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ABSTRACT

Larvae of the fruit fly Drosophila melanogaster are a promising genetic model system in
which to investigate how limbless animals coordinate locomotor movements across body
segments. Proprioceptive sensory feedback is critical for coordinating segmental movements
during locomotion, but how it is routed into central neural circuits that use it to inform
movements remains unclear. On the behavioral level, it is unknown how flexible or consistent
the coordination of segmental movements is across the larval body. Moreover, it remains unclear
how locomotor movements relate to underlying neuromuscular drive. Both anatomical and
behavioral advances are therefore needed to understand what features of larval movement are
coordinated during locomotion, and how.

In this dissertation, I investigate both the anatomy of larval proprioceptive neurons and
the coordination of body segments during locomotor behavior. First, I use a published larval
nerve cord electron microscopy dataset and connectome to characterize features of larval
proprioceptive neurons that likely affect how proprioceptive feedback is routed to central neural
circuits, and how it can be used to coordinate movement. I find both segregation and overlap of
proprioceptive neuron outputs in multiple central spatial domains, consistent with specific local
convergence of proprioceptive subtypes that either reflects or shapes downstream connectivity. I
also report features of larval proprioceptive neurons in this dataset that defy expectations for the
routing and processing of proprioceptive feedback: I find almost no direct sensory-to-motor
reflex connections, as well as no anatomical evidence of presynaptic gain control onto

proprioceptive neurons. These results both inform our understanding of larval proprioceptive

xi



processing and highlight the potential diversity of proprioceptive processing strategies in nature,
making larval Drosophila an intriguing comparator model for study of proprioception.

Next, I describe a method to simultaneously record larval locomotor behavior and its
underlying muscle activity inside linear agarose channels. Leveraging this method, I analyze
relationships between body segments' contractions across many cycles of locomotion, investigate
the flexibility of segmental coordination, and relate contraction to muscular recruitment. I find
unexpected axial differences both among segments' contractions and among their muscle
recruitments that suggest diversity in the neural coordination of locomotion across the body. I
also find more regular timing relationships among segments' contractions than among their
recruitments, indicating axial diversity in neural coordination may be partially counteracted by
the biomechanics of locomotion inside channels. Finally, I find greater flexibility in the
relationships between anterior as compared to posterior segments' contraction durations,
consistent with distinct behavioral roles for these groups of segments during locomotion.
Altogether, in comparison with other locomotor models, these results suggest both conserved and

unanticipated principles for the coordination of locomotion in larval Drosophila.

This Dissertation includes the following Supplementary Files:

Supplementary Video 1: Example single-channel fluorescence microscopy video of
crawling jGC7f larva (ID: "larva 1"); green channel gamma-adjusted for visualization purposes
and displayed in inverted greyscale. Video display rate: 20 fps (~real time).

Supplementary Video 2: Example dual-channel fluorescence microscopy video of

crawling Gerry larva (ID: "larva 22"); green channel shown in green, red channel shown in

xii



magenta. Both channels gamma-adjusted for visualization purposes. Video display rate: 13 fps
(~real time). N.B.: The larva emerges from under the coverslip near the end of the video;
however, only cycles during which the larva was fully contained underneath the coverslip were
included in analysis.
Supplementary Video 3: DeepLabCut network tracking of Supplementary Video 1.
Supplementary Video 4: DeepLabCut network tracking of the red channel from

Supplementary Video 2, displayed as greyscale.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 Introduction

The work contained in this thesis aims at explaining how the segmented nervous system
of a limbless, soft-bodied animal generates and coordinates the muscle activity that moves this
small animal through its world. The central question of the work is how body segments are
coordinated to produce limbless locomotion. To date, this question has been tackled in countless
animal species, but most extensively in two model systems: the lamprey (genera including
Ichthyomyzon, Petromyzon) and the leech (genus Hirudo). This General Introduction will, first,
provide an abbreviated overview of the principles that have been uncovered in these two models,
primarily for the coordination of undulatory swimming locomotion. Second, it will highlight a
few of the more crucial outstanding questions that cannot yet be addressed in these, or in most,
animal models of locomotion. Finally, it will introduce the animal model featured in the
remainder of the thesis: the larval stage of the fruit fly Drosophila melanogaster (herein,
"Drosophila"). To place the research in Chapters 2-4 in context, it will provide an overview of
what is known about locomotor coordination in larval Drosophila, highlighting areas where the
work in this thesis can fill important gaps by addressing the identified outstanding questions.

1.2 Aquatic limbless locomotion: anguilliform swimming in lampreys

The undulatory swimming of the lamprey, so-called "anguilliform" swimming, is a
particularly well-studied locomotor behavior (Sigvardt, 1989; Mullins et al., 2011; Grillner and
El Manira, 2019; Grillner and Kozlov, 2021). Many decades of research in this system have

established a number of principles for control of undulatory swimming locomotion that we will
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briefly review here, as examples of the various means by which limbless animals may coordinate
body segments. Later, we will go on to compare limbless locomotion in the leech and in larval
Drosophila, and introduce outstanding questions for understanding the coordination of limbless
locomotor behaviors. (N.B.: Because most research into lamprey locomotion focuses on the axial
propagation of undulatory waves of neural activity and body contractions, it has effectively been
studied as a limbless behavior; therefore, I take the liberty of classing lamprey swimming as
"limbless locomotion" despite their use of fins (Mentel et al., 2006).)

Anguilliform swimming in the lamprey manifests as a wave of left-right undulatory
movements that pass down the body from head to tail end. These undulations are generated by
alternating left-right contractions of the lamprey's body segments that occur with highly regular
phase delays between segments (Wallén & Williams, 1984; Williams et al., 1989). The
"wavelength" of the undulatory wave varies with speed, but is typically close to one full body
length, meaning that at any given time during locomotion, the lamprey's body is in the shape of
one cycle of a sine wave (Lighthill, 1969; Cohen et al., 1992). To speed up, lampreys increase
the frequency of the wave and increase the amplitude of undulations mainly at the head end of
the body (Ellerby et al., 2001; Tytell, 2004).

Most often, the form of swimming that is studied is "fictive swimming": rhythmic
activity of spinal cord neurons or nerve roots that resemble the patterns seen in the swimming
animal. To study fictive swimming, the brain and spinal cord are dissected away from the rest of
the lamprey, also called an "isolated" preparation (Mullins et al., 2011). The spinal cord of the
lamprey is small and experimentally tractable compared to those of most vertebrates: it

comprises about 100 segments of roughly 1000 neurons each, and the isolated brain-spinal-cord



preparation can be kept relatively healthy for multiple days in the laboratory (Grillner & Wallén,
2002). Fictive swimming can be induced by bath application of D-glutamate, or by electrical
stimulation either of the brainstem mesencephalic locomotor region or of reticulospinal fibers in
the spinal cord (Buchanan and Cohen, 1982; Grillner, 2003). Alternatively, in "semi-intact"
preparations, the brain and spinal cord are exposed by partial dissection of the body but are left
connected to peripheral tissues, so that muscle activity and sensory feedback remain. In "intact"
or "nearly-intact" preparations, the animal is partially restrained, but only minimal surgical
interventions are performed to enable muscle or limited neuronal recording. In semi-intact and
intact preparations, swimming is often induced by mechanically stimulating one end of the body
(Mullins et al., 2011).

Research into lamprey swimming has long focused on how segments of the spinal cord
produce highly regular, rhythmic motor activity, and how segments are coordinated to propagate
a wave of activity along the body axis with consistent phase relationships among segments (e.g.,
Rovainen, 1985; Cohen, 1987; Hagevik and McClellan, 1999). From this research has emerged a
set of principles for locomotor coordination in this system, which appear to be shared with many
other locomotor systems (Hill et al., 2003; Grillner, 2003; Ryczko et al., 2010; Grillner and El
Manira, 2019). We will briefly summarize some of the main conclusions in sections below: 1)
the central pattern generator model for left-right alternating movement; 2) mechanisms of
intersegmental coupling to establish appropriate phase delays, including interneuronal
connectivity, as well as 3) roles for proprioceptive feedback and 4) neuromodulatory inputs; and
5) principles (from a largely distinct body of research) as to the importance of biomechanics for

locomotor behavior, including how forward movement is effected in the water.



The central pattern generator model for undulatory locomotion

Distributed in each segment of the lamprey spinal cord are neural circuits capable of
generating highly rhythmic activity in response to certain stimuli, such as the aforementioned
exposure to D-glutamate (Grillner, 1985). These circuits are generally called central pattern
generators (CPGs; Marder and Bucher, 2001; Kiehn, 2006). In the lamprey, a small number of
CPG constituent interneuron classes have been identified, whose membrane properties,
connectivity, and synaptic transmission have been extensively investigated and modeled
(Grillner, 2003). To produce alternating left and right side contractions, a combination of
excitatory and inhibitory input produces oscillatory bursting in motor neurons; the motor neurons
on either side of the body burst in opposite phases. Ipsilateral glutamatergic interneurons provide
most of the excitation, supplemented by ipsilateral stretch receptors, while inhibition comes from
contralateral glycinergic interneurons and stretch receptors (Di Prisco et al., 1990; Buchanan,
1999; Grillner, 2003). The left-right alternating pattern relies on contralateral inhibition, although
isolated hemisegments or halves of the spinal cord can still produce rhythmic activity (Cangiano
and Grillner, 2003). There are ongoing debates as to the importance of reciprocal inhibition for
both rhythm generation and axial wave propagation in the intact animal (Messina et al., 2017;
Cangiano and Grillner, 2018; McClellan, 2018).

Intersegmental coupling and wave propagation

Swimming locomotion relies on the maintenance of consistent phase relationships among
segments along the body axis (Lighthill, 1969; Skinner and Mulloney, 1998; Hill et al., 2003). In
the lamprey, two primary mechanisms appear to be responsible: asymmetric coupling between

segments, with stronger synaptic connectivity in the direction of wave propagation (Hagevik and
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McClellan, 1999); and a gradient of CPG oscillation frequencies (Cohen, 1987; Matsushima and
Grillner, 1992). Local connectivity, up to a range of a few segments, is thought to provide the
majority of intersegmental phase coordination (Williams et al., 1990; Miller and Sigvardt, 2000;
Ayali et al., 2007; Mullins et al., 2011). However, connections over longer distances do provide
some amount of intersegmental coupling, as demonstrated by the partial maintenance of
undulatory phase relationships in semi-intact preparations after the spinal cord has been locally
transected, or when only a small number of segments are prevented from firing using low-
calcium saline in a split-bath experiment (Cohen and Wallén, 1980; Hagevik and McClellan,
1999; Miller and Sigvardt, 2000). Long-distance coupling of segments' phases is thought to arise
mainly from propriospinal projection interneurons, although a number of candidate interneuron
classes have been identified (Buchanan, 1982; Rovainen, 1985; Mullins et al., 2011). To my
knowledge, the involvement of any of these classes has yet to be directly demonstrated.

Proprioceptive feedback in lamprey swimming

Another potential determinant of segmental coordination is proprioceptive feedback.
Stretch receptor neurons called edge cells provide proprioceptive feedback to segmental circuits
(Grillner et al., 1984). During fictive swimming, stretch receptor feedback is capable of
entraining rhythmic segmental activity, and the phase relationships between segments differ
between isolated and semi-intact preparations, which together suggests that propriceptive
feedback is used in vivo to coordinate the timing of segments' movements (Grillner et al., 1982;
Guan et al., 2001). Intriguingly, anterior and posterior segments differ in their capacity to be
entrained by stretch receptor feedback: posterior segments can entrain to a wider range of

frequencies than anterior segments, and can be entrained more reliably to a single plateau



frequency, whereas anterior segments end up with more variance in frequency relative to the
entraining stimulus (McClellan and Sigvardt, 1988; Hill et al., 2003; Tytell and Cohen, 2008).
Additionally, as mentioned above, proprioceptive feedback likely plays a role in coupling CPGs'
activities at longer distance, via propriospinal projection neurons (Rovainen 1985, Sigvardt,
1989). However (in contrast to leech swimming, below), this long-distance feedback is thought
to be of relatively little importance for coordinating segments' phases in unperturbed swimming
conditions (Ekeberg and Grillner, 1999; Hill et al., 2003).

Neuromodulation in lamprey swimming

Several neuromodulators have been implicated in control of swimming, including
serotonin, dopamine, substance P, endocannabinoids, and tachykinins (El Manira, 2014; Grillner
and El Manira, 2019). Serotonin is particularly important, as it is likely required for the initiation
of swimming (Brodin et al., 1985; Zhang and Grillner, 2000). Additionally, as in other vertebrate
locomotor models, serotonin is thought to not only modify locomotor rhythms, but also aspects
of segmental coordination (Schmidt and Jordan, 2000; Grillner and El Manira, 2019; Flaive et
al., 2020). For instance, in fictive swimming preparations, bath application of serotonin both
slows the oscillatory bursting rhythm of individual segments and prolongs the lags between
segments, among other effects (Harris-Warrick and Cohen, 1985; Wallén et al., 1989; Bir6 et al.,
2006). Serotonin is released from local sources within the spinal cord as well as descending
raphe projections. Meanwhile, other neuromodulators listed above may have less of a short-term
effect on segmental coordination, but have been shown to contribute to local motor neuron
bursting properties or to long-term circuit plasticity (Kettunen et al., 2005; Parker and Bevan,

2007; Thorn Perez et al., 2009; El Manira, 2014). The effects of neuromodulators also interact at



the cellular level, which makes their contributions to behavior an especially knotty challenge to
unravel (Kyriakatos et al., 2007; Thorn Perez et al., 2009; Marder, 2012).

Biomechanics and fluid dynamics of anguilliform swimming

Lastly, the biomechanics of locomotion, including how the body interacts with the
environment to move, are generally well-characterized for swimming behaviors, including
anguilliform swimming (Lighthill 1969; Tytell et al., 2010; Di Santo et al., 2021). In anguilliform
swimming, because of the unusually large-amplitude head undulations, thrust can be generated
along the entire body (Lucas et al., 2020); this strategy is unusual for swimming behaviors,
which more typically keep thrust generation localized to the tail end (Lighthill 1969; Di Santo et
al., 2021; Liao 2022). Both mathematical and physical modeling have suggested that various
combinations of undulatory wavelengths and head-end versus tail-end undulatory amplitudes
lead to distinct speed-efficiency tradeoffs (Tytell et al., 2010; Anastasiadis et al., 2023).
Additionally, body stiffness is an important parameter for determining how muscle contractions
translate into useful forces; it differs constitutively among fish species and along the body axis
(Summers and Long Jr, 2006; Jimenez et al., 2024) and is also actively managed by the
recruitment of muscles (Tytell et al., 2018, Jimenez et al., 2024). The importance of this form of
biomechanical control for lamprey swimming remains to be determined.

I will end this section by noting an interesting property of the relationship between the
body and the environment that highlights the critical need for mechanical understanding in the
study of locomotor behaviors. This property, also shared by most fish, is a "neuromechanical
phase lag": a mismatch in the propagation speeds/wavelengths between the wave of neural

circuit activity and the wave of undulatory movements, which holds true across swimming



speeds (Grillner and Kashin, 1976; Williams et al., 1989; Wardle et al., 1995). Because of this
lag/mismatch, different segments along the body have different relationships between
neuromuscular activation and movement. At the head end, intuitively, muscle contraction on the
left or right side coincides with shortening that side of the body. In contrast, at the tail end,
muscle contraction happens mostly while that side of the body is elongated. What this
contraction at the tail end achieves, rather than shortening segments, is stiffening them and
providing resistance against the water as the tail moves laterally, which generates the power
needed to move forward (Rome et al., 1993; Wardle et al., 1995; McMillen et al., 2008). Thus,
without a model for how the environment and the body interact to shape locomotion, the
apparent discrepancy between neuromuscular activity and movement along the body axis would
make very little sense.

In all, the lamprey model of anguilliform swimming is one of the best-studied and
understood vertebrate behaviors. Nonetheless, debates and knowledge gaps remain about the
importance of mechanisms that couple CPGs together across sides and along the body axis,
debates that are unlikely to be resolved without the ability to precisely target interneuron classes
for perturbation during swimming (McClellan, 2018; Grillner and El Manira, 2019). For this
reason, most of the near-term follow-up work on coordination of swimming behaviors is
expected to occur in the more genetically-tractable larval zebrafish (Dallmann et al., 2023).

1.3. Leech: one body, two modes of locomotion

Among segmented limbless invertebrates, the leech (Hirudo) long swam uncontested as
the pre-eminent model for study of locomotion. By isolating the leech's ventral nerve cord,

which comprises a head brain, tail brain, and 21 midbody ganglia whose neurons can be



identified repeatably across segments and preparations, it has been possible to characterize the
neurons and synaptic connections that drive fictive locomotor behaviors in great detail (Kristan
Jr. et al., 2005). Therefore, in contrast to the lamprey, where the neurons that comprise and
couple CPGs are understood as classes of neurons (e.g., the contralaterally and caudally
projecting interneurons class, "CCINs"), the leech swimming CPG is described at the level of
individual neurons, whose anatomical and physiological properties and synaptic/electrical
connections have been unusually well-characterized (Hill et al., 2003; Mullins et al., 2011).

Leech swimming

Swimming in the leech is similar to that in the lamprey in many respects. Although the
undulatory movements are created by alternating dorso-ventral contractions, as opposed to left-
right alternation, they feature similarly regular phase relationships between segments (Mullins et
al., 2011). CPG circuits have been identified (Pearce and Friesen, 1985; Kristan Jr. et al., 2005).
These circuits contain 13 candidate swim oscillator interneurons, so defined because they are
active in phase with swimming rhythms in isolated preparations, injecting current into any of
them can shift the phase of the swimming rhythm, and they have synaptic interactions with the
other candidate interneurons (Kristan Jr. et al., 2005). All of these interneurons also project either
anteriorly or posteriorly in lateral nerve cord connectives; their projections can span up to 10
segments (Poon et al., 1978; Weeks, 1982; Friesen and Hocker, 2001). However, these
connectives may not be required for intersegmental coordination (see below; Yu et al., 1999).

Further similarities include the importance of serotonin for swimming: like in lamprey,
local serotonergic cells are present throughout the nerve cord, and serotonin appears to be

necessary for expression of a normal CPG rhythm, although its importance for intersegmental



coordination is unclear (Nusbaum 1986; Nusbaum and Kristan Jr, 1986; Crisp and Mesce, 2003).
Also as in anguilliform swimming, proprioceptive feedback from stretch receptors affects the
intersegmental phase relationships observed in fictive swimming, and is able to entrain rhythmic
activity (Yu et al., 1999; Cang and Friesen, 2000; Yu and Friesen, 2004); in leech, this feedback
occurs via gap junctions with locomotion-generating central neurons (Cang et al., 2001). In
contrast to lampreys or eels, however, leeches can continue to produce coordinated swimming
with stable (but increased) intersegmental phase relationships even after the nerve cord has been
fully severed (Yu et al., 1999), suggesting that sensory feedback alone is capable of coordinating
segments' activities. Further, leech swimming is believed to operate using the same fluid
dynamic interactions with the environment as lamprey swimming (Friesen & Kristan Jr, 2008;
Chen et al., 2011). On the other hand, no neuromechanical phase lag has been observed in
swimming leeches (Chen et al., 2012). Moreover, leeches are soft-bodied, having no spinal cord
or notochord, and they actively flatten their bodies as part of the swimming behavior, which
modifies body stiffness, presumably in a very different way from lampreys (Chen et al., 2012;
Tytell et al., 2018); the biomechanics of leech swimming have not, to my knowledge, been
compared to those of lamprey or fish swimming.

In 2014, a detailed neuromechanical model of leech swimming was developed by
Iwasaki, Chen, and Friesen, bringing together modeling work done on many separate aspects of
swimming. These researchers modeled the leech's body as a chain of rigid links subject to
hydrodynamic forces, controlled by muscles with passive and active spring properties that
respond to motor neuron bursting, and modeled nervous system control of the body using 17

coupled CPGs that each received tonic excitatory drive and stretch feedback. Units in the CPGs
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had connectivity and membrane properties modeled after those of small numbers of interneurons,
grouped by phase of activity. All parameters in the combined CPG and body model were fixed
from experimental data, with the exception of sensory feedback gain, which they fit to kinematic
data from swimming leeches. Their model predicted that, while thrust production is maximal at
the tail end, most of the mechanical power for leech swimming comes from midbody segments
(Chen et al., 2011). Additionally, once fit to kinematic data collected in normal water conditions,
their model was able to predict environment-specific alterations to the swimming leech's
oscillation patterns: they recapitulated the shorter wavelengths produced when leeches swam in
highly viscous fluid, as well as the standing wave produced when a leech with brain removed
"swims" in air (Iwasaki et al., 2014). To match these altered swimming patterns, they had to
reduce overall excitatory drive to their network model, which would seem to predict that changes
to descending inputs must supplement sensory feedback to adapt leech behavior to unusual
environmental conditions. Confusingly, the group concluded that sensory feedback alone was
able to drive the adaptation of model behavior in different fluid environments.

Their results are a convincing demonstration of the ability to combine cellular, circuit,
biomehcanical, and sensory feedback into a biologically realistic model that can be used to
predict features of neural control that are otherwise difficult to measure in vivo. However, it is
not clear (to me) at this point how to use it to make additional testable predictions for control of
leech swimming, because the ability to tweak model parameters such as membrane properties,
connection strengths between components, or muscle activation dynamics does not correspond to
an ability to manipulate these properties in the leech itself. Moreover, recent work characterizing

a CPG interneuron when the head brain was left attached revealed that the cellular properties that
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form the basis of the model may be fundamentally altered in the presence of descending inputs,
and again altered in a semi-intact preparation with feedback from the body wall (Mullins and
Friesen, 2012). Perhaps the next useful direction to take the detailed model of Iwasaki and
colleagues would be to attempt to account for changes to the network's activity in the presence/
absence of neuromodulators (Calvifio and Szczupak, 2008), or with connections to the head brain
preserved (Mullins et al., 2012).

Regardless of any technical limitations, the detailed cellular and circuit-level models now
available make it clear that neural control of locomotion is exceptionally well characterized in
the leech swimming model. Next, we turn to a far less understood locomotor behavior in the
same organism.

Leech crawling

The leech is particularly fascinating for its use of two extraordinarily different locomotor
strategies: undulatory swimming when immersed in water, or crawling when partially or fully
exposed to air (Gray et al., 1938). Two variants of crawling locomotion have been described,
"vermiform" and "inchworm" crawling, which differ in how low to the substrate the body
segments remain when moving and in how closely head and tail suckers are placed when
attached to the substrate (Stern-Tomlinson et al., 1986). Far more work has been done on
vermiform crawling, which will be described hereafter. A leech that is only partially immersed in
water will typically choose crawling rather than swimming locomotion; in fact, stimulation of the
same "command neuron” in a semi-intact leech can lead to either swimming or crawling,
depending on the depth of saline around the body (Esch et al., 2002; Friesen and Kristan Jr.,

2008). To crawl, the leech engages descending brain neurons that suppress swimming, likely by
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release of dopamine, which inhibits fictive swimming activity but activates fictive crawling
activity in isolated leech nerve cords (Brodfuehrer and Friesen, 1986; Crisp and Mesce, 2004;
Puhl and Mesce, 2008).

Crawling and swimming behaviors overlap extensively in which segmental neurons they
engage (Briggman et al., 2005). However, they exhibit major differences in how segments are
used and coordinated. First, the muscle contractions and movements that produce crawling
scarcely resemble those that produce swimming (Gray et al., 1938; Stern-Tomlinson et al., 1986;
Cacciatore et al., 2000). At the beginning of a crawling cycle, the leech is attached via suckers on
the tail to the substrate. It elongates the body, beginning with the head-most segments; a wave of
segmental elongations propagates from head end to tail end. To elongate, a body segment's
circularly-oriented muscles contract. At some (variable) point after the head end of the body has
extended in this way, the head attaches to the substrate via suckers and elongation stops;
elongation does not need to have reached the tail-most segment before this point. Once the head
has attached, the tail detaches, and the animal transitions from lengthening to shortening: a wave
of contractions begins, also starting with the head-most segments and propagating toward the
tail. To shorten, a body segment's longitudinally-oriented muscles contract. Notably, the wave of
segmental contractions passes more quickly through the body than does the wave of elongations.
At the end of the contraction wave, the tail re-attaches to the substrate, and the locomotor cycle
may repeat. As crawling speeds up, the durations of each segment's elongation and contraction
phases tend to scale linearly with (decreasing) cycle periods, as do the intersegmental delays

(Stern-Tomlinson et al., 1986).
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To summarize central differences in the movements of crawling as compared to
swimming: extension and contraction movements are dorso-ventrally symmetrical, rather than
dorso-ventrally alternating, and involve different muscle contraction patterns; elongation and
contraction phases each pass as a wave through all or most of the body before switching, rather
than alternating rhythmically within-segment; further, these two phases of movement have no
fixed durations and thus no fixed timing relationship to each other, in contrast to the tightly
phase-locked relationships between dorsal and ventral contractions during swimming; lastly, the
means of moving the body forward involves attaching anchor points (suckers) at head and tail
ends and thereby pushing off of a substrate, rather than producing thrust against the water (Gray
et al., 1938; Stern-Tomlinson et al., 1986; Cacciatore et al., 2000).

Next, the phase relationships among segments, and how these are maintained, differ from
those of swimming. In contrast to the uniformly linear contraction phase relationships among
segments for swimming, phase relationships among segments during crawling can be linear or
nonlinear from cycle to cycle (Stern-Tomlinson et al., 1986). In the crawling animal, phase
relationships manifest at least one additional point of flexibility that is not present in swimming:
leeches are sometimes observed to pause in the middle of crawling cycles, make searching
movements and occasionally re-orient, and then resume from the segment in which the wave
paused (Stern-Tomlinson et al., 1986; Cacciatore et al., 2000; Harley et al., 2013). To do this
requires a degree of flexibility in producing "rhythmic" activity in each segment that would be
impractical for swimming (Skinner and Mulloney, 1998; Cacciatore et al., 2000; McMillen et al.,
2008; Puhl and Mesce, 2010) Additionally, during fictive crawling, midbody ganglia do not

express appropriate phase relationships without descending inputs from the head brain,
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suggesting that coordination of crawling behavior, unlike swimming, may require descending
control (Puhl & Mesce, 2010; Puhl et al., 2012). Both descending input and local intersegmental
connectivity are required to maintain coordination across the body axis, as blocking synaptic
transmission in a region of just three ganglia is sufficient to interrupt coordination on either side
of the blockade, despite relatively intact bursting in descending connectives (Puhl et al., 2012).

In concordance with differences in movements and intersegmental phase relationships,
CPG control of crawling also differs from that of swimming. In 1997, Baader characterized the
involvement of several motor neurons and interneurons using intra- or extracellular recording in
partially-restrained, semi-intact crawling leeches. He discovered engagement of interneurons that
were inhibited during swimming, as well as other interneurons that fired with different patterns
during crawling than during swimming. In 2005, voltage dye imaging of almost a full leech
midbody ganglion was combined with nerve root recordings and stimulation to (randomly) elicit
either fictive swimming or crawling (Briggman et al., 2005). This study showed that both fictive
swimming and fictive crawling engaged a highly overlapping set of interneurons, but that many
of these neurons were active with very different phases relative to the overall locomotor cycle.
To date, however, little else is known about the identities of neurons forming the crawling CPG
(Rotstein et al., 2017; Alonso et al., 2020). Thus, intersegmental connectivity underlying the
coordination of crawling also remains unknown.

Finally, the role of proprioceptive feedback in coordination of crawling is quite different
from its role in swimming. Two experiments were performed to manipulate segment stretch by
attaching weights to pull on the posterior end of the animal during the contraction phase.

Attaching heavier weights slowed the propagation of contraction and increased the contractile
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forces produced by segments, but did not lead to changes in phase relationships among segments
(Gray et al., 1938); attaching lighter weights did not change either contraction wave propagation
speed or phase relationships among segments (Cacciatore et al., 2000). In both experiments,
attachment of the tail sucker was delayed, suggesting a major function of proprioceptive
feedback is to time the transition between the contraction and elongation phases of crawling.
Further, surgical denervation of six midbody segments, which severed both sensory and motor
neuron axons, led to no change in intersegmental phase delays between segments on either side
of the lesion, suggesting local sensory feedback is not used to time segments' elongations or
contractions (Cacciatore et al., 2000). These results contrast strongly with leech swimming,
where proprioceptive feedback is required to observe the normal intersegmental phase delays.

1.4. Limitations and outstanding questions

In all, lamprey and leech represent two evolutionarily distant species that, between them,
express the three best-understood modes of limbless locomotion. In particular, the study and
comparison of swimming in both systems, alongside other models such as tadpole, salamander,
and zebrafish, has led to substantial progress in determining conserved, apparently fundamental
features of undulatory locomotion and its coordination along the body axis (Ryczko et al., 2010;
Grillner and El Manira, 2019).

However, a major limitation of both the lamprey and leech, as well as most other models
of limbless locomotion, is that studying the neural contribution to locomotor coordination relies
heavily on access to an exposed nerve cord or spinal cord (Mullins et al., 2011; Tomina and
Wagenaar, 2017). This greatly restricts the type of experimental manipulations that can be

performed while animals behave: researchers can deliver specific sensory stimuli, drug
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injections, or focal electrical stimulation; they can transect nerves or connectives, have animals
recover, and observe changes to behavior. Clearly, much progress has been made using these
methods. However, to achieve more targeted perturbations, genetic access to particular neural (or
other) cell types is required (Kiehn, 2016; Ausborn et al., 2021).

One result of this limitation is that, in the limbless locomotor models above, it has not
been possible to test how factors that modify segmental coordination, such as proprioceptive
feedback, operate in the context of the moving body. As discussed above, proprioceptive
feedback plays an important role in coordinating, at minimum, segments' phase relationships in
vivo. However, abundant evidence suggests that proprioceptive feedback to central locomotor
circuits differs when studied in semi-intact preparation as compared to in the intact body (Pearce
and Friesen, 1984; Guan et al., 2001; Tuthill and Azim, 2018). Integration of proprioceptive
feedback in the behaving body has been extensively modeled for swimming, particularly in the
leech, but it has not been modeled similarly for leech crawling, nor for any terrestrial limbless
models -- with the notable exception of the nematode, whose body and nervous system are not
segmented and are expected to use a very distinct locomotor coordination strategy (Fouad et al.,
2018; Wen et al., 2018). Therefore, it is essential to develop systems in which the role of sensory
feedback (as well as neuromodulators, etc.) can be compared between semi-intact and intact
animals.

A further limitation, alluded to above, is the difference in the extent of characterization of
terrestrial versus aquatic limbless locomotor behaviors. Terrestrial limbless locomotion has been
studied in a range of species from a kinematic and biomechanical standpoint, including

earthworms, snakes, and caecilians (Gray et al., 1938; Gaymer, 1971; Gans, 1973; Quillin, 1999;

17



Hu et al., 2009; Dorgan et al., 2010; Tanaka et al., 2011). However, even in the well-studied
leech, far less is known about the neuronal underpinnings of crawling compared to swimming
(Kristan Jr. et al., 2005).

As a result, important questions remain as to the differences between forms of limbless
locomotion that prevail in different environments. For one, it has been repeatedly observed that
phase relationships among segments are more flexible in terrestrial forms of locomotion, likely
the result of needing to adapt locomotor movements to the comparatively unpredictable
environment (Béssler, 1993; Lavoie et al., 1995; Cacciatore et al., 2000). In the leech, this
flexibility includes the ability to pause mid-elongation, re-orient the body, and then resume the
locomotor cycle from where it paused. However, how this additional flexibility is achieved
remains unclear. In general, it has been proposed to require descending control (Georgopoulos
and Grillner, 1989; Puhl & Mesce, 2010, Puhl et al., 2012). While a candidate descending
pathway has been identified in the leech, it has not yet been possible to manipulate this pathway
to test its ability to adjust intersegmental phase relationships or pause crawling, nor has it been
possible to identify sites of action in a crawling CPG (Puhl & Mesce, 2010; Puhl et al., 2012).
Therefore, in the leech, mechanisms for establishing flexible phase relationships will be
challenging to establish (Friesen and Kristan Jr., 2008; Kearney et al., 2022). More broadly, the
field lacks a satisfying model for neural control of crawling.

