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ABSTRACT

We often look to the natural world for inspiration in design and engineering. The fruit fly,
Drosophila melanogaster, with approximately 100,000 neurons in its central nervous system
(CNS) versus the roughly 100 billion neurons of the human brain, is relatively uncom-
promising in the richness of behaviors it is capable of performing given its comparatively
sparse nervous system. It exhibits exceptional aerial agility, despite the steep aerodynamic
constraints of miniaturization thanks to unique physiological and biomechanical thoracic
adaptations. However, the mechanisms governing its sparse and precise flight control have
remained largely inaccessible due to technological and geometric limitations, leaving many
long-standing questions in the field of insect flight control unexplored. Recent advances
in the field of molecular biology have created a vast toolkit for both optical imaging and
genetic manipulation of cellular function. This revolution of genetic advances allows us to
visualize changes in muscle activity in situ as fluorescent signals, to record from fluores-
cently targeted cells via electrophysiology or two-photon imaging, and to optogenetically
activate or silence the activity of targeted cells. This thesis utilizes recent technological
and molecular advances to probe three key aspects of fly flight control: 1) the dynamic
interactions of flight steering muscles to produce flight maneuvers, 2) the source of tim-
ing information for the structuring of the the motor phase code, an extremely temporally
precise wingbeat-synchronous aspect neural firing, and 3) the mechanisms by which slow,

graded descending visual process recruit the flight muscles.

In the contents of the ensuing chapters I propose mechanisms for flight control pertaining to
the wing muscles as well as their inputs. First, I describe the activities of each of the flight
steering muscles in response to visual motion to generate movement in yaw, pitch, and roll
(Chapter II). I then characterize the flexible individual dynamics and combinatorial timing
of the system, and propose specific mechanisms by which interneurons rather than muscle
physiology govern these adaptable firing patterns according to sensory inputs (Chapter
IT). Sensory inputs within this thesis take two forms: thoracic mechanosensory and timing

information as well as descending visual input. I characterize mechanosensory and timing



ix
adaptations of an evolutionarily evolved hind wing, as well as the impact of haltere feedback
to flight control (Chapter III). Lastly, I propose a mechanism by which descending visual

commands produce graded outputs of the muscles.
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NOMENCLATURE

Angle of attack. The angle at which an airfoil moves through its surrounding fluid, mea-
sured as the angle between the chord line and the direction of motion.

Apodeme. Exoskeletal ingrowths of structural ridges that provide points of attachment
for musculature.

Apophysis. Hardened protrusions inside the exoskeleton for the attachment of muscles.

Asynchronous (myogenic) muscle. Specialized muscle that drives muscle activation
within the myocyte via stretch/contraction, mechanically driving the opening of
ion channels and further muscle depolarization, without external stimulation from a
neuron. This decoupling of contraction rate from the neural input rate (asynchrony)
is critical to small insect flight.

Campaniform sensillae. A class of dome-shaped mechanoreceptors, receptive to cuticu-
lar stress and strain, arranged in densely packed clusters at the base of insect wings
and legs.

Clap-and- ing. A mechanism first proposed by Torkel Weis-Fogh to explain the additional
aerodynamic forces produced by small insects to keep them aloft. The clap-and-fling
involves a collision (“clapping”) of the leading edges of the wings at the end of the
upstroke and a subsequent rotation and rebound of the wings apart.

Haltere. A defining feature of flies— an evolutionarily adapted hindwing, now a gyroscopic
sensor and metronome.

Muscle synergy. the concerted activation of a subset of muscles to perform a particular
motion and to reduce the dimensionality of muscle control.

Sarcoplasmic reticulum. Invaginations of calcium stores in a muscle cell.
Sclerite. Intercalated, hardened cuticular plates that make up the exoskeleton.

