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ABSTRACT

Scientists and engineers alike have long looked to animals in their pursuit of under-
standing the natural world and how best to interact with it. While researchers have
looked across diverse classes, insects have been extensively studied for their rich
diversity of life histories and abilities to perform at spatial and temporal scales diffi-
cult for engineered systems. Within insects, the fruit fly, Drosophila melanogaster,
is a particularly well-studied organism because of its experimental tractability and
status as a genetic model organism, providing both detailed descriptions of a broad
suite of behaviors and access to and control over specific sets of tissue. In this work,
we make use of these tools to study two behaviors in Drosophila, local search, the
behavior in which walking flies will search the area around a food site in search of
other food sources nearby, and the optomotor response, wherein they will stabilize
in response to visual motion during flight. In these studies, we will use modern
techniques from both biology and engineering, to exhaustively characterize and
describe the observed behaviors and attempt to untangle the underlying algorithms
and their neuronal implementation.

First, we explore the algorithmic structure of local search in fruit flies. When flies
encounter a piece of food, they will often perform walking searches nearby; as food
tends to be patchy in natural settings, searches may allow flies to locate other food
sites in the area. We induce local search using optogenetic stimulation of sugar-
sensing neurons and constrain the flies to a dark, annular arena. These experimental
details result in a simplified behavior, as the fly has access to a limited sensory
environment, so that the search can be interpreted as an example of idiothetic path
integration, and the search itself is one-dimensionalized and therefore more easily
analyzed. Our experiments, in tandem with complementary modeling using a state
transition diagram formalization of the behaviors, generate two principle findings.
First, flies can integrate their location in two dimensions—after the optogenetic
activation is disabled and the flies can no longer receive the food stimulus, they will
continue to search over the former food site even after completing a full revolution
of the annular arena. Second, when multiple food sites are present, they search over
a center of the food sites, rather than over one distinct food site. These results both
provide insights into the algorithmic structure of local search and an experimental
and descriptive paradigm for further inquiries into the behavior.
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Second, we investigate the role of a population of neurons, the DNg02s, in the
optomotor response. In response to visual patterns of wide-field motion, such that
the entire world is moving in the fly-centric reference frame, the animal will attempt
to steer to cancel the visual motion, as the most parsimonious explanation of the
motion is that the fly itself is moving in the global reference frame. We demonstrate
that the DNg02 neurons are a required component in the neural circuitry underlying
the optomotor response, but that they are insufficient to induce steering behaviors.
We conclude with a set of models that fully recapitulate the collected dataset.
With current techniques, distinguishing between the two possible models of the
downstream connectivity from the DNg02s to the motor neurons associated with
wing motor output is not possible. However, as new datasets become available,
particularly complete connectomes of the Drosophila nervous system, the neuronal
pathways from the DNg02s to the motor systems may be elucidated.
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C h a p t e r 1

INTRODUCTION

For centuries, if not millennia, engineers and scientists alike have turned to animals

in the hopes of advancing our understanding of the laws and mechanisms governing

our world and of applying that understanding to better interact with and manipulate

the world. This keen and sustaining passion has been shared by generations of

researchers across diverse �elds, from the biohybrid robotics in development today

[33, 37], to the development of Velcro in the 1950s based on burrs clinging to a

dog's fur [52], to Leonardo da Vinci's observations of bird �ight while designing

his ornithopter in the �fteenth century [18, 46]. And even further back, we can

turn to legend to �nd examples of early e�orts to take inspiration from biology for

engineered locomotion, with Icarus and Daedalus constructing wings from feathers

and beeswax before taking �ight in the ancient Greek myth [8].

Today, many researchers from diverse disciplines continue in this tradition to great

e�ect. While there has been exciting and novel work across plants and animals,

vertebrates and invertebrates, in the present work we focus on insects, and partic-

ularly on the fruit �y, Drosophila melanogaster. Insects generally and the fruit �y

in particular o�er unique set of opportunities and challenges, distinct from other

classes. Insects operate at a spatial and temporal scales di�cult for engineered

systems; whereas microdrones like the DelFly Micro, with a mass ofO¹0•1 gº,

can only sustain �ights for tens of seconds [17], migratory insects like the globe

skimmer dragon�y (Pantala �avescens, massO¹0•1 gº) have been demonstrated to

�y 150�400 km over the sea [13], with energetic models suggesting they may have

the capacity stay aloft for 230�286 hours [21]. Furthermore, among animals with

centralized nervous systems (i.e., arthropods, cephalopods, and vertebrates), insects

have relatively small brains; whereas the human brain consists of around 100 billion

neurons, the fruit �y brain is composed of only around 100,000 neurons. This is

a distinct advantage in studying the control systems underlying animal behavior, as

identi�cation of relevant neurons is commensurately easier in insect species. Fi-

nally, insects represent one of the most successful taxonomic classes in terms of

the enormous diversity of life histories observed, with over half of all identi�ed

eukaryotic species classi�ed as insects [50].
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Among insects, the fruit �y is a convenient model organism in a diverse suite of

scholarly pursuits, both for its status as genetic model organism and its experimental

tractability, and also for the rich array of behaviors it exhibits. As a genetic model

organism, we are a�orded extensive access to and control over tissue, as described

below in Genetic tools inDrosophila. These tools, developed for the study of

developmental and cellular biology, now enable research into biomechanics and

neurobiology. Drosophilaare also well-adapted for behavioral studies in the lab;

they �y well while tethered and require only small spaces for behavioral experiments,

and as crepuscular animals, they are adapted for the relatively low-light conditions

of laboratories.

Neuroscientist and physiologist David Marr's Tri-level hypothesis provides a con-

venient sca�old for the studies presented in this work, positing that three comple-

mentary levels of analysis enable understanding of information processing systems

[35, 44]

ˆ Computational level: What does the system do? Why does it do these things?