1.5. Larval Drosophila: an emerging model of limbless locomotion

We will first provide an overview of larval locomotor behaviors, focusing on the
production of the basic "wave" pattern for forward movement, and on how the larval locomotor

system manifests the principles of limbless locomotor coordination discussed in the previous
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sections for lamprey and leech. A brief description of what has been discovered thus far in each
topic, and how, will also serve to illustrate a few of the more salient advantages and limitations
of the larval Drosophila model system.

1.5.1. An overview of larval Drosophila locomotor behavior

The larval locomotor pattern is referred to as "crawling," and the basic repeating unit of
larval locomotion is interchangeably termed a "stride" or "wave." During each cycle of
locomotion, a larva contracts its body segments sequentially in a peristaltic wave that begins at
the tail and propagates anteriorly along the body (hence "wave"). The initial contraction and
subsequent wave move the larva forward by a fixed distance (hence "stride"; Green et al., 1983;
Heckscher et al., 2012). The initial contraction of the tail also pushes forward the internal organs
in what is called a "visceral piston" (Simon and Trimmer, 2010; Heckscher et al., 2012).
Throughout, I will use locomotor waves to refer to the series of segmental contractions that
larvae produce to crawl.

Larvae may crawl for a number of reasons. The first is to find food. Adult flies lay eggs
inside potential food sources. When larvae hatch from eggs, their priorities are growth and
survival. If they find themselves on a suitable food source, they burrow into it to eat, typically in
the company of many other larvae. Larvae cooperatively extrude saliva to break down the food
in a layer beneath the surface (Gregg et al., 1990). If they do not find themselves on or in a
suitable food source (e.g., food contains too high a concentration of alcohol), they will at some
point move in search of better food (Green et al., 1983; Ruiz-Dubreuil et al., 1996; Wosniack et
al., 2022). Navigating to better food depends primarily on olfactory sensing and has been

extensively studied in larvae crawling over flat surfaces, described further below. As an aside,
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the likelihood that a larva will abandon a food source to go in search of a new one turns out to be
largely genetically determined: larvae can be "rovers" or "sitters," which are respectively prone
to more frequent locomotion and greater travel distance through the environment, or the converse
(Sokolowski, 1980; Sokolowski, 1985; Wosniack et al., 2022).

Another cause of crawling occurs at the end of the larval life stage. In order to pupate,
larvae leave the food source they have been exploiting and crawl in search of more optimal
environmental conditions; preferred sites are those that are away from other larvae, are low-
moisture and low-illumination (Markow, 1979; Pandey and Singh, 1993; Sokolowski, 1985).
Thus, even larvae that luckily hatch into an abundance of food will, at some point, use crawling
locomotion to move themselves through their environment.

A larva crawling on a flat surface typically performs locomotor runs, comprising multiple
forward waves, alternating with re-orienting turns (Green et al., 1983; Lahiri et al., 2011). The
frequency of runs and turns depends partly on the animal's sensory experience. Animals that are
navigating towards an attractive olfactory stimulus, or away from an aversive thermal or light
stimulus, use a characteristic strategy that has been described as an improvement over a biased
random walk (Holmes, 1905; Gomez-Marin and Louis, 2012). In a biased random walk, an
organism (such as a bacterium) traveling in a favorable direction along a sensory gradient tends
to perform long runs of locomotion, whereas when traveling in an unfavorable direction, it
performs shorter runs interrupted by more frequent random re-orientation events (Marken and
Powers, 1989). Larval Drosophila not only increase the length of runs when traveling in a
favorable direction, but also improve over the biased random walk by actively sampling the

environment. They use sensory organs on the head end to sample to either side, either by making
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small lateral head movements during locomotor runs or by pausing to make larger movements of
the head end, in either case comparing sensory information collected on each side of the body
and biasing turns to the favorable direction (Holmes, 1905; Luo et al., 2010; Gomez-Marin et al.,
2011; Labhiri et al., 2011). The neural substrates of this decision-making have been investigated
and modeled by the Gershow, Louis, Samuel, and Webb labs, among others, and will not be
described further here.

As part of the navigation process, larvae execute both small- and large-amplitude head
movements (or "head casts"). Small-amplitude head casting occurs continuously during
locomotor runs, is thought to bias the direction of larval crawling during runs as a form of
klinotaxis (Gomez-Marin and Louis, 2014), and has been modeled as a continuous oscillatory
process that is independent of peristaltic waves (Wystrach et al., 2016). It is unclear how many
anterior segments are involved in the generation of these small-amplitude movements, although a
recent study showed very regular, oscillatory small-amplitude activity in thoracic and anterior
abdominal segments after oxotremorine was applied to nerve cords with posterior abdominal
segments ablated (Jonaitis et al., 2022).

Large-amplitude head casts appear to be a distinct behavior: larvae pause locomotor runs
to perform large-amplitude head casts, sweeping the entire head end (including anterior
abdominal segments) to one or both sides of the body, sometimes multiple times in a row (Wang
et al., 1997). They often follow up these larger head casts with turns, which use an anterior set of
segments to bend the front of the body relative to the tail, before continuing locomotion in the
direction the head is pointed (Holmes, 1905; Lahiri et al., 2011; Tastekin et al., 2016). While

paused and head casting, larvae inhibit the activity of posterior segments, presumably to prevent
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the initiation of a forward wave before the head end has finished bending (Tastekin et al., 2018).
When a larva is bent, the propagation of peristaltic waves progressively either pushes or pulls
tail-end segments into alignment with the head end. Which force predominates, pushing or
pulling, is unclear, and may also depend on the bend angle, as a strong enough bend (>90
degrees between orientations of head and tail) can cause waves to initiate in bent, mid-body
segments rather than at the tail, which would presumably rule out pushing from behind in these
cases (Labhiri et al., 2011).

How do larvae control their locomotor speed? At a strategic level, this could be achieved
in one of two ways: either by increasing the distance they travel on each cycle, or by increasing
the cycle frequency. In practice, larvae do a little of both; but it is changes to cycle frequency that
are more strongly coupled to crawling speed (Berrigan and Pepin 1995; Heckscher et al., 2012;
Liu et al., 2023). Recent work found that, as larvae increase the frequency of locomotor cycles,
the speed of locomotor wave propagation along the body does not change much; rather, a
variable pause period between waves is shortened, such that larvae produce more waves in a
given time period (Liu et al., 2023). These authors noted that, after pausing between waves has
been reduced to zero, larvae can only continue to speed up by producing faster-propagating
waves (which they will do, up to a point); however, it is unknown, to date, what physical and/or
neural limitations constrain the maximum speed of wave propagation.

This section provided a high-level overview of larval locomotion, to establish the
behavioral goals at play and the context in which they are likely to occur. We next turn to the
specifics of how larvae move themselves over a surface environment, and what is known about

the coordination of their body segments as they do so.
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1.5.2 Soft-bodied locomotion in the environment

In this section, we first provide a broad overview of the body plan of Drosophila larvae,
then describe their musculature, and lastly how body and muscles interact with a surface to
enable these animals to move despite their lack of limbs or even (exo-)skeletons.

Figure 1.1: Diagram
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sensitive neurons discussed in detail in Section 1.5.4. Muscles and sensory neurons repeat across
A1-A7, and are similar in segment T3. Other segments' muscles and sensory neurons not shown
for clarity.

multidendritic (x 4)

Larvae are segmented animals, with a different number of body segments in each of three
regions. At the most anterior end of the body, there are three thoracic segments (abbreviated
T1-3). In other animals, a true head would be anterior to the thorax; however, in larval
Drosophila (and in all larvae of true flies, order Diptera), the head is developmentally inverted
and remains inside the thoracic region at most times (Snodgrass, 1935). Nonetheless, we and

others interchangeably refer to the anterior end of the larval body as the "head end." Posterior to
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the thoracic segments are seven approximately identical abdominal segments (abbreviated A1-
A7), comprising most of the length of the body. Finally, at the posterior end of the body, there is
a reduced terminal segment and anal division (A8 and A9/AS) (Campos-Ortega and Hartenstein,
1997; Wipfler et al., 2013).

The anatomy of segments in each region is generally quite distinct (Campos-Ortega and
Hartenstein, 1997; Rotheray, 2019). Abdominal segments are the largest in diameter and the most
regular in musculature, while thoracic segments taper in height towards the head end, and
terminal segments are very short compared to abdominal and thoracic segments. Further
differences include the numbers and types of both muscles and sensory neurons, as well as the
structures present on the body surface (Lohs-Schardin et al., 1979; Hooper, 1986; Bate, 1990;
Campos-Ortega and Hartenstein, 1997). We will describe each of these features in more detail
below, but will focus mainly on the muscles, sensory neurons, and surface structures present in
abdominal segments, as these segments are responsible for the majority of movements
underlying larval locomotion (Roberts, 1971; Dixit et al., 2008).

Larvae are soft-bodied, meaning they possess neither internal skeleton nor exoskeleton.
Instead, their bodies are covered and contained by a flexible layer called the cuticle, which
covers the epidermis. The 30 muscles of each abdominal body segment form a layer just beneath
the epidermis, attaching mainly to tendon cells at the borders between segments or inside
segments (Bate, 1990; Volk and Vijay-Raghavan, 1994; Schulman et al., 2015). Most muscles are
longitudinally oriented with respect to the larval body, although certain muscles also wrap
diagonally (i.e., the anterior and posterior attachment sites are at different dorsoventral locations;

Figure 1.1). A small number of muscles are transversely oriented (i.e., pointing dorsoventral;
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blue muscles in Figure 1.1). The directional forces that would be produced by activating
combinations of these muscles have yet to be modeled; however, it is clear that the arrangement
gives the larva great flexibility to move its body in three dimensions, including behaviors such as
rearing and sideways rolling (Green et al., 1983; Hwang et al., 2007; Rotheray, 2019). The lack
of rigid skeleton also means that larvae do not possess a fixed length: they can compress their
bodies from one end, as a head or tail retraction or when beginning a locomotor wave, or from
both ends, by hunching (Kernan et al., 1994; Jovanic et al., 2016, Clark et al., 2018).

The general patterns of muscle activation underlying each larval behavior are an area of
active investigation; the segments whose muscles are involved for head turning behaviors have
been reported (Lahiri et al., 2011), and a detailed order of muscle activations across the larval
body has recently been reported for rolling (He et al., 2022; Cooney et al., 2023). For our
purposes, the average order in which muscles activate in an abdominal body segment have been
reported for forward and backward locomotion (Zarin et al., 2019), although data from multiple
abdominal segments were treated as interchangeable in that report, so we do not know whether
this order is consistent across the body. A great deal of work has also been done on transmission
at the larval neuromuscular junction, a glutamatergic synapse that displays interesting properties
of growth and plasticity during the larval life stage (Keshishian et al., 1996, Davis and Goodman,
1998; Kauwe and Isacoff, 2013; Newman et al., 2017), as well as measurements of excitation-
contraction coupling and force production in the supercontractile muscles (Peron et al., 2009;
Paterson, 2010; Ormerod et al., 2022; Sun et al., 2022). These measurements have yet to be

incorporated into a model linking motor neuron activity or the activation of muscles to segmental
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movements, however, perhaps because the non-rigid body and complex geometric arrangement
of muscles lead to an unusal degree of challenge in estimating the effects of muscle strain.
Without a means of exploiting friction against the environment, larvae would not be able
to convert their muscle contractions into locomotor movements (Lin and Trimmer, 2010). To do
this, they use specialized structures on the ventral body surface called denticles, which serve as
anchoring points (Rotheray, 2019; Booth et al., 2024). (They may also use attachment of the
mouth hooks into the substrate to provide local anchors at the head end (Sewell et al., 1974), but
this anchoring is not thought to contribute much to locomotion (Roberts, 1971; Berrigan and
Pepin, 1995), and will not be discussed further here.) Denticles, which are present on all
abdominal body segments and segment T3, have the appearance of small teeth; they are arranged
in rows called "belts" or "bands" that span the ventral surface of the anterior half of each
abdominal segment (Lohs-Schardin et al., 1972; see Figure 1.1). Denticles dig into the surface of
a soft substrate and generate local ground reaction forces that anchor the animal (Booth et al.,
2024). Using these contact sites as anchoring points, a larva can push itself forward or backward
(Lin et al., 2010; Tanaka et al., 2011; Booth et al., 2024). As an aside, the ability to dig into the
substrate is not required, as larvae can crawl vertically or even upside-down on hard surfaces as
well as on soft. This ability may be due to the surface tension created by a film of water where
larvae make contact with a flat surface, although the relative importance of this mechanism is
unresolved (Booth et al., 2024). Regardless, it is only in very low-friction environments, such as
floating in water, that larvae fail to convert segmental contractions into forward displacement

(Sun et al., 2022).
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Importantly, the denticle belts can be retracted away from the substrate in order to locally
reduce or remove friction, which allows a larva to anchor itself transiently and in the desired
locations along the body axis. In other words, when a larva needs to move one or more body
segments, it can retract that segment's denticle belts away from the surface to do so. Larvae may
achieve this local retraction in one of two ways, whose comparative importance for locomotion
remain to be determined. First, they can contract a specialized set of ventral muscles that attach
at the location of the denticle belt (Booth et al., 2024). This contraction folds the denticles up
into a small indentation of the segment's ventral surface. Alternatively (or additionally), they can
contract the above-mentioned transversely-oriented muscles in the same segment, which raises
the segment's whole ventral surface (Heckscher et al., 2012).

Putting together the segmented body, the musculature in each segment, and the use of
denticles as a means of generating adjustable tension against a surface, we can now provide a
slightly more mechanistic overview of how larvae produce locomotor waves. The first step is the
contraction of tail (terminal) segments. The tail end moves forward, generating a visceral piston
that pushes forward the internal organs and, sometimes, the head end (Simon and Trimmer, 2010;
Heckscher et al., 2012; personal observation). Next, larvae produce a wave of peristaltic
contractions that pass through body segments in order from tail end to head end (Green et al.,
1983). During each segment's contraction, the longitudinally-oriented muscles contract first,
followed by the transverse muscles with a delay (Heckscher et al., 2012; Zwart et al., 2016; Zarin
et al., 2019). This order of muscle recruitment produces tension in the direction of movement
before reducing friction by lifting the ventral surface. The wave ends when it reaches an anterior

segment, either T2 or T1; these segments' participation in the wave may be unnecessary (Dixit et
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al., 2008; Rotheray, 2019). Thus, a combination of internal tension, orderly segmental
contractions and local reductions in friction against the substrate allow an animal with no
skeleton to propel itself forward against its environment (van Griethuijsen and Trimmer, 2014).

1.5.3 Locomotor circuits in the CNS

Larvae do not require central brain activity to produce locomotion or turning movements.
This has been demonstrated by reversible silencing of activity in the brain lobes and sub-
esophageal zone in crawling animals (Berni et al., 2012). Moreover, wave-like neuronal activity
propagates unidirectionally along the isolated nerve cord, both forward and backward even in the
absence of sensory inputs, including when the brain lobes and sub-esophageal zone have been
removed from the preparation (Cattaert and Birman, 2001; Fox et al., 2006; Pulver et al., 2015).
Fictive "turning," left-right asymmetric activity in anterior segment motor neurons, also occurs in
such preparations (Berni, 2015; Pulver et al., 2015). In contrast to fictive lamprey swimming or
leech crawling (Hill et al., 2003; Puhl and Mesce, 2008), no particular substance need be added
to physiological saline to evoke fictive waves of locomotion in the isolated larval nerve cord
(Fox et al., 2006). The site(s) and mechanisms of wave initiation remain to be demonstrated, but
a posterior subset of abdominal segments are competent to produce fictive anterior-directed
waves of motor activity in response to mAChR agonists (Jonaitis et al., 2022), offering one
possible starting candidate. In summary, similar to most known locomotor models, there exist
neural circuits in the ventral nerve cord portion of the larval CNS whose activity is sufficient to
drive locomotion.

As in the leech, lamprey, and other locomotor model systems, substantial work has gone

into identifying these circuits, as well as the descending or ascending inputs whose activities
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contribute to locomotion. For larval Drosophila, much of this advancement has happened in the
last decade, aided immensely by two resources in particular. First, a published EM dataset of the
nerve cord from a first-instar larva, whose ongoing annotation by the community aims to map the
complete nerve cord connectome (Ohyama et al., 2015; Schneider-Mizell et al., 2016). Second, a
large number of genetic driver lines, many of whose expression patterns have been imaged and
catalogued for researchers to browse (Brand and Perrimon, 1993; Pfeiffer et al., 2008; Li et al.,
2014). By identifying driver lines corresponding to nerve cord neurons of interest, multiple
research groups (and particularly the Nose lab) have been able to identify a set of interneurons
that are likely to be important for larval locomotion, primarily via calcium imaging and optical or
thermal manipulations of activity, in most cases paired with annotation of a corresponding
neuron in the connectome (e.g., Jovanic et al., 2016; Zwart et al., 2016; Hiramoto et al., 2021).

Numerous reviews exist of the circuitry that has been discovered to date (Kohsaka et al.,
2017; Clark et al., 2018; Gowda et al., 2021; Kohsaka, 2023). This section will not aim to
reproduce this information, except to illustrate examples of the types and scales of connectivity
at play, as well as methods commonly used to investigate the neurons involved and establish
their roles in locomotion. Putatively locomotor-related interneurons have been found with
connectivity spanning a range of spatial scales: within-segment, between neighboring segments,
across multiple consecutive segments, or even ascending the entire nerve cord. (Connectivity is
almost always defined using a combination of genetically-driven GFP expression, to define
morphology, and annotation of a morphologically matching neuron in the connectome.) Each of
these scales of connectivity is presumed to contribute to a certain scale of locomotor

coordination, beginning with the intrasegmental.
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Several segmentally-repeated premotor interneurons have been identified that synapse,
within their own segment, onto groups of motor neurons that innervate longitudinal and/or
transverse muscles, and that are rhythmically active before, during, or after motor neurons during
fictive locomotor waves (see, e.g., Kohsaka et al., 2014; Itakura et al., 2015; Hasegawa et al.,
2016; Zwart et al., 2016). Perturbation of these neurons, either acutely or constitutively, leads to
locomotor defects, typically a decrease in locomotor speed. These interneurons have been
likened to the CPGs of other locomotor models (Gjorgjieva et al., 2013; Francis et al., 2024). To
support larval crawling, rather than producing an alternation of contractions across sides of the
body, these interneurons must instruct an ordered contraction first of longitudinal, then of
transverse muscles within the same segment, with an appropriate phase delay. Of particular
interest for coordinating within-segment contraction phases, an interneuron has been identified
that specifically inhibits the motor neurons that innervate transverse muscles (Zwart et al., 2016).
Since it was shown using electrophysiology that (selected) motor neurons targeting longitudinal
and transverse muscles do not differ in their intrinsic excitability, this inhibitory interneuron is
expected to be a major source of the delay between longitudinal and transverse motor neuron
firing in each segment (Zwart et al., 2016). Consistent with this hypothesis, constitutive silencing
or reduction of these interneurons' activity, via expression of either tetanus toxin light chain or
the hyperpolarizing Kir2.1 channel, eliminated the phase delay between contraction of a
longitudinal and a transverse muscle in the same body segment (Zwart et al., 2016).

Coordination across segments is likely to be mediated, at least in part, by groups of
segmentally-repeated interneurons that send projections into the adjacent segment's neuropil and

there synapse onto premotor interneurons. So far, both intersegmental feedforward and feedback
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motifs have been found that correspond to this description. The intersegmental feedforward motif
involves a pair of interneuron classes, the excitatory "A27h" and inhibitory "GDL" interneurons
(Fushiki et al., 2016). Both are present in all abdominal body segments and show rhythmic
calcium activity that propagates along the nerve cord during fictive forward crawling; inhibiting
either class slows larval locomotion. GDL interneurons are active earlier than motor neurons in
their own segment and synapse onto premotor interneurons, including A27h. A27h interneurons
synapse onto motor neurons in their own segment, and their spiking was shown to directly excite
a longitudinal motor neuron via paired whole-cell recordings. They also synapse onto GDL
interneurons in the next anterior segment, setting up a feedforward inhibitory chain: A27h
activity in one segment is thought to excite GDL in the next segment, presumably preventing
premature activation of premotor and motor neurons in that segment (Fushiki et al., 2016).

The intersegmental feedback motif involves the "Ifb-Fwd" interneurons. These are
rhythmically active during fictive locomotion, cholinergic and likely excitatory; they project into
the next posterior segment, i.e., opposite to the direction of forward wave propagation (Kohsaka
et al., 2019). In the next posterior segment, they target both inhibitory interneurons that are
premotor to longitudinal muscle motor neurons and excitatory interneurons that are premotor to
transverse muscle motor neurons. Their constitutive hyperpolarization impairs transverse muscle
contraction during locomotor waves and slows locomotion. Of note, the same premotor neurons
that are targeted by the Ifb-Fwd interneurons are also targeted by a second cholinergic class,
called Ifb-Bwd interneurons, that project in the opposite direction (into the next anterior
segment), that only show calcium activity during backwards crawling, and whose silencing has

similar effects on transverse muscle contractions. This suggests that these two intersegmental
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interneurons share a common downstream "module" of premotor interneurons, and that their
feedback during forward or backward crawling is involved in timing the transition from
longitudinal to transverse muscle contractions (Kohsaka et al., 2019).

At a larger scale of connectivity, interneurons have been identified that project among
multiple consecutive segments. The "Canon" interneurons are segmentally-repeated and are
active during backward, but not forward, locomotion; they project both directly and indirectly to
inhibitory premotor interneurons within their own segment, as well as in up to three segments
more anterior (Hiramoto et al., 2021). Because their calcium activity is later than that of motor
neurons in the same segment and because their optogenetic activation causes muscle relaxation,
they are thought to be involved in ending segments' contractions in a timely manner (Hiramoto et
al., 2021). It remains unclear whether a direct counterpart to these interneurons exists for forward
crawling.

Finally, recent work has identified a class of interneurons, called "19f," that sends
ascending projections along the entire nerve cord as far as the subesophageal ganglion (Jonaitis
et al., 2024). As a population, these segmentally-repeated interneurons receive the majority of
inputs from premotor interneurons in posterior segments, and form the majority of outputs in
anterior segments. They are connected to each other axo-axonically, suggesting they may share
information as a population; however, their population activity still shows a wave-like
progression during fictive locomotion, and they are active later than motor neurons in their own
segment during fictive forward locomotion. Their global optogenetic activation during crawling
suppressed head sweeping movements and their optogenetic inhibition promoted head sweeping,

in both cases slowing forward locomotion. Based on the above characteristics, they were
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proposed to integrate information about an ongoing forward wave and relay this information to
anterior segments, preventing conflicting head movements (Jonaitis et al., 2024).

In summary, elements of central circuits have been identified that are likely to play an
important role in coordinating locomotor wave propagation and the movements produced by
each body segment. First, nerve cord circuits exist that are sufficient to drive locomotor behavior,
including waves and turns, without requiring either sensory feedback or descending input from
the brain. Second, substantial progress has been made on mapping these circuits, primarily but
not wholly relying on connectomics and genetic driver lines that permit functional imaging and
acute or chronic perturbation experiments. Third, neuronal coordination across segments appears
to involve a range of scales, from within-segment circuit motifs to neurons with projections that
span the full nerve cord. Finally, although not discussed above, many of these premotor and other
interneurons receive direct synapses from proprioceptive and other mechanosensory neurons,
which may be an essential part of how these interneurons coordinate the timing of activity within
and across segments. We turn to this topic next.

1.5.4 Sensory feedback in larval locomotion

Larvae rely on a multitude of sensory systems to inform their behavior, most of which are
thought to support decision-making and navigation, such as identifying suitable pupation sites or
performing the aforementioned chemotaxis, thermotaxis, or phototaxis. These sensory systems
can also affect locomotion, broadly speaking, by stimulating a larva to crawl or stop crawling, by
affecting its likelihood of performing straight locomotor runs versus re-orienting, or by

prompting larvae to crawl faster away from an aversive stimulus. Here, we will focus only on
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those neurons that have been shown to be required for locomotor coordination, which are all
mechanically-sensitive.

Larvae have an array of mechanically-sensitive neurons tiling their bodies, which they
use to sense stimuli like gentle or painful touch, heat and cold, vibrations such as sound waves,
and their own movements (Grueber et al., 2002; Yan et al., 2012; Boivin et al., 2023). This latter
category of sensors is particularly relevant to the coordination of body segments during
locomotion (Hughes and Thomas, 2007; Song et al., 2007). Mechanically-sensitive neurons in
larvae are broadly classified into "type I," those with single dendrites, and "type II," those with
multiple dendrites (Bodmer and Jan, 1987). Type I neurons are further divided into external
sense neurons and chordotonal neurons, based on their associated sensory organs; type Il neurons
are divided into bipolar dendritic, multidendritic, and tracheal dendritic neurons. External sense
and tracheal dendritic neurons have not been associated with a role in locomotor coordination;
we will skip these and describe only the remaining three subtypes.

Chordotonal neurons, in larval stages, are associated with one or more cilia-like sensory
structures called scolopidia that attach at one end in the epidermis, the cell layer just beneath the
cuticle (Singhania and Grueber, 2014). These neurons respond to vibrational movements,
including sound stimuli (Zhang et al., 2013; Scholz et al., 2015). They have been alternately
characterized as proprioceptors and mechanosensors, and their activity during embryonic
development is necessary for larvae to later crawl at normal speeds (Merritt and Whitington,
1995; Suster and Bate, 2002; Caldwell et al., 2003; Warren and Gopfert, 2024). However, acutely
silencing these neurons does not seem to impair locomotor speed (Hughes and Thomas, 2007,

Song et al., 2007). Moreover, although chordotonal neurons express the mechanosensitive
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transduction channel NompC, which is required for normal locomotion, genetic rescue
experiments in a global NompC loss-of-function background did not need to reintroduce
functional NompC expression into chordotonal neurons to rescue locomotor defects (Cheng et
al., 2010); instead, reintroduction of functional NompC only into bipolar dendrite and
multidendritic sensory neurons (below) was sufficient to rescue the global loss-of-function
defects (Cheng et al., 2010). These negative results suggest that, if chordotonal neurons act as
proprioceptors, the feedback they provide may be used for other behaviors than crawling
(Warren and Gopfert, 2024).

The type II bipolar dendrite and multidendritic sensory neurons are not associated with
additional sensory organs. Instead, they extend dendrites beneath the cuticular surface. Bipolar
dendrite neurons have a simple morphology: they extend one dendritic process anteriorly and
one process posteriorly, spanning most of the length of a body segment (Bodmer and Jan, 1987).
The dorsal bipolar dendrite neuron, as well as its counterpart in Manduca sexta larvae, has been
shown to respond to body wall stretch (Tamarkin and Levine, 1996; Suslak et al., 2015). The
multidendritic neurons are classified, in order of increasingly complex dendritic morphologies,
into classes I through IV (Singhania and Grueber, 2014). Each class responds to a distinct
(combination of) sensory stimuli: class I multidendritic neurons are proprioceptors, and will be
discussed further below. Class II and III neurons respond to different forms of gentle touch and
thermal stimuli, and class IV neurons respond to several modalities of noxious stimuli, including
noxious light and chemicals (Takagi et al., 2017; Boivin et al., 2023). The locations and numbers
of sensory neurons varies by body region, but is consistent across abdominal segments 1-7

(Ghysen et al., 1986; Dambly-Chaudiére & Ghysen, 1986; Bodmer and Jan, 1987).
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In 2007, two groups independently confirmed that larval locomotor coordination requires
the activity of multidendritic sensory neurons, both using reversible thermogenetic silencing of
sensory neurons expressing the temperature-sensitive Shibire protein (Kitamoto, 2001). Song and
colleagues, as part of a broad screen of genetic drivers, silenced all multidendritic neurons and
found defects in larval locomotor coordination: while stride distance was unaffected, cycle
periods became longer, segments contracted for longer than usual, and wave propagation became
irregular (Song et al., 2007). Similarly, Hughes and Thomas performed a series of sensory
silencing experiments, using combinations of genetic driver lines to express temperature-
sensitive Shibire in different combinations of sensory neuron classes. They found minor
locomotor speed defects when silencing either bipolar dendrite or class I multidendritic neurons
separately. When both classes were thermally silenced simultaneously, they found strong speed
defects and described a "toothpasting" locomotor phenotype similar to that described by Song
and colleagues: larvae contracted body segments more tightly and for longer than usual, and the
wave propagated slowly along the body axis. Larvae crawled normally again after the end of
thermal silencing (Hughes and Thomas, 2007). Finally, as mentioned above, Cheng and
colleagues found greatly slowed crawling in larvae with a loss-of-function mutation in the
NompC mechanosensitive transduction channel, which they were able to rescue via functional
NompC expression in the bipolar dendrite and class I multidendritic sensory neurons (Cheng et
al., 2010). Thus, proprioceptive feedback, specifically from this subset of mechanosensitive
neurons, is acutely necessary for timing segments' contractions, as well as determining

contraction amplitudes.
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Recently, in vivo calcium imaging experiments targeted the bipolar dendrite and class I
multidendritic neurons to establish when they are activated during larval locomotion, and how.
First, these experiments confirmed that the stretch sensing neuron was most active between
segmental contractions, and showed a sequence of activation for the remaining proprioceptors
during a segment's contraction (Vaadia et al., 2019). Further, in two of the dorsal multidendritic
neurons, He and colleagues showed direction-sensitivity (greater calcium activity in forward
crawling, for one, or backward crawling, for the other). They also showed that calcium activity
correlated with curvature of the dendrites during movement of the body wall, and that this
activity depended on expression of Tmc; they proposed that folding of the dendrites as the body
wall moves forward or backward leads to Tmc channel activation, enabling proprioception in this
pair of neurons (He et al., 2019). Lastly, Vaadia and colleagues proposed an algorithm by which
central circuits could compare the activity of this same pair of neurons from either side of the
body in multiple segments and generate an internal estimate of a segment's retraction and/or
bend angle (Vaadia et al., 2019).

How is proprioceptive feedback used by central circuits to coordinate wave propagation
during locomotion? This question remains largely unanswered, as the circuits or neurons that are
required to integrate proprioceptive feedback during locomotion have not yet been identified and
tested. However, a functional hypothesis was proposed by Hughes and Thomas in 2007, in which
feedback that a segment has successfully contracted is sent both within-segment, to promote the
end of contraction, and to the following segment, to promote that segment's contraction.

Two recent models of larval locomotion formalized this predicted role for proprioceptive

feedback in two different ways (Gjorgjieva et al., 2013; Pehlevan et al., 2016). Both models
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featured coupled Wilson-Cowan oscillatory units as the backbone of segmental activity (Wilson
and Cowan, 1972) and initially demonstrated arrangements of these units that could propagate
directional waves without any sensory feedback. The first model incorporated stretch feedback as
a sensory unit in each segment activated by greater excitatory activity in neighboring segments;
by incorporating this feedback, the modeled wave propagation was made more robust to different
intersegmental connectivity strengths and levels of inhibitory activity (Gjorgjieva et al., 2013).
The second model incorporated contraction feedback by activating a sensory unit in each
segment when its segment shortened below a threshold length; the sensory unit then excited both
the within-segment inhibitory population and the next-segment excitatory population (Pehlevan
et al., 2016). This model likewise found a broader range of connectivity parameters that could
produce forward waves with the inclusion of sensory feedback, and that sensory feedback tended
to reduce variance in wave propagation between different starting parameters. Thanks to the
inclusion of muscle and friction components in the second model, it was able to make additional
predictions, including that larval stride distance and segmental contraction amplitudes would
increase on substrates of decreasing friction. These predictions remain to be experimentally
tested.