Synchronous (neurogenic) muscle. Canonical muscle type, innervated by one or more
neurons, whose activation and contraction are dependent on constant neural input.
The rate of neural firing determines the rate of muscle contraction.
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Chapter 1

INTRODUCTION

We often look to the natural world for inspiration in design and engineering. Microscopic
hairs on the toe pad of the Tokay gecko have inspired novel medical adhesives, the ridges
of humpback whale pectoral fins have led to the optimization of aerodynamic flow in wind
turbine blades, and the wings of birds inspired the design of the famed Wright Flyer and
its first 12 seconds of flight in 1903. More than a century later, flight in the natural
world continues to drive innovation in engineering. Whereas fixed-wing aircraft and drone
technology allow for heavy loads and stability, new demands for agile flight in turbulent flows
and small craft have led to a quest for biomimetic robotic flight. Insects not only provide
inspiration for materials, flexible airfoils for instance, but additionally, for the elegant sparse

coding schemes of their sensor and actuator architectures.

Insects have evolved into a large diversity of different species and currently represent more
than 60% of multicellular life on earth (D. A. Grimaldi et al., 1990). Across the order
Insecta there are many different body types, however, the tendency towards miniaturiza-
tion is notable (Dudley, 2002). While miniaturization has no doubt contributed to the
vast speciation of insects (Engel, 2015), the constraints (addressed more comprehensively
in Section 1.6) imparted onto these animals by their small size has dramatically shaped
their evolution. One such example of the constraints on miniaturization is apparent upon
examining the flight behavior of insects. Insects flap their wings to generate lift and there-
fore face a fundamental tradeoff between wing size and the wing beat frequency (Deora
et al., 2017; Dickerson, de Souza, et al., 2019). Because lift coefficients decrease with body
size, to generate sufficient lift small insects must flap faster to remain aloft (Deora et al.,
2017; Dickerson, de Souza, et al., 2019). With faster wing beat frequencies, small insects
gain the ability to maneuver quickly in response to environmental conditions (Fuller et al.,
2014; Ortega-Jimenez et al., 2016; Krishna et al., 2020; Verbe et al., 2020; Meresman &

Ribak, 2020; Bomphrey & Godoy-Diana, 2018). However, achieving faster wingbeat fre-
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quencies requires several control mechanisms to have lower latency in small insects than
their larger cousins (Ando, 2018). The neural commands from the brain must arrive faster
to the motor system to rapidly respond to environmental stimuli (Xu et al., 2020; Karasek
et al., 2018; Faruque et al., 2018). Feedback from the flight system must transmit back to
the brain during every wingstroke to generate appropriate commands. Finally, the muscles
must generate fast enough contractions to properly actuate the wing and control flight at
the appropriate time in the wingstroke (M. S. Tu & M. H. Dickinson, 1996). Thus, in small
insects, the physiological and cellular machinery necessary for the flight motor system to
operate at these timescales required extensive evolutionary modification. The focus of the
work contained within this thesis constitutes solutions, in the form of physiological and
biomechanical thoracic adaptations to some of these significant challenges in flight control
within a Dipteran insect, the fruit fly Drosophila melanogaster. It is my hope that in the
future, these mechanisms may provide insights into how to best achieve precise flight control

in miniaturized robotic systems.

Figure 1.1: RoboFly

via Mark Stone, University of Washington
(https://newatlas.com/robofly-tetherless-flying-insect-robot /54621/)



1.1 Drosophila and the avail of molecular genetic tools

The term neuroscience often conjures thoughts of complex brains, like that of a human,
or the studies of cognitive development and various human disease models, but much of
neuroscience is dedicated to the study of basic neural functions in smaller, more tractable
systems. Smaller, more tractable species have allowed us to probe neural circuits with much
finer granularity than in larger species with comparatively more complex brains. This allows
us to both assess neural activity at the level of individual neurons and synapses, as well as
gain more comprehensive views into the transformations of sensory input to motor output
(Castellucci et al., 1970). In addition to providing general insights into the mechanisms
of complex brains and foundational principles of neuroscience, these organisms with sparse
coding schemes are beginning to contribute to the field of robotics, providing us elegant

solutions to complex engineering problems.

Today, the fruit fly, Drosophila melanogaster, is a particularly tractable species for the study
of neuroscience. With approximately 100,000 neurons in its central nervous system (CNS),
far fewer than the roughly 100 billion neurons of the human brain, it is relatively uncom-
promising in the richness of behaviors it is capable of performing given its comparatively
sparse nervous system. Further, advances in genetics and neuroanatomy research have pro-
vided us with the additional arsenal of molecular genetic tools (Namiki, M. H. Dickinson,
et al., 2018; Chen et al., 2013; Badura et al., 2014). We not only have exquisitely detailed
neuroanatomy and physiology for this fly but are also capable targeting and manipulating
cells in vivo (Zheng et al., 2018). These genetic advances allow us to visualize changes
in muscle activity in situ as fluorescent signals, to record from fluorescently targeted cells
via electrophysiology or 2-photon imaging, and to optogenetically activate or silence the

activity of targeted cells (Gratz et al., 2015).

