate mutations or RNAI specific to each FoxP isoform to
elucidate their specific functions. A mostly specific PB mutant such as nob (Strauss et al. 1992)
could help determine how this area of FOxP expression is tied to behavior, although it may not be
the only structure involved in the FoxP phenotype. It would also be difficult to interpret

similarities in phenotype given that the PB is already known to affect locomotion.

Although this work established the pupal stage as a necessary time for normal FoxP cell
function, a closer look at all developmental time points is essential. FoxP may play multiple roles
at different stages. An intriguing result is the observation of abnormal larva crawling in
knockdown animals. Measurement of speed and turning rate would perhaps be more informative
than overall distance travelled. Adapting the larva locomotion assay to an incubator setting for
the FoxP>Shi® line would answer an important question about the effects of FoxP neurons in
larvae and at finer time scales in pupae. Timing gradation of FoxP knockdown is also possible
with tools which allow for drug or temperature induced knockdown at specified time points. This

would be useful to determine if FoxP expression still plays an active role in adulthood.

This work explored deficits in a broad range of behaviors, but further work should
explore the details at a finer level. A closer examination of some aspects of these behaviors may
be able to determine the degree and specificity of coordination issues, especially with the
FoxP>Shi® line if specific behavioral assays are adapted to an incubator. With information from
this it may be possible to determine a more precise function of FoxP neurons, such as whether

they are modulating a specific CPG network.
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Sex-specific behavioral effects in flies should provide incentive to look more closely at
potential sex differences in vertebrates as well. There are many possible ways from which the
difference can originate. It may be variations in when, where, or how much FoxP is expressed
between genders. Although no obvious difference was visually noticeable, our method of cell
counting would likely miss small changes in cell number or position. It should be possible to
compare expression level variation between the sexes at different life stages, although these
differences may only become relevant after differentiation of sex specific behaviors. FoxP
knockdown larvae did show a difference in crawling behavior, it was not significantly different

between the males and females.

Since FoxP is acting as a transcription factor, it is likely influencing development through
regulating other genes. There are a few different ways to investigate this. One approach is to
determine which genes are regulated in the fly by FoxP by chromatin immunoprecipitation or by
RNA-seq in order to identify candidate genes to explore. But another approach is to leverage the
work done in mammals and examine the highly conserved fly homologs of mammalian genes
already known to be regulated by FoxP2 (Vernes et al. 2007; Spiteri et al. 2007; Roll et al. 2010).
Perturbation and testing of these target genes may provide valuable clues to the development of

FoxP expressing cells and potential insight into FoxP2 function.

The insect CX and vertebrate BG are related in genetic, developmental, and functional
ways (Strausfeld & Hirth 2013). A recent paper even compared the complexity of courtship to
human grammar (Stoop et al. 2013). Although Drosophila melanogaster is the most established
insect genetic model, conservation of FoxP properties should also be explored between other
insects. Targeted sequencing and annotation of this gene in a variety of invertebrate species may
contribute to understanding the function and evolution of FoxPs in vertebrates as well.
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The work presented in this dissertation has described functional properties of a previously
unexplored fly gene, provided possible insights into a critical motor control structure in insects,
and implied a deep homology for a role in motor coordination between a fly and human speech
gene. Is there any real meaning to similarity between FoxP and FoxP2, especially given the
many differences between insect and human brains? We won't know until a discovery in one
sheds light on the story in the other, but it has certainly happened before that something we've

learned in flies has taught us something about ourselves (Lehmann et al. 2003).
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