In summary: proprioceptive neurons are not necessary for locomotion, nor for the
propagation of waves of fictive locomotion in the isolated nerve cord, but as a group they are
necessary for normal wave propagation and segmental contraction amplitudes in the behaving
animal. How they sense self-movement is beginning to be understood, but has not been

characterized for all proprioceptors. Existing models for incorporating proprioceptive feedback
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into locomotion can use either stretch or contraction length feedback to match experimental data
on wave propagation, but no model yet incorporates both.

1.5.5 Outstanding questions and goals of this thesis

In summary, a large body of work has already been produced in the larval Drosophila
model to advance our understanding of locomotor control and segmental coordination in these
animals. The field has made important strides in mapping neuronal circuits and identifying
neurons whose activities are likely essential for coordinating locomotion; in assessing the
contributions of various sensory neurons to locomotor control, both in terms of high-level
decision-making and the coordination of segmental movements; and in characterizing the larva's
motor apparatus, including motor neurons and their control of muscles, muscle properties, and
the interactions with the larval environment that enable these limbless, soft-bodied animals to
move. Therefore, the larva is well-poised as a modern neuromechanical model for investigating
both neural and physical sources of locomotor coordination. However, important gaps remain
that must be filled to understand how larvae coordinate the movements of their body segments
for this fundamental behavior, and to be able to compare the strategies larvae use to those used
by other model systems.

One such major gap is how sensory feedback, particularly proprioceptive feedback, is
incorporated into locomotor control. Both the anatomical pathways that route proprioceptive
feedback into locomotor circuits, and the effects that this feedback has on ongoing circuit
activity, remain to be elucidated. In Chapter Two, we make progress on the anatomical routing of

proprioceptive feedback to locomotor circuits, as well as characterizing anatomical properties of
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proprioceptive projections and synapses that are likely to affect downstream proprioceptive
processing.

Another major gap is in the ability to link what is known about central neuronal activity
to the movements ultimately produced by the body. As mentioned earlier, a wealth of
measurement exists on the properties of motor neuron transmission at the neuromuscular
junction, and on excitation-contraction coupling in muscles. Nonetheless, because the production
of movements depends intimately on the body's own properties and its interactions with
environment, it is quite complicated to predict movements from neural--or even muscular--
activity. Therefore, data are needed in intact, moving animals that link muscle activity to
movements. However, in crawling larvae, the relationship between muscle activity and the
segmental movements that result remains all but uncharacterized (Zarin et al., 2019). Without a
clearer picture of how muscle recruitment relates to the movements produced by a larval body
moving through its environment, models of central circuit activity, and even of motor neuron
activity, will remain only abstractly linked to behavior.

It has been challenging to acquire data about the relationship between muscle activation
and movement in the Drosophila larva. This is because the animals' small size, and the fact that
breaching the cuticle can lead to loss of internal hydrostatic pressure, damaging animals' abilities
to move (Holmes, 1905), conspire to make electrode recording from muscles difficult to
impossible in the intact, moving larva. Therefore, in the third chapter, we introduce a method
designed to provide such data. The method involves constraining larvae to crawl inside channels
not much wider than their bodies and relies on calcium imaging to provide muscle recruitment

data; its particular advantages and drawbacks will be discussed in detail in that section. In the
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fourth chapter, we use this method to produce the first segment-level comparison of muscle
recruitment and contraction kinematics.

Another gap 1in the study of larval locomotor coordination is largely conceptual. While
substantial work has gone into characterizing how larvae produce an average locomotor wave, no
work has been done attempting to characterize or leverage the diversity of locomotor waves
produced: in other words, to analyze patterns of segmental coordination across many cycles of
locomotion, whether in terms of neural activity, muscle recruitment, or segmental kinematics. In
larval crawling, statistical analyses of large numbers of locomotor cycles have been restricted to
studies of whole-animal behavior, such as the analyses of runs and re-orientation events that led
to elucidating the sensory decision-making algorithm larvae use for chemotaxis and thermotaxis
(Luo and Gershow et al., 2010; Gomez-Marin et al., 2011). Meanwhile, in other locomotor
models, comparisons of large numbers of locomotor cycles have been used to reveal kinematic
features that animals co-modulate across cycles to control locomotor speed and gait (Mendes et
al., 2013; Severi et al., 2014), as well as to identify changes to locomotor coordination that arise
from genotypic variation (Ahamed et al., 2021; Harel et al., 2024), from presentation of
particular sensory stimuli (Schwarz et al., 2015; DeAngelis et al., 2019) or from targeted
perturbations, such as to proprioceptor subtypes (Mendes et al., 2013). Thus, by not similarly
scaling up the analysis of segmental coordination to ask what patterns emerge across a large
number of cycles (or across individuals, larval stages, etc.), the larval locomotor field is missing
an opportunity to, in a manner of speaking, ask behaving larvae to tell us what aspects of their

locomotion they care or do not care to coordinate.
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In Chapter Four, we advance this approach to investigating locomotor coordination in the
context of larvae crawling inside agarose channels. We collect over 2500 locomotor cycles across
animals, and use these to investigate features of segmental contractions that are more and less
strongly coordinated across the body on a cycle-to-cycle basis. Among other results, this
approach reveals unanticipated differences in the coordination of anterior and posterior
segments, arguing against the commonly-modeled assumption of identical abdominal units and
arguing for a scaled-up statistical approach to studying locomotor behaviors, even in their most

constrained forms.
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CHAPTER 2
THE CENTRAL SYNAPTIC ORGANIZATION OF DROSOPHILA

LARVAL PROPRIOCEPTORS

This chapter originally appeared, in modified form, as the following publication:
Greaney, M.R., Wreden, C.C., Heckscher, E.S., 2023. Distinctive features of the central

synaptic organization of Drosophila larval proprioceptors. Front. Neural Circuits.
doi: 10.3389/fncir.2023.1223334

Author Contributions: The author of this dissertation developed and performed the analyses and

wrote the manuscript.

2.1. Introduction

Locomotion critically requires feedback from multiple morphological types of
proprioceptors that sense different features of the body's posture and movement (Rossignol et al.,
2005; Mendes et al., 2013; Akay et al., 2014; Bidaye et al., 2017). While loss of one type or
another separately has minimal effect, the loss of multiple types produces severe locomotor
deficits (Hughes and Thomas, 2007; Akay et al., 2014; Santuz et al., 2019), demonstrating that
information from multiple proprioceptive neuron types is combined centrally for locomotor
control. Despite their importance for locomotion, relative to other sensory neurons, little is
understood about how proprioceptive neurons are anatomically organized once they project into
the central nervous system (CNS). The question of sensory mapping has long been fundamental

to our understanding of sensory processing (Hildebrandt, 2014; Giessel and Datta, 2014;
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Knudsen et al., 1987; Hubel and Wiesel, 1962); but we know little about whether, or what form
of, topographical maps exist for this essential sense.

Decades of work on proprioceptive circuits has built up a general picture of how
proprioceptive afferents project into the CNS. These studies have largely relied on single-neuron
tracing and electrophysiological approaches (Scheibel and Scheibel, 1969; Burrows, 1975;
Brown and Fyffe, 1978; Hustert, 1978; Brown and Fyffe, 1979, Conradi et al., 1983; Watson and
Bazzazz, 2001) and recently have been complemented by genetic techniques, especially in mice
and flies (Smith and Shepherd, 1996, Niu et al., 2013, Agrawal et al., 2020, Surmeli et al., 2011).
Certain anatomical principles regarding afferent projections hold across animal systems: first,
like afferents of other sensory systems, proprioceptors receive synapses from inhibitory neurons
(Pearson and Goodman, 1981; Burrows and Matheson, 1994; Clarac and Cattaert, 1996; Eggers
et al., 2007; Wilson, 2013; Fink and Azim, 2014; Chen et al., 2021). Second, proprioceptive
afferents are largely segregated from exteroceptive afferents (Brown, 1981; Pfliiger et al., 1988;
Murphey et al., 1985). Third, afferent projections diverge based on proprioceptor type (Brown,
1981; Murphey et al., 1985). Fourth, individual proprioceptor afferents often project to multiple
locations (Burrows and Pfliiger, 1988; Jankowska, 2008). Lastly, in addition to diverging,
proprioceptors can converge in their connectivity, providing common input to downstream
neurons that receive synapses from multiple proprioceptor types (Lundberg 1979, Jankowska
1992, Gebehart et al., 2021).

Beyond these principles, however, prior mapping efforts have revealed a complicated
spatial organization of proprioceptor afferents (Scheibel and Scheibel, 1969, Edgely and

Jankowska, 1984; Pfliiger et al., 1988; Prasad and Wiener, 2011; Wu et al., 2021) that does not
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resemble the structured, feature-based mapping seen in other sensory systems. In part because of
this complexity, we have only a partial understanding of afferent anatomy, even in what is
arguably the best characterized of any proprioceptive CNS region, the locust thoracic ganglia
(Tyrer and Gregory, 1982, Pfliiger et al., 1988, Bidaye et al., 2017). Two limitations have
impeded the anatomical mapping of proprioceptors into the CNS. First, only a single cell or cell
type is typically mapped at a time, providing a piecemeal rather than integrative representation of
how proprioceptive central axonal projections are anatomically organized (Fyffe and Light,

1984, Smith and Shepherd, 1996, Bidaye et al., 2017). This is particularly problematic for
understanding the extent and form of divergence and convergence. Second, most mapping
studies do not characterize the anatomical synapses, which are the actual sites of chemical
information transfer; this gap may obscure organizational principles that would emerge at the
synaptic level of anatomy. We could therefore gain substantially from mapping all proprioceptors
simultaneously at synaptic resolution.

This study aims to map the input and output synapses of all types of Drosophila larval
proprioceptors. Comprehensive mapping at the synaptic level of detail is possible in this system
thanks to the availability of an electron micrographic dataset and connectome (Saalfeld et al.,
2009, Ohyama et al., 2015, Schneider-Mizell et al., 2016). Moreover, because larvae are a
relatively transparent genetic model, they are amenable to non-invasive, light-based techniques
for probing circuit function, such as calcium imaging and optogenetic manipulation (Jovanic et
al., 2016, He et al., 2019, Vaadia et al., 2019, Tadres and Louis, 2020). Non-invasive techniques
are especially important for studying how the sensing of self-movement by proprioceptors tunes

locomotive behavior. Therefore, a better understanding of proprioceptors in Drosophila larvae
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will ultimately complement and enable developmental and functional studies of proprioception,
locomotion, and the underlying circuit-level mechanisms. Like other animals, Drosophila larvae
have multiple types of proprioceptors which sense various features of movement (Grueber et al.,
2002, Suslak and Jarmon, 2015, He et al., 2019, Vaadia et al., 2019); these proprioceptors are
critically needed for larval locomotion (Song et al., 2007, Hughes and Thomas, 2007). Also as in
other systems, functional (Hughes and Thomas, 2007) and anatomical (Schrader and Merritt,
2000; Grueber et al., 2002; Grueber et al., 2007) evidence suggests we will likely observe
convergence among proprioceptor output synapses. However, we do not know to what extent
output synapses will intermingle in space, nor what other features may organize their inputs.
Therefore, we asked how proprioceptor synapses are organized, using the larval connectome to
answer this question.

In this study, we reviewed and added to the available connectomic data for larval
proprioceptors (Ohyama et al., 2015). We focus on six proprioceptive neurons: dorsal bipolar
dendrite (dbd), ventral bipolar dendrite (vbd), dorsal dendritic arbor D (ddaD), dorsal dendritic
arbor E (ddaE), ventral posterior dendritic arbor (vpda), and dmd1 (Ghysen et al., 1986, Grueber
et al., 2003). First, we describe output synapse locations; we find that, as a rule, Drosophila
larval proprioceptors have synapses distributed along the incoming afferent, at both proximal and
distal locations of the axon (Figure 2.1). We then map the distribution of proprioceptors in three
consecutive body segments. Generally, the output synapses for each type of proprioceptor are
organized according to a principle of left-right segmental somatotopy (Figure 2.2). Next, we map
the overlap among output synapses from all proprioceptors within a single segment. Drosophila

larval proprioceptor output synapses intermingle extensively in space; different combinations of
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output synapses contribute to six different spatial domains. Every proprioceptor type contributes
synapses to at least two domains, and all but two domains have synapses from two or more
proprioceptor types. This details the specific topography of convergence and divergence in the
larval proprioceptive system (Figure 2.3). We also map proprioceptors’ input synapses, finding
little evidence of presynaptic inhibition onto Drosophila larval proprioceptors (Figure 2.4).
Finally, we compare the inputs and outputs of the proprioceptive neurons to other larval
somatosensory neurons: those of chordotonal and class IV multidendritic neurons (Figures
2.5-2.6). The principles of proximal axonal output, segmental somatotopy, and minimal
presynaptic input do not apply broadly to larval somatosensory neurons. Thus, we have
identified a suite of anatomical features that distinguish Drosophila larval proprioceptors from
other larval somatosensors.

Taken together, our results reveal anatomical features that are potentially unique to larval
proprioceptive processing. They open avenues to study the development and functional
organization of proprioceptive circuits and offer an example of the utility of the larval

connectome for uncovering fundamental cell biological observations.

2.2. Results

2.2.1. Output synapses of Drosophila larval proprioceptors show a complex spatial

organization

Proprioceptors provide essential feedback about the body's movements, but how this
information is incorporated into central proprioceptive processing circuits remains poorly

understood. Here, we ask what principles underlie the spatial organization of proprioceptor input
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and output synapses in Drosophila larvae. To begin, we review specifics of the Drosophila larval
body and how it moves: Drosophila larvae are left-right symmetrical and segmented, with much
of the muscular and sensory anatomy repeated across body segments (Figure 2.1A) (Bodmer and
Jan, 1987; Ghysen et al., 1986; Campos-Ortega and Hartenstein, 1997). All three major modes of
locomotion in Drosophila larvae—forward crawling, reverse crawling, and lateral rolling—
involve sequential contraction of adjacent segments (Heckscher et al., 2012; He et al., 2022,
Cooney et al., 2023). Segments are grouped into regions, including the anterior thorax with
segments T1-T3 and the midbody abdomen with segments A1-A7. The nerve cord mirrors this
organization: neuronal somata and axons and dendrite-rich central neuropil are grouped into
regions corresponding to each body segment.

To monitor the movement of the larval body, in the periphery, each body segment
contains left-right pairs of somata and dendrites belonging to six proprioceptors: ddaD, ddaE,
vpda, dbd, vbd, and dmd1. The neurons from each segment initially project into that segment's
region of the neuropil (Figure 2.1A). Within the neuropil, proprioceptive neurons terminate in a
region more dorsal compared to other somatosensory neurons’ projections, herein the " central
domain" (Figure 2.1B) (Merritt and Whitington, 1995; Schrader and Merritt, 2000; Landgraf et
al., 2003). The available Drosophila larval connectome (Ohyama et al., 2015) allows the
discovery of proprioceptor synapse locations with nanometer resolution. In the connectome,
proprioceptor axons and synapses in A1 were already reconstructed (Heckscher et al., 2015;
Schneider-Mizell et al., 2016; Zarin et al., 2019). Due to the intersegmental nature of Drosophila
locomotion (Heckscher et al., 2012), however, we need a map of proprioceptor synapses from

multiple adjacent segments. Here, we reviewed the existing A1 annotations and added T3, A2,
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Figure 2.1: First abdominal segment proprioceptor output synapses are distributed along the
proximal and distal axon. A) Diagrams of larval body plan, of proprioceptive neuron somata and
dendrites at the larval body wall (adapted from Cheng et al. 2010, Vaadia et al. 2019), and of views of the
larval CNS. The same six proprioceptive neurons are present in each abdominal hemisegment (here, A1l
left). They project to neuropil segment Al in the CNS, highlighted in pink. B) Transverse view of
reconstructed skeletons (axonal projections) in Al of the larval connectome: proprioceptive neurons
(blue), chordotonal neurons (grey), and class IV multidendritic neurons (black). Dashed pink lines
demarcate the "central domain" of proprioceptive outputs. Dashed grey line: midline. C) Three views of
output synapses in the CNS made by each left side proprioceptor. Grey lines: neuron skeletons. Spheres:
output synapse locations. Top subpanels: left side views; middle subpanels: top-down views; bottom-
subpanels: transverse views, looking from the tail towards the head. Grey mesh: outline of larval CNS.
Pink mesh: outline of A1 left side region of neuropil. D) Distribution of output synapses along the
mediolateral axis for left side A1 neurons shown in (C). Proportion of that neuron's outputs made in 1 um
bins along the X axis of the connectome. Views in B, C generated using CATMAID (Saalfeld et al.,
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Figure 2.1, continued. First abdominal segment proprioceptor output synapses are distributed
along the proximal and distal axon.

2009). In A: scale bars = 50 um; B and C: scale bars = 10 um; scale bars equal for all axes. Throughout,
dashed vertical lines: midline. D = dorsal, V = ventral, A = anterior, P = posterior, L = left side; T3, A1,
A2 =body segment abbreviations.

and in some cases, A3 proprioceptive neurons (see Figure 2.2). We sought to understand the
spatial organization of proprioceptor output synapses through these main lenses: individual
proprioceptors within a segment (Figure 2.1); comparing individual proprioceptor types across
segments (Figure 2.2); what information converges in spatial domains of the neuropil (Figure
2.3); inputs onto proprioceptors (Figure 2.4); and which features are common to Drosophila
larval somatosensory neurons and which are unique to proprioceptors (Figure 2.5-2.6).

2.2.2. Proprioceptor output synapses are distributed along the length of the axon

To begin our characterization, we describe the positions of output synapses made by each
Al proprioceptor (Figure 2.1C-D). We looked for the distribution of outputs along the axon and
whether synapses respect approximate midline and segment boundaries. The six proprioceptors
under study belong to three morphological classes, which we use to organize the following
description of their outputs. We give counts for the left side neuron of each left-right pair,
although right side counts are similar (Appendix B, Table 1).

Two proprioceptor types belong to the bipolar dendrite class, dbd and vbd; these have
dorsal and ventral dendrites, respectively. dbd is the only proprioceptor to project into the
neuropil along a dorsal route (Figure 2.1) (Schrader and Merritt, 2000), and is also the only
stretch receptor of the six (Tamarkin and Levine, 1996; Simon and Trimmer, 2009; Suslak and
Jarmon, 2015; Vaadia et al., 2019; He et al., 2019). dbd projects medially along the dorsal route

until it reaches the proprioceptor domain. It then descends ventrally and bifurcates, sending
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branches both anterior (into neuropil segment T3) and posterior (Schrader and Merritt, 2007).
dbd A1L makes 12 of its synapses (16%) along the proximal axonal entry route, with the
remaining synapses in the dorsal portion of the A1 central domain. vbd projects into the neuropil
along the more posterior of two ventral entry routes. While still ventral to the central domain,
vbd bifurcates, sending one branch anterior (into neuropil segment T3), and the other dorsal
towards the midline of A1, which it crosses. vbd is the only proprioceptor to cross the midline.
vbd A1L makes 27 of its synapses (37%) along the proximal axonal entry route, 8 of its synapses
ventrally at a medial location on the way to T3, 8 anteriorly in segment T3, 10 in the A1
proprioceptor domain, and the remaining 20 near the A1 midline. We conclude that neurons of
the bipolar dendrite class distribute their synapses along both the proximal and distal axons upon
entering the neuropil.

Three proprioceptor types belong to the class I multidendritic neurons (herein md cl),
ddaD, ddaE, and vpda; these have dorsal-posterior, dorsal-anterior, and ventral dendrites,
respectively (Figure 2.1A) (Grueber et al., 2007). ddaD and ddaE project into the neuropil along
the anterior of the two ventral entry routes. Both project medially until the central domain, then
turn and project dorsally. At this point, ddaD makes synapses in the A1 central domain, while
ddaE turns again and projects posteriorly, making synapses in the A2 central domain
(Supplementary Figure 2.1). ddaD and ddaE A 1L both make synapses along their proximal entry
route (19% and 7% of their total output synapses, respectively), but tend to make fewer relative
to the other proprioceptors (Figure 2.1C, 2.2A; see also Figure 2.5B). vpda projects into the
neuropil along the posterior of the two ventral entry routes and projects medially until the A1l

central domain. Then, it turns dorsally and again posteriorly, making synapses in the A2 central
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domain. vpda A1L makes 12 of its synapses (32%) along the proximal entry route and the
remaining synapses posterior to the Al central domain. We conclude that, like the bipolar
dendrite class of neurons, md cl proprioceptors also have synapses along both proximal and
distal axons.

One proprioceptor type, called dmd1, is not grouped into morphological classes with the
other neurons (Grueber et al., 2003). dmd1 projects into the neuropil along the anterior of the
two ventral entry routes, then medially until the A1 central domain, and again dorsally. dmd1
A1L makes most of its synapses in a narrow dorsoventral column that stays within the A1 central
domain, with the remaining 4 synapses (10%) along the proximal entry route. We conclude that
dmd1 proprioceptors also have synapses along both proximal and distal axons.

2.2.2.1. Do output synapse locations differ in other segments?

In Drosophila larvae, anterior-posterior differences exist among body segment muscles
and sensory neurons (Bodmer and Jan 1987; Ghysen et al., 1986; Campos-Ortega and
Hartenstein, 1997). Moreover, different body segments can participate differently in larval
behaviors (Lahiri et al., 2011; Heckscher et al., 2012). Therefore, there are likely to be
differences in proprioceptor output synapse number or organization between segments. First,
segment T3 lacks a vbd neuron. Second, dmd1 neurons from T3 make more synapses along the
proximal axon entry route than abdominal dmd1 neurons. Third, vpda neurons from T3 make
extra lateral synapses relative to abdominal vpda neurons. Lastly, ddaD neurons from A2 follow
a different pattern than those from A1 or T3, projecting anteriorly and making synapses
extending into the central domain of Al. ddaD from A3 shows a pattern similar to ddaD from

A2. In contrast, three proprioceptors—dbd, ddaE, and dmd1—did not display segment-specific
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Figure 2.2: Proprioceptors show hemisegmental, but not dorsoventral or within-class, somatotopy.
A) Each proprioceptive neuron's output synapses from segments T3-A2 or T3-A3 (for ddaD and vbd).
Diagram: color scheme for neurons' outputs from each segment; all other proprioceptor outputs plotted in
grey. Note that vbd does not exist in T3. Top-down views are shown for each neuron type individually.
Both left and right side neurons' outputs are plotted. Black (unfilled) arrowheads show locations of
segmental overlap for vbd neurons. Scale bars are same for all views. B) Three views of output synapses
from A1 proprioceptive neurons colored by approximate dorsoventral dendrite position at the body wall
(diagram). For left side view only, right side neurons are plotted in grey. C) Two views of output
synapses from A1 class [ multidendritic neurons, colored according to diagram. D) Two views of output
synapses from A1 bipolar dendrite class neurons, colored according to diagram. E) Two views of output
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Figure 2.2, continued. Proprioceptors show hemisegmental, but not dorsoventral or within-class,
somatotopy.

synapses from stretch-sensing T3-A2 dbd neurons (blue), compared to contraction-sensing proprioceptor
output synapses (grey). Throughout: scale bars = 10 um. Dashed vertical lines: midline.

characteristics. We conclude that a subset of proprioceptors has segmentally specific output
synapses, and this segmental specificity is distinctive for each neuron.

In summary, proprioceptor output synapses are distributed along the length of the axon.
This distribution is most often into two groups: typically, a smaller set of output synapses along
the proximal axon and a higher concentration of output synapses at the distal tips. Two of the six
(ddaD and dmd1) respect A1 hemisegmental bounds, while the other four extend beyond the
anterior or posterior boundary of A1, and vbd alone crosses the midline (Figure 2.1C).
Additionally, the output synapse distributions seen in A1 are generally representative, but certain
proprioceptors display segment-specific features (Figure 2.2A).

2.2.3. Proprioceptor output synapses, regardless of type, morphological class, or

Sfunction, show hemisegmental somatotopy.

Having characterized output synapse locations for individual proprioceptors from a single
segment and compared these across segments, we next compared within-segment output synapse
locations across proprioceptor types. We looked for spatial organization in any of the following
forms: (1) Many sensory systems display a form of somatotopy in which relative sensor positions
are maintained centrally. Since different larval proprioceptors monitor different dorsal-ventral
positions within a segment's body wall, we might see a corresponding map of output synapses in
the neuropil. (2) Beyond somatotopy within a segment, we might see somatotopic organization

across segments, since segments can be considered anterior-posterior "units" of the larval body.
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We might additionally see organization that keeps the information from each side of the body
(left and right) spatially separated, potentially to be used in left-right symmetrical circuits. (3)
Outputs may be organized within a morphological class (e.g., bipolar dendrite neurons). In the
peripheral body wall, somatosensory dendrites from the same morphological class send dendrites
to different regions of space by a mechanism of active avoidance (Grueber and Sagasti, 2010).
Analogous mechanisms may separate within-class outputs in the CNS. (4) Outputs may be
organized by function. In the case of larval proprioceptive neurons, function and morphological
class are not synonymous (He et al., 2019; Vaadia et al., 2019). Here, we ask which of the above
principles, if any, govern where individual proprioceptors form their output synapses.

2.2.3.1. No evidence for dorsal-ventral somatotopy within segments

Because the larval body wall is roughly two-dimensional, we consider somatosensory
dendrites as having a Dorsal-Ventral (D-V) or Anterior-Posterior (A-P) mapping. Two of the
proprioceptors cover the full A-P extent of the segment with their dendrites; these could not
readily be classified as "anterior" or “posterior”. Therefore, we compare all proprioceptors within
a segment, focusing on D-V mapping. We grouped the six proprioceptors into three groups based
on their relative dendrite positions. All groups intermingle extensively in the Al central domain
(Figure 2.2B, Supplemental Figure 2). We did not observe any axis along which there was a
conservation of order from the periphery. We conclude that there is no evidence of a dorsoventral
somatotopy among proprioceptors.

2.2.3.2. Proprioceptor synapses display hemisegmental somatotopy

Here, we looked for somatotopy at the level of hemisegments, where a hemisegment

refers to the right or left half of a single segment. Comparing the output synapse locations of T3,
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A1, and A2 segment proprioceptors, all individual dorsal proprioceptor types (dbd, ddaD, ddaE,
and dmd1) display little overlap (Figure 2.2A, Supplementary Figure 3). Ventral proprioceptors
are an exception: (1) vbd synapses from A1 and A2 overlap in the A1 midline (Figure 2.2A,
arrowheads), and this pattern continues for vbd synapses from A2 and A3. (2) vpda synapses
from T3 and A1 overlap in a ventral-lateral region (Figure 2.2A), but the pattern does not
continue further posterior. We conclude that, in general, individual proprioceptors of the same
type have little overlap in their output synapse positions and thus observe hemisegmental
somatotopy.

2.2.3.3. Bipolar dendrite but not multi-dendritic class I output synapses are separated

within their morphological class

Proprioceptors comprise multiple morphological classes. At the body wall, dendrites from
neurons within a morphological class are well separated. Here, we ask whether a similar
separation applies to the outputs within the CNS. Among the morphological class of md cl
neurons (ddaE, ddaD, vpda), output synapses intermingle extensively (Figure 2.2C). ddaD and
ddaE synapses overlap in the ventral region of their shared axonal entry route. Within the central
domain, ddaD synapses also overlap extensively with ddaE and vpda synapses from the next
anterior segment (Supplementary Figure 2.1). By contrast, among bipolar dendrite neurons,
outputs are largely separated: dbd outputs remain at the dorsal margins of the central domain,
while most vbd outputs are either more ventral or medial than dbd outputs (Figure 2.2D).
Overall, we conclude that within-class separation of output synapse locations is seen for bipolar
dendrite, but not for md cl proprioceptors, and thus does not represent a general principle in

organizing proprioceptor outputs.
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2.2.3.4. Stretch receptors partially separate their outputs from those of contraction

receptors

Proprioceptive synapses might be organized centrally following their function, rather than
by morphological class per se. In many systems, morphological class and function are linked
(Tuthill and Azim, 2018), but in larval Drosophila, they are not. For instance, dbd and vbd are in
the same morphological class, but dbd is the only known stretch receptor among all
proprioceptors, including vbd (Vaadia et al., 2019). We compared dbd's output synapse locations
to those of the remaining five, contraction-sensing proprioceptors. dbd's outputs along the dorsal
axon entry route are well separated from those of other proprioceptors (Figure 2.2E). By
contrast, the remainder of dbd's outputs are in the Al central domain, in close proximity to
outputs of ddaD, dmd1, and occasionally vbd. Therefore, we see a partial separation of stretch
and contraction neuron outputs.

Overall, the main organizing principle that applies to all proprioceptors, regardless of
type, morphological class, or function, is hemisegmental somatotopy.

2.2.4. Proprioceptor output synapses display a convergent and divergent spatial

organization.

Information from a single proprioceptive sensor is rarely used in isolation; rather,
combinations of proprioceptors are thought to convey information about the state of a body
region (Boscoe and Poppele, 2001; Jankowska 2008). There is functional evidence in Drosophila
that proprioceptive information is used in combination (Hughes and Thomas, 2007). Further,
given our observations (Figure 2.1) that proprioceptors distribute their synapses widely along

their axons, including areas beyond the previously-described “central domain” (Figure 2.1;
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Merritt and Whitington, 1995; Zlatic et al., 2009), we expect proprioceptive information is likely
distributed and combined in space. We first examined adjacent segments to determine where
synapse outputs overlap in space (Figure 2.3A). There is extensive interdigitation across
segments, much of which seems to occur in the central domain region of each segment; e.g.,
outputs from both adjacent segments contribute to the A1 central domain. We next looked within
a single hemisegment (A1 L or R) at the outputs of the six proprioceptors from that hemisegment
to identify where these outputs converge (Figure 2.3B). We noticed convergence in the A1l
central domain and in multiple locations more ventrolateral and more posterior. Finally, we
combined these approaches to determine which neurons contribute to the cross-segment overlap
and in which spatial domains (Figure 2.3C), described below.

A1 proprioceptors contribute to six spatial domains (some of which also contain outputs
from T3 and/or A2 proprioceptors). For each domain, based on the neurons that contribute output
synapses, we reconstructed the domain's expected "receptive field" at the body wall (Figure
2.3D). The domains, their contributing proprioceptors, and predicted receptive fields are as
follows: (1) The dorsal domain in A1l receives information from only one A1 proprioceptor
(dbd), and forms along dbd's dorsal axonal entry route; this domain is predicted to contain
information about segment stretch. (2) The midline domain in A1 also receives information
from only one A1 proprioceptor (vbd), but forms at the distal tips of vbd axons rather than along
the proximal entry route. A2 vbd also contributes to this domain. The midline domain is
predicted to contain bilateral information about ventral contraction. In contrast to the dorsal and
midline domains, (3) the ventral-anterior and (4) ventral-posterior domains in A1 receive

information from multiple proprioceptors. These domains, which are along the ventral axonal
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Figure 2.3: Proprioceptor outputs converge in unique combinations in multiple spatial regions. A)
Two views of overlap in output synapses from segments T3-A2, colored according to diagram. B) Three
views of overlap in output synapses from all six left side proprioceptors in A1, colored according to
diagram. Right side outputs plotted in grey. C) Summary diagram of six spatial domains where unique
combinations of A1 proprioceptor outputs converge, names and contributing A1 proprioceptors given
beneath image. Note that some of these domains will also contain outputs from T3 or A2 proprioceptors.
D) Corresponding dendritic "receptive fields" of the six spatial domains in (C). Depicted for each spatial
domain are the segment and cell type identity of the neurons that typically contribute output synapses in
that area. Throughout: scale bars = 10 pm.
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entry routes, are predicted to contain information about dorsal contraction and ventral
contraction, respectively. (5) The central domain receives information from multiple A1l
proprioceptors and proprioceptors originating in adjacent body segments. This combination of
outputs is predicted to contain a complex mixture of information about the contraction of
multiple segment boundaries; because two of the contributing neurons are direction-selective (He
et al., 2019; Vaadia et al., 2019), the activity of outputs in this domain likely depends on the
direction of movement. (6) The central posterior domain is the final domain to contain
synapses from A1 proprioceptors; it is the equivalent of the A1 central domain but in the next
posterior segment (A2). The same predictions hold for this domain's receptive field and the
information it contains.