1.2 Overview of Drosophila ight architectures

During flight, flies must make both rapid, precise adjustments to account for external per-
turbations, such as impending collisions, aerial predators, and turbulent gusts (Carr, 1993;
Fuller et al., 2014; Muijres, Elzinga, et al., 2014), as well as continuous trimming adjust-

ments to maintain headings and to account for developmental and damage induced asym-
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metries in wing and body morphology (Leitch et al., 2021; Giraldo et al., 2018; Muijres,
Chang, et al., 2017; Warren et al., 2019; Weir & M. H. Dickinson, 2012). The control of this
remarkable behavioral repertoire has been enabled by the evolution of uniquely specialized
motor and sensory systems. Flies generate flight using power muscles that cause sequential
alternating deformations in the thorax that drive the wingstroke. To steer, flies use a small
set of 12 muscles that attach to the base of the wing called the steering muscles. These
muscles insert onto the wing hinge and can alter its conformation, in turn changing wing
kinematics and aerodynamic force produced by the wings during each stroke. To provide
the rapid, wing-beat synchronous feedback necessary for proper flight control, the fly uses a
multi-functional gyroscopic sensor called the haltere, which has evolved from the hind wings
(J. W. S. Pringle, 1949) (Dickerson, de Souza, et al., 2019; Fayyazuddin & M. H. Dickinson,
1996) M. H. Dickinson, F.-O. Lehmann, et al., 1999; Fraekkel, 2009; Fayyazuddin & M. H.
Dickinson, 1999.
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Figure 1.2: Architecture of the Drosophila flight control system
Adapted from Michael Dickinson

Because of the the cyclic processing of sensory information and the execution of changes
to motion, flight control can be thought of through block diagrams using an engineering

framework (Muijres, Elzinga, et al., 2014) as shown in Figure 1.2. To navigate successfully,
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flies process visual, olfactory, and mechanosensory cues from their surroundings that con-
stitute sensory systems. Among their vast and varied repertoire of behaviors, flies use this
information, to avoid collision with other flying animals and counteract prevailing winds
while localizing and steering in the direction of plumes of odors to find food sites (Leitch
et al., 2021). These sensory systems impinge on the central nervous system (CNS) by pro-
jecting from the periphery into the CNS in both its brain and ventral nerve cord (VNC)
(Court et al., 2020; Namiki, M. H. Dickinson, et al., 2018). In the CNS, motor commands
are relayed to the musculoskeletal system of flight control in the VNC. This system allows a
fly to set an intended heading using its sensory systems and the internal state of the brain.
To calculate errors the fly then uses its sensory systems to measure the difference between
an intended motion and actual motion. The fly can then use these errors to maintain an
accurate heading. Relevant sensory information, such as vision and olfaction, is relayed
from peripheral sensory organs to the brain. Wingbeat-synchronous timing information
and gyroscopic information, in contrast, are generated by the haltere wing sensor systems

(Dickerson, 2020) locally within the VNC.

The domain that this body of work chiefly occupies, the third block of the framework
described above and depicted in Figure 1.2, the unique musculoskeletal system, responsible
for transducing motor commands to wing kinematics. Whereas the two outer most blocks
of the system are relatively well characterized, due in large part to their geometric and
anatomical accessibility, networks of interneurons, which I will refer to as central processing
layers, responsible for the generation of the motor code that coordinates muscles and governs
wing motion, remain largely unknown. A comprehensive body of work on the sensory system
has led to our thorough knowledge of different circuits, from initial detectors to details at
the level of synapses, neurons, and progressive layers of processing within the brain (Zhu,
2013; Weir & M. H. Dickinson, 2015). The application of aerodynamic principles to the
study of biological systems and the advent of affordable high-speed cameras have enabled
us to further develop our knowledge of forces and torques (moments) generated by the fly
wing during flight. (M. H. Dickinson & Muijres, 2016; Sugiura & M. Dickinson, 2009).