(In this work, what behaviors are the �y performing? Why does it perform

those behaviors?)

ˆ Algorithmic level: How does the system do what it does? (Here, what are the

algorithms underlying the �y's behaviors?)

ˆ Implementation or physical level: How are the algorithms physically realized?

(What are the neuronal circuits or biomechanical structures underlying the

algorithms?)

In this thesis, we describe the algorithmic basis of locomotory behaviors inDrosophila

and e�orts to elucidate the neural implementation of those algorithms�the algo-

rithmic and implementation levels. Our e�orts to untangle the algorithms and

implementations underlying behaviors are again aided by our choice in experimen-

tal organism; decades of psychophysics experiments provide clear descriptions of

the behaviors we will focus on in the present work and, at least with respect to �ight

behaviors in Chapters III and IV, the algorithms underlying these behaviors. We en-

deavor to marry modern techniques from both neuroscience and engineering in our

attempt to elucidate the algorithms and neuronal pathways underlying our behaviors

of interest. To that end, in this chapter I will brie�y discuss the genetic tools and

an overview of the sensory systems that are relevant to the studies described in this

thesis and therefore necessary background for the further chapters. Descriptions of
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the relevant motor systems and the tools we draw from control theory and aerody-

namics to formally describeDrosophilabehavior and �ight follow in Chapters II,

III, and IV as necessary. I will conclude this chapter with a summary of the work

presented in this thesis.

1.1 Genetic toolkit in Drosophila

The ability to introduce engineered segments of DNA to theDrosophilagenome

has made fruit �ies one of the most powerful model organisms in use today through

the ability to express genes of interest in the experimental animals [11]. Multiple

targeted gene expression systems enable the separation of gene expression into two

complementary problems: �rst, which genes to express, and second, in what tissue

to express those genes [12]. This separation allows experimenters to take particular

e�ects in particular sets of tissue with great speci�city and versatility, as any of an

array of e�ects can be taken in diverse sets of any tissue. In this section, I will

focus on the GAL4/upstream activating sequence (UAS) system, though there are

multiple targeted gene expression systems available inDrosophilathat may be used

in tandem.

In the GAL4/UAS system, a transgenetic animal will be engineered through bio-

chemical processes with either the GAL4 gene under the control of a driver gene or a

reporter gene under the control of the UAS gene [12]. The driver gene only is active

in certain tissue (e.g., only in the muscles, only in certain neurons, etc.); when it is

active, the GAL4 gene is expressed, leading to the generation of the Gal4 protein.

In turn, the Gal4 protein binds to the UAS region and induces the expression of the

reporter gene, which speci�es some e�ect [12, 16]. Geneticists have created vast

libraries of transgenetic variants on wild-type �ies (i.e., �ies you may �nd in nature,

without engineered genetic material) with either the driver gene-GAL4 gene pair

(GAL4 lines, Figure 1.1A) or UAS gene-reporter gene pair (UAS lines, Figure 1.1B).

By mating animals from a GAL4 line to animals from a UAS line, the o�spring will

have both pairs, and the e�ect speci�ed by the reporter will take place in the tissue

speci�ed by the driver (Figure 1.1C).

In this work, we will primarily make use of three general classes of e�ectors enabling

experimental access to or control over neurons of interest: neuronal activation (ex-

citing the neurons), silencing (inhibiting neuronal function), or functional imaging

(indirectly imaging neuronal activity). These tools have many uses and can provide

complementary insights into neuronal function; in Chapters III and IV, for example,

we use silencing as a test for necessity (whether the neurons necessary for a given
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Figure 1.1: GAL4/UAS system enables expression of genes in tissue of interest.
(A) Male parental �y from GAL4 line has GAL4 gene under the control of a driver gene. The GAL4 gene is
only expressed in tissue speci�ed by the driver, such that the Gal4 protein is only generated in that tissue.
(B) Female virgin parental �y from UAS line has some e�ector gene under the control of a UAS gene. The
UAS gene is expressed only when the Gal4 protein is present; in this �y, no Gal4 proteins exist, so the e�ector
gene is not expressed.
(C) O�spring �y from mating �ies from (A) and (B). In this �y, the Gal4 protein is generated in tissue speci�ed
by the driver gene. In that tissue, the Gal4 protein binds to the UAS gene, leading to the expression of the
e�ector gene. Thus, in the tissue speci�ed by the driver gene, the e�ect speci�ed by the e�ector gene takes
place.

behavior) and activation as a test for su�ciency (whether the neurons alone are able

to induce the behavior). Here, I will brie�y summarize these three classes and the

basics of their operation.

Optogenetic activation

Since their introduction in the late nineties, optogenetic techniques have become

one of the critical tools available to systems neuroscientists for the manipulation

of neuronal activity [38]. Broadly, optogenetic techniques enable control over

neurons through the expression of light-sensitive proteins. Channelrhodopsins are

a ubiquitous and diverse class of light-gated ion channels, which can respond to

various wavelengths of light to either inhibit or excite the neurons in which they are

expressed [10, 32, 39]. These channels occur naturally in algal cells which are able

to move to �nd areas with suitable light levels; they enable the light-sensitivity which
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is critical for this navigational behavior [32]. We make particular use of the light-

sensitive channel CsChrimson, a variant on the general class of channelrhodopsins.

When the channel CsChrimson is excited by light, the channel opens, leading to a

depolarization of the membrane and excitation of the neuron.