In general, we find complex patterns of proprioceptive information converging in space,
often along the axonal entry routes. Each proprioceptor contributes outputs to multiple spatial
domains, and most spatial domains contain only proprioceptive information from within the
segment, but the central domain contains information from multiple adjacent segments.

2.2.5. Few presynaptic inputs onto Drosophila larval proprioceptors

Presynaptic inhibition onto proprioceptive afferents is widespread across species (Clarac
and Cattaert, 1996; Rudomin and Schmidt, 1999; Azim and Seki, 2019). In many cases,
proprioceptive circuits use inhibition to scale the magnitude of incoming sensory signals, which
may be needed to encode a wide dynamic range and/or avoid fatiguing the sensors (Straka et al.,
2004; Skandalis et al., 2021; Tuthill and Azim, 2018; Gebehart et al., 2022). In addition,
inhibition of proprioceptive feedback may be needed to modify motor reflexes such that they do

not occur at inappropriate times (Eccles et al., 1962; Burrows, 1996; Rossignol et al., 2006; Fink
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Figure 2.4: Proprioceptors receive few input synapses. A) Two views of input synapses onto
proprioceptive neurons in T3, A1, and A2, colored by cell type according to diagram. Output synapses
from same neurons shown in grey. Scale bars = 10 pm. Dashed vertical line: midline. B) Paired bar plots
of input and output synapse counts for each proprioceptive neuron in Al. Dark bars: input synapse counts;
light bars: output synapse counts. Counts are shown independently for left and right side A1 neuron of
each type. C) Stacked bar plot of input synapses onto each proprioceptive neuron, summed across T3,
A1, and A2. Bottom bars (dark): total input synapses in T3-A2 from sensory neurons. Top bars (light):
total input synapses in T3-A2 from other (non-sensory or unidentified) neurons.

et al., 2014). Therefore, presynaptic inhibition is widely thought to be necessary for
proprioception, and it is reasonable to expect presynaptic inhibition of Drosophila
proprioceptors. However, remarkably, proprioceptors in A1 reportedly receive few presynaptic
inputs (Schneider-Mizell et al., 2016). To confirm and extend these findings, we looked for
presynaptic inputs onto Drosophila larval proprioceptors in other segments. Where possible, we

asked if inputs were likely to be excitatory or inhibitory. Compared to inputs, we confirm Al
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proprioceptors receive few inputs (Figure 2.4A-B) In A1, the most input synapses received by
any single proprioceptor is five (onto R side dmd1; Figure 2.4B). This pattern holds true across
segments (Appendix B, Table 1). Moreover, multiple proprioceptors do not appear to receive any
input synapses. On average, a proprioceptor's number of inputs is only 2% of the number of its
outputs. Indeed, the 34 proprioceptive neurons in segments T3, A1, and A2 receive only 38
synaptic inputs between them (Figure 2.4A). We find that the 38 synaptic inputs come from 32
presynaptic neurons, at least 15 of which are other sensory neurons (Figure 2.4C). Drosophila
somatosensory neurons are expected to be excitatory (Ohyama et al., 2015). In summary, we
confirm there are few input synapses onto proprioceptive neurons. Additionally, we find that
many presynaptic partners are most likely excitatory. Overall, there is little evidence for pre-
synaptic inhibition of larval proprioceptors.

2.2.6. Comparisons among somatosensory modalities

So far, we have uncovered three features that describe the anatomy of Drosophila larval
proprioceptors: (1) they form output synapses along axon routes into the nerve cord; (2) they
receive few presynaptic inputs; (3) individual proprioceptor types follow the principle of
hemisegmental somatotopy. Given that features 1 and 2 are both surprising and potentially
functionally significant (Clarac and Cattaert, 1996; Cover and Mathur, 2020), we next wanted to
see whether these features were common to other Drosophila larval somatosensors. Therefore,
we looked for the above three features in two additional classes of Drosophila larval
somatosensory neurons (Figure 2.1B): chordotonal neurons (“chordotonals") and class IV
multidendritic neurons ("md cIVs”) (Ghysen et al., 1986; Bodmer and Jan, 1987; Grueber et al.,

2002), which have been annotated in the connectome by other groups (Ohyama et al., 2015;

62



Jovanic et al., 2016). The chordotonals in abdominal body segments comprise seven neurons:
five lateral chordotonal (Ich) neurons, found in a cluster together at the body wall (Figure 2.5A);
one additional lateral chordotonal (v’ch); and two ventral chordotonals (vch) (Ghysen et al.,
1986). The md cIV neurons in abdominal body segments comprise three neurons; their highly
elaborate dendritic arbors tile most of the body surface (Figure 2.6A). Previous work has
characterized their axonal projections into the neuropil (Merritt and Whitington, 1995; Schrader
and Merritt, 2000; Grueber et al., 2007; Zlatic et al., 2009). Here, we evaluate the spatial
organization of their output synapses, focusing on comparing patterns to those found in
proprioceptors.

2.2.6.1. Compared to proprioceptors, other somatosensory neurons make fewer output

synapses along the proximal-distal axis of their central axon.

Having observed that proprioceptors form a substantial fraction of their output synapses
along axonal entry routes, we looked for the presence of chordotonal and md cIV output
synapses along these neurons' axonal entry routes. From the chordotonal neurons in A1, we
counted 11 output synapses along the incoming axon, compared to 846 total outputs (1.3%)
(Figure 2.5A-B). This percentage remains at 1.0% when including chordotonals in segments T3-
A2. Meanwhile, from the md cIV neurons in A1, we counted 4 output synapses along the
incoming axon, compared to 294 total outputs (1.3%) (Figure 2.6A-B), and this percentage
remains at 1.4% when including md cIV neurons in T3-A2. We conclude that, compared to
proprioceptors, both chordotonals and md IV neurons make few output synapses along their axon
routes into the central neuropil. The synapses along the axons thus appear to be a feature specific

to proprioceptors.
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Figure 2.5: Chordotonal (cho) neurons make fewer axonal outputs than proprioceptors, show
partial hemisegmental somatotopy, and receive more inputs than proprioceptors. A) Diagram of cho
dendrites at the body wall in segment A1, and two views of output synapses made by A1 cho neurons in
the CNS, colored according to diagram. Black (unfilled) arrowheads indicate locations of axonal output
synapses. B) Percentage of all output synapses that are made along the proximal axon (see Methods) by
each proprioceptive and cho neuron in Al. Left bars in each pair: left-side A1 neuron; right bars in each
pair: right-side A1 neuron. C) Top-down view of output synapses made by all cho neurons that have been
reconstructed in segments T3, A1, and A2, colored according to diagram. D) Top-down views of output
synapse locations for two example cho neurons in segments T3, A1, and A2. Proprioceptor output
synapses plotted in grey for comparison. E) Top-down view of input synapses onto all cho neurons in
segment A1, colored according to diagram. Output synapses made by the same neurons plotted in grey.

F) Paired, grouped bar plot of input and output synapse counts for each proprioceptive and chordotonal
neuron in A1l. Left bars in each pair (dark): input synapse counts; right bars in each pair (light): output
synapse counts. Left pair of bars in each group: left-side A1 neuron; right pair of bars in each group:
right-side A1 neuron. Throughout: scale bars = 10 um. Dashed vertical lines: midline.
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Figure 2.6: Class IV multidendritic (md cIV) neurons make fewer axonal outputs than
proprioceptors, show no hemisegmental somatotopy, and receive more inputs than proprioceptors.
A) Diagram of md clIV dendrites at the body wall in segment A1, and two views of output synapses made
by Al md cIV neurons in the CNS, colored according to diagram. Black (unfilled) arrowheads indicate
locations of axonal output synapses. B) Percentage of all output synapses that are made along the
proximal axon by each proprioceptive and md cIV neuron in A1l. Left bars in each pair: left-side A1l
neuron; right bars in each pair: right-side A1 neuron. C) Top-down view of output synapses made by all
md cIV neurons in segments T3, A1, and A2, colored according to diagram. D) Top-down views of
output synapse locations for the example md cIV neuron ddaC in segments T3, A1, and A2. Proprioceptor
output synapses plotted in grey for comparison. E) Top-down view of input synapses onto all md cIV
neurons in segment A1, colored according to diagram. Output synapses made by the same neurons plotted
in grey. F) Paired bar plot of input and output synapse counts for each proprioceptive and md cIV neuron
in Al. Left bars in each pair (dark): input synapse counts; right bars in each pair (light): output synapse
counts. Left pair of bars in each group: left-side A1 neuron; right pair of bars in each group: right-side A1
neuron. Throughout: scale bars = 10 um. Dashed vertical lines: midline.
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2.2.6.2. Comparison of somatotopic organization of neurons from one class

We next asked whether hemisegmental somatotopy applies to chordotonal neurons. First,
we characterized the outputs of left-right chordotonals originating in segment A1. Chordotonal
synapses are organized into columns that run anteroposterior, closely resembling their previously
characterized axonal trajectories (Merritt and Whitington, 1995). The outputs from Al
chordotonal neurons largely remain within the A1 neuropil segment and never cross the midline
(Figure 2.5A). This columnar form of spatial organization is unlike any form of organization
displayed by the Drosophila larval proprioceptors. Next, we mapped output synapses from
chordotonal neurons in three adjacent segments, T3-A2. Some, but not all, chordotonal neurons
in these segments restrict their outputs to their own segment of neuropil (Figure 2.5C-D,
Supplementary Figure 2.4); We also found extensive overlap across segments for many
chordotonals originating in segments posterior to A2 (not shown). However, hemisegmental
somatotopy is present for a subset of chordotonal neurons (Ich5-1 and Ich5-3: Supplementary
Figure 2.4). We conclude that hemisegmental somatotopy is less common among chordotonals
compared to proprioceptors.

We performed the same set of analyses for md cIV neurons. First, outputs from all three
md cIV neurons originating in segment Al intermingle extensively (Figure 2.6A). This is
reminiscent of the spatial organization of proprioceptors belonging to md cI (ddaD, ddaE, and
vpda), but not other types of proprioceptors. Further, md cIV neurons rarely restrict their outputs
to a single segment of neuropil (Figure 2.6C-D, Supplementary Figure 2.5); instead, outputs
from adjacent segments overlap both lateral to and at/across the midline (Supplementary Figure

2.5). We checked this pattern for md cIV neurons annotated in other segments thus far and
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confirmed that the general rule is for a neuron to form synapses across its own segment of
neuropil, plus at least one adjacent segment (not shown). We therefore see no evidence of
hemisegmental somatotopy among md cIVs, in contrast to proprioceptors.

We conclude that hemisegmental somatotopy is present for outputs from a subset of
chordotonal neurons and absent for outputs from md cIV neurons. This feature, which was
common among proprioceptors (except for vbd), is therefore not a general feature of
somatosensory neurons.

2.2.6.3. Most Drosophila larval somatosensory neurons have abundant presynaptic input.

As noted earlier, presynaptic input onto sensory neurons is a common feature of many
sensory systems. However, there are a small number of presynaptic inputs onto larval
proprioceptors (Fig. 2.4B). To test whether this small number of input synapses is a general
feature of larval somatosensory processing, we investigated the inputs onto chordotonal and md
cIV neurons. These analyses confirm and extend those of Jovanic et al. (2016) and Gerhard et al.
(2017). First, we visualized the input synapses onto chordotonal and md cIV neurons in segments
T3, Al, and A2. Compared to proprioceptors (Figure 2.4A), chordotonal and md cIV neurons
receive input synapses broadly throughout their arbors (Figure 2.5E, 2.6E). Next, we quantified
the total input and output synapses for chordotonal and md cIV neurons in segment A1, as this
segment has a complete set of reconstructed sensory neurons (Figure 2.5F, 2.6F; Appendix B,
Table 2.) While overall numbers of output synapses are comparable in magnitude across each of
the three classes— proprioceptors, chordotonals and md ¢VIs—the numbers of input synapses
are much smaller among proprioceptors than among the other two classes. As a result, the ratio

of input to output synapses is also noticeably smaller for proprioceptors. While the mean input-

67



to-output ratio for A1 proprioceptors (expressed as a percentage) is only 2.6%, for Al
chordotonals it is 54.4%, and for A1 md cIVs it is 30.9%. The relative lack of presynaptic input
appears to be a unique feature of larval proprioceptors.

In summary, we identify unique anatomical features of larval proprioceptive neurons that
set them apart from other somatosensors: (1) they form output synapses along axon routes into
the nerve cord; (2) they receive very few presynaptic inputs; (3) individual proprioceptor types
follow the principle of hemisegmental somatotopy.

2.2.7. A subset of dorsal proximal output synapses belong to monosynaptic reflex arcs

from proprioceptors to motor neurons.

Among the best-characterized circuits in neuroscience are monosynaptic reflex arcs
between proprioceptors and motor neurons, which are important in many systems for the fast
retraction or stabilization of limbs (Azim and Tuthill, 2018). However, in non-limbed animals,
few direct connections between proprioceptors and motor neurons have been described. A
notable exception is a caterpillar, Manduca sexta, in which proprioceptor-to-motor neuron direct
connections have been reported (Tamarkin and Levine, 1996). Because the proximal output
synapses are an unusual feature of proprioceptors (compared to chordotonals and md cIVs), we
asked whether their presence might be accounted for by direct connections to motor neurons. In
other words, are the three proximal domains (dorsal, ventral-anterior, and ventral-posterior
domains) the locations of monosynaptic connections between sensory and motor neurons?

We looked for synapses from proprioceptors onto motor neurons from A1, the only
segment in which motor neurons have been comprehensively reconstructed and annotated (Zarin

et al., 2019). Other authors have reported a small number of direct connections from dbd neurons
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Figure 2.7: Subset of dorsal domain output synapses form monosynaptic reflex arcs onto motor
neurons. A) Two views of all output synapses made by A1 proprioceptive neurons. Synapses onto motor
neurons colored in blue. B) Stacked bar plot of output synapses in the three proximal axonal domains.
Darker bars: synapses that contact motor neurons. Lighter bars: synapses that do not contact motor
neurons. Counts for left- and right-side domains given separately. C) Counts of A1 motor neurons
receiving 0, 1, 2, or 3 input synapses from proprioceptors. No motor neuron received more than 3 such
input synapses. D) Table of proprioceptor synapse counts onto the seven motor neurons receiving direct
proprioceptor input. Note that dbd accounts for all proprioceptor input. Rightmost column: percentage of
all input synapses onto the motor neurons that come from dbdL/R. Bottom row: percentage of all output
synapses made by dbd L and dbd R that are onto motor neurons. E) Diagram of muscle targets of the two
A1 motor neurons receiving bilateral proprioceptor input. Lighter blue: RP2 targets, dorsal muscles 1, 2,
3,4,9,10, 19, 20 (Hoang and Chiba, 2001). Darker blue: MN-4 target, dorsal muscle 4. Although dbd is
shown for reference in the adjacent segment, dbd's motor neuron targets (and their muscle targets) are all
located in the same segment. Throughout: scale bars = 10 um. Dashed vertical lines: midline.

to motor neurons (Schneider-Mizell et al., 2016; Zarin and colleagues in a 2019 preprint); we

reviewed these annotations to double-check for any missing proprioceptor to motor neuron
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synapses. We could find only one additional synapse from proprioceptors in A1 onto motor
neurons, bringing the reported total from 10 to 11 (Figure 2.7). We confirmed that, in this EM
dataset, no connections are reported between chordotonal or md IV neurons and motor neurons
(data not shown).

We found that, of the three proximal domains, only synapses in the dorsal domain
innervated A1 motor neurons (Figure 2.7A-B). As this domain exclusively contains output
synapses from dbd, we confirmed that only dbd proprioceptive neurons directly synapse onto
motor neurons in Al. Of the 12 proximal synapses in the left-side dorsal domain, 5 contact motor
neurons, or 42%. (These 5 output synapses innervate 6 motor neurons; in Drosophila larvae, one
pre-synapse typically contacts multiple post-synaptic neurons.) Of the 16 proximal synapses in
the right-side dorsal domain, 4 contact motor neurons, or 25%.

We conclude that synapses onto motor neurons can only account for a small fraction of
the proprioceptors' proximal axonal synapses, and only from dbd neurons.

2.2.7.1. Direct connections from proprioceptors to motor neurons show the expected

connectivity for a monosynaptic reflex arc.

We next asked whether the synapses from proprioceptors onto motor neurons show the
expected connectivity for monosynaptic reflex arcs. Monosynaptic reflex arcs typically enable
"corrective" reflexes: for instance, when proprioceptive feedback signaling an increase in muscle
stretch (e.g., from muscle spindles) causes increased activation of motor neurons that innervate
the muscle in question, counteracting the stretch (Rossignol et al., 2005). Similarly, since the
only monosynaptic sensory-to-motor connections observed so far in larvae are from dbd neurons,

which are dorsally-positioned longitudinal stretch sensors (Schrader and Merritt, 2000; Suslak
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and Jarmon, 2015), we might expect the motor neuron targets to be those that innervate dorsal
longitudinal muscles, whose elongation would promote dbd activity and whose contraction
would inhibit dbd activity.

We therefore evaluated which motor neurons received input from dbd in A1 R and L. Of
all 56 motor neurons with complete annotations in A1, 49 received no dbd input (Figure 2.7C). 4
motor neurons received a single input synapse, and only 3 received more than one input synapse.
These synapse counts are low: dbd input accounted for no more than 1.5% of any motor neuron's
inputs, and conversely, synapses onto motor neurons (combined) accounted for less than 1.5% of
all dbd output synapses.

The identities of the motor neurons receiving any dbd inputs are shown in Figure 2.7D.
Only two motor neurons received dbd inputs on both sides of the midline: both left- and right-
side RP2 and MN-4 motor neurons received synapses from the ipsilateral dbd neuron. Because
they are consistent on both sides, we consider these synaptic partnerships more likely to be
genetically prespecified and to recur in other body segments (Ohyama et al., 2015). In support of
this conjecture, we looked for the (incompletely reconstructed) RP2 motor neuron in two
additional hemisegments, T3L and A2R, and confirmed the existence of a small number of
synapses from dbd onto RP2 in these hemisegments (data not shown). Both MN-4 and RP2 show
the expected connectivity for a stretch-countering reflex arc: MN-4 innervates a lateral
longitudinal muscle close to dbd's dendritic field. RP2, also known as the dorsal type Is motor
neuron, innervates several dorsal muscles (Figure 2.7E). Activity of either motor neuron could,
presumably, cause the body segment to shorten along the longitudinal axis and counter the

stretch sensed by dbd.
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Finally, we note that the three A1 motor neurons receiving dbd inputs on just one side of
the midline, MN-1, MN-18, and MN-21/22, all innervate dorsal muscles (Hoang and Chiba,
2001); however, MN-18 and MN-21/22 innervate muscles with a transverse orientation, whose
contraction would not directly counter longitudinal stretch.

We conclude that the synapses from dbds onto motor neurons in A1, while few in

number, generally show the expected connectivity for a monosynaptic reflex arc.

2.3. Discussion

Circuits that process proprioceptive information are essential to locomotor control. In this
study, we describe the anatomical organization of the first stage of proprioceptive processing
circuits: the input and output synapses of proprioceptors. We identified four anatomical features
that differentiate Drosophila larval proprioceptors (Figures 2.1-2.4) from other somatosensory
neurons (Figures 2.5 and 2.6). (1) All Drosophila larval proprioceptors project to a region of the
CNS that is dorsal to other somatosensory projections, in agreement with previous reports
(Merritt & Whitington, 1995; Schrader and Merritt 2000; Zlatic et al., 2009). All but vbd project
to a common region, the "central domain" (Figures 2.1, 2.3). (2) Nearly all proprioceptor types
display hemisegmental somatotopy, meaning their own outputs do not cross the midline and tend
to repeat, but do not overlap, across adjacent segments (Figure 2.2). (3) Drosophila larval
proprioceptors make proximal and distal output synapses along the axon, leading to the complex
mapping of proprioceptive outputs into multiple spatial domains (Figures 2.1, 2.3). The presence
of proximal output synapses in proprioceptors cannot be explained by these neurons' connections

to motor neurons. (4) Drosophila larval proprioceptors receive few presynaptic inputs, in

72



agreement with previous reports (Schneider-Mizell et al., 2016), and we newly conclude that few
inputs are inhibitory (Figure 2.4). In summary, we have described the spatial logic and distinctive
features that characterize the organization of Drosophila larval proprioceptive synapses.

2.3.1. Potential limitations of our mapping efforts

Here, we focus on six proprioceptive neurons: dbd, vbd, ddaD, ddaE, vpda, and dmd1
(Ghysen et al., 1986; Orgogozo and Grueber, 2005). We do not wish to argue that these are the
only neurons that sense proprioceptive information in the Drosophila larva. We focus on this set
because they are widely agreed to be proprioceptive in nature (Tamarkin and Levine, 1996;
Simon and Trimmer 2009; He et al., 2019; Vaadia et al., 2019). However, in adult insects,
chordotonal neurons are proprioceptive (Burrows, 1996; Field and Matheson, 1998; Mamiya et
al., 2018), and in larvae, chordotonal and md cIV neurons may respond to self-movement
(Ainsley et al., 2003; Caldwell et al., 2003; Song et al., 2007). Significant anatomical differences
exist between the six “proprioceptive neurons,” chordotonal neurons, and md cIV neurons. These
differences do not rule out that chordotonal or md cIV neurons encode proprioceptive
information, but they do raise questions about how different anatomies arise during development
and how they contribute to different circuit-level properties.

This study takes advantage of an EM dataset of the larval CNS to gain nanometer-
resolution insight into the cell biological, morphological, and spatial features of proprioceptive
neurons. We use EM data to generate a detailed map of larval proprioceptor inputs and outputs
across three body segments, the most complete map of its kind. However, EM datasets come
with their own set of limitations (Morgan and Lichtman, 2013): first, we cannot assume synapses

are functional or determine their strengths, which might lead us to overlook patterns related to
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functional connectivity. Second, reconstructions are subject to occasional annotation errors.
Lastly, the EM dataset is from one animal at one developmental stage and may reflect
idiosyncrasies in this animal's development or transient patterns (e.g., synapses that will be
pruned over time; although see Gerhard et al., 2017).

Finally, we have not described proprioceptors' postsynaptic partners in this study, leaving
open many important lines of follow-up inquiry (see below). The number of postsynaptic
partners is likely to be in the hundreds, as in Drosophila, each presynaptic site can contact
multiple postsynaptic sites, each potentially belonging to a unique neuron.

2.3.2. Novel insights into proprioceptor output synaptic divergence and convergence

Proprioceptive processing circuits have long been thought to be characterized by the
properties of divergence and convergence (Bosco and Poppele, 2001; Jankowska, 2008; Tuthill
and Azim, 2018). At the anatomical level, divergence and convergence have largely been
understood by examining the projection patterns of individual proprioceptor afterents, leading to
identification of regions of the CNS innervated by different sensory types (Eccles et al., 1957;
Murphey et al., 1985; Merritt and Whitington, 1995; Smith and Shepherd, 1996; Niu et al., 2013;
Lai et al., 2016). In this study, thanks to the larval EM dataset, we can demonstrate the existence
of both convergence and divergence at the level of proprioceptive outputs in space and describe
patterns in how specific proprioceptor types converge and diverge at this level. These
descriptions are a first step in unraveling the spatial complexity of the larval proprioceptive
system and extracting organizational principles, discussed below.

Divergence: Anatomical divergence of larval proprioceptive output synapses is

underpinned by two main strategies.
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First, hemisegmental somatotopy segregates the outputs of (most) proprioceptive types
across adjacent segments. Hemisegmental somatotopy may be important from the point of view
of downstream partners. A limited number of downstream partners have been identified in other
studies, including both local interneurons (e.g., Jaam neurons) and intersegmental interneurons
(e.g., late-born Even-skipped Lateral (EL) interneurons; Heckscher et al., 2015). The presence of
both local and intersegmental downstream partners implies that proprioceptive information is
likely both to be used within a segment and to be simultaneously distributed to other segments.
In the case of local downstream neurons, whose dendrites are largely restricted to one segment of
neuropil, a matching restriction of partner proprioceptor synapses could help establish
segmentally-repeated circuits that are responsible for the local implementation of a
proprioceptive processing computation (Thomas et al., 1984; Clark et al., 2018). Such local
computations have been suggested for, e.g., computing a local bending angle or correcting left-
right asymmetries (Heckscher et al., 2015; Vaadia et al., 2019). Other somatosensory neurons
(e.g., nociceptors) do not respect the principle of hemisegmental somatotopy, implying that such
local output restrictions may be more important for proprioceptive processing than for other
somatosensory processing circuits.

Second, individual proprioceptors distribute output synapses along their axons at both
proximal and distal locations. In the case of dbd, only the proximal synapses contact motor
neurons (Figure 2.7), suggesting a potential separation of downstream partners by synapse
location. However, we cannot currently determine whether this finding is the exception or the
rule. Furthermore, most proprioceptor types distribute synapses into multiple domains, one of

which is typically the central domain (Figure 2.3 for domain definitions). The exception is vbd,
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whose outputs are not distributed to the central domain but instead contribute to the midline
domain. This raises the additional question of why vbd alone locates its outputs in this region:
does it participate in distinct proprioceptive processing circuits from other proprioceptors?
Future analysis of downstream partners should help resolve these questions.

Convergence: Anatomical convergence of output synapses reveals interesting patterns
regarding what proprioceptive information could be combined in space. There are six
proprioceptor types in Drosophila larvae, whose outputs could be spatially combined in many
patterns. However, given the total number of possibilities, we find evidence for a rather limited
number of combinations. Five domains consist of interdigitated outputs from multiple
proprioceptor types (Figure 2.3). Only in the central and midline domains are outputs combined
from multiple segments. Furthermore, in these domains, we do not see indiscriminate mixing of
all proprioceptors; rather, some proprioceptors appear to "skip" the domains in their own
segment of neuropil and form outputs only in adjacent segments. The limited number of output
combinations and specificity in how neurons converge across segments may indicate
combinations of feedback signals that are important to integrate into downstream circuits
(Levinsson et al., 2002; Willis Jr. and Coggeshall, 2012). For instance, in the case of the central
domain, convergence may create an area where locomotor-related proprioceptive feedback is
integrated. Outputs in this domain likely encode information related to contraction of the current
segment (dmd1), as well as information about the movement of either of the adjacent boundaries:
movement forward of the anterior boundary (ddaE, and plausibly vpda, from the anterior

segment), or movement backward of the posterior boundary (ddaD from the posterior segment)
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(He et al., 2019; Vaadia et al., 2019). This information could signal that a locomotor wave is
progressing from the segment in question into the next.

Using our current dataset, in which a large fraction of proprioceptors' downstream targets
have yet to be identified and reconstructed, we cannot currently confirm whether spatial
convergence corresponds to shared downstream target neurons or, conversely, whether spatial
divergence leads to unique downstream neurons. This lacuna leaves many interesting questions
to be answered. For instance, how unique are the downstream target neurons that receive input
from each distinct spatial domain? Is spatially divergent proprioceptive information kept
separated at the level of these second-order interneurons, or instead combined by these neurons
across spatial domains and/or hemisegments? A few examples have already been described of
downstream interneurons that make their own outputs on both sides of the midline and/or across
segment boundaries, including some of the Even-skipped Lateral neurons (Heckscher et al.,
2015) and the A27h neuron (Fushiki et al., 2016), both of which contribute to coordinating
(hemi-)segmental contractions during locomotion. Examples are also known of downstream
interneurons, such as Jaam interneurons, that receive proprioceptive inputs from both the left and
right side of a segment (Heckscher et al., 2015). Either type of second-order interneuron
connectivity could quickly combine proprioceptive information that was spatially segregated at
the level of sensory outputs. We note that, even in cases where downstream target neurons
combine information across multiple spatial domains (such as the Jaam neurons), the local
divergence/convergence of proprioceptive subtypes we describe may still be important for local
dendritic computations (Clarac and Cattaert, 1996, Hao et al., 2009; Pouille et al., 2013; Wilson,

2013).
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Thus, from the functional perspective, an important next step will be to identify and
reconstruct all downstream targets of proprioceptive neurons. This will help elucidate the extent
to which spatial convergence and divergence of proprioceptive synapses actually represent
integration or distribution of proprioceptive signals, respectively. From the developmental
perspective, an important next step will be to understand the genetic control of synapse
placement, in cases both of convergence and divergence.

2.3.3. Little pre-synaptic inhibition onto larval proprioceptors

Presynaptic inhibition has been repeatedly described across proprioceptive systems and is
considered a near-universal feature of proprioceptive sensory processing (Rudomin and Schmidt,
1999; Tuthill and Azim, 2018). Presynaptic inhibition of proprioceptive feedback is thought to
play many roles in motor control, including reducing the gain of proprioceptive signals,
stabilizing reflexes, and preventing oscillations that could otherwise be caused by delayed
feedback (Rudomin and Schmidt, 1999; Rossignol et al., 2006; Windhorst, 2007, Fink et al.,
2014). Here, we found few inputs to proprioceptors alongside evidence that many inputs are
excitatory rather than inhibitory (Figure 2.4). This suggests that larval proprioceptors are
distinctive, likely being subject to little to no presynaptic inhibitory control. What aspects of
Drosophila larval body or behavior could explain this? In contrast to most proprioceptive
systems that have been studied in depth (e.g., adult fly, larvae lack limbs; they move primarily
using peristaltic contractions of consecutive body segments (Heckscher et al., 2012). This
difference in body form and locomotor strategy could lead to differences in the organization of
locomotor circuits that obviate the need for reflex stabilization or phase-dependent gating.

Indeed, the "mission accomplished" model proposed for the role of proprioceptive feedback in
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larval locomotion does not apparently depend on presynaptic inhibition (Hughes and Thomas,
2007; Pehlevan et al., 2016). Alternatively, gain control may be important for some aspects of
proprioceptive processing but implemented without presynaptic inhibition: via properties of the
sensory neurons themselves or of their interaction with the body that reduce synaptic
transmission depending on the animal's behavioral state or the neuron's firing history (Tuthill and
Azim, 2018; Dickerson et al., 2021). Future modeling and experiments are needed to determine
what properties of proprioceptors, or properties of proprioceptive processing, differentiate this
sensory modality in larvae from other somatosensory modalities.

2.3.4. Conclusion

Altogether, our results provide the most comprehensive and detailed map to date of a
proprioceptive system's earliest stage of central organization. This map opens the door to
developmental and functional studies that will ultimately elucidate the relationship between the
anatomical and functional organization of proprioceptive networks, a relationship that is

fundamental for understanding how proprioception contributes to larval motor control.

2.4. Materials and Methods
Dataset

The electron micrograph/connectome dataset used in this study is a CNS reconstruction
from a 6-hr-old first-instar larva, first described in Ohyama et al., 2015.
Defining proprioceptive, chordotonal, class IV multidendritic, motor neurons

In general, we used the names assigned by annotators to assign reconstructed skeletons

and the nodes attached to them into classes, as follows: Proprioceptive neurons: names
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beginning with "dbd", "vbd", "ddaD", "ddaE", "vpda", or “dmd1". Chordotonal neurons: names
beginning with "Ich5", "v'ch", or "vch". md cIV neurons: names beginning with "ddaC", "v'ada",
or "vdaB". Motor neurons: names beginning with "MN", which we further restricted to
completely reconstructed, published motor neurons from segment A1l (see below).