However, specific computations performed within central processing layers, in descending
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neurons running from the brain along to the VNC along the cervical connective, for instance,
remain critically obscure to us. We still lack an understanding of where and how flies
produce a motor code for flight, and what roles each of the muscles play in changing wing
kinematics. Traditional methodologies for probing neural circuits, such as invasive patch
clamp recordings, are not possible within the VNC. For this reason, much is still unknown

of the neural mechanisms underlying flight.

The contents of the ensuing chapters contain experiments that build upon our knowledge of
the motor system that produce flight behaviors as well as make inferences about upstream
layers of control. We rely on robust behavioral patterns evoked by various sensory modali-
ties, behaviors such as the optomotor response, to observe patterns of muscle activity that

produce stereotyped changes to wing kinematics and to characterize aspects of their control.

1.3 Aerodynamic challenges and biological constraints of miniaturization

Miniaturized, sparsely coded flight systems are advantageous for a host of reasons, such as
reduced computational loads and agility in turbulent flows, for instance. However, smaller
sizes increase surface to body mass ratios, thereby increasing drag (Weis-Fogh, 1973; Weis-
Fogh, 1960). Increasing this ratio of viscous to inertial interactions of the wing forces small
insects to flap their wings faster to stay aloft, demanding more energy from smaller muscles

compared to larger organisms.

Uncertainties as to how insects flap their wings and assumptions of steady-state flow aerody-
namics once contributed to a longstanding misconception first asserted by August Magnan
in the early twentieth century that bees could not fly. Critically, small flapping insects are
subject to unsteady aerodynamic forces rather than steady-state and rely on a particular
set of aerodynamic mechanisms to produce the forces necessary for flight. (Sane, 2003).
The features of small flapping insects flight that are responsible for generating sufficient
flight forces are: 1) the leading edge vortices generated during wing translation and shed
upon dorsal and ventral flips (the inversions of the wing at the dorsal and ventral extrema
of the wing envelope) (Ellington et al., 1996), 2) rotations of the wing (M. H. Dickinson,

F.-O. Lehmann, et al., 1999), and 3) in very small insects, a mechanism known as the “clap-
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and-fling,” a collision of the wings to increase aerodynamic force production (Weis-Fogh,

1973; Deora et al., 2017).
The total aerodynamic force generated by the wing can be summarized as the following:
F=Ce() °n°R%; (1.1)

with aerodynamic force determined by the total angular excursion of the wing during each
wingstroke is (2 ), wing beat frequency (n), and wing length (R), chord length (C), angle

of attack ( ), and aerodynamic force coefficient (Cg).

As flies miniaturize, body and wing size are affected, as is the efficiency with which they
generate life coefficients. Wing shape has only been shown to play a minor role in the
variation of aerodynamic force production (Usherwood & Ellington, 2002); however, a crit-
ical variable that allows flies to compensate for low aerodynamic force production and low
coefficients of lift are the kinematic parameters: angle of attack ( ), wing stroke amplitude

( ), and wing stroke frequency (n).

Faster wing beat frequencies allow small insects to maneuver quickly, but in order to drive
faster oscillations of the wing, the fly must have muscles that are fast enough to control
subtle changes of the wingstroke (operating above 200 Hz) and powerful enough to generate
lift. These two properties of muscle are endowed by different types of molecular machinery
that each require space within the muscles, something which is in short supply in tiny

insects.

1.4 The wing hinge

Typically, in animal physiology and biomechanics, to comprehend the effect of muscles on
limb motion, Newtonian physics would be applied to the study of the neuromuscular skele-
tal system to understand forces and to infer kinematics (Soutas-Little, 1998). Given the
assumption of rigid body dynamics in vertebral systems, for instance, and an understanding
of the mechanical properties as well as known orientations and insertions sites of muscles,
tendons, and bones, functionality may be inferred from geometry. In a typical vertebrate
system, the motor function of a system with 12 muscles would be straightforward to charac-

terize from its anatomical and physiological information. In contrast, the complex cuticular
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Reproduced from Deora and Sane 2017 (Deora et al., 2017)

linkages and thoracic deformations that modulate the conformation of the fly wing hinge
make it nearly impossible to infer functionality from geometry and leave many basic ques-
tions about muscle actuation unknown. In particular, what effect does each muscle have on
motion of the wing? Unlike flying vertebrate systems, such as birds or bats, in which the
skeletal geometry is simple enough to infer the actions of the flight muscles (Donovan et al.,