Neuronal inhibition

Multiple genetic tools exist for neuronal inhibition, including the optogenetic tech-

niques noted previously. We make particular use of the inwardly rectifying potas-

sium channel Kir2.1, expression of which chronically hyperpolarizes cells and

thereby reduces the probability of the neuron �ring action potentials or releasing

neurotransmitter both spontaneously and in response to neuronal input [3, 26]. This

mechanism is distinct from genes that promote cell death (e.g.,reaper, grim; [7, 57])

as the cells remain alive. As opposed to mechanisms utilizing cell death, techniques

which enable chronic hyperpolarization can sometimes have less intense e�ects on

the health of the animal as all neurons are still alive. However, with su�ciently

strong neuronal input, action potentials may still be �red and neurotransmitter may

still be released, so neuronal silencing can sometimes elicit a weaker behavioral

e�ect than complete neuronal ablation. Chronic silencing is also distinct from

the optogenetic tools mentioned previously or similar thermogenetic tools (which

makes use of thermosensitive channels [6, 29]), as these channels are activated with

temporal speci�city.

Functional imaging

When neurons �re action potentials, calcium ions enter the cells; calcium sensors

therefore act as convenient proxies for neuronal activity. These sensors often come

in one of two forms: genetically encoded calcium indicators (GECIs) and calcium

sensitive dyes. Of the two, we focus on GECIs, as they are chronic (i.e., always

present in the cells) and noninvasive [2]. In particular, we make use of GCaMP,

a GECI commonly used inDrosophila, not only for imaging neuronal activity, but

also activity in the muscles (which is also associated with increased calcium levels).

There are multiple variants of GCaMP sensors, and new variants continue to be

developed by researchers, in the hopes of improving the sensitivity and temporal

dynamics of the sensors (e.g., [2, 23, 54]). In this work, we use both GCaMP7 and

GCaMP8; a discussion of the relative performances can be found in Chapter 3.

I will brie�y describe the biophysical mechanisms underlying the operation of

GCaMP imaging, with a schematic representation shown in Figure 1.2. When a
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neuron becomes active, the membrane potential increases and voltage-gated calcium

ions open, at which point Ca2¸ ions �ood into the cell. The GCaMP protein can bind

to the Ca2¸ ions; when bound, it undergoes a conformal change [1]. In the bound

state, the protein may be excited by 480 nm photons; when the molecule returns to

the ground state from the excited state, it emits a 510 nm photon [4]. Thus, if we

excite a neuron with GCaMP proteins at 480 nm and image at 510 nm photons, we

are able to record the level of Ca2¸ -saturated GCaMP proteins in the cell, which is

itself a proxy for cellular activity.

Figure 1.2: Genetically encoded calcium indicators enable imaging neuronal activity. Two-photon excitation
shown, though one-photon excitation at a shorter wavelength is also possible. Unbound GCaMP protein is
showed by red rectangle. After binding to a calcium ion (indicated by yellow circle), GCaMP protein undergoes
a conformal change (teal rounded rectangle).

Excitation with a single 480 nm photon is referred to as one-photon functional

imaging; in Chapter 3, we make use of two-photon functional imaging, a variation

in which we excite with two 930 nm photons arriving simultaneously at the tissue

sample. Two-photon imaging has a number of advantages over one-photon imaging.

First, excitation with a longer wavelength allows us to penetrate deeper into the brain

with minimal scattering of the light, so we are able to image cells that may otherwise

be inaccessible due to prohibitive scattering or dissection [53]. Second, two-photon

imaging enables excitation in a thinner plane than one-photon imaging and we are

therefore a�orded better spatial resolution [53]. However, two-photon imaging

is also associated with a number of technical limitations, the most signi�cant of

which is the requirement that two exciting photons arrive at the GCaMP protein

simultaneously; we therefore use a femtosecond pulsed laser for the functional

imaging experiments in this work.
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1.2 Sensing self-motion: Sensorimotor pathways in walking and �ight

Fruit �ies, like most motile animals and engineered systems, integrate wide array of

sensory input to control their locomotory behaviors. Sensory structures across an

insects body collect rich information about the environment�the insect antennae

alone contain diverse sensory neurons that have been shown to be responsive to

wind, gravity, sound, chemicals, temperature, and humidity [47]. Anatomical

and behavioral experimentation have provided insights into the organization of

sensorimotor processing in theDrosophilanervous system. Sensory information,

collected by the antenna and other sensory structures including the eyes and a diverse

array of mechanosensors, is passed to the brain and ventral nerve cord (VNC), a

structure located in the thorax which is the rough equivalent of the spinal cord in

humans (Figure 1.3). The brain and VNC pass information to each other through

the neck connective via descending neurons (DNs, brain to VNC) and ascending

neurons (ANs, VNC to brain). The brain and the VNC then send commands to

motor systems via motor neurons.

Figure 1.3: Organization ofDrosophilanervous system. Brain and VNC collect and process sensory information.
Ascending neurons transmit information from VNC to brain; descending neurons transmit information from
brain to VNC. Brain and VNC send commands to motor neurons.

It is often convenient to attempt to limit an experimental animal's access to sensory

stimuli to speci�c sensory modalities; for example, in Chapter II we perform our

walking experiments in the dark, such that the �ies did not have access to visual

stimuli, and in Chapters III and IV we perform our �ight experiments with tethered

animals, such that they did not receive angular velocity stimuli from body rotations

to the halteres or external �ow stimuli to the antenna. In this section, I will provide

brief overviews of the sensory stimuli most relevant to the work presented in this

dissertation. The motor systems are discussed at some length in later chapters.
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Proprioception

Proprioception refers to the ability to sense one's own body position and movement.

Under classical de�nitions, mechanosensory proprioceptive neurons tend to be lo-

calized in muscles, joints, and tendons, and can be divided in insects and mammals

into three populations [55]. Here, we brie�y describe the proprioceptors found in

insects, but analogs for each have been described in mammals as well.