We report on 138 total neurons. 104 were previously published, and 34 are new to this
publication. See Supplementary Table 1 (Appendix B) for details. To confirm the identities of
unpublished neurons, we compared their morphology to light level examples (Grueber et al.
2007, Grueber et al. 2002, Merritt and Whitington 1995, and Schrader and Merritt 2000). For
details of matching neurons in light-level data, see both Wang et al., 2022 and Wreden et al.,
2017. In addition, we compared each neuron in other segments to the A1 example of the same
name and to the its left-right hemisegment sister neuron. The skeletons of identified neurons
were reviewed to greater than 90% (with the exception of some published motor neurons).

Data processing and analyses

Connectomic information, including synapse ("node") locations and presynaptic and
postsynaptic neuron identities, was extracted from CATMAID using the pymaid library (https://
github.com/navis-org/pymaid).

Visual representations of synapse locations were made either using MATLAB or using
CATMALID's 3D viewer tool. All "output" node locations plotted were presynaptic node locations
(corresponding to the location annotated for the sensory neuron). All "input" node locations

plotted, conversely, were postsynaptic node locations.
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Other analyses were performed using MATLAB. MATLAB code for the visualizations
and analyses will be made available on our Github at (github.com/HeckscherLab/proprio-
synapse-org).

Defining segment and side

We restricted visualizations and analyses using information about a neuron's segment and

side of origin, which we likewise obtained from the names assigned by annotators. We searched

'

names for a tag containing segment and side, e.g., " alr". For all counts of input and output

synapses, neurons were restricted either to those in T3, A1, and A2, or to those in A1 alone.
Defining sensory inputs

To obtain the population of sensory neurons that synapse onto proprioceptors/
chordotonals/md cIVs (Figures 4, 5, and 6), we defined sensory neurons as follows:
1. Any proprioceptor, chordotonal, or md cIV neuron, as defined above.
2. Additionally include any "es" neuron: any names beginning with "les", "v'es", or "ves".
3. Additionally include any miscellaneous (partially identified) sensory neuron: any names
containing the terms "(class I)", "(class 1)", or "sensory".

Finally, we manually inspected the list of returned neuron names that met these criteria,
to ensure that no obviously non-sensory neurons were accidentally returned.
Defining spatial domains

Spatial domains formed by A1 output synapses were determined by eye, using the
following criteria:

Dorsal domain: all synapses proximal to where the dbd axon projects ventrally, in a

more-or-less vertical line. (See below for corresponding coordinates.)
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Ventral domains: all synapses proximal to where the axons turns to project dorsally (or
anteriorly, in the case of the vbd axon). (See below for corresponding coordinates.) A gap of
about one micron in the Z (A-P) axis separates the clusters of synapses assigned to ventral-
anterior vs. ventral-posterior domains.

On the left side, A1L synapses assigned to any of the dorsal or ventral axonal domains
correspond to those lateral to (greater than) X = 65000 nm, in CATMAID coordinates.

On the right side, A1R synapses assigned to the dorsal domain correspond to those dorsal to (less
than) Y = 67000 nm. A1R synapses assigned to the two ventral domains lie lateral and ventral to
a line drawn through (48000, 85000) and (38000, 75000) in the X,Y plane.

Midline domain: all synapses medial to the major antero-posterior tracts of the central
domains. This corresponds to synapses with X positions between 53000 and 58500.

Central domain: synapses distal to the dorsal or ventral domains that group together in a

cluster towards the medial part of the A1 neuropil.
This corresponds to synapses encompassed by the following ranges: X positions between 58500
and 65000 (L), or between 47000 and 53000 (R); Y positions (D-V) between 68000 and 84000;
Z positions between 115000 and 125000.

Central posterior domain: all synapses posterior to the A1 segment of neuropil, with Z

positions posterior to (greater than) 130000.
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CHAPTER 3
STUDYING DROSOPHILA LARVAL BEHAVIOR IN AGAROSE

CHANNELS

This chapter originally appeared, in modified form, as the following publication:

Greaney, M.R., Heckscher, E.S., 2024. Studying Drosophila Larval Behavior in Agarose
Channels. Cold Spring Harb Protoc. doi: 10.1101/pdb.prot108420

Author Contributions: The author of this dissertation developed the methods related to channel

design and channel mold manufacturing, designed the coverslip holder used in the inverted

imaging setup, developed the troubleshooting steps, and wrote the manuscript.

3.1. Abstract

Larvae of the fruit fly Drosophila melanogaster are a popular and tractable model system
for studying the development and function of sensorimotor circuits, thanks to the relative
numerical simplicity of their nervous system and the wealth of genetic tools to manipulate the
anatomy, activity, and function of specific cell types. Researchers studying the role of a particular
gene or cell type in sensorimotor circuit activity or function may wish to observe the effects of an
experimental manipulation during behavior in the intact animal. Observing these effects, which
may include changes in the calcium activity or movement of small numbers of neurons, muscles,
etc., typically requires high-spatial-resolution imaging, which poses several difficulties in the
freely-crawling larva. Freely-crawling larvae can move quickly and with changeable heading,

making manual or automatic tracking challenging; additionally, they may make three-
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dimensional movements, such as rearing, that can degrade imaging focus. These challenges are
potentially solvable using advanced imaging and algorithmic tracking set-ups; but cost, space, or
development time may be prohibitive. This protocol describes a simple and cost-effective
method for placing larvae inside agarose channels, thereby restricting larval crawling to a single
dimension and enabling higher-magnification time-series imaging of fluorescently-labeled
structures during many cycles of locomotion. By using larvae that express fluorescent calcium
indicators in cells of interest, researchers can apply this method to study the effects of

experimental manipulations on neural or muscular activity during behavior in the intact animal.

3.2. Materials

Reagents

Agarose (e.g., Genesee 20-101)

Compressed canned air (e.g., Office Depot 911245)

Drosophila adults (greater than 15 adult females and approximately half that number of males)
Select genotypes to generate larval offspring with the fluorescent protein of interest
expressed in the cells of interest. For example, to visualize muscle cells, cross one set of
parents from a driver line that expresses in muscles, such as Mef2-GAL4 (BDSC 41258),
to the other set of parents from a responder line encoding a fluorophore, such as UAS-
EGFP (BDSC 5428); alternatively, use a fly line encoding a fluorophore-tagged protein
that already expresses in muscles, such as MHC-GFP (myosin heavy chain, which is
enriched in muscles, tagged with GFP; BDSC 38462). To visualize calcium dynamics,
use a responder line or other transgenic line encoding a calcium indicator, such as UAS-
JGCaMP7c¢ (BDSC 79030) or UAS-Gerry (GCaMP tethered to mCherry, BDSC 8§024).
To correct for motion artifacts that occur while the larva crawls, we recommend choosing
Gerry or a ratiometric calcium indicator rather than a single-channel indicator like a
GCaMP (see Discussion section "Cellular Activity Data").

Drosophila apple juice-agar plates (see Appendix D)

Fly food in vials (see Appendix D)

Isopropyl alcohol

Live yeast paste (see Appendix D)

Sylgard 184 (Electron Microscopy Sciences 24236-10)

Water (double-distilled or milli-Q purified)
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Equipment

Channel molds
These can be generated via photolithography, laser cutting/etching, or 3D printing.
Templates of channel molds are available upon request from the Heckscher Lab.
Instructions for 3D printing channel molds are provided in Steps 4-6. For additional
details, see Discussion.

Collection chamber
Prepare by using a syringe needle (16-21 gauge) to punch holes in a square-bottomed
polyethylene Drosophila bottle (Genesee Scientific 32-130 or 32-131), to allow for air
exchange.

Coverslip (e.g., Fisherbrand 112-541-020)
The size and thickness of the coverslip depend on the specific microscope used for
imaging.

Humidified chamber (a plastic bin large enough to hold a collection chamber, containing a wet

paper towel as a source of humidity)

Microscope capable of recording time-lapse images of fluorescent samples

Microscope slide (standard glass variety), if using upright imaging.

Microscope slide with coverslip-thick region (e.g., Ibidi 80177) OR with slot to hold coverslip

(e.g., EMS 72268-01), if using inverted imaging.
Template .stl files to 3D print a microscope slide with an open slot to hold a coverslip can
be obtained upon request from the Heckscher Lab.

Microwave oven

Paint brush (e.g., Ted Pella red sable #3)

Paper towels

Petri dishes (35- x 10-mm, 60- x 10-mm round)

Razor blade

Ruler (micrometer resolution; e.g., View Solutions RT20221102)

Spatula (small, metal with flat blade)

Tape (general-purpose lab tape)

Wide or blunt forceps

3.3. Method
In this protocol, users will image fluorescent larvae crawling in a restrictive agarose
channel to study movement patterns. First, mating flies will be placed in a collection chamber to

collect fluorescent larvae. Collected larvae will be placed in agarose channels. Their movement

86



in the channel will be imaged over time on a microscope. The resulting movies are analyzed for
movement parameters.

3.3.1. Production of negative channel molds

See Discussion (sections on "Channel Design" and "Channel Mold Manufacturing") for
information about producing molds. If the molds for agarose channels were produced using
photolithography or laser etching, they will be "positive" molds with the grooves going into the
mold rather than sticking out: the same configuration as the agarose channels. In this case, to cast
agarose channels (Step 12), an intermediate "negative" mold with the grooves sticking out must
be created in PDMS (e.g., Sylgard 184). Alternatively, negative molds can be created directly
using 3D printing. Steps 1-3 below provide instructions for creating an intermediate Sylgard
mold against an etched positive template; Steps 4-6 below provide instructions for 3D printing a
negative mold.

Creating the Intermediate Negative Mold Using Sylgard

The user should already have a positive mold generated using photolithography or laser

etching. (See Discussion section "Channel Mold Manufacturing.”)

1. Mix Sylgard 184 according to the manufacturer’s instructions to create a negative cast
of the positive mold.

2. Pour a thin layer (~2-5 mm) of Sylgard over a positive mold placed in a wide,
disposable container (e.g., 60-mm plastic Petri dish). Keep the original mold in the center of the
container to minimize curvature caused by a meniscus.

3. Allow mold to fully cure before using it to cast agarose channels (Step 12). Curing of

Sylgard takes multiple days at room temperature or may be sped up using heat sources.
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Creating Negative Molds Using 3D Printing

These steps assume access to and materials for a 3D printer; both are commonly

available from academic and commercial fabrication labs.

4. Generate/obtain a three-dimensional template for use in 3D printing. 3D models can be
created using software such as Blender (open source software, blender.org), Sketchup (Trimble,
Inc.) or Tinkercad (Autodesk, Inc.). Specifications of the template will depend on the 3D printing
hardware available: most 3D printers accept a variety of file types, including "standard tesselated
geometry" (.stl) fomats, and can print objects with a range of resolutions.

Example template .stl files can be obtained upon request from the Heckscher lab.

5. Print the molds according to the instructions for using the 3D printer. Instructions and
additional materials required will vary by hardware model.

6. Estimate the true dimensions of the printed channels, which may deviate somewhat
from the original template dimensions. Size estimates can be performed using a micrometer
ruler. Depth estimates are likely to be less precise than length and width estimates, but can be
made by (e.g.) holding a piece of paper vertically next to the channels with the bottom edge flush
against the printed base of the mold, marking a line to indicate how high the channels rise above
the printed base, and measuring the distance between that line and the bottom edge of the paper.
We recommend averaging several measurements to estimate each dimension.

3.3.2. Collection of larvae

7. Approximately one wk before recording larval behavior, set up a cross in a standard fly

food vial. Cross adult flies with the desired genotypes in a 1:2 to 1:3 ratio of males to females.
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Ideally, use a minimum of 15 virgin females; add more animals if the desired larval
genotype will be rare in the population. See Reagents section for notes on selection of
adult genotypes.

8. Approximately 5 d before recording, knock the flies into a collection chamber (2-3 d
after the initial mating). First, prepare an apple juice agar cap by placing a dab (0.5-1 mL) of
yeast paste in the center of the juice agar cap using a small spatula. After the cap is prepared, add
the adult flies into the chamber, then use the yeasted cap to close the chamber, with the juice
agar/yeast side facing the interior of the chamber. Tape the cap to the top of the collection
chamber to secure it. Maintain collection chambers, apple juice cap down (upside down), in a
humidified container within a 25°C incubator. From this time on, change apple juice cap once
daily.

The agar/juice cap and yeast paste provide food for the adult flies and a substrate for

females to lay eggs.

9. At least 2 d before recording, remove the cap and place a new, yeasted cap on the
chamber. We recommend changing caps every 24 h, or after a shorter period (e.g., 1 h) if it is
important that larval age is precisely known during imaging. After releasing a lid, label it with
the date, collection time, temperature, and genotype. Examine it to confirm eggs have been laid.

Expect >200 eggs for a 24 h collection. It may take a few days in the collection chamber

before the flies lay at a maximum rate.

Immediately after removing a cap from a 24 h collection, one should see a few newly

hatched larvae, which will be found away from the yeast paste.
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10. Individually store each removed cap inside a covered 60-mm Petri dish. Keep dishes
with caps in a closed plastic bin, stored at 25°C and humidified to 60-100% relative humidity.
This is typically the same bin that contains the collection chamber. Incubate each cap for the
desired amount of time; we typically incubate caps for 24 h to image first instar larvae.

At 25°C, for wildtype flies, it takes approximately 1 d to reach the Ist instar, 2 d to reach

the 2nd instar, and 3-4 d to reach the 3rd instar.

The GAL4-UAS expression system expresses more strongly when larvae are raised at

29°C. The temperature of culture conditions can be altered, but keep in mind that

changing larval temperature also impacts developmental speed (Ashburner 2005).

Caution: under proper levels of humidity, caps stored in the same container have the

possibility of cross-contamination of larval genotypes, even when Petri dish lids are

covered, since larvae are mobile enough to crawl out from under a Petri dish lid. If
larvae are imaged at 2nd or 3rd instars, we recommend physically separating any dishes
containing different genotypes (e.g., inside separate humidified plastic bins) or closing
the dishes with parafilm.

If larvae are unhealthy or fail to hatch, see Troubleshooting.

3.3.3. Imaging larval behavior in channels

11. Clean the surface of the mold with isopropyl alcohol and then rinse with water. Use
compressed air (e.g., canned air or building air valves), if any particulates remain. Place the mold
channel-side up inside a 60-mm Petri dish (or similar heat-resistant container).

12. Prepare the agarose channels: make a solution of 2-3% (w/v) agarose in water and

heat it in a microwave oven until fully dissolved. Cool briefly, allowing bubbles to rise to the
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surface. Pour agarose over the mold (channel side up), covering the mold by at least 3 mm, and
allow it to solidify fully at room temperature. While the agarose is still setting, use a spatula to
knock loose any visible air bubbles stuck to the channels' sides. Unmold the set agarose and use
a clean razor to trim down channels to the desired size, typically small enough to fit on the slides
that will be imaged but still long enough that a coverslip cannot completely cover the channels
lengthwise (this makes it easier to lift coverslips from the channels to make adjustments, such as
freeing air bubbles, during imaging). Store channels immersed in water at 4 °C for up to 2 wk.

Agarose channels should typically have even, smooth surfaces; see Troubleshooting if

they do not.

13. Prior to behavior recording, bring the container with the channels up to room
temperature. At this time, if needed, screen larvae for expression of the desired fluorescent
structures using a stereomicroscope with fluorescent capabililties. For example, if the goal is to
image calcium dynamics in a population of neurons, make sure fluorescence is visible in cells in
the expected locations (e.g., inside the larval nerve cord or at the body wall). Larvae can be
screened directly from the apple juice cap.

14. Set up imaging:

1. If imaging using an upright microscope: Use a pair of wide or blunt forceps to
remove channel from the water and place the channel grooved-side-up on an imaging
slide. Have ready a glass coverslip to put on top.

ii. If imaging using an inverted microscope, place the channel grooved side up on
a clean surface, ready to transfer. Have ready either a slide with a thinned glass bottom or

a coverslip placed in a coverslip holder slide.
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15. Use a paintbrush to select a larva from an agar/juice cap, handling it gently. Wash off
any food by briefly submerging the larva in water, then place the larva into one of the channel
grooves and adjust its position (Figure 3.1A). It can be oriented in any direction depending on

what structure is to be imaged.

A B 5X

&@ 88 [ — — 3 mm
P 4
75 mm ’
I L-_:-_-_-_-_-_-_:-_:-_-_-_-_-_-.ﬁ:-_:-_-_-_-.-_-.:-.:-A I
5X

Figure 3.1. Example setups for upright and inverted imaging of larvae inside agarose channels.
A) Schematic of agarose channels with larva inside. In the example, two channels are cast next to each
other with different diameters. Using molds that have channels of different dimensions allows the
experimenter to fit the larva to the appropriately-sized channel, one with a diameter that contains the
larva snugly without squishing it too tightly for it to crawl. B) Schematic of upright imaging setup
(dimensions not to scale). Larva is placed inside the agarose channels as in (A), and agarose channels
are placed on top of a standard glass 75 x 25 mm slide. The channels are filled with water and larva is
held in place inside the channels with a coverslip. Coverslip can be of various sizes (e.g., 22 x 22 or 22
x 40 mm). Imaging can be performed with 5X objective magnification (sufficient to visualize the full
body length of a first-instar larva) or with higher or lower magnification, depending on the age of the
larva and scale of the structures to be imaged. C) To-scale model of 3D printable coverslip holder
slide, which is used for inverted imaging of larvae crawling inside agarose channels. "Outer"
dimensions: 75 x 25 x 3 mm; cutaway "inner" dimensions (ledge supporting coverslip): 40 x 22 mm.
Hole cut through most of the inner ledge allows imaging from beneath the slide. D) Schematic of
inverted imaging setup (dimensions not to scale). Coverslip (40 x 22 mm) is placed on the ledge of the
coverslip holder slide, and the agarose channels (with larva already positioned inside) are inverted to
sandwich the larva between coverslip and channels. The channels are filled with water as in upright
imaging. N.B.: If the dorsal surface of the larva is to be imaged, the larva will be flipped upside-down
in this configuration.
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16. If imaging using an upright microscope, place the coverslip on top (Figure 3.1B).
This should constrain the larva inside the channel. If needed, adjust the orientation of the larva
by gently nudging the channel while holding the coverslip in place. If this does not change the
orientation of the larvae, remove the coverslip and readjust the larva using the paintbrush.
If imaging using an inverted microscope, flip the entire preparation (channel and pre-positioned
larva) upside-down onto the thinned-bottom glass slide or coverslip holder slide (Figure 3.1C).
The larva should be at the bottom, accessible for inverted imaging (Figure 3.1D). If needed,
adjust the orientation of the larva by gently nudging the channel to roll the larva.
Keep distilled water on hand during imaging to rehydrate the agarose channels as needed. The
larva should be fully surrounded by water during imaging, and the channel should be free of air
bubbles. If there are air bubbles, lift up the coverslip (or the edge of the channels, if these are
upside down for inverted imaging) to let the bubbles escape. If there is insufficient water in the
channels, add a small amount of distilled water using a clean paintbrush.

If larvae will not crawl inside channels, they may be mismatched with channel size; see

Troubleshooting for tips on matching larvae with appropriately sized channels.

If larvae will not crawl inside the channel despite a good size match, see Troubleshooting

for tips on agarose concentration and channel hydration.

17. Image the larva and obtain time-series data of interest (e.g., calcium activity in
neurons or muscles during crawling). Fast imaging is important to maximize the ability to follow
larval movements; we recommend imaging at least 20 frames per second using a

stereomicroscope and camera or a spinning disk confocal microscope. To image first-instar
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larvae, with the entire animal in the field of view, use a 5X objective; use a lower magnification
to image larger animals.
Imaging and analysis steps are not described here due to this method's wide range of
possible applications; however, example applications may be found in Heckscher et al.,
2012 and Zarin et al., 2019.
We note that both manual and machine-learning-based approaches (e.g., LEAP,
DeepLabCut, or others -- Pereira et al. 2019; Mathis et al. 2018) may be used to track
the position of structures over time, producing kinematic data. See Heckscher et al. 2012
or Sun and Heckscher 2015 for example data.

See Troubleshooting if the structure of interest moves out of focus during imaging.

3.4. Troubleshooting

Problem (Step 10): Poor larval health is observed. Signs of poor health include many
unhatched eggs, dead larval bodies away from the yeast paste, and larvae with significant dark
patches in the abdomen, indicating an immune reaction.

Solution: If larvae are unhealthy, the juice caps/yeast paste may be too old or
contaminated, or the adult flies may no longer be healthy/producing viable gametes. Obtain a
clean chamber in case of contamination, make fresh apple juice agar caps and yeast paste, and set
a fresh parental cross as in Step 1. A large size disparity between male and female adult flies (in
particular, males much smaller than females) can also prevent successful mating and result in
many unhatched eggs.

Problem (Step 12): Irregularities in channel surfaces are observed.
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Solution: The channel molds themselves may have uneven surfaces: 3-D printing and
laser etching into a substrate will typically produce irregular channel surfaces, which will
translate into irregularities in the agarose channels. Consider additional steps, such as sanding, to
smooth channel surfaces to even out irregularities. Note that sanding surfaces will decrease the
overall size of channels cast from a negative mold or increase the overall size of channels cast
from a positive mold (see Discussion); one may wish to adjust the initial dimensions accordingly
when generating laser-etched or 3D-printed molds.

Problem (Step 12): After the agarose sets, the agarose channels have pockets left by
dissolved air bubbles.

Solution: When casting channels, while the agarose is still hot, use a paintbrush or spatula
to manually dislodge all visible bubbles. Alternatively, use a vacuum to extract bubbles while
the agarose is setting, and/or slow the cooling rate by keeping the channels above room
temperature (e.g., inside a warm incubator), which will give bubbles more time to detach from
the channels and rise to the surface.

Problem (Step 16): The larva is too large for the channel.

Solution: If the animal is placed in too shallow of a channel, part of the animal's body
will visibly overflow the sides of the top of the channel. In this case, the larva may be too
squeezed to crawl. Alternatively, the larva's body may prevent the coverslip from making good
contact with the agarose channels, and the larva will not be well constrained inside the channel.
In any of these cases, generate a deeper channel, or replace the larva with a smaller animal.

Problem (Step 16): Larvae do not crawl in the channel, despite fitting entirely inside the

channel.
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Solution: In this case, it may be either that the agarose surface is too slippery for larvae to
crawl on, or that the animal has dried out too much. In most circumstances, larvae will only
crawl when well-moistened; we typically image larvae that are fully surrounded by water in the
channels. Agarose concentration can be varied to obtain surfaces with different properties (e.g.,
higher % agarose: lower friction and more difficult for animals to burrow into). Lower the
agarose concentration if the surface is too slippery. If a larva at first crawls in the channel but
later stops, it may be too dry: add distilled water to the insides of the channels and retry. To keep
channels hydrated for longer during imaging, we recommend adding a small buffer of water on
the slide or coverslip, around the outside of the channels.

Problem (Step 17): Sample moves out of focus during imaging (motion in the Z-
direction).

Solution: Place the larva in a smaller channel, so that more of the animal is pressed
against the coverslip: for parts of the larva that are more exterior, such as muscles or other
features on or beneath the cuticle, being pressed against the coverslip will reduce overall Z-axis
motion (motion in depth/distance from the objective). However, for more interior parts of the
larva, Z-axis motion may still be substantial. Researchers should take potential Z-axis motion
into account when interpreting time series data. See Discussion (section "Cellular Activity Data")
for further information.

Problem (Step 17): Larval orientation changes during the imaging session.

Solution: It is easier to maintain a dorsal or ventral up view than a lateral view. Larvae

tend to roll towards having either their dorsal or ventral surface in contact with the coverslip. To
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image the lateral surface, constrain larvae more tightly inside a shallower channel. Note that this

will also slow larval movements.

3.5. Discussion

Thanks to the numerous and sophisticated genetic tools available, Drosophila
melanogaster has long been a leading model system for the study of development, including
neuromuscular system development (Keshishian et al. 1996). The larval stage of Drosophila has
more recently emerged as a promising system for the study of motor control and the neural basis
of behavior (Clark et al. 2018; Eschbach and Zlatic 2020; Kohsaka 2023; Vogelstein et al. 2014).
The utility of larval Drosophila derives from the combination of readily available genetic tools
(Clark et al. 2016, Li et al. 2014), connectomic datasets (Eschbach and Zlatic 2020; Ohyama et
al. 2015; Schneider-Mizell et al. 2016), and the larva's optical transparency (relative to adult flies
or to most other organisms), which together result in a wide range of targeted circuit
perturbations that can be paired with imaging neural activity and/or behavior in the intact animal
(Berni 2015; He et al. 2019; Karagyozov et al. 2018; Kohsaka 2023; Vaadia et al. 2019). To
understand the effects of these perturbations on neural circuits and behavior, obtaining high-
resolution behavioral data is key. Here, we describe a method for obtaining high-resolution
behavioral data from larval Drosophila inside agarose channels. In this method, larvae are placed
in channels and imaged under a microscope. After imaging, visible features of interest are
tracked over time. (For example features of interest, see the Kinematic Data and Cellular Activity

Data sections.) Imaging in agarose channels provides a convenient way to record a subset of
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larval behaviors in the intact animal, as an alternative to imaging freely-crawling larvae or semi-
intact preparations (Heckscher et al. 2012; Sun and Heckscher 2016; Zarin et al. 2019).

Imaging in linear channels constrains larvae to crawl forward or backward within a well-
controlled depth range, which offers several advantages over freely-crawling preparations. (1)
Agarose channels are optically clear, as is much of the larval body, making it possible to study
the dynamic movements or changes in fluorescence intensity of larval structures that are labeled
by fluorescent markers. Using channels allows the researcher to rotate larvae within the channels
to place a structure of interest nearer to the objective, allowing prolonged imaging of structures
that would be difficult to keep in focus over many cycles in a freely-crawling preparation (Liu et
al. 2023). (2) On point-scanning microscopes, imaging can be greatly sped up by aligning the
long axis of the channel with the faster scanning plane (typically the horizontal or X axis), which
allows frame dimensions to be decreased from a full square to a much smaller number of rows
and thereby reduces the overall time required per frame. (3) Compared to freely-crawling
preparations, manual larval tracking is easier in linear channels because it is reduced to a one-
dimensional problem (tracking microscopes provide an alternative solution, e.g., (Cermak et al.
2020; Yamaguchi et al. 2023), but may need to be designed around the specific use case). (4)
Compared to freely-crawling preparations, larval movements are simplified, as the animals can
no longer turn. This allows researchers to select for linear forward and backward locomotion or
other behaviors (e.g., mouth/head movements) that the larvae can still perform inside the
channels. It is important to note that although larvae will be constrained to crawl forwards or
backward, these constraints should not be interpreted as eliminating other behaviors (for

instance, larvae may still attempt to turn despite being unable to complete the turn). (5) In
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principle, channel design could enable the study of additional behaviors while retaining the
above benefits. For instance, channels could angle, curve, or branch, allowing larvae to turn,
bend, or choose one of the multiple pathways within experimenter-defined limits. (6) An animal's
crawling speed can be influenced by adjusting the width of the channel relative to the larval size.
(7) Channels are amenable to various microscopes and objectives, from low-resolution imaging
on stereoscopes to high-resolution imaging on confocal microscopes.

Caution is needed when comparing behavioral data from experiments conducted
inside agarose channels to data from surface crawling experiments, as the different environments
will likely lead to substantial behavioral differences. For instance, overall crawling speed is
known to be slower inside channels (Heckscher et al. 2012). Additionally, larvae crawling inside
agarose channels will almost certainly receive different sensory stimuli than larvae crawling
along a flat surface. We therefore advise against directly comparing behavioral statistics obtained
from channel crawling to those reported from freely-crawling experiments, except where other
experimental conditions were identical.

3.5.1. Kinematic data

By imaging larvae inside agarose channels, researchers can obtain high-resolution video
data on the movement of larval features (fluorescent markers, body parts, etc.) as animals crawl.
To make use of these video data, the features of interest must be converted into kinematic data by
tracking them over time. ("Kinematic" data are data that quantify the trajectories of objects, such
as larval body parts, over time.) Several tracking algorithms have been developed to automate

this process (e.g., DeepLabCut (Mathis et al. 2018) and LEAP (Pereira et al. 2019)), greatly
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scaling up the quantity of data that can be analyzed (for an example application of automated
tracking, see Liu et al. 2023).

As an example of a kinematic study, suppose a researcher wishes to test the effects of a
manipulation that they expect to alter how neural activity propagates along the nerve cord during
larval locomotion (for example manipulations, see Itakura et al. 2015 or Fushiki et al. 2016). The
researcher develops a hypothesis as to how this manipulation will affect the recruitment of larval
body segments during crawling (e.g., by increasing the amount of time individual segments
spend contracted relative to the period of each locomotor cycle). To test their hypothesis, the
researcher needs kinematic data on the movement of body segments during crawling in both
manipulated and control locomotor cycles (or animals). In this case, the researcher would
process videos of larvae crawling inside channels by tracking the features of interest: the
boundaries between body segments. They could perform this tracking manually, by annotating
one or more points along each segment boundary for a set of video frames (Heckscher et al.
2012, Zarin et al. 2019, Sun et al. 2022), or semi-automatically, by training a DeepLabCut/LEAP
network to recognize and predict the location of such points across frames (Liu et al. 2023). By
calculating the distance between equivalent points in each segment boundary over time, the
researcher can test whether their manipulation has, indeed, affected the amplitude or duration of
segment contractions.

We note here that many anatomical structures cannot be visualized without fluorescent
labeling. In the above example where segment boundaries must be tracked, we would
recommend using larvae that express a fluorophore either marking segment boundaries [e.g., at

muscle attachment sites in the body wall (tubP-GAL4 combined with UAS-fondue::GFP, which

100



accumulates at muscle attachment sites, as in Sun et al. 2022) or inside their body wall muscles
(e.g., MHC-GFP, as in Heckscher et al. 2012)] and imaging using fluorescence microscopy. As
for any imaging experiment, when designing channel-based experiments and determining the
genotypes of animals to use, it is essential to consider how the effects of an experimental
manipulation can be visualized in the same animal. We therefore recommend confirming, as
early as possible during experimental design, that the feature of interest can be imaged stably
over time while larvae crawl inside channels.

3.5.2. Cellular activity data

When cellular activity is in question, it is especially important to be able to obtain high-
resolution (spatial and temporal resolution) video data while keeping the cells of interest in focus
at all times. Agarose channels can be especially helpful in these cases, for two reasons. First, as
mentioned above, channels facilitate tracking the larva's motion under high magnification, which
can help to spatially resolve the cells of interest in cases where these cells are nearby other
fluorescing cells. Second, the physical constraints of the channel and cover slip reduce a larva's
overall motion in the depth (Z) axis and can help keep cells in focus over time, particularly cells
at or near the body surface (such as muscles or peripheral sensory neurons) that are proximal to
the cover slip and are somewhat flattened against the glass (Vaadia et al. 2019, Zarin et al. 2019).

Even with the physical constraints imposed by agarose channels, however, cells or other
features of interest may move in the Z axis over time. This potential motion can change the
apparent brightness of the fluorescent feature, by moving it in or out of focus, and therefore
should be accounted for when analyzing activity signals from calcium or voltage indicators.

Correcting for motion can be done using one of two main strategies: either by pairing dynamic
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activity indicators with static fluorophores and normalizing the signal from the dynamic indicator
to the signal from the static indicator (e.g., expressing Ca2+-sensitive green fluorescent protein
coupled with a Ca2+-insensitive red fluorescent protein, as in UAS-Gerry flies (BDSC_8024);
see Creamer et al. 2022 for an example of correcting for motion using this strategy), or by using
ratiometric sensors, which report dynamic activity as the ratio of two fluorophore colors (such as
the Cameleon family of sensors, e.g., UAS-YC3.6 flies (BDSC_93057), which report calcium
concentration as a yellow-to-cyan ratio; Nagai et al., 2004).