2013), the steering muscles of a fly insert on tiny scleral elements who function cannot be
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informed by geometries (Syme & R. K. Josephson, 2002; Dudley, 2002; M. H. Dickinson &
M. S. Tu, 1997; Walker et al., 2014; M. Dickinson, 2006; Nachtigall, Wisser, et al., 1998;
Nachtigall & D. M. Wilson, 1967; Wagner, 1986; Nachtigall, 1974). Thus, the wing hinge
must transform all of the deformations generated by the musculature of the thorax (both
those responsible for the generation of power and that of steering) into motion of the wing,
acting as a miniature transmission system. (Nachtigall, Wisser, et al., 1998). Our under-
standing of how motor programs give rise to kinematics is dependent on this still unknown
mechanism. The mechanics of the wing hinge are incredibly complex, and comprehensively

imaging and characterizing them has remained a challenge for decades (Deora et al., 2017).

The complexity of the exoskeleton’s mechanical properties extends well beyond wing control,
but the linkages of the dorsal and lateral thorax are of particular importance to flight
control (Nachtigall, Wisser, et al., 1998). The posterior dorsal scutellum projects scutellar
lever arms (shown in Figure 1.3a) laterally across the posterior, dorsal quadrant of the
lateral thorax near the base of the wing (Nachtigall, Wisser, et al., 1998). During flight,
the oscillations of the thorax driven by the myogenic asynchronous muscles vibrate the
scutellum and the scutellar lever arm which actuate the wings via a cluster of hardened
cuticular elements located at the base of the wing hinge. These cuticular structures, termed

apodemes or sclerites (depicted in Figure 1.4c), compose the wing hinge.

The direct, neurogenic steering muscles affect subtle changes to wing kinematics via the
sclerites. The structure and organization of the wing hinge is largely conserved in Diptera,
with some variations. Figure 1.4a depicts a characterization of the wing hinge components
of the flesh fly, Sarcophaga dux, recosntructed by Deora and Sane from detailed X-ray

microtomographic images collected recently by Walker and colleagues (Walker et al., 2014).

The motion of axillary sclerite 1 (Ax1), depicted in Figure 1.3¢ and Figure 1.4a, is modulated
by two muscles, il and i2 (M. H. Dickinson & M. S. Tu, 1997; Miyan & Ewing, 1985;
Nachtigall & D. M. Wilson, 1967; Wasserthal, 2015; Wisser & Nachtigall, 1984). I1 and i2
are positioned along a nearly parallel axis, with slight differences in orientation, and they
are proposed to produce a rotation of Axl upon contraction. The activity of il restricts

Ax1 such that it prevents the full extent of the wingstroke, and is therefore associated with
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decreases in wingstroke amplitude (Heide, 1983a; Heide, 1975; Balint & M. H. Dickinson,
2001). Axillary sclerite 3 (Ax3) is controlled by 3 muscles: iiil, iii2,4, and iii3. (M. H.
Dickinson & M. S. Tu, 1997; Nachtigall & D. M. Wilson, 1967). These muscles produce
a retraction of the wing by tugging ventrally on Ax3 and appear most correlated with
increases in wing stroke amplitude (Lindsay et al., 2017). Axillary sclerite 4, or the hg
sclerite (Ax4) is fused to the scutellar lever arm and together forms the posterior notal
wing process. The attachment sites and directions of the four hg muscles vary, with hgl
the largest and most anterior. The coactivation of hgl and hg3 is proposed to decrease
wingstroke amplitude (Lindsay et al., 2017). Lastly, the basalare apodeme is controlled by
the three basalar muscles (M. H. Dickinson & M. S. Tu, 1997; Miyan & Ewing, 1985). These
are the largest most anterior cluster of muscles and have been extensively characterized.
B1 and b2 tug on the basalare apodeme to bring the wing forward increasing the stroke
amplitude, whereas b3 is oriented antagonistically along the parascutal shelf and causes a