ˆ Position and velocity encoders: a class of stretch receptors known as chordo-

tonal organs have been found in di�erent biomechanical structures in insects,

including the legs, wings, halteres, and antennae [15, 27]. Chordotonal organs

in the legs have been shown to respond to the position and relative velocity

of di�erent leg segments. However, not all chordotonal organs are propri-

oceptive; the Johnston's organ in theDrosophilaantenna, for example, has

been shown to have di�erent populations of sensory neurons responsive to the

sensation of sound, wind, and gravity [27].

ˆ Strain sensors: campaniform sensilla, small dome-like structures, are sen-

sitive to strains in the cuticle and tend to be clustered near joints [45, 56].

Campaniform sensilla tend to respond only when motion is resisted�when a

joint is moved passively or is at rest, the campaniform sensilla may be silent

[56].

ˆ Threshold detectors: tightly-packed arrays of sensory hairs known as hair

plates are positioned in the cuticle such that they are de�ected when a joint is

in a particular position [45, 56]. The position tends to be at the extremes of the

joint's range, suggesting that they function as limit detectors. Alternatively,

they have been proposed to act to anticipate changes in locomotory phase;

for example, in walking, hair plates may provide the feedback to transition

between the swing and stance phase of the gait [55].

Proprioceptors project to the central nervous system, and particularly the VNC in the

case of leg and wing proprioceptors [55]. A critical function of proprioception is to

ensure stability, though this sensory feedback is likely also relevant to more complex

movement sequences; for example, proprioception has been hypothesized as one

mechanism for navigation in visually featureless environments [55]. Proprioceptive

feedback has also been shown to alter responses to visual stimuli during �ight [5].
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Visual processing

Fruit �ies sense light stimuli through two primary structures, the compound eyes

and the ocelli, a set of three simple eyes located on the dorsal-most part of the

head. In many behaviors, the functions of these two structures have not been

disambiguated, though the anatomy provides some helpful clues. Axons of the

interneurons from the ocelli (L-neurons) have notably large diameters and therefore

transmit information more quickly than neurons with smaller diameters [30, 42, 43].

These interneurons project to the posterior slope in the brain, where they synapse

directly onto descending neurons transmitting information to the VNC [42, 51].

These descending neurons then connect to motor systems associated with wing,

head, and leg motor control. Together, these anatomical hints indicate that the ocelli

are likely involved in quick stabilization re�exes [30]. This anatomical evidence

is complemented by behavioral experiments demonstrating the involvement of the

ocelli in simple behavioral responses like the dorsal light response, wherein �ies

align their heads to bright lights [48], as well as more functions; the ocelli of locusts,

for example, have been reported to act as high-pass temporal and low-pass spatial

�lters, implying they would be sensitive to the sudden movements of the entire visual

world that occur when the animal experiences �ight instabilities [58].

The compound eyes are comparatively complex structures, with each compound

eye consisting of around 700 ommatidia, the structures in which photoreceptors in

the eyes are localized [22]. The photoreceptors project to lamina cells, which in

turn provide input to the T4 and T5 neurons, the �rst cells in the visual processing

pathway to display directional sensitivity [19, 25]. T4 and T5 cells respond to

increments and decrements in light intensity, respectively, in a preferred direction

[34]. For example, a given T4 cell may only respond to increments in light intensity

from left to right, right to left, up to down, or down to up. The eight kinds of T4

and T5 neurons (one T4 and one T4 neurons representing each of the four preferred

directions) tile all visual space. The T4 and T5 cells provide input to a wide array

of visual neurons, including neurons which process the visual features of individual

objects and, most relevant to the work presented in Chapters III and IV, the lobula

plate tangential cells (LPTCs), which process self-motion [49].

The LPTCs are sensitive to patterns of wide-�eld motion, the visual stimulus an

animal experiences as it moves and perceives the relative motion of the world around

it [20]. Early e�orts identi�ed two classes of LPTCs, the vertical system (VS) and

horizontal system (HS) cells, though many more classes have since been identi�ed.

The HS and VS cells were initially named for the characteristic orientations of their
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dendritic arbors in the lobula plate; the dendrites of VS cells run vertically across

the lobula plate and the dendrites of the HS cells run horizontally [20, 24]. These

names remained apt as further experiments indicated that the VS cells are responsive

to patterns of vertical optic �ow and HS cells to patterns of horizontal optic �ow

[20, 31]. Indeed, it is precisely the orientation of their arbors that enable the HS

and VS cells to respond to their preferred patterns of optic �ow; their response

is the integration of spatially localized information from T4 and T5 cells along a

particular axis in the retinotopically organized lobula plate [36]. The LPTCs project

to a number of regions in the central brain, including the posterior slope. As with the

L-neurons, the LPTCs likely provide input to descending neurons in the posterior

slope which send outputs to motor centers in the VNC [40].

E�erence copy

Whereas proprioceptive and visual feedback arises when sensory neurons sense the

movement or position of the body, e�erence copy refers to an internally generated

signal produced by motor commands. E�erence copy allows the animal's nervous

system to construct an estimate of the e�ects of its own actions and thereby dis-

tinguish between sensory stimuli generated from self-motion and that generated by

the environment [9]. For example, the input to the �y's visual system from the

photoreceptors is a composite of the motion of objects in the world (e.g., predators,

conspeci�cs, etc.), voluntary or evoked self-motion (i.e., motion generated by the

animal's behavioral output), and involuntary motion (e.g., during �ight, motion

induced by an unexpected gust). E�erence copy can provide an estimate for the

likely voluntary or evoked self-motion, since this is the motion generated by the

animal's motor systems [14, 28]. By subtracting the e�erence copy signal from the

visual input, an animal can determine the motion of objects in the world and any

involuntary self-motion (Figure 1.4).