3.5.3. Generating linear channels

Essential to the methodology described in this protocol is the design and production of
channels relevant to the question under study. Channel production occurs in three stages and is
usually an iterative process. The first stage is designing the channel template to be produced,
including determining the dimensions of linear channels and their layout on a mold. The second
stage is manufacturing the channel molds; we describe below possible methods to do this,
involving photolithography, laser cutting/etching, or 3D printing. The final step is testing the
channels by creating agarose casts (see Steps 5-6) and ensuring that larvae of the correct size can
fit and move inside them (Step 9-10). Existing templates for laser/photolithographic etching or
for 3D printing of channel molds can be obtained upon request from the Heckscher Lab.

3.5.4. Channel design

When designing channel templates, consider first the size of the larvae and the distance a
larva is expected to crawl in a given imaging setup; these will determine the diameters and
lengths of the channels. For experimental convenience, we recommend designing a set of

adjacent channels in multiple widths (e.g., as depicted in Figure 3.1A). Channels will typically
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be shallower than larval body diameter, which tends to slow larval crawling and flatten the
cuticle against the coverslip. Having several adjacent channels in different widths will make it
easy for an experimenter to match larvae of slightly different sizes to the appropriate channel
width. Tailor the range of widths to the instar of interest. Approximate larval widths for first
instar are 100-300 um, for second instar are 300-500 pm, and for third instar are 500-700 um.
(Graf and Sokolowski, 1989). It is also helpful to test channels with a range of depths, since a
single depth may not constrain both large and small larvae from the same instar. As starting
points, we have found that around 150 um, 200 um, and 300 um are good depths for first,
second, and third instar larvae, respectively.

Channels do not have to be straight lines: you may wish to introduce choice points or
curvature to force larvae to turn or bend. When manufacturing channels, it may also be possible
to produce smooth or uneven surfaces that provide larvae with different frictive and sensory
elements.

3.5.5. Channel mold manufacturing

When manufacturing channel molds, the original channel molds can be either negative or
positive: negative if channels are raised grooves (3D printed on a flat base); positive if channels
are depressed tracks (for instance, etched or laser cut into an acrylic surface). If the original mold
is negative, agarose channels can be cast directly against it. If the original mold is positive, an
intermediate negative mold must first be cast in polymethylsiloxane (PDMS), such as Sylgard
184; see Steps 1-3. When laser etching or 3D printing molds, the channel dimensions of the final
printed mold may not exactly match those of the original template and must be estimated after

printing; see Step 6. We have found both laser-etched and 3D-printed channel diameters tend to
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run larger than the original template by 100 um. The following sections provide a more detailed
guide.

Creating positive molds using photolithography

Briefly, a photoactive substrate is spun into a sheet of the desired depth (“photoresist”);
the maximum depth of the photoresist layer will determine the maximum depth of the channels
to be etched. The provided two-dimensional template (i.e., the shapes of the desired channels)
creates a mask that prevents photocuring, and the masked photoresist is exposed to UV light;
when removed, masked areas can be dissolved away, leaving grooves (a positive mold).
Photolithography is typically performed by a commercial provider or other dedicated micro/
nanofabrication facility; for further details about the process, we recommend consulting
manufacturer-provided information (e.g., MSE Supplies: https://www.msesupplies.com/products/
photolithography-services). This technique can be used to create channel depths appropriate for
first-instar larvae (approx. 150 pum). Advantages include (1) smooth surfaces (compared to laser-
cut channels) and precise channel dimensions. Disadvantages include (1) limited maximum
depth achievable, depending on the manufacturer and (2) fabrication cost.

Creating positive molds using laser etching/cutting

CO:2 lasers, available in many academic and commercial fabrication laboratories, can etch
channels into acrylic (or other laser-safe materials). Laser etching procedures use the provided
2D template (i.e., shapes of the desired channels) to determine where to apply laser power to a
substrate. The depth of channels etched can be modulated by changing the amount of laser power
and by performing multiple rounds of etching. Further details about the process can be obtained

from manufacturers (e.g., Xometry: https://www.xometry.com/capabilities/sheet-cutting/laser-
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cutting/). One drawback of laser etching is that channel depths are not directly controlled and can
be challenging to measure. Depth estimates can be obtained by fitting small-diameter dowel rods
into a channel and using a height gauge to measure the difference between the full rod length and
the rod height above the channel surface. Either laser etching or laser cutting may result in
channels slightly wider than the original template, and the minimum width obtainable will

depend on the machine's resolution.
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CHAPTER 4
MULTIPLE SCALES OF COORDINATION FOR LARVAL DROSOPHILA

LOCOMOTION

4.1. Introduction

To produce locomotion, movement must be coordinated across the entire body. In
segmented, limbless animals, this means segments must coordinate contraction and relaxation in
terms of timing, amplitude, rate, duration, etc. Depending on the constraints of body form,
environment, and behavioral goals, this coordination could look different between different
regions of the body axis (Webb, 1973; Rotheray, 2019; Di Santo et al., 2021). In particular, the
anterior and posterior ends of the body axis may have different requirements for segmental
independence. In limbless locomotor behaviors, posterior regions are typically the source of
locomotor power (swimming) or anchoring and stability (crawling) (Rome et al., 1993; Chen et
al., 2011), while the head end directs this power to straight locomotion or performs turning,
searching, and other behaviors (Stern-Tomlinson et al., 1986; Kristan Jr et al., 2005; Tytell and
Cohen, 2008). Thus, flexible coordination of movements and their timings between these regions
could allow animals to juggle multiple behavioral goals, such as navigating while making
progress or maintaining a stable posture (Tytell and Cohen, 2008; Cacciatore et al., 2010; van
Griethuijsen & Trimmer, 2010; Gomez-Marin and Louis, 2014). Alternatively, consistent
coordination of movements and their timings across the body could maximize speed or energy-

efficiency of waves (Lighthill, 1969), or contribute to other behavioral goals (Akanyeti et al.,
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2016). Therefore, understanding how particular animals coordinate segments across the body is
critical to understanding the locomotor strategies used to meet distinct behavioral goals.

How animals coordinate segments across the body has often been investigated and
modeled as a problem of neuronal coupling, i.e., the strength and anatomical identity of neuronal
connections between segments and their pattern-generating circuits (Grillner et al., 1991; Kristan
Jr et al., 2005; Grillner and El Manira, 2019). However, a substantial portion of kinematic
coupling among segments, i.e., the strength of relationships between segments' movements, may
instead be due to properties of the body itself and of the body's interaction with the environment
(Wardle et al., 1995; McMillen et al., 2008; Pulver et al., 2015; Schiebel et al., 2019). Therefore,
to understand neural control of locomotion in the context of a particular body and environment, it
is equally necessary to understand the relationship between neuronal and kinematic coupling
(Tytell et al., 2011). However, determining this relationship is exceptionally challenging within
the context of behaving bodies. Among the reasons for this is that it is technically challenging to
record neural or muscular activity while animals move freely, and particularly from distant
segments simultaneously (Ekeberg and Grillner, 1999; Mullins et al., 2011). Therefore, to parse
the relative contributions of neuronal coupling and biomechanics to locomotor behavior, a model
is needed in which intersegmental kinematic and neuromuscular coordination can be
simultaneously characterized in the behaving animal.

The limbless, segmented larval stage of Drosophila melanogaster is a particularly
promising model in which to link kinematic and neuromuscular coordination of locomotion, for
several reasons. First, in Drosophila larvae, large portions of premotor circuits have been mapped

in the ventral nerve cord connectome (Schneider-Mizell et al., 2016; Zarin et al., 2019) and many
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key neurons functionally characterized (reviewed in Clark et al., 2018; Gowda et al., 2021;
Hunter et al., 2021; Kohsaka, 2023), providing a strong circuit foundation for interpreting
behavioral coordination. Next, recent work has characterized forces produced by larval muscles
and by interactions with the substrate, which will enable modeling how muscle activation
translates into body-environment interactions (Ormerod et al., 2022; Sun et al., 2022; Kohsaka,
2023; Booth et al., 2024). Crucially, diverse genetic tools provide the ability to target and
manipulate a wide range of cell types (Pfeiffer et al., 2008); coupled with the larva's relative
transparency, this allows acute optogenetic (among other) manipulations and optical recordings
of calcium activity while observing locomotor behavior in otherwise intact animals (Inada et al.,
2011; He et al., 2019; Vaadia et al., 2019; Murawski et al., 2020; McNulty et al., 2024).

Finally, in aggregate, larval locomotor behaviors have been well characterized. They are
regionally specialized: locomotor waves begin with contraction of the tail end, followed by an
anterior-propagating wave of segmental contractions (Green et al., 1983; Berrigan and Pepin,
1995; Heckscher et al., 2012). Between waves, anterior segments produce a range of movements
for active sensing and reorientation, while posterior segments are inhibited from moving during
these actions (Labhiri et al., 2011; Gomez-Marin et al., 2011; Tastekin et al., 2018). In general,
therefore, neuromuscular and kinematic activity are differently coordinated across the body axis.
However, it is an open question whether flexible coordination across the body axis is a feature of
locomotor waves themselves. Further, the relationship between segments' muscle recruitment
and the movements they produce during locomotion is unknown, leaving it unclear how much of

locomotor coordination is due to coordinated neuromuscular activity, as opposed to
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biomechanical or other physical coupling across segments (Chiel et al., 2009; Loveless et al.,
2019).

To answer both questions, we first constrained larvae inside linear channels, to enable
simultaneous recording of segmental kinematics and muscle recruitment while larvae produced
locomotor waves. We then characterized how segments were coordinated across the body. First,
we investigated three aspects of kinematic coordination: consistency of movements made by
different body segments; timing relationships between segments' movements; and how tightly
coupled were segments' movements to each other (i.e., which segments were more or less
flexibly coordinated with others). We found axial heterogeneity in all three aspects of kinematic
coordination. Segments contracted with axially-varying kinematics and phase intervals, and
segments' contraction durations were more strongly coupled at the posterior end, suggesting that
kinematic coordination depends on axial position and may reflect or support regionalized roles in
behavior. Then, we compared these results to the consistency of muscle recruitment across the
body. We found correspondence between kinematic and muscle recruitment coordination, with
two exceptions: first, a positional offset in the closest correspondence between recruitment and
kinematic features; second, strong anterior variability in segments' recruitment phases as
compared to contraction phases. Both of these differences in the coordination of recruitment
versus kinematics may reflect outcomes of biomechanical coupling and/or sensory feedback for
the behavior. In all, for larvae crawling inside channels, we find a large degree of axial variation
in the coordination and coupling of body segments, consistent with flexible central architectures

that allow for anterior- and posterior-specific behavioral roles.
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4.2. Results

Our primary goal was to ask how larval segments are coordinated across the body axis
during locomotion. We investigated coordination in three questions: First, how consistent are the
movements made by individual body segments? Second, how consistent are the timing
relationships between segments? Third, how tightly coupled are segments' movements to each
other on a cycle-to-cycle basis (i.e., which segments are more or less flexibly coordinated with
others)?

To answer all three questions requires collection of many cycles of locomotion from
intact animals, both so that a range of possible coordination patterns can be collected and so that
relationships among segments can be reliably established. However, Drosophila larvae crawling
on flat surfaces perform a rich repertoire of behaviors (Green et al., 1983; Kohsaka et al., 2017,
Clark et al., 2018), making it difficult to obtain a large number of locomotor cycles (waves).
Therefore, to limit the behavioral repertoire to forward and reverse waves, we placed larvae
inside linear agarose channels while imaging them (Heckscher et al., 2012; Greaney and
Heckscher, 2024) (Figure 4.1A). This had the added benefit of keeping fluorescent segmental
musculature in focus while animals moved. Below, we briefly describe the experimental setup
and the procedure for extracting segmental kinematic data for each locomotor cycle.

4.2.1. Many cycles of segment-level kinematic and muscle recruitment data are
obtained per larva using automated segment boundary tracking

To record locomotor behavior, fluorescent larvae were placed inside linear agarose
channels and imaged while they crawled using confocal fluorescence microscopy (Figure 4.1A,

Methods). An initial set of 18 first-instar larvae expressed jGCaMP7f in all body wall muscle
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Figure 4.1: Segment-level kinematic and muscle recruitment data were obtained for many cycles of
larval locomotion. A: Imaging setup. Transgenic larvae crawled inside linear agarose channels with
diameters similar to their body. Larvae expressed either jGCaMP7f (n=18) or Gerry (mCherry-
GCaMP6m; n=7) in all body wall muscles. Fluorescence images were acquired by confocal microscopy.
B: Example frame for a crawling jGCaMP7f larva. Greyscale values = jGCaMP7f fluorescence intensity.
A DeepLabCut (DLC) network (Mathis et al., 2018) was trained to recognize and predict segment
boundaries (2x markers per segment boundary). Keypoints (colored dots) were placed on left and right
edge of each segment boundary. C: Example frame for a crawling Gerry larva. Red (top) and green
(bottom) emitted fluorescence were collected in separate channels. A DLC network was trained to
recognize and predict segment boundaries (5x keypoints for most segment boundaries) using the red
mCherry fluorescence (top). For each frame, the markers surrounding each segment defined a
corresponding region of interest, from which fluorescence values were extracted. D: Number of
locomotor cycles obtained per larva imaged, n=25 larvae. E: Example single-frame representation of
larval position. Markers corresponding to each segment boundary were converted into boundary centroids
(white dots). A segment's length on a given frame = the Cartesian distance between the centroids of its
two boundaries (e.g., double-headed arrow shown for A3). F: Defining contraction features from example
segment length trace (A3) during 15 seconds of recording. Baseline length (dashed line) was defined as
the 95th percentile of the segment's overall length distribution. Trough lengths (black dots) were found as
peaks in the inverted length trace. Contraction amplitude for a cycle (black double-headed arrow) was
defined as the difference between baseline length and trough length on that cycle, normalized to baseline
length. Contraction onsets around each trough (pink dots) were defined as the interpolated times at which
a segment shortened to 75% of the length difference between the preceding peak and the trough;
contraction offsets (blue dots) were times at which the segment lengthened to 75% of the length
difference between the trough and the following peak. The total contraction duration (time spent in grey
shaded area, grey double-headed arrow) was defined as the time between contraction onset and offset.
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Figure 4.1, continued. Segment-level kinematic and muscle recruitment data were obtained for
many cycles of larval locomotion.

G: Defining recruitment features from example normalized segment fluorescence trace (same segment,
larva, and time period as in F). Normalized fluorescence on each frame was defined as AG:R - G:Ry,
where G:Ro was the "baseline" green-to-red fluorescence ratio and AG:R was the current frame's
difference from baseline. Recruitment peaks (black dots) were defined as peaks in the normalized
fluorescence trace, and recruitment amplitudes (black double-headed arrow) were defined as these peak
values with respect to baseline. Recruitment onsets (red dots) and offsets (cyan dots) were defined as the
interpolated times at which normalized fluorescence rose to 25% of the difference between baseline and
peak, then decreased to 25% of the difference between baseline and peak, respectively. The total
recruitment duration (time spent in grey shaded area, grey double-headed arrow) was defined as the time
between recruitment onset and offset.

cells (Figure 4.1B; Supplementary Video 1); this fluorescence enabled visualization of segment
boundaries over time. A later set of 7 second-instar larvae instead expressed "Gerry," GCaMP6m
tethered to mCherry, inside all body wall muscle cells (Figure 4.1C; Supplementary Video 2). In
this second set of animals, the presence of a stable red signal (mCherry) alongside the calcium-
dependent green signal (GCaMP6m) allowed us to account for movement artifacts in the GCaMP
channel, such as increases in apparent brightness due to muscles shortening during locomotion.
This enabled analysis of muscle calcium activity as a proxy for recruitment of muscles by motor
neurons.

From the full set of 25 animals, we obtained an average of 101 forward locomotor cycles
(see Methods), between 52 minimum and 280 maximum (Figure 4.1D). We used the full dataset
to investigate the kinematic coordination of larval locomotor behavior (Figures 4.1-4.4) and the
subset of 7 Gerry-expressing animals to investigate the relationship between segment kinematics
and neuromuscular activity (Figures 4.5-4.6). Distributions of estimated larval sizes and cycle
statistics (speeds, periods, distances) are provided in Supplementary Figure 4.1.

To obtain segmental kinematic information, we employed the DeepLabCut machine

vision package (Mathis et al., 2018). Using DeepLabCut tracking, we converted the fluorescence
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microscopy videos of larvae crawling into segment boundary positions over time (see Methods;
Supplementary Videos 3 and 4). From these segment boundary positions, we calculated the
lengths of each segment from T3 to A7 over time (Figure 4.1E). To compare contraction
kinematics across segments, we used each segment's lengths over time to define three kinematic
features for each locomotor cycle (Figure 4.1F). First, segments’ contraction amplitudes were
defined as the maximum decrease from the segment's baseline length on each cycle, normalized
to baseline length. Second, segments' contraction rates were defined as the maximum rate of
shortening on a given cycle. Third, segments' contraction durations were defined as the period of
time between contraction onset and offset (see Methods).

Together, these kinematic features allowed us to characterize segmental contractions in
depth, using measurements comparable to other recent work (Sun et al., 2022). Further, we
reasoned that any of these three kinematic features might need to be coordinated across segments
for successful crawling behavior. For instance, contraction amplitudes might need to be
coordinated to ensure that segments returned to the correct baseline length after a wave;
contraction rates, as an indicator of the strength of motor drive to each segment (Mason and
Kristan, 1982; Woods et al., 2008); or contraction durations, to ensure an efficient duty cycle
with an appropriate number of segments contacting the surface at once, providing stability or
traction. In particular, coordinated contraction durations are likely essential for efficient
crawling, as their dysregulation frequently co-occurs with slowed crawling when (e.g.) sensory
inputs are perturbed (Hughes and Thomas, 2007). Alternatively, coordinating any of these
features across segments might not be essential for the reasons above, but could still reveal

underlying neural or biomechanical coupling mechanisms that constrain the behavior. Therefore,
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we analyzed both the distributions and the coupling (co-modulation) of each of these features
across the body axis (Figures 4.2-4.4).

Similarly, in the Gerry-expressing larvae, we used the boundaries of segments to extract
bulk estimates of segmental fluorescence over time. To estimate each segment's change in
muscle recruitment over time, we normalized green GCaMP to red mCherry fluorescence and
subtracted away each segment's baseline green:red ratio (see Methods). We used this normalized
fluorescence estimate to determine the times when segments were recruited, the relative
amplitude of recruitment on each cycle, and the peak rates of recruitment (Figure 4.1G). By
comparing these analogous features of segments' contraction kinematics and recruitment, we
evaluated how the neuromuscular coordination related to the kinematic coordination of
locomotor waves (Figures 4.5-4.6).

4.2.2. Segmental contraction kinematics differ along the body axis

We began characterizing the kinematic coordination of locomotor waves by addressing
how consistent or varying were the movements made by individual larval body segments. In
other locomotor systems, it is common to find monotonically-varying segmental kinematics
(e.g., undulation/contraction amplitudes increasing from anterior to posterior in anguilliform
swimming; slower elongation and faster contraction rates moving from anterior to posterior in
leech crawling (Williams et al., 1989; Cacciatore et al., 2000; Di Santo et al., 2021). Such axial
changes in kinematics may be critical for behavior, as in the case of anguilliform swimming,
where they are part of speed control (Ellerby et al., 2001; Tytell, 2004; Anastasiadis et al., 2023).
By contrast, previous investigations of larvae crawling on surfaces found consistent contractions

across the body; however, segment-level contraction kinematics remained to be compared for
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larvae crawling in channel environments. Therefore, we compared the kinematic features of each

segment's contractions.
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Figure 4.2: Contraction kinematics and phase relationships of individual body segments vary
along the A-P axis. A: Distributions of per-cycle contraction amplitudes for segments T3 through A7
(from left to right), given as percentage of segment's baseline length. Box plot (without outliers) is given
for each segment. Asterisk over box plot shows mean value. All pairs of distributions were significantly
different (p<0.05) except for A2 vs. A4, A3 vs. A7, and A6 vs. A7. B: Segmental distributions of per-
cycle maximum shortening rates. All pairs of distributions were significantly different (p<0.05) except
for T3 vs. AS and A1 vs. A6. C: Segmental distributions of per-cycle total contraction durations. All
pairs of distributions were significantly different (p<0.05) except for A3 vs. A7. D: Schematic of
calculating intersegmental contraction phase delays. Example simulated segment length traces for A5
(blue) and A4 (cyan) during a single cycle, vertically offset for clarity. Each segment's contraction onset
labeled with dots; phase of contraction marked with respect to full cycle period (O=start of cycle; 1=end
of cycle), beneath length traces. A5-A4 phase delay for the simulated cycle shown (black double-headed
arrow) would be 0.1. E: Distributions of intersegmental contraction phase delays; each box plot
represents per-cycle delay distribution between a pair of segments (e.g., delays from Al's contraction
phases to T3's contraction phases, furthest left plot). All pairs of delay distributions were significantly
different (p<<0.05) except for A2-A1 vs. A5-A4. F: Distributions of per-cycle contraction phases for
segments T3 through A7 (from left to right). Histogram and box plot (without outliers) are given for
each segment. All panels: n=2529 cycles, 25 larvae. Significant differences between distributions in A-
C and E were determined using nonparametric Friedman's test with post-hoc Dunn-Sidak corrected
multiple comparisons.
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We found axial variation in the segment-level distributions of all three kinematic features.
First, we found differences in contraction amplitudes across segments: specifically, thoracic
segment T3 contracted significantly less than abdominal segments (Figure 4.2A). Next, we found
non-monotonically changing contraction rates across the body axis: contraction rates were
highest for A1 and A7 and decreased in a U shape between them, with the slowest shortening in
the mid-body segments A4 and A5 (Figure 4.2B). Finally, we also found non-monotonic changes
in contraction durations per segment: in general, posterior segments contracted for longer than
anterior segments. Segment A5 had the longest contraction durations, followed by segments A4,
A6, and A7 (Figure 4.2C). Thus, segments differ in their contraction kinematics; in other words,
during linear crawling in channels, a locomotor wave is not a series of uniform contractions
propagating along the body.

4.2.3. Propagation of segmental contraction slows around mid-body

In addition to coordinating the amplitude and duration of movements, coordinating the
relative timings of specific movements is generally critical for behavior. In the case of larval
locomotion, the peristaltic wave depends on an ordered sequence of segmental contractions. The
relative time at which each segment contracts can be expressed as a fraction of the total cycle
period (i.e., its phase of contraction, Figure 4.2D). In swimming locomotion, timing coordination
takes the form of uniform phase delays between consecutive segments, resulting in linear phase
distributions along the body (Hill et al., 2003; D1 Santo et al., 2021). However, soft-bodied
crawling locomotion may call for, or at least tolerate, more flexible phase delays (Stern-
Tomlinson et al., 1986; Cacciatore et al. 2000, Trimmer & Issberner 2007). Therefore, to ask

whether timing coordination in the present behavior was consistent or flexible along the body
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axis, we asked how segments' contraction timings are coordinated. We did so by evaluating the
phase relationships between consecutively contracting segments.

We first quantified the intersegmental phase delays between segments' contractions
(Figure 4.2D). A linearly-propagating wave would manifest as similar phase delays between all
pairs of segments along the body axis. This was not what we found; instead, phase delays
between consecutive pairs of segments' contractions varied along the body axis (Figure 4.2E).
Propagation of contractions from one segment to the next took the longest around mid-body: in
general, the longest delays were between A4's and A3's contractions. These uneven
intersegmental delays resulted in non-linear phase distributions for segmental contractions
(Figure 4.2F). Overall, a sigmoidal model was a better fit than a linear model for segmental
contraction phase distributions (both for the combined data and for 23/25 individual larvae).

Given the differences between our findings and those previously obtained for larvae
crawling on flat surfaces (Sun et al., 2022), it seemed possible that the axial differences in
segmental coordination might directly result from physical constraints larvae faced when
crawling inside channels. For instance, inside the channels, segment boundaries appeared widest
in the mid-body (Supplementary Figure 4.2A). If larvae became more 'stuck’ at particular
segments, either because of these width differences or because of a 'bunching up' of tail-end
segments at the beginning of the wave, we might see longer contraction durations and slower
contraction rates simply because of increased difficulty in moving those segments. To test this
possibility, we performed two analyses. First, we compared cycles during which individual
larvae moved their tail ends forward by greater or lesser distances. We reasoned that, if a larva

pushed its tail end and internal organs further forward during the initial "visceral piston" stage of
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crawling (Simon et al., 2010; Heckscher et al., 2012), this would increase the compressive forces
on segments during the wave, likely increasing their lateral expansion and the resistance against
their forward movement when contracted. Therefore, we might expect might expect the
existence, or location, of an axial peak in contraction durations to depend on how far the tail
moved forward. To test this idea, we split each larva's cycles at the median into cycles with
longer and shorter tail movement distances, then asked whether the trends in longest contraction
durations and slowest contraction rates differed for each half of the data. However, splitting the
data by tail forward movement distance did not result in different axial trends for either
contraction rate or duration distributions (Supplementary Figure 4.2B).

As a second means of testing whether animals 'getting stuck' in the channels could
explain our findings, we compared the segmental coordination of our two subpopulations: the
smaller jGC7f larvae and the larger Gerry larvae. We noticed that, for the jGC7f larvae, cycle
periods did not depend on an animal's estimated size (average segment length), suggesting that
larger jGC7f larvae were not more impeded than smaller jGC7f larvae when crawling
(Supplementary Figure 4.3A-B). By contrast, for the Gerry larvae, cycles took much longer to
complete for larger animals, suggesting that these larvae were increasingly impeded by the
channels at larger body sizes. Thus, by comparing results across our two larval subpopulations,
we looked for an effect of 'getting stuck' in the channels. We observed similar axial trends in the
distributions of contraction amplitudes, rates, durations, and intersegmental phase delays across
the jGC7f and Gerry subpopulations (Supplementary Figure 4.3C), suggesting that the particular
axial shapes of these distributions were unlikely to be a consequence of certain segments

becoming more 'stuck' than others during contractions.
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Therefore, both aspects of segmental coordination investigated thus far, the consistency
of segmental kinematics and of segmental timing relationships, have featured a non-monotonic
axial diversity.

4.2.4. Spatial structure of segmental coupling

Up to this point, we have described the coordination of locomotion inside channels on an
aggregate level, considering overall distributions of segments' contraction kinematics and
timings. However, another, less-studied form of coordination is also likely to have important
outcomes for locomotion: the "coupling" of segments, or how tightly correlated are segments'
movements on a cycle-by-cycle basis. We reasoned that kinematic features might need to be
coupled tightly or flexibly depending on their roles in behavior. For instance, as larvae change
crawling speed, segments' contraction durations might need to be tightly co-modulated to ensure
an efficient duty cycle and/or adequate stability (number of segments not actively contracting at
once). However, kinematic coupling could also need to differ between body regions. For
instance, to increase swimming speed, eels increase anterior, but not posterior, contraction
amplitudes (Ellerby et al., 2001; Anastasiadis et al., 2023). Here, we ask whether larval
Drosophila similarly have different coordination patterns across the body during locomotion, and
in particular more flexibly-coupled anterior than posterior regions. We asked how tightly coupled
were segments' contractions to each other on a cycle-to-cycle basis, whether coupling emerged
from changes to crawling speed, and how coupling was spatially structured across the larval

body.
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Figure 4.3: Spatial structure of segmental coupling. A: Pairwise intersegmental correlations (Pearson's
R) of the indicated kinematic feature, averaged over all segment pairs at each intersegmental distance.
(Distance=1 indicates neighboring segments, etc.) Black asterisks: correlations significantly > zero, one-
tailed T-test, Bonferroni-corrected alpha (p<0.002). Error bars: S.E.M, n=25 larvae. B: Pairwise
intersegmental correlations of speed-corrected residuals for each kinematic feature (Methods: Section
4.4.7), plotted over the original correlation strengths (grey bars, same as in A). Blue asterisks: correlations
significantly < original values, one-tailed T-test, Bonferroni-corrected alpha (p<0.002). Error bars: S.E.M,
n=25 larvae. C: Schematic of calculating pairwise intersegmental correlation matrices. Example
contraction duration relationships are shown as scatter plots for two pairs of segments (left): T3 and Al
have a lower correlation (R=0.40) than do A4 and A7 (R=0.67). Example plots correspond to two
pairwise comparisons in the full correlation matrix (right), marked as black and grey boxes, respectively.
D: Mean pairwise intersegmental correlations for the indicated feature of segmental contraction (averaged
over n=25 larvae). All values along the diagonal = +1.
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As an initial approach to quantify how strongly pairs of segments were coupled as a
function of their distance apart, we averaged the pairwise coupling strengths of segments'
contraction amplitudes, rates, and durations at each intersegmental distance and compared these
strengths (Figure 4.3A). This approach allowed us to evaluate the overall strength of each
feature's coupling across the body, but ignored any systemic axial variations. As expected, we
found the strongest average coupling between adjacent segments. Of the three kinematic
features, we found contraction durations were most strongly coupled across segments (Figure
4.3A). Contraction amplitudes, rates, and durations were all significantly coupled (Pearson's R >
0; one-tailed T-test; p < (0.05/21)) at almost all intersegmental distances. Both contraction
amplitudes and rates were weakly coupled at most intersegmental distances (average R < 0.2 at
distances of 3 or more segments apart), making it unlikely that long-range coupling of either
feature holds much behavioral significance. However, contraction durations were strongly
coupled (average R > (.5) between both adjacent segments and two-apart segment pairs,
suggesting that this kinematic feature is regularly co-modulated across segments on a cycle-by-
cycle basis, out of behavioral necessity or as a byproduct of neural/biomechanical properties.

We next asked to what extent the coupling described above was a function of segments
co-modulating their contractions in the same way as larvae changed locomotor speed. To do so,
we repeated the above analysis after accounting for the relationship between speed and
segmental contraction kinematics: we regressed away the best-fit linear relationship between
cycle speed and segments' cycle-by-cycle contraction kinematics, then re-calculated correlations
between segments using the residual kinematic information (Figure 4.3B). We found that

contraction amplitude coupling was not significantly reduced after accounting for cycle speed,
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and thus appears independent of speed. By contrast, for both contraction rates and durations, the
average coupling strength decreased significantly for all pairs of segments after accounting for
cycle speed, suggesting speed-related co-modulations play a substantial role in coupling these
features across the body.

Next, since the above analysis ignored potential axial differences in coupling, we
investigated this possibility directly. To do so, we generated intersegmental correlation matrices
for the three kinematic features and averaged these across larvae (Figure 4.3C; individuals given
in Supplementary Figure 4.4A-C). Qualitatively, we found the structure of coupling across the
body differed for the three kinematic features. On average, the spatial structure of contraction
amplitude coupling across segments appeared slightly stronger in mid-body and between pairs at
opposite ends of the body; the spatial structure of contraction rate coupling was weak across the
body; and the spatial structure of contraction duration coupling appeared stronger among tail-end
than among head-end segments (Figure 4.3D). As above, we repeated this analysis after
regressing away cycle speed from segments' kinematic features (Supplementary Figures 4.4D-F,
4.5). We observed similar spatial structures, which suggests the strength, but not the spatial
structure, of coupling segments' contraction rates and durations is a function of crawling speed in
this behavior.

Additionally, we tested for an effect of larvae 'getting stuck,' first, by comparing the
spatial structures of coupling across the smaller jJGC7f and larger Gerry subpopulations
(Supplementary Figure 4.6A). Overall, spatial structures in both separate subpopulations
resembled those of the combined dataset: contraction amplitude coupling was slightly stronger in

mid-body and contraction duration coupling was substantially stronger among tail-end segments
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than head-end segments. Contraction rate coupling was stronger overall among Gerry than jGC7f
larvae, and particularly among anterior abdominal segments (Supplementary Figure 4.6A);
however, this difference in spatial structure did not appear to depend on larval size
(Supplementary Figure 4.4B), making it unlikely to be related to a larva's degree of physical
constraint. Further, we compared the spatial structure of coupling when splitting cycles into the
halves with greater or lesser tail movement distances (Supplementary Figure 4.6B). We did not
observe substantial differences in coupling structure between the halves of the data. Together,
these analyses suggest that the spatial structure of coupling is unlikely to be a consequence of
how tightly larvae (or specific body segments) were constrained inside channels.