decrease in wing stroke amplitude.
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1.5 The ight motor system
Specializations of ight muscle
To address the diverging demands of power and control, flies have evolved an extreme
dichotomy of flight musculature (M. S. Tu & M. H. Dickinson, 1996) characterized into
two functionally and morphologically discrete classes, known as power muscles and steering
muscles (J. W. S. Pringle, 1949; Roeder, 1951; Boettiger, 1960). The power muscles are
a specialized set of large fibrillar muscles known as asynchronous muscles that provide the
necessary power for flight by decoupling neural activation from their mechanical output.
These muscles occupy the majority of the fly’s, thoracic volume, maximizing the amount
of actin-myosin force-generating machinery available, and are activated by stretch, which
allows them to achieve great force outputs at high frequencies without relying on timing
information from motor neurons. These muscles require input from a motorneuron to
initiate motion and intermittently to continue, at a rate of 5Hz in Drosophila, but do not
require neural input for each contraction(R. Josephson et al., 2000; J. Pringle, 1977). The
power muscles are activated and contract at a rate of 200Hz, driving the flapping of the wings
at the same rate, by a mechanism known as delayed stretch activation (R. Josephson et al.,
2000; J. W. S. Pringle, 1948; J. Pringle, 1977; Abbott & Mannherz, 1970; R. K. Josephson
et al., 2000; Jewell & R“egg, 1966). They are further adapted with especially steep power
and aerobic demands of miniaturized flight, with mitochondria comprising 20-40% of their
volume and reduced sarcoplasmic reticulum stores to allow for densely packed muscle fibers,
optimizing their force to volume ratio. The dense fibrillar makeup of the power muscles and
the low volume of calcium stores slow the calcium dynamics of the muscles. These muscles
are instead activated by stretch, which allows them to achieve great force outputs at high

frequencies without depending on timing information.

The power muscles are stratified into two geometrically antagonistic sets of fibers, and are
characterized as indirect, as they do not attach to the wing directly. One set, comprised of
6 pairs of medially oriented muscle fibers arranged along the anterior-posterior axis of the
axis of the thorax (Wisser & Nachtigall, 1984), is known as the dorso-longitudinal muscles

(DLMs). The second set, oriented laterally, is comprised of 3 pairs of muscles that attach
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at the scutum and are arranged along the dorsal-ventral axis (Heide, 1975; Jewell & R "egg,
1966) and are known as the dorso-ventral muscles (DVMs). Together, these muscles drive
the oscillatory motion of the wings back and forth with sets of alternating contractions
that deform the cuticle of the thorax. Contraction of the DVMs bends the scutum to
elevate the wings, whereas contraction of the DLMs causes the scutum to bow upwards
and in turn depresses the wings. Thus, asynchronous muscles indirectly drive the motion
of the wings via resonant mechanics of the fly thorax (J. W. S. Pringle, 1949). Driving
the motion of the wings back and forth to maintain wing beat frequencies required to
generate lift at these small scales is dependent on the asynchronous nature of the muscles.
Upon initiation of flight, as one set of orthogonally oriented power muscles receives a nerve
impulse, it releases Ca2+ which avails the contractile mechanism’s binding sites to interact.
The resulting deformation of the thorax stretches the opposing group of power muscles,

continuing oscillations.
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Figure 1.5: Early anatomy of the dipteran flight system
Reproduced from J.W.S Pringle, 1949 (J. W. S. Pringle, 1949)

The second sub-system consists of muscles responsible for control that are termed steering

muscles. These muscles differ strikingly from their power muscle counterparts. Whereas
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power muscles optimize the volume of power generating contractile mechanisms, the densely
packed muscle myofibrils, the steering muscles optimize the rate at which they can activate
and inactivate. (M. S. Tu & M. H. Dickinson, 1996; Heide, 1983a). They contain extensive
sarcoplasmic reticulum, which allow for the quick release and re-uptake of Ca2+ upon stim-
ulation of the muscle. The steering muscles are termed synchronous, as they are comprised
of neurogenic muscle, contracting due to neural input in the canonical one-to-one fashion.
In the fruit fly Drosophila melanogaster, 12 steering muscles located at the base of each
wing attach directly onto small invaginated cuticular elements of each wing hinge, termed
sclerites. These 24 muscles (bilaterally) are responsible for the actuation of flight motor
control. Unlike in birds and bats, each of these muscles is innervated by a single motor
neuron. In larger flying animals, the force of a muscle’s activation is controlled by the
number of motor units recruited, however, because of this simple one-to-one relationship
in the steering muscles, flies use timing during the wingstroke phase vary force in a graded

fashion.