Figure 1.4: E�erence copy in theDrosophilavisual system. The visual input to the visual system is a composite
of the motion of objects in the world, voluntary and evoked self-motion (rea�erence), and involuntary self-
motion (exa�erence). E�erence copy can suppress rea�erent signals.
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Research has provided evidence for e�erence copy in theDrosophilavisual system

during �ight. For example, visual neurons receive motor-related input during quick

voluntary turns (saccades) which are similar in magnitude but opposite in sign to

the expected rea�erent visual input [28]. As the e�erence copy signal is similar

in magnitude but opposite in sign, it acts to suppress the visual input induced by

this voluntary turn. This suppression allows the �y to perform voluntary turns

without evoking a stabilizing response; without suppression, a re�ex known as the

optomotor response (discussed in depth in Chapters III and IV) would cause the �y

to attempt to turn in the opposite direction as the voluntary turn to stabilize their

�ight trajectory.

1.3 Summary of work

In this dissertation, I will present results from two projects combining psychophysics

experimentation inDrosophila melanogasterand behavioral modeling.

Algorithmic models of path integration

Chapter II details our investigation into the algorithms governing local search in

fruit �ies, the behavior in which, upon encountering a patch of food, the animal

will make short excursions away from the food site in search of other nearby food

patches. Flies perform this behavior in the absence of external sensory cues by which

they may navigate (e.g., �ies will perform the search in the dark, and therefore

without visual cues), indicating that they are using idiothetic (i.e., self motion)

cues to navigate. In this chapter, we induced local search in �ies con�ned to

an annular arena and compared the resulting behavior to a set of computational

models. The behavioral experiments were performed with optogenetic activation

of sugar receptors, such that we were able to control the timing and location of

the food stimuli. The experiments indicated thatDrosophila melanogasterare able

to integrate in two-dimensions�in our constrained, annular arena, �ies were able

to continue searching over a former food site even after fully circling the arena.

We further tested the algorithms underlying local search, speci�cally when more

than one food sites are present, by constructing predictive models. The �rst model

posited that �ies search around a speci�c food site, and that even when multiple food

locations have been discovered, they will continue to center their search over one

speci�c food site. Alternatively, the second model hypothesized that when multiple

food sites are present, �ies will search over the center of the patch. There are

multiple potential mechanisms for computing the central location; we use a simple
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center-of-mass model, where the central location is simply the average of all known

locations. Alternative computations could involve temporal decay, with food zones

more recently encountered more heavily weighted in calculating the center location.

Regardless, our models generated testable predictions with respect to how real �ies

would behave when multiple food sites have been encountered. By testing these

distinguishable hypotheses, we showed that �ies appear to center their searches over

a central location, rather than one distinct food site.

Descending neuronal pathways mediating steady-state �ight control

In Chapters III and IV, I present our e�orts to elucidate some of the neuronal

pathways involved in �ight stabilization inDrosophila. We focus on the optomotor

response, a well-characterized behavior in which animals will attempt to steer to

compensate for patterns of wide-�eld optic �ow�patterns of visual motion where

the entire world appears to be moving around the animal. The yaw optomotor

response is robust in fruit �ies and easily quanti�able with a single camera imaging

the wings during tethered �ight; in response to yaw optic �ow to the right in front

of the �y, for example, the most parsimonious explanation is that the �y itself is

turning to the left, and so it will attempt to steer to the right to compensate by

increasing the wingbeat amplitude of the left wing and decreasing that of the right

wing. Recent work from Namiki and colleagues [41] identi�ed a population of

descending neurons (DNs) that appear to be involved in visually-mediated �ight

behaviors. DNs, which convey information from the brain to the ventral nerve cord

(VNC) through the neck connective, represent an informational bottleneck (since

the brain has on the order of 100,000 neurons, the VNC 15,000, and the DNs only

around 400), and therefore o�er an opportunity to gain purchase over the neuronal

mechanisms underlying �ight control. In their recent paper, Namiki and colleagues

demonstrated that optogenetic activation of these neurons, the DNg02s, resulted in

increases in wingbeat amplitude, and showed through anatomical investigation that

they receive input in the brain in regions associated with visual processing, including

the posterior slope [41].

In Chapter III, we show that the DNg02 neurons are a required pathway for the opto-

motor response; when DNg02 neurons are silenced, the magnitude of the optomotor

response is diminished in proportion to the number of cells silenced. Using two-

photon functional imaging, we then thoroughly characterize the neuronal responses

to a wide-array of visual stimuli, with these result indicating that morphological

variation within the population does not appear to correlate with functional vari-
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ation with respect to the tested visual stimuli, and that DNg02 activity is more

closely related to motor output than to visual input. In particular, we observed

strong correlations between DNg02 activity and contralateral wingbeat amplitude,

and asymmetries in DNg02 activity across the midline (i.e., DNg02 activity often

increased on one side of the body and decreased on the other).

We continue our investigation in Chapter IV by speci�cally probing the downstream

e�ects of the DNg02s on the motor system. The previously reported activation

results [41] indicated that these cells likely provide input to the power muscles,

the set of �ight muscles generating the power necessary to beat the wing back

and forth during �ight. We probe this hypothesis by estimating the changes in

power production that result from silencing DNg02 neurons and by unilaterally

activating DNg02 neurons. Unilateral activation resulted in bilaterally symmetric

motor responses. In contrast to the functional imaging results, which indicated

correlations between DNg02 activity and contralateral wingbeat amplitude, these

results implied that the DNg02 neurons had symmetric e�ects on the motor system.