Thus, so far, there appear to be very different coupling regimes for distinct features of
segments' contractions. Contraction durations are generally strongly coupled, at least in part due
to how they are co-modulated with cycle speed, and may be particularly strongly coupled among
posterior segments. By contrast, there is minimal coupling of segments' contraction rates and
only slightly higher coupling of segments' contraction amplitudes.

4.2.5. A posterior block of segments strongly coordinates contraction durations

To evaluate this spatial structure statistically, we first tested how often (for how many
larvae) coupling strengths between segments were significantly higher than expected under the
null model of consistent coupling at each intersegmental distance. Contraction amplitude and
contraction rate correlations were sporadically higher than expected based on intersegmental
distance (warm colors, Figure 4.4A left and center), but these effects were weak. On the other

hand, contraction duration correlations were consistently higher than expected toward the tail
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end of the animal (Figure 4.4A right). We found similar results when evaluating speed-corrected

data, as above (Supplementary Figure 4.5B).

Figure 4.4: Intersegmental contraction duration coupling is frequently higher among a group of
posterior segments. A: For each pair of segments, fraction of larvae with significantly (p < 0.05) higher-
than-expected pairwise correlations. Expected correlations were determined for each intersegmental
distance by bootstrapping distributions of pairwise correlations (n = 10,000 iterations). Significance was
determined using a one-tailed test, comparing each pair of segments to the expected distribution for its
intersegmental distance. B: Illustration of an example model tested by the model-fitting procedure. Within
each block, "coupling strength" is defined as the average correlation strength between nearest-neighbor
segments (correlations "A" and "B"); where two blocks overlap, coupling strength within the overlapping
region is the arithmetic mean of both blocks' coupling strengths. Predicted correlation strengths for non-
neighboring pairs are extrapolated by distance (e.g., correlations "B2" and "B3"). All segment pairs not
included inside blocks are modeled as having the out-of-block group mean correlation ("C"). C: 1094
total models are fit to each larva's empirical correlation matrix, including the null model: all segments are
included in the same block; correlation strength between segments is entirely a function of intersegmental
distance. D: Two example best-performing block models (right) fit to empirical contraction duration
correlation matrices for two individual larvae (left). After all possible block models are fit to a larva's
empirical correlation matrix, they are compared using Bayesian Information Criterion (BIC) and the best-
Figure 4.4, continued. Intersegmental contraction duration coupling is frequently higher among a
group of posterior segments.

scoring model is selected for further analysis. Color display scales and axes (segment order) identical to
panel C. E: Number of high-correlation (coupling strength > 0.5) blocks found by the best-performing
contraction duration coupling model for each of 25 larvae. F: Location of the edges of high-correlation
blocks, indicating how often best-performing models included blocks that split up an adjacent pair of
segments (where one was included, one excluded). G: Frequency with which best-performing models
included each pair of segments inside the same high-correlation block. N.B.: Along the diagonal is
equivalent to frequency with which each individual segment was included in a high-correlation block,
while the 'exterior corner' (T3 and A7 included in the same block) is equivalent to how many larvae's
correlations were best modeled as a single large block: the "null 2" model (as in B).

Our second statistical method drew on the observation that many individual larvae
seemed to have a group of segments at the posterior end whose contraction durations were
strongly coupled (Figure 4.3C, Supplementary Figures 4.2, 4.3). If true, this might suggest a
pattern wherein tail-end segments' contraction durations were constrained to match each other
cycle-to-cycle, while head-end segments' contraction durations could remain flexibly coupled
and vary cycle-to-cycle. To test for this pattern more explicitly, we developed a statistical method
to look for "block" structure in segmental coupling and identify places along the body axis where

coupling strengths among segments tended to change (see Methods).
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Briefly, the method compares many possible models of coupling strength and identifies

the model that best explains a larva's observed correlation matrix. The central assumption of the
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example of how expected coupling strengths are modeled is given in Figure 4.4B. The null

model for this method is that coupling strength depends only on distance between segments, and

does not tend to change along the body axis (i.e., all segments are in a single large block, Figure

4.4C). If, instead, the best model includes multiple blocks, it indicates one or more locations
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where local coupling strengths change across groups of adjacent segments. Example best-fitting
models for two larvae are given in Figure 4.4D.

We evaluated the block structures of the best-fitting models, which indicate groups of
segments that were consistently coupled with a similar strength. In particular, we looked for
blocks with strong coupling (R > 0.5; conclusions were similar when evaluating all blocks
(Supplementary Figures 4.7, 4.8). The best models for contraction duration correlations often
found two strongly-coupled blocks of segments (Figure 4.4E), indicating two groups of
segments.

To evaluate block locations, we first asked where along the body axis blocks most often
ended (Figure 4.4F). Common edge locations indicated points where coupling strength tended to
change across segments. For contraction duration coupling models, block edges were most
common between segments A3 and A2, and fairly common between other pairs of anterior
segments (Figure 4.4F). However, they rarely occurred between posterior segments A4-A7.

To quantify these groupings a second way, we asked how commonly (for how many
larvae) the best model grouped each pair of segments into the same block (Figure 4.4G). We
found a strong tendency for contraction duration coupling models to group posterior segments:
segments A4 through A7 grouped together with the other posterior segments inside strongly-
coupled blocks for most larvae (Figure 4.4G). In general, the same observations held true for
block models calculated after accounting for cycle speed, and when evaluating locations of all
blocks rather than just strongly-coupled blocks (Supplementary Figure 4.7). Altogether, the
location of blocks is consistent with the conclusion that contraction durations are more strongly

coupled in posterior segments than in anterior segments.
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To check whether this statistical structure was only true for contraction duration
couplings or could also be found for other kinematic features, we also tested block models for
coupling of segments' contraction amplitudes and rates (Supplementary Figure 4.8). Compared to
contraction duration coupling models, the best models for contraction rate and amplitude
coupling had fewer strongly-coupled blocks overall; the axial locations of these block edges
were more homogeneously distributed; and the segments that tended to get grouped together into
strongly-coupled blocks were likewise more homogeneously distributed. Thus, contraction
durations, but not contraction rates or amplitudes, appear to be strongly coupled specifically
among a group of posterior segments.

In all, so far, we have observed kinematic coordination of locomotion that varies along
the body axis in three respects. First, contraction kinematics are inconsistent across segments;
second, phase relationships are likewise inconsistent across segments; and third, kinematic
coupling of contraction durations is stronger among posterior segments than elsewhere along the
body axis.

4.2.6. Segmental muscle recruitment differs along the body axis

The axial variation in locomotor coordination described thus far could arise from a
number of factors: differences in segmental neural circuit activity, in neuronal activation of
muscles, and/or in conversion of muscle activation into forces via body-environment interactions
(see, e.g., Peron et al., 2009; Srinivasan et al., 2011; Jonaitis et al., 2022; Kohsaka, 2023).
Parsing the contribution of each is central to understanding how coordination arises, but requires
more information than just segmental kinematics. For instance, properties of the body or

environment could introduce coupling or consistencies across segments (or, indeed, the opposite)
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(McMillen et al., 2008; Tytell et al., 2011; Tytell et al., 2014). It is therefore essential to learn
how muscle activation compares to the movements actually produced. However, in larval
Drosophila locomotion, little is known about the relationship between segmental muscle
recruitment and kinematics.

Therefore, our next goal was to determine the relationship between segments' muscle
recruitment and contraction kinematics. To do so, we analyzed the Gerry-expressing subset of
larvae (n=7) in which muscle recruitment could be reliably quantified. First, as for contraction
kinematics (Figure 4.2A-C), we described the coordination of a set of amplitude- and timing-
related features of muscle recruitment. If coordination of these recruitment features closely
resembled coordination of kinematic features, this would be consistent with a largely neural
source for kinematic coordination (but could also reflect incorporation of local sensory
feedback); if instead there were clear differences between recruitment and kinematic
coordination, this would most likely reflect a biomechanical/environmental contribution to
coordination.

We began by quantifying the distribution of three features of muscle recruitment across
segments (Figure 4.1G). First, we measured recruitment amplitude, which we defined as peak
increase in fluorescence over baseline for each cycle. Recruitment amplitude is analogous to
contraction amplitude in the sense that both reflect a maximum degree of activity or movement,
respectively, on a given locomotor cycle. Next, we measured the recruitment rate, which we
defined as the peak rate of increase in fluorescence. Recruitment rate is roughly analogous to
contraction rate, in that it suggests how strongly a segment's muscles were "driven" on a cycle by

approximating how quickly motor neuron activity increased on that cycle. Finally, we measured
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the recruitment duration, which we defined as the total duration of segments' above-threshold
fluorescence. Recruitment duration approximates the length of time motor neurons were firing

and 1s analogous to contraction duration.
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Figure 4.5: Recruitment and recruitment phase relationships of individual body segments vary
along the A-P axis. A: Distributions of per-cycle total recruitment durations for segments T3 through A7
(from left to right). Histogram and box plot (without outliers) are given for each segment. Asterisk over
box plot shows mean value. All pairs of distributions were significantly different (p<0.05) except the
following: T3 vs. A3; T3 vs. A4; A2 vs. AS; A2 vs. A6; A3 vs. A4; AS vs. A6. B: Segmental distributions
of per-cycle maximum recruitment rates (maximum rate of increase in AG:R-G:Ry). All pairs of
distributions were significantly different (p<0.05) except for T3 vs. A3 and A1 vs. A5. C: Segmental
distributions of per-cycle recruitment durations. All pairs of distributions were significantly different
(p<0.05) except for T3 vs. Al and A2 vs. A3. D: Distributions of intersegmental recruitment phase delays;
each box plot represents per-cycle delay distribution between a pair of segments (e.g., delays from Al's
recruitment phases to T3's recruitment phases, furthest left plot). All pairs of distributions were
significantly different (p<<0.05) except for T3 vs. Al, T3 vs. A4, and A5 vs. A6. E: Distributions of per-
cycle recruitment phases for segments T3 through A7 (from left to right). Histogram and box plot
(without outliers) are given for each segment. N.B.: recruitment phases can be negative if (e.g.) segment
A7 began increasing in fluorescence before the tail movement marking the start of a cycle.

F: Distributions of per-cycle intersegmental recruitment phase delays (colored dots) for a single example
larva. Mean phase delay values given as black dots. A-E: n=978 cycles, 7 larvae. Significant differences
between distributions in A-D were determined using nonparametric Friedman's test with post-hoc Dunn-
Sidak corrected multiple comparisons.
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Similar to contraction kinematics, we found variation in segmental recruitment across the
body axis. First, recruitment amplitudes were lowest in T3, followed by A1, A3 and A4 (Figure
4.5A). This largely resembled the trend for contraction amplitudes, which were lowest in anterior
segments T3 and A1 (compare Figure 4.2A). Like contraction rates, the slowest recruitment rates
were around mid-body, in segments A3 and A4 (Figure 4.5B). Like contraction durations, the
longest segmental recruitment durations were in posterior segments, and tended to be longest in
segments A3 through A5 (Figure 4.5C). Overall axial trends for recruitment and contraction
features were therefore similar, although one discrepancy emerged: the slowest recruitment rates
and durations both occurred one segment anterior relative to the slowest contraction rates and
durations, respectively (compare Figure 4.2B-C). This spatial offset is consistent with a potential
role for sensory feedback about one segment's contraction rate/duration in adjusting the
recruitment rate/duration of the next anterior segment.

4.2.7. Greater anterior variability in recruitment timings than in contraction timings
Earlier, we observed nonlinear phase relationships between segments' contractions
(Figure 4.2E-F), which could indicate similarly nonlinear propagation of neural and/or muscular

activity between segments during locomotor waves, or could be a feature introduced by
biomechanical coupling or the channel environment. For instance, propagation of neural and
muscular activity might proceed at a different rate than propagation of movement due to physical
interactions with the environment, as seen in undulatory swimming (Williams et al., 1989; Chen
et al., 2011). To narrow down potential sources of the kinematic nonlinearity, we determined the
relative phases at which segments were recruited during locomotor cycles and compared these

phases to those of segments' contractions.
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Like contraction delays, delays between consecutive segments' recruitments were
distributed non-uniformly across the A-P axis (Figure 4.5D). Recruitment delays were relatively
consistent through posterior segments (A7 through A4), but they lengthened significantly starting
at the delay between A4 and A3. The longest delays between recruitments were between
segments A3 and A2. As with segmental contraction phases, the non-uniform recruitment phase
delays resulted in a nonlinear distribution of segmental recruitment phases (Figure 4.5E). A
sigmoidal model was a better fit than a linear model for segmental recruitment phase
distributions both for the combined data and for 6/7 individual larvae.

Thus, the overall trend in coordination of recruitment timings appeared largely similar to
the overall trend in coordination of contraction timings. However, two differences emerged.
First, as when comparing trends in segments' recruitment versus contraction rates, the longest
recruitment phase delays were shifted one segment anterior to the longest contraction phase
delays. Second, the recruitment delay between A3 and A2, specifically, appeared extremely
variable in the overall distribution. This variability did not merely reflect differences in timing
coordination across individuals, as recruitment phase delays between A3 and A2 (among other
segment pairs) could be strikingly variable within individual larvae (example in Figure 4.5F).

Together, these differences between the recruitment and contraction waves suggest that
the relationship between neuromuscular activity and movement differs along the body axis, but
not in the monotonic manner characteristic of undulatory swimming (Williams et al., 1989; Chen
et al., 2011). To better understand the relationship between coordination of recruitment and
coordination of movement, we directly compared the phases of each segment's recruitment and

contraction.
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In most individual larvae, in at least one segment, we observed a 'misalignment' of
recruitment and contraction phases, wherein the difference between recruitment and contraction
phases became not only larger but also much more variable than typical for other segments
(example in Figure 4.6A-B). To quantify this across larvae, we calculated the phase delays
between individual segments' recruitments and contractions. Delays were longest within segment
A3, meaning that A3 was where propagation of the recruitment wave was most in advance of the
contraction wave (Figure 4.6C). Moreover, segments A4 and A3 showed particularly large
variability in the recruitment-to-contraction phase delay. This variability was bimodally
distributed and included within-larva variability (Figure 4.6B), suggesting that these segments
were the most likely to have long delays between their recruitment and subsequent contraction,

but that a long delay was by no means guaranteed on any given cycle.
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Figure 4.6: Phase relationships between recruitment and contraction vary along the A-P axis.

A: Segmental distributions of recruitment phases (grey dots) and contraction phases (colored dots) for all
cycles from a single example larva. Mean recruitment and contraction phases for each segment given as
black dots. B: Segmental distributions of phase delays between a segment's recruitment and its
contraction (colored dots) for all cycles from a single example larva. Mean phase delay values given as
black dots. C: Segmental distributions of phase delays between a segment's recruitment and contraction,
for all larvae. Histogram and box plot (without outliers) are shown for each segment. N.B.: recruitment-
to-contraction phase delays can be negative if a segment began shortening before substantially increasing
in fluorescence. n=978 cycles, 7 larvae. Significant differences between distributions were determined
using nonparametric Friedman's test with post-hoc Dunn-Sidak corrected multiple comparisons (alpha
0.05). All pairs of distributions were significantly different (p<<0.05) except the following: T3 vs. A6; T3
vs. A7; Al vs. A5; A6 vs. A7.
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Altogether, we find an inconsistent phase relationship between segmental muscle
recruitment and contraction along the body axis. On the whole, contraction phase relationships
among segments show greater within- and across-larva regularity than recruitment phase
relationships. This suggests that either biomechanical properties or the interaction of the larval
body with the environment have a net coordinating effect, converting less-consistent recruitment

timings into more-consistent contraction timings across segments.

4.3. Discussion

In this report, we investigated how segments' contraction kinematics and muscle
recruitment were coordinated across the body during larval Drosophila locomotion inside a linear
channel environment. We discovered multiple axially-varying aspects of locomotor coordination,
including segmental differences in contraction kinematics and differences in the propagation
speeds of recruitment and contraction waves along the body axis. Further, we found anterior and
posterior groups of segments were differentially coupled, with contraction durations strongly
coordinated specifically among a group of posterior segments. Lastly, we discovered high
anterior variability in the timing relationships between segments' muscle recruitment and
subsequent contractions, pointing to a net coordinating effect of mechanical interactions during
this behavior. In sum, larval locomotor coordination, both kinematic and neuromuscular, appears
to depend on properties of the nervous system, body, and/or behavior that vary axially, and the
structure of this coordination typically changes around the mid-abdomen.

We begin by noting that certain of our conclusions contrast with those in recent reports

characterizing larval locomotion over flat agarose surfaces. These studies did not find differences
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in the contraction durations or amplitudes of body segments, and described a linear propagation
of contraction phases (Gjorgjieva et al., 2013; Pulver et al., 2015; Sun et al., 2022; Liu et al.,
2023). This apparent discrepancy could be due to differences between locomotion on a flat
substrate and in a constrained environment, for at least two reasons. First, larvae may be required
to generate additional force to move in an environment where they are surrounded on all sides.
This will be the case whenever, e.g., larvae are burrowing into food or other soft media.
Encountering extra resistance in some part of the body might change overall coordination: for
instance, changes to locomotor wave propagation and segmental kinematics have been described
for lamprey swimming when a small mid-body section is constricted (Islam and Zelenin, 2008),
changes that at least superficially resemble the differences in crawling we observe here.
However, we did not find evidence that cycles with further tail movement or larger individual
larvae, either of which would presumably face greater resistance inside the channels, were
related to axial differences in kinematics, in kinematic coupling, or in wave propagation
(Supplementary Figures 4.2-4.4). Second, it has been reported that proprioceptive sensory
feedback may be altered or weakened in a constrained environment (He et al., 2019).
Proprioceptive feedback is known to affect segments' contraction durations and the rate of
recruitment wave propagation (Hughes and Thomas, 2007), although potential differences in
effect along the body axis has not yet been quantified. Thus, if proprioceptive feedback were
altered inside channels (as compared to surface crawling), it could play into the axial differences

in recruitment we observed.
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4.3.1. Sources of axial kinematic, coupling, and recruitment differences

The sources of axial variation in coupling strength, wave propagation, and contraction
kinematics are presently unclear. However, several strong possibilities are well-documented.

First, differences in segmental muscle recruitment could emerge from intrinsic
differences in the activity of neurons or circuits across axial positions, in differential inputs to
segments, or in differing responses to inputs (see, e.g., Srinivasan et al., 2011; Takagi et al.,
2017; Tastekin et al., 2018; Murawski et al., 2020; Jonaitis et al., 2022; Jonaitis et al., 2024). For
instance, the location of pan-sensory optogenetic stimulation has diverse effects on ongoing
larval locomotion, depending on the segment stimulated (Murawski et al., 2020); while such pan-
sensor stimulation is highly artificial, endogenous sensory input during channel crawling might
likewise feed into segmentally-varying circuits and thereby evoke diverging responses at the
level of recruitment and kinematics. Segmental differences in intrinsic circuit activities and
input-responsiveness are common across locomotor systems, including limbless systems (Pearce
& Friesen, 1985; Zhang and Grillner, 1995; Hill et al., 2003; Tytell and Cohen, 2008), suggesting
they are fundamentally important for locomotor behaviors.

Neuromodulatory inputs are particularly strong candidates for modifying the activities of
segmental circuits (Harris-Warrick, 2011; El Manira, 2014). The differences in segmental
coupling we observed are reminiscent of recently-reported differences in segmental
responsiveness to an mAChR agonist in the isolated nerve cord (Jonaitis et al., 2022): in that
work, a posterior group of segments (A8-A5) was observed to respond to the agonist with
synchronous rhythmic bursting, while an anterior group of segments responded with asymmetric

head-sweep-like activity. However, based on the failure of isolated mid-body segments (A1-AS5)

135



to produce rhythmic activity in response to the agonist, those researchers concluded only thoracic
segments and posterior segments A6-A8 are endowed with rhythmogenic response to mAChR
activation. Therefore, although neuromodulatory responsiveness is an attractive explanation for
regionally-specific coupling, the predicted boundaries of "blocks" of segments that would
respond to acetylcholine modulation do not align with our observation that A4-A7 were
frequently included together in a strongly coupled block. It is possible that other
neuromodulators could act on a broader group of posterior segments to generate the blocks we
observed.

In fictive crawling preparations, it is common to observe a period of elevated neuronal
activity in segments at the beginning of the wave prior to wave propagation, or as posterior or
anterior "bursts" that only sometimes go on to initiate a full fictive wave (Pulver et al., 2015; Liu
et al., 2023; Jonaitis et al., 2022; Francis et al., 2024); similarly, bursting may occur for longer in
nerves closer to the start of wave propagation (Fox et al., 2006). Therefore, in the absence of
sensory input, neuronal activity occurs with uneven durations along the A-P axis. This situation
resembles the longer recruitment and contraction durations we observed in posterior segments,
and may be the 'baseline state' of central activity underlying larval locomotor waves. Recent
work formalized posterior "bursts" in a model of locomotor coordination by including a
command neuron that innervated multiple posterior segments simultaneously (Francis et al.,
2024). While an anatomical correlate for this command neuron remains to be identified, such a
mechanism could also explain the higher level of coupling we observed among a group of

posterior segments.
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Sensory feedback differences across segments could also have contributed: since
segments' contraction kinematics differed, it is highly probable that at least the proprioceptive
feedback received differed between segments during the behavior (Azim and Tuthill, 2018).
Axially-varying sensory inputs could potentially explain axial differences in strength of
coupling. They might also explain certain axial differences in recruitment-contraction coupling:
For instance, feedback about one segment's contraction rate might inform the next anterior
segment's recruitment rate, leading to a one-segment offset in contraction versus recruitment rate
minima. Such intersegmental feedback could potentially occur via ddaE proprioceptive neurons,
which are active during forward crawling and project directly to the next anterior segment, where
they form synapses (Grueber et al., 2007; He et al., 2019; Vaadia et al., 2019; Greaney et al.,
2023). However, feedforward proprioceptive pathways alone would be insufficient to explain
non-monotonic trends in contraction kinematics, unless the effect of proprioceptive feedback
reversed at the same point along the body where kinematic trends reversed.

Lastly, biomechanical differences among segments could result in axial differences in
kinematics or kinematic coupling, even if muscle recruitment were identical (Chiel et al., 2009).
However, major differences in segments' biomechanical properties have not been reported thus
far for Drosophila larvae. On the contrary, the decrease in variability we observe in contraction
phases relative to recruitment phases (Figure 4.6) suggests an opposite effect of biomechanical
properties: at least in the channel environment, irregularities in intersegmental timing
coordination at the neuromuscular level are 'smoothed out' during propagation of the physical

wave of contractions, in agreement with earlier studies (Pulver et al., 2015).
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4.3.2. Behavioral relevance of axially-varying coupling

Do the axial differences we observed in contraction durations and their segmental
coupling contribute functionally to larval locomotor behavior? Alternatively, do they represent
side-effects of axial differences among segments whose importance lies elsewhere? To date, it is
unclear whether the duration of a segment's contraction performs a particular function in larval
locomotion, although the long-duration contractions that follow from proprioceptive silencing
appear to result in slowed, inefficient crawling (Hughes and Thomas, 2007). One explanation for
the stronger coupling of contraction durations at the tail end could be to scale the amount of
stability this region provides for the rest of the wave, by ensuring that segments are in contact
with the substrate (i.e., not contracting) for longer or shorter duty cycles, as appropriate. It has
recently been shown that larvae scale the ground reaction forces produced by posterior, but not
anterior, segments with cycle period (Booth et al., 2024), which may indicate a need to adjust
posterior anchoring depending on crawling speed. However, we observed stronger posterior
coupling of contraction durations even when accounting for cycle speed (or for cycle period, not
shown), which argues against this explanation. Additionally, while larvae will produce crawling
waves when floated on top of water, they do not appear to adjust their segments' contraction
durations in this low-friction condition (Sun et al., 2022); therefore, the coupling of contraction
durations is unlikely to result from sensory feedback related to friction. Altogether, a satisfactory
behavioral explanation for stronger posterior coupling remains to be discovered.

On the other hand, we speculate that the more flexible coupling of contraction durations
at the anterior end may reflect a need for less rigid relationships between these segments

generally, so they can more easily participate in re-orienting movements such as the lateral head
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movements that occur between and during locomotor cycles (Berni et al., 2012; Gomez-Marin
and Louis, 2014; Pulver et al., 2015; Wystrach et al., 2016).

4.3.3. Limitations

We note two particular limitations of the present study. First, our analyses focused on
only a subset of kinematic features that could be chosen to describe segment contractions. We
attempted to select features of potential behavioral relevance, as discussed in Results. However,
we found similar axial coordination differences in other features we investigated in a preliminary
dataset, e.g., when comparing segment contraction onset phases to the phases of peak
contractions or boundary movements, or when comparing contraction (shortening) rates to
lengthening rates (not shown). Therefore, while we cannot yet conclude which kinematic or
timing relationships among segments are most important for larvae to coordinate for effective
locomotion inside channels, we are confident that the central conclusion of axial variation in
coordination holds across a range of features.

Second, our study relied on the use of linear agarose channels. By design, linear channels
restrict the set of behaviors that larvae can execute. While these constraints enabled collection
and tracking of many cycles of straight forward locomotor waves per animal, they also precluded
us from observing what coordination strategies are used when larvae fully express locomotor
behaviors, including re-orientations (Green et al., 1983; Gomez-Marin and Louis, 2014). If the
"function" of the differences we observed in locomotor coordination across the body axis is to
support separate roles for navigation and stability/propulsion at the head and tail ends, we
hypothesize that, when larvae are allowed to turn while crawling, coordination across segments

will resemble the coordination described here in linear channels: kinematic coupling will be
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flexible between head and tail ends; the contraction wave may slow near mid-body, potentially to
facilitate stability while turning; and recruitment-contraction phase relationships will be
consistent at the tail end, but flexible starting around mid-body, where they may be driven more
strongly by turning-related sensory or descending inputs. To look explicitly for the extent to
which coordination across the larval body depends on sensory context, it would be useful to
apply the analyses here to larval locomotion in a variety of environments.

4.3.4. Conclusion

Already, imaging technologies are emerging that should enable the simultaneous
recording of neural/muscle recruitment and segmental kinematics while larvae move in
unconstrained environments (Bonnard et al., 2022; Karagyozov et al., 2018; McNulty et al.,
2024). These advances will permit testing how the structure of coordination employed during
straight locomotion compares to the structure of coordination employed when larvae navigate
and perform more complex behaviors. In combination with recent advances in the mechanics of
larval crawling (Ormerod et al., 2022; Sun et al., 2022; Booth et al., 2024) and the development
of neuromechanical models (Gjorgjieva et al., 2013; Pehlevan et al., 2016; Loveless and Webb,
2018), work in the Drosophila larva is rapidly advancing towards a sophisticated
neuromechanical understanding of locomotion (Kohsaka, 2023). It is our hope that the methods
and findings here will open pathways to link the neuromuscular and behavioral implementations

of locomotor coordination in this exciting model system.
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4.4. Materials and Methods

4.4.1. Animal care and genotypes

Drosophila melanogaster strains used were the following:

w, +/+; Mef2-GAL4/TM6B-Dfd-YFP (generated for this study)
w, +/+; UAS-jGCaMP7f (Bloomington 79032)
w, +/+; Mef2-GAL4, UAS-Gerry/TM6, Tb, TubP-GALS0 (generated for this study)

Drosophila stocks were maintained at 25° C on molasses-based fly food. Fly crosses and
embryo/larval collections were maintained on yeasted apple juice agar plates at 25° C,
humidified to at least 75%.

Obtaining larvae for imaging

Larvae of genotype w, +/+,; Mef2-GAL4,UAS-Gerry/Mef2-GAL4,UAS-Gerry ("Gerry")
were obtained from in-crosses of same-genotype adults. Larvae were screened for presence of
GCaMP in body wall muscles prior to imaging sessions.

Larvae of genotype w, +/+; Mef2-GAL4/UAS-jGCaMP7f ("jGC7{") were obtained from
adult w, +/+; UAS-jGCaMP7f crossed to w; +/+; Mef2-GAL4/TM6B-Dfd-YFP. Larvae were
screened for presence of GCaMP in body wall muscles prior to imaging sessions.

Embryos were obtained from crosses during a 24-hour collection window, aged for an
additional 24 to 48 hours, and larvae to be imaged were subsequently screened and selected by
size (average Imm after 24 hours for first-instar jGC7f larvae; 2.5mm after 48 hours for second-
instar Gerry larvae). Larval staging was confirmed by examining larval mouth hooks under
magnification to check for characteristic second-instar size and shape. Soft-bristled paintbrushes

were used to handle larvae during washing, screening and imaging steps.
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4.4.2. Imaging larval crawling inside agarose channels

For in-depth explanation of steps, including recipes used, see Greaney and Heckscher,
2024,

Channel preparation

Linear agarose channels were cast with 2% (w/v, in distilled water) LE agarose
(APExBIO, Houston, TX) against raised channel molds (Heckscher et al., 2012; Greaney and
Heckscher, 2024). Channels used for first-instar jGC7f larvae were (either 200um (n=14 larvae)
or 250um (n=4 larvae) wide by 200um deep); channels used for second-instar Gerry larvae were
approximately 450um wide by 450um deep. After agarose fully set, channels were unmolded,
trimmed to fit on slides, and kept at 4° C immersed in water until 15 minutes prior to use. Larvae
were matched to channels of appropriate widths relative to body size: larvae were snugly
enclosed by channel walls and coverslip, which slowed crawling from maximum speed and
prevented larvae from turning around inside channels.

Imaging larval locomotion

After screening larvae for expression of the appropriate fluorophore, larvae were kept on
unyeasted apple juice agar plates for the duration of an imaging session (average 2 hours). We
observed no effect of time within session on animals' crawling speeds, periods, or stride
distances, and therefore grouped all animals together for analysis. Prior to imaging, larvae were
washed in distilled water, then placed into an agarose channel, immersed in distilled water, and
covered with a glass coverslip. Channels were saturated with water throughout the duration of

video capture.
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Larvae were imaged one at a time for 5-20 minutes, with a typical imaging duration of 10
minutes (equivalent to one 12k-frame video at 20 Hz). jGC7f larvae were imaged using a
Marianas spinning disk confocal microscope (31, Denver, CO) with 488nm laser illumination, at
20 Hz, using laser intensities that prevented range saturation. Gerry larvae were imaged using a
Zeiss LSM 800 point-scanning confocal microscope (Zeiss, Oberkochen, Germany) with 488nm
and 561nm laser illumination, at 13.3 Hz, using laser intensities that prevented saturation in
either channel. All larvae were imaged using a 5X, 0.15 NA objective (Zeiss). To keep larvae in
the field of view, motorized stage movements were commanded manually throughout the
imaging session.

Larvae were allowed to crawl until the end of video capture (pre-set at 12k frames, for
JGC7f larvae), until they paused crawling for a period of at least 20 seconds, or until they
reached the end of the linear channel, whichever happened first. To acquire additional cycles,
after the end of video recording, some larva were allowed to recover for 1 minute outside of the
channels, then were replaced and recorded again. As recorded videos tended to be of shorter
duration for the larger Gerry larvae (which crawled faster and reached the end of the channel
sooner), all but one of the Gerry larva was recorded multiple times (2-4 videos); only two of the
JGCT7f larvae were recorded multiple times. All videos recorded of a single larva were combined
for analysis.

4.4.3. Developing DeepLabCut (DLC) segment tracking pipeline

To track larval segment boundaries, the DeepLabCut (DLC) Python package was used

(Mathis et al., 2018). The following steps resulted in boundary positions over time for segments
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T3 through A7. Subsequent analysis was performed in Matlab version 2021b (Mathworks,
Natick, MA).

Initial training

Videos were oriented so that the larva’s head pointed left. For larvae that were rolled
relative to the imaging plane, videos were flipped if necessary so that more visible side was the
larva’s left.