Control of steering motor neurons

The typical firing rate of a wing steering muscle motor neuron is around 200-300Hz, ap-
proximately the wing beat frequency of Drosophila (200 Hz) (Ewing, 1979; Heide, 1983a).
Although some motor neurons fire multiple spikes within the wingstroke cycle, most motor
neurons hover at the limit of their firing rate and produce single spikes within each stoke
cycle of the wings (Heide & Gotz, 1996; Heide, 1983a). This means that the single neuron
innervating a muscle may only convey one bit of information per wingstroke if relaying in-
formation in an on/off, spike/no spike fashion. Rather than modulating activity with firing
frequency alone, a limitation that would greatly limit the dynamic range encoded, motor
neurons use the additional precision timing of phase of activation relative to the stroke
cycle of the wings as a mechanism to modulate motor output. Rather than a simple on/off
(spike/no spike) signal, steering muscles register the timing of the spike, i.e., where it falls
within the (0, 2 ) position of the wing stroke. For example, as shown in Figure 1.6, b1 fires
at the end up the upstroke and into the transition into the downstroke, whereas b2’s firing

phase falls in the middle of the upstroke, and il fires during the middle of the downstroke.
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To both structure and register the precision timing of these motor signals, the fly is deeply
reliant on precise timing (Fayyazuddin & M. H. Dickinson, 1999; Egelhaaf, 1987; Heide,
1983a). For example, biomechanical analyses of the bl muscle demonstrate that the phase
of firing modulates the biomechanical properties of the muscle. This dynamic modulation
of bl is informed by the work loop technique, measuring mechanical work and power output
as a function of muscle physiological properties. Using this technique, it has been observed
that bl typically absorbs work acting as a spring (M. S. Tu & M. H. Dickinson, 1996).
Further, phase changes alter the dynamic stiffness of b1, adjusting its biomechanical prop-
erties to modulate it as a variable stiffness spring (F. O. Lehmann & Gotz, 1996; M. Tu &

M. Dickinson, 1994).
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Figure 1.6: Phase control of wing motion

Adapted from Thad Lindsay, Dickinson & Tu 1996

Patterns of neuromuscular activity

Nachtigall and Wilson (1967) were the first to record spikes from fly steering muscles during
tethered flight, and first proposed a simplistic model of flight control in which each motor
unit was dedicated to the execution of a particular kinematic function (Nachtigall & D. M.
Wilson, 1967). For instance, b2 was demonstrated to affect change on wingstroke amplitude
during turning behavior and hgl was shown to decrease wingstroke amplitude. Continued
work by Heide and colleagues characterizes the firing phase and response characteristics of

several direct steering muscles, including bl, b2, and il (Heide, 1983a). A recent study by
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Lindsay and colleagues further characterized two distinct steering muscle groups according
to activity, via unilateral Ca2+ epifluorescence recordings. Groups were assigned based
on firing frequency and responses stimuli as well as association with particular behaviors
(Lindsay et al., 2017). They also characterized the rotational tuning of individual muscles
to visual stimuli and put forth a conjectural linear-non-linear Poisson cascade model of the
steering motor network, which we in part used to guide our investigation of the muscle

dynamics.
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Figure 1.7: Early phase and firing characteristics of steering muscles

Adapted from Heide 1983

Specializations of ight steering muscle

From the study by Lindsay and colleagues, we know that the steering muscles can be further
subdivided into two distinct classes according to their activity patterns: tonic and phasic
muscles. The tonic muscles are identified by their persistent activity during flight, firing an
activity spike during each wingstroke at a precise time (phase) relative to the wingstroke.
Single-unit recordings suggest that flies control these muscles via changes in the activation
phase within the stroke cycle, thereby modulating muscle stiffness and changing the confor-
mation of the wing hinge. By contrast, the motor neurons of phasic muscles are frequently

silent and recruited in short bursts of activity that are still phase-locked to the stroke cycle.