Furthermore, the results suggested that other neuronal pathways were involved in the

optomotor response, since unilateral DNg02 activation was insu�cient to generate

turning behaviors. We conclude by proposing two distinct hypotheses with respect

to the symmetry of the DNg02 connectivity to the motor system, both of which

can fully recapitulate the observed dataset. While distinguishing between these

models is infeasible with current experimental methods, future work may reveal the

connectivity structure downstream of the DNg02 neurons as new neuroscienti�c

tools become available.
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C h a p t e r 2

DROSOPHILARE-ZERO THEIR PATH INTEGRATOR AT THE
CENTER OF A FICTIVE FOOD PATCH
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2.1 Abstract

The ability to keep track of one's location in space is a critical behavior for animals

navigating to and from a salient location, and its computational basis is now begin-

ning to be unraveled. Here, we tracked �ies in a ring-shaped channel as they executed

bouts of search triggered by optogenetic activation of sugar receptors. Unlike ex-

periments in open �eld arenas, which produce highly tortuous search trajectories,

our geometrically constrained paradigm enabled us to monitor �ies' decisions to

move toward or away from the �ctive food. Our results suggest that �ies use path

integration to remember the location of a food site even after it has disappeared,

and �ies can remember the location of a former food site even after walking around

the arena one or more times. To determine the behavioral algorithms underlying

Drosophilasearch, we developed multiple state transition models and found that

�ies likely accomplish path integration by combining odometry and compass navi-

gation to keep track of their position relative to the �ctive food. Our results indicate

that whereas �ies re-zero their path integrator at food when only one feeding site

is present, they adjust their path integrator to a central location between sites when

experiencing food at two or more locations. Together, this work provides a simple

experimental paradigm and theoretical framework to advance investigations of the

neural basis of path integration.
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2.2 Introduction

For many animals, including humans, the ability to return to a speci�c location, such

as a nest or food resource, is essential for survival [29]. One strategy for revisiting a

speci�c location is to use external cues such as chemical signals or visual landmarks

[37, 42, 45]. Another strategy that works in visually poor landscapes or featureless

environments [5, 23] is to perform path integration, that is, to cumulatively integrate

along a path, using a measure of distance traveled (odometry) and body orientation

in the direction of travel (heading), thus making it possible to calculate a direct path

between any current position and a starting point. Since Darwin �rst suggested that

animals might perform path integration to navigate between food and their nests

[11], ample evidence has emerged that many animals employ this strategy. The

behavior has been best characterized in ants and bees [9, 17, 30], but has been

identi�ed in many species including mantis shrimps [27], bats [2], dogs [32], and

rats [41]. Whereas the entire process of path integration is di�cult to observe

directly, it is often manifest in the act of homing, when an animal executes a straight

path (a so-called "home run") back to its nest after completing a tortuous excursion

in search of food [25, 35, 38, 43]. Animals can also walk directly from their nest to

a food site after their �rst visit to that location [8, 31, 46]. In all these classic cases

with virtuosic path integrators such as ants and honeybees, animals reset their path

integrator to zero at their nest or hive location. However, animals without a nest or

hive may instead zero their path integrator at a food site or at the center of a cluster

of food sites.

Path integration can operate on the scale of hundreds of meters, as exempli�ed by

desert ants [25], or many kilometers, as in bees [9]; however, it can also occur over

much smaller spatial scales. In ants, for example, homing is often accompanied

by a local search when the forager arrives near the nest, but not near enough

to immediately �nd it [7, 39, 43, 44]. Although seemingly random, these local

searches are structured and centered, suggesting the animal is keeping track of

its best estimate of the nest's location. Such local searches are not restricted to

central place foragers such as ants and bees; for example, hungry blow�ies execute

local searches in the vicinity of small food items they have sampled, a behavior

that Vincent Dethier described as a "dance" [12].Drosophila melanogasteralso

exhibit these local searches near small spots of food [4, 19]. Optogenetic activation

of sugar receptors can substitute for the presence of actual food in initiating this

behavior [10, 19]. Fruit �ies can perform this food-centered search in the absence

of external stimuli or landmarks, indicating that they can rely on idiothetic (internal)
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information to keep track of their location [19]. These local searches consist of

highly tortuous trajectories in which it is di�cult to classify instances when the �y

is walking either directly away or toward the food site (e.g., executing a so-called

home run), making analysis of the behavior quite challenging.

In this study, we deliberately constrained the two-dimensional motion of �ies by

con�ning them to an annular channel. In this constrained arena, local searches

consist of back-and-forth runs centered around arbitrarily de�ned food zones where

the �ies receive or have recently received optogenetic activation of sugar receptors.

Due to its geometric simplicity, our arena allowed us to address several key questions

that are di�cult to test in an open �eld arena. By analyzing the �ies' behavior after

they walked in one or more complete circles around the arena, we provide strong

evidence thatDrosophila melanogasterare capable of two-dimensional, idiothetic

path integration to search in the vicinity of a previously exploited food site. In

addition, we were able to examine how an animal centers its search excursions when

o�ered a cluster of locations. Our results suggest that rather than using the location

of the most recently visited food location to zero their path integrator, �ies are able

to center their search at a single location within a patch of food.

2.3 Results

Flies remember the position of a single food site

To investigate the behavioral algorithms underlying path integration, we tracked

individual �ies as they performed local search in an annular arena in which the

�ies were constrained to walking within a circular channel (Figure 2.1A). Using an

automated closed-loop system, we optogenetically activated sugar-sensing neurons

whenever the �ies (Gr5a-GAL4>UAS-CsChrimson) occupied a designated, feature-

less food zone. The 1-s optogenetic light pulse triggered by residence in the food

zone was followed by a 15-s refractory period during which time the stimulus was

kept o�, regardless of the �y's position. Aside from these brief optogenetic pulses,

all experiments were conducted in complete darkness. For convenience, we some-

times refer to optogenetic food zones as "food" and optogenetic activation events as

"food stimuli," although in no cases did the animals experience actual food.

Examples of local searches are plotted in Figure 2.1B, Figure 2.1C, and Figure 2.2.

To simplify the display and analysis of the data, we have transformed the curved

trajectories of the �ies in the circular channel into one-dimensional paths. All

experiments began with a baseline period, during which the optogenetic protocol

was not operational. This baseline period was followed by an activation period (AP),
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Figure 2.1: Flies perform local search around a �ctive food location.
(A) Schematic of the experimental setup (left) and annular arena (right). An overhead camera tracks the position
of an individualGr5a-GAL4>UAS-CsChrimsonfemale �y, in real-time, as it explores a 4 mm-wide circular
channel,� 52 body lengths (BL) in circumference. Whenever the �y occupies the featureless food zone, it
receives a 1-s pulse of optogenetic activation of sugar-sensing neurons via a 628 nm LED positioned beneath the
channel, followed by a 15-s refractory period during which the �y cannot receive activation. An infrared (IR)
backlight and IR-transmitting lid enable behavioral tracking while otherwise maintaining complete darkness for
the �y aside from the brief optogenetic pulses.
(B) Example �y trajectory. To simplify the display and analysis of the data, we transformed the curved
trajectories of the �ies in the circular channel into a wrapped one-dimensional path. This experiment begins
with a baseline period, during which the �y does not receive optogenetic activation, followed by a 40-min acti-
vation period (AP, red) during which the optogenetic protocol is operational, followed by a post-activation-
period (post-AP, blue) during which the optogenetic protocol is switched o�. The post-AP is de�ned as ending
when the �y executes its �rst run straying more than 26 body lengths (i.e., 1/ 2 the arena perimeter) from the
food zone, hereafter termed the �departure run.� The remaining trajectory is referred to as post-departure (gray).
Optogenetic stimulation events during the AP are indicated as red tick-marks (top). See also Figure 2.2A.
(C) As in (B), for an experiment with six serial trials each consisting of a 5-min AP followed by a 5-min post-AP.
See also Figure 2.2B.

during which the optogenetic protocol was in e�ect, i.e., the �y received the 1-s

food stimulus followed by the 15-s refractory period whenever it occupied the food

zone. Each AP was followed by a post-activation period (post-AP) during which

the optogenetic protocol was suspended such that �ies did not receive food stimuli.

Some experiments consisted of a 40-min AP, followed by a single 10-min post-AP

(Figure 2.1B). Other experiments used a repeating trial structure, in which each trial

consisted of a 5-min AP followed by a 5-min post-AP (Figure 2.1C).

In the annular arena, �ies can either walk clockwise, walk counterclockwise, pause,

or reverse direction. We de�ned the distance between two consecutive reversals as

a "run length,"A(Figure 2.3A. During the baseline period, �ies continuously ex-
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Figure 2.2: Sample trajectories of local search around one �ctive food site.
(A) Seven representative example trajectories for the AP and post-AP from single food 40-min AP experiments.
Plotting conventions are the same as Figure 2.1B.
(B) Seven representative example trajectories for the AP and post-AP from single food trial-based experiments.
Plotting conventions are the same as Figure 2.1C.
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plored the entire arena, generally performing long runs interspersed with occasional

reversals. During the AP, food stimuli consistently triggered local search excursions

typically characterized by a stereotyped sequence of behaviors: upon activation of

sugar-receptors, the �ies brie�y paused, continued to walk a few body lengths away

from the food, performed a reversal, returned to the food zone, experienced another

food stimulus, and then executed a similar excursion in the opposite direction. This

process repeated, producing a persistent zig-zagging search pattern during which

the �ies explored the channel near the food site, while never straying far in either

direction. The excursions were reasonably stereotyped, being� 5 body lengths in

size (Figure 2.3B), and did not vary substantially during the AP (Figure 2.3C).

We interpret this behavior to be a one-dimensional version of the two-dimensional

local searches that were the subject of studies inDrosophila [4, 10, 19] in open

�eld arenas, as well as those originally identi�ed by Vincent Dethier in the blow�y,

Phormia[12]. The relative consistency of these excursion distances in our appa-

ratus was noteworthy, given that there was no external sensory stimulus associated

with the termination of each outward run. This suggests that �ies' nervous systems

intrinsically produce a motor pattern that generates excursions of a particular spatial

scale in response to the optogenetic activation that we provided.

The most informative data regarding whether the �ies retain a spatial memory of the

food location came from the post-AP, when the optogenetic protocol was suspended.

Despite no longer receiving food stimuli, �ies continued to zig-zag back and forth

around the disabled food zone (Figures 2.1B and 2.1C). These post-AP excursions

were, however, longer than the AP excursions (mean = 15.1 body lengths) (Figure

2.3D), and tended to increase in length over time toward a plateau by the �fth post-

AP run (Figure 2.3E). The length of the �rst post-AP run (A1) tended to correlate

strongly with the �nal excursion distance on a trial-by-trial basis (Figure 2.3F). In

other words, in our experiments consisting of six successive trials (Figure 2.1C), the

length of the �nal excursion from the food was strongly correlated with the length of

the �rst run past the former food site. This strong positive correlation was observed

in nearly every �y tested (Figure 2.3F).

We also observed that most �ies eventually abandoned their post-AP search after

some time. To speci�cally analyze trajectories during which the �y was performing

local search, we de�ned the post-AP as starting at the conclusion of the AP and

ending with the execution of what we classi�ed as a "departure run." The departure

run was de�ned as the �rst run after the conclusion of the AP during which the

�y strayed 26 or more body lengths away from the food zone, thus reaching or
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Figure 2.3: Repeated back-and-forth excursions constitute a local search around a �ctive food location.
(A) Schematic, showing features of local search. After encountering a food stimulus during the AP, �ies walk
a given excursion distance (gray), reverse direction, and perform a run back toward the food. The distance
between two consecutive reversals is a run length (A), whereA0 is the run length between the �nal reversal of the
AP and the �rst reversal of the post-AP, and all other runs are numbered with respect toA0. The run midpoint
is de�ned as the halfway point between two consecutive reversals.
(B) Distribution of all excursion distances from the 40-min AP experiments as in Figure 2.1B (n = 29 �ies,
2,494 food excursions).
(C) Run lengths for the �nal 16 runs of the AP, includingA0, averaged over trials from the 40-min AP experiments.
Data from trials with fewer than 16 AP runs are included (N = 29 �ies). Throughout the chapter, error bars
depict 95% con�dence intervals and violin plots indicate full data distributions.
(D) Mean distribution of the run lengths of the post-AP from the trial-based experiments as in (C) (n = 22 �ies,
110 trials).
(E) Run lengths for the �nal 6 runs of the AP, includingA0, and the �rst 10 runs of the post-AP, averaged over
trials from the trial-based experiments as in 2.1C (n = 22 �ies, 110 trials). Labels indicate the �nal run of the
AP (A0) and the �rst run of the post-AP (A1).
(F) Relationship between the �nal excursion distance during the AP and the �rst run of the post-AP (A1). Black
dots indicateA1 versus last excursion for 6 trials from the �y in Figure 2.1C, and the black line indicates the
linear regression for this �y. Grey lines indicate linear regressions for all remaining �ies with data from at least
3 trials (N = 20 �ies).

passing the opposite side of the arena. The total duration of the post-AP trajectory

varied�some �ies abandoned the food after 1�2 min, whereas others continued

searching for the full 5 min of the post-AP (Figure 2.4A). Regardless of the duration

of the post-AP search, the departure run was almost always considerably longer than

all the preceding runs (Figures 2.4B and 2.4C). In other words, rather than slowly

expanding or drifting away from the food site, �ies typically terminated the post-AP

search by performing an exceptionally long run, perhaps re�ecting a change in the

�y's behavioral state.

To derive an estimate of the �ies' spatial memory within the arena, we developed a

method by which we measured the midpoint of each run and then convolved each

of these locations with a narrow von Mises distribution (^ = 200), the sum of which

generated a kernel density estimate (KDE) of where in the arena the �y was focusing
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Figure 2.4: Flies terminate their post-AP search with a particularly long run.
(A) Sequences of post-AP runs and their associated departure run, sorted by the duration of the post-AP. Each
row corresponds to a single trial from experiments as in 2.1C, where the length of each box corresponds to the
duration of each run, and the color of each box indicates run length (n = 22 �ies, 110 trials). Note that in 11
trials at the bottom of the panel, the �ies did not execute a departure run before the next AP began.
(B) Run lengths for the �nal 10 runs of the post-AP, as well as the departure run, averaged over trials from
data in (A). Data from trials with fewer than 10 post-AP runs are included. Error bars depict 95% con�dence
intervals and violin plots indicate full data distributions.
(C) Length comparison of the longest post-AP run and corresponding departure run for each trial, from data in
(A). The 11 trials without a departure run were not included in this analysis.
(D) Normalized kernel density estimate (KDE) of the run midpoint in baseline (left), AP (middle), and post-AP
(right) (n = 22 �ies). Throughout the chapter, shaded regions indicate 95% con�dence interval. Throughout
the chapter, the KDE is calculated for each �y for k = 200 and then the mean and 95% con�dence interval
is calculated for the individual �y's KDE. For post-AP comparison with simple models, with run lengths
randomly drawn from either the empirically derived data shown in (A) (excluding the departure runs), or a Lévy
distribution �t to the same data, see Figure 2.6.

its search. The KDE for the baseline (pre-AP) data was �at and noisy, indicating

that the �ies' runs were not centered on any particular location within the arena

(Figure 2.4D, left panel). In sharp contrast, the KDEs from the AP and post-AP data

were unimodal with a clear peak at the location of the food (Figure 2.4D, center and

right panels). The food-centered peak is expected for the AP, but its existence for

the post-AP data is indicative of the �ies' memory of the food site. We will make

use of run midpoint KDEs throughout the chapter as a means of assessing the �ies'

spatial memory under di�erent conditions.

Flies recognize a former food site after walking completely around the arena

Our analysis of the �ies' search behavior prior to the departure run suggests that

they can remember the location of the food, a task they could accomplish using one-

dimensional odometry (e.g., by simply counting the number of steps taken away

from and back toward the food). However, the fact that some �ies traveled all the


	Acknowledgements
	Abstract
	Published Content and Contributions
	Table of Contents
	List of Illustrations
	List of Tables
	Introduction
	Genetic toolkit in Drosophila
	Sensing self-motion: Sensorimotor pathways in walking and flight
	Summary of work

	Bibliography
	Drosophila re-zero their path integrator at the center of a fictive food patch
	Abstract
	Introduction
	Results
	Discussion
	Methods and materials

	Bibliography
	A population of descending neurons required for the optomotor response in flying Drosophila
	Abstract
	Introduction
	Results
	Discussion

	Bibliography
	The functional role and downstream connectivity of the DNg02s
	Abstract
	Introduction
	Results
	Modeling the connectivity of flight control
	Discussion
	Methods and materials for Chapters III and IV

	Bibliography
	Conclusion
	Algorithmic basis of local search in Drosophila melanogaster
	Neuronal pathways for flight stabilization
	Concluding remarks

	Bibliography