We trained separate DLC networks using different tracking keypoints for spinning disk
confocal videos of jGCaMP7f-expressing larvae ("GCaMP network") and point-scanned
confocal videos of Gerry-expressing larvae ("Gerry network").

The GCaMP network tracked two keypoints per segment boundary (Figure 4.1B), as well
as two keypoints each to estimate locations of segments T2 and T1 and two points to estimate the
position of a pair of longitudinal tail muscles (dorsal external oblique 1; Campos-Ortega and
Hartenstein, 1997). Keypoints were placed at the exterior-most visible point of the left and right
sides of a segment boundary. In frames where an animal was rolled substantially to one side, the
ventral-anterior corner of 'muscle 4'/'lateral longitudinal 1° was labeled instead.

To enable better registration for estimating muscle fluorescence, the Gerry network
tracked five keypoints per segment anterior boundary (T3 through A7). Keypoints were placed at
the exterior-most visible anterior edges of the left and right sides of each boundary; the central
anterior corner of dorsal longitudinal muscles (dorsal oblique 1; Landgraf et al., 1997); and an
"extra" point at the ventral-anterior corner of the left side's dorsal acute 3 (Fig 4.1C). This

network also tracked four keypoints for the anterior boundary of segment A8, two points on the
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tail segment's dorsal external obliques, and two keypoints to estimate the anterior boundary of
segment T2.

Training data included 23 of 25 larvae from the analyzed dataset as well as data from 61
additional larvae that were not analyzed further due to few overall locomotor cycles, unstable
roll angle with respect to the imaging plane, poor manual tracking, or too few segments in view
at any given time. 3550 total training frames were used. In both networks, the boundary between
segments A8 and A9 was not tracked, and the anterior boundaries of T2 and T1 could not be
tracked reliably. Therefore, only segments T3 through A7 were included for subsequent analyses.

Refining DLC network performance

An iterative refinement process was used to add training frames and arrive at the final
GCaMP and Gerry DLC networks. A DLC network was first trained using an initial set of
training frames, then used to predict keypoint locations for all videos (either GCaMP or Gerry) in
the dataset. Next, prediction quality was evaluated using a multi-step process. To do so,
keypoints were converted into segment lengths (see below), then both algorithmic and manual
inspection of segment lengths were used to generate a list of potential problem frames. These
frames were validated manually. Keypoint locations were corrected for a representative selection
of these frames, then the network was retrained with the addition of the corrected frames. This
process was repeated until all videos were predicted with few problem frames. Any remaining
problem frames were corrected manually.

4.4.4. Converting keypoints to kinematic parameters

Filtering, finding segment boundary positions and lengths
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Keypoint positions were smoothed using a 2nd-order Savitzky-Golay filter with a
window of 15 frames, then converted into segment boundary positions by taking the mean of all
keypoint positions belonging to the same segment boundary as the 'midpoint' for that boundary.
Segment lengths were defined as the Euclidean distance between the midpoints of a segment's
anterior and posterior boundaries. A "baseline" length for each segment was defined as the 95th
percentile of its length distribution over all frames (Figure 4.1F).

To estimate how far a larva traveled on each wave, segment positions were converted
from frame (pixel) coordinates into real spatial coordinates.

For the Gerry videos, frame coordinate positions were converted to real spatial
coordinates using recorded stage movement data. For the jJGC7f videos, which were captured
using software/hardware that did not allow for motorized stage logging, stage movement was
estimated from a consensus of pixel velocities in segments that were not actively contracting.
Results agreed well with visual inspection.

Finally, segments' boundary positions were extrapolated on frames where they
temporarily left the field of view, as follows. First, the expected distance between that boundary
and its nearest visible neighbor was defined as the median distance between them in the original
dataset (prior to any velocity and position estimation). Then, each time a boundary (typically at
the head or tail end of the body) went out of frame, its positions following the out-of-frame
period were compared to the position of the adjacent, more central boundary. A single value was
added or subtracted to all of the former boundary's positions after the out-of-frame period, such

that the median distance between the two boundaries after the out-of-frame period was corrected
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to match their expected distance. This process was repeated following any block of missing
frames.

Segment and tail forward movement times

To define periods of forward movement for each boundary, first, its positions over time
(in real spatial coordinates) were converted to velocities. Boundary forward movement periods
were defined as times when a segment's frame-to-frame displacement exceeded 1% of its
baseline length. Since no baseline length could be reliably found for the tail, an empirically-
determined threshold of 2 um/frame was used as the tail forward movement threshold. This
threshold produced good agreement between manual definition of tail movement times (based on
visual inspection of videos) and algorithmically-defined tail movement times.

Segment movement distances

Having established each segment's moving periods, a segment's movement distance on a
given cycle was calculated using its anterior boundary. First, the forward movement period was
found that overlapped with the segment's contraction during that cycle's locomotor wave (see
below). Then, the boundary's median positions before and after the movement period were
determined, using all 'not moving' frames since the preceding 'moving' period to determine
before-moving position, and all 'not moving' frames until the following 'moving' period to
determine the after-moving position. The difference between before-moving and after-moving
positions was taken as the movement distance for that cycle.

Segment contraction times and lengths

Segments' lengths traces were processed to determine contraction onset, peak, and offset

times as follows.
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First, contraction peaks (length minima) were isolated by inverting the lengths traces and
applying Matlab's findpeaks function. To avoid finding small length changes that did not
correspond to the primary contraction during a wave, a minimum peak prominence was enforced
of 20% of the difference between segment's 90th and 10th percentile lengths.

To find contraction onset and offset times, each contraction peak was first isolated from
the rest of the lengths trace by finding the length peaks on either side. Then, during this window,
the contraction onset was defined as the (interpolated) time when the length decreased to 75% of
the difference between maximum length before contraction and the minimum length during
contraction. Similarly, the contraction offset was similarly defined as the time when the length
increased to 75% of the difference between the minimum length during contraction and the
maximum length after contraction (Figure 4.1F). This method was found to be robust to variation
over time in between-cycle segment length.

Forward locomotor waves

Having found the periods during which each segment was contracting and moving,
forward locomotor waves could be defined as tail-to-head progressions of segmental
contractions, as follows. The start of a forward wave was defined as the time at which the tail
began moving forward. After this time, a "completed" forward wave occurred if each segment
from A7 to T3 contracted sequentially. To allow for the scenario in which neighboring segments
began shortening at around the same time, up to five 'out-of-order' frames were allowed: so long
as the more posterior segment's contraction started within five frames of the more anterior
segment's contraction, both segments were counted as having participated in the wave. No rule

was applied that segments had to de-contract in order.
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To ensure that only complete, reasonably comparable forward waves were analyzed,
waves were excluded using the following criteria:

Any wave in which not all 8 segments (T3-A7) contracted was excluded.

Any wave during which one or more segments contracted more than once was excluded.

Any wave preceding or following a long pause was excluded, as was any wave during
which a pause happened partway through. A long pause was defined as 1 second elapsing
without any segment boundary moving forward.

Any wave for which a cycle period could not be defined was excluded. (This could
happen if the tail was not visible when moving forward, so the cycle start time was missing.)

Any wave during which the head end (including at least T3 and A1) was retracted,
including at the beginning or end, was excluded. Head retractions were defined as periods in
which one or more contiguous anterior segments (between T3-A3) contracted and de-contracted
without simultaneous co-contraction of the next posterior segment.

After applying earlier exclusions, any remaining wave whose period (z-scored) exceeded
4 standard deviations away from the mean cycle period in either direction was excluded.

Cycle stride distance, period, and speed

Typically, to estimate forward stride distance for each locomotor wave, the visual
centroid of a larva is tracked over time (Risse et al., 2017; Thane et al., 2023). To obtain an
estimate that depended less on body perimeter estimation, stride distance for each cycle was
estimated as the mean of distances moved by segments A2 through A7 on that cycle. Segments

A1l and T3 were excluded from the estimation because they occasionally moved as part of a head
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movement between contractions, resulting in less reliable movement distance calculation for
these two segments.

The start of each locomotor wave was defined (above) as the time at which the tail began
moving forward in advance of segmental contractions. Cycle periods were defined as the
duration from this tail movement until the following cycle's tail movement.

Finally, each cycle was assigned an average speed by dividing the cycle stride distance by
the cycle period.

Segment contraction phases

For each cycle, each segment's contraction onset was converted into a cycle phase value.
This was done by calculating the delay between the start of the wave and the segment's
contraction onset, then normalizing this delay by the cycle period.

4.4.5. Extracting segment fluorescence traces

The calcium sensor GCaMP was used to obtain information about segments' muscle
recruitment on each cycle. Larvae expressed the Mef2-GAL4 driver, which drove expression of
either JGCaMP7f (Dana et al., 2019) or Gerry (tethered GCaMP6m-mCherry, as in Ugur et al.,
2017) in all body wall muscles. Because larvae were allowed to move and segments would be
actively shortening and lengthening, it was essential to be able to control for movement artifacts
(including increases in fluorescence intensity caused not by Ca2+ concentration but by muscle
contraction compressing more fluorophores into the focal area). Therefore, recruitment was only
evaluated in Gerry-expressing larvae, in which dynamic calcium sensor (GCaMP) fluorescence
could be normalized by stable fluorophore (mCherry) fluorescence.

Region of interest definition

150



To obtain calcium sensor activity over time (a "fluorescence trace") for each segment,
segment boundaries were estimated using the DLC-tracked keypoints. The keypoints belonging
to a segment's anterior and posterior boundaries were connected to define the boundary around a
region of interest, after which all pixels fully contained within the region of interest were
combined and their values averaged, producing a single value per frame for a segment's (GCaMP
or mCherry) fluorescence intensity. The two channels (GCaMP and mCherry emission) were
processed separately. If a single keypoint was missing from either boundary on a given frame,
the frame was omitted.

Estimating green-to-red fluorescence ratios

To account for increases in GCaMP fluorescence due to movement or contraction rather
than muscle recruitment, segment fluorescence traces were expressed as a change in green-to-red
ratio over time (dGR - GRO). To obtain a baseline green-to-red ratio (GR0) during times when a
segment was unlikely to be recruited, the green-to-red fluorescence ratio (GR) was averaged
across all frames where a segment's length exceeded its baseline length. A segment's muscle
recruitment was then defined as the difference between GR and GRO on each frame.

Fluorescence traces were Savitzky-Golay filtered, using the same kernel applied to
segment lengths traces, before analysis.

4.4.6. Matching fluorescence and kinematic data (cycles)

Segments were processed one at a time to obtain the following recruitment metrics and

when matching recruitment events into locomotor cycles:

Recruitment event timings and rates
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To determine the timing and rate of segment recruitment events, fluorescence traces were
treated near-identically to lengths traces (the only difference = threshold for peak prominence).
First, recruitment events were identified by locating peaks in the fluorescence trace with
prominence of at least 30% relative to the surrounding trough values. The same algorithm was
used to define recruitment onset timings, applying the same threshold of 25% of the increase
between the preceding trough and upcoming peak fluorescence values, and interpolating to
estimate the time of threshold crossing. Likewise, recruitment offset was defined as time of
crossing the 25% threshold of decreasing values between the peak and the following trough
value; and fluorescence duration was defined as the time between onset and offset. Finally, the
same method was used of estimating recruitment rate as the maximum (per-frame) slope that
occurred during the time between trough and peak values.

Matching recruitment events to cycles

Processing the trace in the above way led to one onset/offset time, one duration, and one
rate value per detected recruitment event. However, not every recruitment event matched cleanly
to every already-defined locomotor cycle. For instance, "extra" recruitment events were
occasionally detected during a given cycle. Additionally, sometimes a segment's fluorescence
trace had gaps not present in its lengths trace, due to the stricter requirement that all of its
markers be present to process a given frame; ultimately, only events for which a recruitment
onset and offset timing could both be determined were retained.

Because of the "missing" and "extra" recruitment events, a "best match" algorithm was
used to pair a single recruitment event to each locomotor cycle. First, recruitment peak timings

were compared to their segment's length trough timings, and each peak was provisionally
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"assigned" to its closest matching trough in time. Then, if there were any duplicate assignments
(multiple recruitment peaks assigned to the same length trough), only the nearest match was
retained. After this matching process, the remaining recruitment events (peaks, as well as their
associated onset/offset timings and rate values) were assigned to the same locomotor cycle as the
matched contraction event.

After matching, a few quality control steps were used to discard any probable bad
matches. First, if any recruitment events assigned to one cycle occurred prior to an earlier cycle's
length trough, or later than a later cycle's length trough, the recruitment events were discarded.
Applying a stronger assumption, if any recruitment onset, specifically, occurred later than the
same cycle's segment length trough, that cycle's recruitment events were also discarded. Finally,
if any delay between a segment's recruitment onset and its contraction onset exceeded the median
period of a full locomotor cycle, that cycle's recruitment events were discarded. Thus, the
remaining matched recruitment events occurred within a reasonable time frame relative to their
assigned contraction events.

Recruitment phases

Having assigned recruitment events into cycles, phases were determined for these events
using the same procedure as for contraction events: the delay between a cycle's start time (tail
movement) and a segment's recruitment onset was normalized to the total cycle period.

4.4.7. Accounting for cycle speed information

To investigate the extent to which intersegmental coupling arose from the relationships
between segments' contractions and locomotor speed, speed information was regressed away

from segments' kinematic data. To do so, separately for each segment, linear regression was
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performed to obtain a relationship between cycle speed and each of the segment's contraction
kinematic features (contraction amplitude, contraction rate, contraction duration). The predicted
value of each feature on each cycle was then subtracted, leaving residual values. Pearson's
correlation coefficients were calculated between segments using these residual values in place of
the original values.

4.4.8. Modeling block correlation structure

To evaluate the spatial structure of contraction coupling among segments, a method was
designed to find "blocks" of contiguous segments that share a coupling (correlation) strength.
This method generates and compares block-based models of segments' correlation strengths for a
single feature of contraction kinematics (e.g., contraction amplitude).

Model structure and assumptions

The central assumption of the method is that, within a block, adjacent segment pairs share
the same correlation strength for the kinematic feature in question. Then, all further pairwise
correlations within the block are modeled as the expected correlation under "local-only" segment
coupling, which decreases exponentially as a function of distance. The coupling strength is
determined for each block separately. Outside of blocks, segment pairs share a single baseline
correlation strength (see example in Figure 4.4B).

In this method, blocks potentially range in size from including just one segment to all
eight segments. Two blocks may overlap but blocks may not nest fully inside other blocks and a
segment may not be contained in more than two blocks. The 8-block model corresponds to a null
model in which each segment is uncoupled to any others, except for a constant average

correlation strength for all segment pairs. Conversely, the 1-block model (Figure 4.4C)
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corresponds to a null model in which coupling between all eight segments is purely dependent on
distance, with no other variation. For all other models, in which subsets of segments group
together inside blocks, expected coupling between segments is a function of whether or not they
belong to the same block and, if applicable, the coupling strength for that block.

Defining and evaluating models

To fit a model given a set of block edges, we fit the expected pairwise correlations as
follows (see Figure 4.4B).

Within a block, we averaged the d’th root of all correlations, where d is the distance
between the segments in the pair (e.g., for adjacent segments d=1). To permit this operation,
correlations less than zero were set to zero.

When two blocks overlapped, we performed the same operation but took the d’th root of
the correlation as being the average of the values in the two blocks. All within-block values
could be estimated simultaneously in this way by linear regression.

Out-of-block elements, which correspond to segment pairs that were not in the same
block, were averaged.

To find the most likely block structure for each larva's empirical correlations, first, every
possible model was fit (n=1094 possible block combinations). Then, the log likelihood of the
data under each model was calculated assuming a Gaussian distribution with a covariance matrix
equal to the fitted model. Finally, standard model comparison was performed using the Bayesian
Information Criterion (Schwarz, 1978), which penalizes parameters to account for models with
more parameters being likely to fit better. Results were similar when the Akaike Information

Criterion (Akaike, 1974) was used for model selection instead.
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The model as structured has one degeneracy: nearly-uncorrelated segments can be
included in the same block with a very low fitted correlation, which model comparison considers
more parsimonious than using several 1-segment blocks. To analyze results of block modeling,
we therefore only evaluated "strongly-coupled" blocks (R > 0.5 for segments with distance=1).
However, the same analyses were performed when instead considering all blocks
(Supplementary Figures 4.4, 4.5), producing qualitatively similar results.

Alternative model assumptions

The method as described above employs the assumption that correlations between
segments within a block decrease with distance. A variant of the method was tested that assumed
correlations did not fall off with distance (Supplementary Figures 4.4, 4.5). In this version of the
method, each block was given a constant correlation (the mean correlation strength of all in-
block pairs from the empirical data). Out-of-block pairs were treated as in the model above.
Results from this model variant were similar.

4.4.9. Statistics

The number of cycles required per larva was estimated early in data collection, from the
first five jGC7f larvae successfully predicted by a DLC network. For five individual larvae, a
threshold of at least 50 "good" forward locomotor cycles (for cycle criteria, see "Forward
locomotor waves") was determined by eye to produce reasonable error bounds around pairwise
intersegmental correlations. Imaging sessions were designed to maximize the number of cycles
that could be well-tracked and predicted per animal, and the minimum threshold of 50 cycles was

maintained for the remaining imaged animals.
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To compare distributions of kinematic (Figure 4.2) and recruitment (Figure 4.5) features
across eight body segments, data were combined across larvae. Normality of distributions was
rejected using the Shapiro-Wilk test (p<<0.05) for all distributions analyzed in Figures 4.2 and
4.5. Therefore, distributions were compared using the nonparametric Friedman's test and Dunn-
Sidak post-hoc multiple comparison correction.

For significance testing of correlation strengths at multiple intersegmental distances
(Figure 4.3A), one-tailed Student's T-tests were used to compare correlation strengths to a null
value of zero (Figure 4.3 A, right-tailed test) or to the original, pre-regression correlation strength
(Figure 3B, left-tailed test) with a Bonferroni-corrected alpha of 0.002.

To distinguish observed correlations from the null model that correlation strength would
depend on intersegmental distance (Figure 4.4A), a bootstrapping approach was used to generate
an expected distribution of correlation strengths under the null model. A separate distribution was
generated for each larva. To do so, first, the larva's cycles were sampled with replacement (up to
the original number of cycles). Next, pairwise intersegmental correlations were calculated using
the resampled data. Then, the expected correlation at each intersegmental distance was calculated
by averaging over all pairs of segments at a given distance (7 pairs of segments were averaged
with distance=1, 6 pairs with distance=2, etc.). Lastly, the process was repeated (n=10,000
iterations). After generating bootstrapped distributions of expected correlation strength, empirical

correlations were compared to the bootstrapped distributions and a p-value calculated for each.
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CHAPTER 5
GENERAL DISCUSSION

In the preceding chapters, I introduced the central question underlying the work in this
thesis: How do limbless animals coordinate their body segments to achieve locomotion? I
reported results from two projects aiming to fill critical gaps in our understanding of this
question in the larval Drosophila model system, as well as a method designed to facilitate future
work on this question in the larval model. To conclude, I will address the larger implications of
my results for answering the central question of this work, and point to a few of the new
questions these results have raised.

5.1. Proprioceptive feedback and its role in limbless locomotor coordination

I investigated the larval proprioceptive system from an anatomical standpoint, starting
from the expectation that the anatomical details and organization of proprioceptive neurons'
central projections could reveal important principles for how this feedback is ultimately used by
the central nervous system. I showed specializations of larval Drosophila proprioceptors as
compared to other larval mechanosensory neurons, and as compared to the proprioceptors of
limbed model systems (including the soft-bodied, limbed caterpillar, which has the direct
sensory-motor reflex arcs that are apparently absent in leech and larval Drosophila; Tamarkin
and Levine, 1996).

My findings predict two properties of larval proprioceptive processing that are unusual in
the broader field of proprioception: first, that proprioceptive feedback is not subject to
presynaptic gain control or phase-specific inhibitory modulation, which are otherwise highly

conserved properties across proprioceptive systems (Azim and Seki, 2019). Second, my findings
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predict that proprioceptive sensory-motor reflex arcs do not contribute to control of larval
locomotion (or other behaviors). Both of these properties may be shared by leech proprioception:
To date, there is no evidence for presynaptic inhibition of leech stretch receptors (Fan and
Friesen, 2006). Likewise, studies have only found connections onto central interneurons, not
directly onto leech motor neurons (Cang et al., 2001; Fan and Friesen, 2006). Together, the lack
of these two properties in both leech and larval Drosophila suggests quite distinct handling of
proprioceptive feedback in limbless soft-bodied organisms (Pearson, 2004; Rossignol et al.,
2006). On the other hand, phase-specific inhibitory inputs have been demonstrated onto leech
gentle-touch-responsive mechanosensors (Alonso et al., 2020). In fact, if there are any reflexes
that need to be gated during larval Drosophila locomotion, they may involve mechanosensors
such as the chordotonal or multidendritic neurons.

The evolutionary component of these conjectures would need to be tested by expanding
anatomical study into additional soft-bodied, limbless creatures. Testing the functional
component will require access to proprioceptive processing circuits, to determine how
proprioceptive information is integrated with other inputs: it may be that phase-specific gating of
proprioceptive feedback is still important in larval locomotion, but is performed at the level of
downstream neurons, either by inhibition or by specific membrane properties.

The other main prediction of my findings in Chapter Two, that certain combinations of
larval proprioceptors co-locate their outputs because they are functionally grouped into circuits,
can be tested with further connectomic analyses, discussed next.

Utility of mapping proprioceptive circuits
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As discussed in Chapter Two, the positioning of sensory neuron outputs on its own
cannot tell us how proprioceptive neurons wire into downstream circuits; to do so requires
identifying those neurons that are the targets of the output synapses. Work on characterizing the
downstream neurons remains to be completed. It is worth testing the conjecture that the degree of
overlap in proprioceptive neurons' output synapses inside spatial domains will predict the
overlap in which circuits they contribute to, for two reasons. The first is developmental and,
while interesting, has less to do with the questions of this thesis; the second is that a complete
map of the targets of proprioceptive neurons, even from one example animal, would be of clear
value to the field (Dallmann et al., 2023). Such a map would enable a number of approaches to
asking how proprioceptive feedback contributes to locomotor coordination. For instance, no
model of segmental coordination yet incorporates both stretch feedback from the dorsal bipolar
dendrite neuron and contraction feedback from multidendritic neurons. At present, it remains
unclear whether these proprioceptor subtypes contribute much unique information to locomotor
circuits, or whether their information is mostly redundant (Hughes and Thomas, 2007). This gap
will likely need to be addressed using a combination of anatomical pathway tracing, modeling,
and further functional studies.

Given a complete map of proprioceptors onto locomotor circuits, how would one decide
where to begin? Recent studies illustrate some of the possibilities: One could start from an
anatomically-constrained model, using the basic parameters of synapse count and sign
(excitatory or inhibitory) to predict which interneurons might be most important for relaying
proprioceptive feedback between segments, similar to the approach taken by Zarin et al. in 2019

to predict the wave-related activity of premotor interneurons. (Of course, synapse count does not
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necessarily equate to synaptic strength, which will hamper any purely connectome-based
approach to circuit modeling.) Nonetheless, some value might be gained from evaluating
connectivity onto these candidate interneurons, such as by looking for potential phase-dependent
gating via any known rhythmically-active inhibitory interneurons. Some such downstream
interneurons might also present good targets for investigations into compartmentalized dendritic
processing of proprioceptive information; larval interneurons often display complex dendritic
morphologies, in which input and output synapses can be highly segregated, thoroughly
intermingled, or a combination (e.g., Heckscher et al., 2015; Schneider-Mizell et al., 2016; Zwart
et al., 2016). It would be highly interesting to know, as a start, what other inputs and outputs are
located nearby the proprioceptive inputs onto locomotor-related interneurons, and how far these
proprioceptive inputs are located from the interneurons' various downstream partners.

As an alternative modeling approach, one could reduce central circuits to a few
"representative" neurons, based on CPG models in other locomotor systems; this approach was
recently taken by Francis et al. in 2024. Their more minimal model could be adapted to include
sensory feedback based on known connectivity, and used to predict the effect of proprioceptor
manipulations on particular CPG components. Ultimately, one would aspire to a
neuromechanical model at the level of detail attained for leech swimming (Iwasaki et al., 2014),
but with the advantage of genetic access to the model components, allowing easier testing of
specific model predictions. In the Drosophila larva, it would be challenging, but not impossible,
to constrain such a model or validate its predictions using electrophysiological experiments (see,

e.g., Baines and Bate, 1998; Rohrbough and Broadie, 2002; Giachello et al., 2020).
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Alternatively, one could start from experiments designed to narrow down the range of
effects proprioceptive feedback might have on locomotor coordination. For instance, one could
replicate combinatorial sensory silencing experiments performed by Hughes and Thomas and
Song et al. in 2007, this time evaluating the results in terms of segmental coordination, using the
analyses introduced in Chapter Four. It is worth noting that, given the suspected redundancy
between subtypes of proprioceptors, manipulations of a single sensory type might not result in
any observable changes to locomotor coordination (Hughes and Thomas, 2007; Dallmann et al.,
2021), which could quickly increase the complexity of these experiments and make negative
results uninterpretable. Moreover, despite the apparent lack of presynaptic gating onto larval
proprioceptors, the timing of their experimental activation or silencing is still likely to play a
determining role in the manipulation's effect on behavior (Wolff and Olveczky, 2018; Murawski
et al., 2020). The design of acute manipulation experiments, whether in vivo or in fictive
preparations, should account for this possibility and treat phase of manipulation with care.

Finally, one could jump straight into probing the functional and synaptic connections
between proprioceptive neurons and their downstream interneuron partners, focusing on
interneurons that are already of interest for locomotor coordination, to try to understand how
these synaptic connections function. Because the larva offers access to in vivo optogenetics
paired with calcium imaging, it may be possible in the larva to achieve what has been elusive in
other limbless models: to determine which of the functional relationships between proprioceptors
and their targets, as characterized in the isolated nerve cord, hold up in vivo. This will be
especially important for understanding how information about the larva's own movement is

integrated with other locomotor-related activity.
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Proprioception and segmental coordination

Can proprioceptive feedback help account for the various scales and forms of segmental
coordination described in Chapter Four? On the one hand, proprioceptive feedback seems
unlikely to account for the axial diversity in segmental contractions we observed, if only because
the trends in which segments contract for longer or at a faster rate reverse partway down the
body. It is not immediately obvious how this reversal would result from stretch or contraction
sensation, assuming consistent wiring of sensory feedback into central circuits (which is far from
guaranteed; see Chapter Four Discussion). If anything, it seems more likely that proprioceptive
feedback would serve to keep a trend going along the body axis: if one segment contracts more
slowly than its predecessor, the (possibly later or weaker) proprioceptive feedback about its
contraction would result in a yet slower contraction in the following segment, and so forth. This
is pure speculation, however. It is similarly unclear how proprioceptive feedback could explain
the anterior-posterior differences in coupling we observed among segments' contraction
durations.

On the other hand, my results do not yet rule out such a role for proprioception. I did
make preliminary attempts to model the effect of proprioceptive feedback in my dataset, using an
early subset (n=5) of the jGC7f larvae, by constructing generalized linear models that predicted
segments' contraction amplitudes or contraction durations as a function of more posterior
segments' contraction kinematics. The idea was that some combination of more posterior
segments' contraction rates and amplitudes would reflect the sensory feedback received from
class I multidendritic neurons, feedback which is known to affect segmental contraction

amplitudes and durations when silenced (see Section 1.5.4). However, the linear models I tested
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returned contradictory results across individuals and segments, and I abandoned them relatively
early on. Future work on the dataset collected for Chapter Four might test alternative specific
hypotheses about the relationship between segmental kinematics and proprioceptive feedback on
a cycle-to-cycle basis. It might be particularly interesting to try to model the cycle-to-cycle
variability in recruitment versus contraction onset timings (Figure 4.6) as a function of more
posterior stretch or contraction feedback.

5.2. Segmental coordination in larval Drosophila locomotion

In the General Introduction, I pointed to two critical gaps in the study of larval locomotor
coordination: first, a lack of data relating neuromuscular activity to in vivo movement, and
second, the tendency to evaluate only average segmental kinematics analyses of segmental
kinematics, rather than relationships across many cycles of movement. The methods used in
Chapter Four begin to fill both gaps, and the results obtained raise new questions about
segmental coordination in this system.

In Chapter Four, I showed inconsistencies in segmental contraction kinematics and in
wave propagation across the body axis, features which had not been shown in previous
characterizations of larval crawling. I also showed that coupling among segments' contraction
durations was greater at the posterior end than at the anterior end, and that in most larvae, this
coupling manifests as a block of strongly-coupled posterior segments, suggesting relatively
flexible contraction coupling among anterior segments and between anterior and posterior
segments. [ argued in that chapter that this difference in coupling strength between posterior and
anterior body segments may reflect a common need among limbless locomotor systems to more

tightly coordinate movements nearer the tail end, which is more essential for stability and force
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production, but to allow segments nearer the head end to vary movements in service of
exploration (Tytell and Cohen, 2008; Puhl and Mesce, 2010).

My findings are descriptive and cannot reveal whether the forms of coordination
described are truly essential to larval locomotion, whether they are a byproduct of other features
of larval (neuro-)anatomy and physiology, or whether they emerge in certain environmental
contexts and not others. To do so will require further investigation, perhaps beginning with
clarifying the contribution of the environment.

Muscle recruitment, movement, and the environment

Data relating neuromuscular activity to in vivo movement are required to understand how
locomotor waves arise from the interaction of neural control, body, and environment. Using such
data, I was able to compare overall trends in segmental coordination at the levels of recruitment
and movement, offering an initial glimpse at the recruitment-contraction relationship within one
particular environment.

First, I reported a general alignment of axial trends in segment-level muscle recruitment
and contraction kinematics (Figure 4.5), suggesting that, at minimum, the axial differences I
found in segments' contractions are not purely the effect of identical recruitment patterns getting
passed through the 'filter' of the body-environment interaction. However, in the axial
distributions, there is an 'offset' of about a segment between where recruitment rates and
durations reach their lowest/highest points, and where contraction rates and durations do the
same. This offset could be interpreted in multiple ways. It is consistent with sensory feedback
from one segment affecting the recruitment of the next anterior segment. It is also consistent with

muscle activation in one segment exerting its primary effect on kinematics not within-segment,
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but across-segment, potentially through pulling on the next posterior segment. Neither
interpretation can explain the inflection point along the body where rate and duration trends
reverse, however. I speculate that the inflection point is more likely due to intrinsic differences
among segments' circuit properties, such as connectivity strengths or levels of excitability, in
CNS and/or PNS circuit members. Such a "U-shaped" distribution of intrinsic properties has
been seen, for instance, in the intrinsic oscillation periods of leech ganglia in the isolated nerve
cord, which are shortest in the middle of the body (Hill et al., 2003).

Second, I also reported a curious mismatch in the spatial variability of recruitment versus
contraction intersegmental delays: while intersegmental recruitment delays showed relatively
little variability between posterior segments, they became far more variable between anterior
segments, an observation that was not seen for intersegmental contraction delays. So far, [ have
not been able to explain the cycle-varying location of this long delay; I have ruled out a
relationship with cycle-level features such as crawling speed, period, or stride distance, but have
not yet been able to test other hypotheses.

Of the major results reported in Chapter Four, this is the one that I think most likely to be
due to the effects of proprioceptive feedback. One interesting possibility is that it points to
temporally-consecutive roles for contraction and stretch sensory feedback in advancing the wave
of muscular recruitment. In this scenario, the long delay in propagating recruitment from one
segment into the next would be an indication that feedback about a more posterior segment's
contraction was used to advance neural activity, but that further recruitment then was held up
until that same segment successfully de-contracted. As mentioned above, this might be testable

in the collected data, using a model to predict anterior segments' recruitment timings/rates from
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posterior segments' contraction and de-contraction timings/rates. Another place to start would be
confirming whether an unusually long phase delay in propagating recruitment from one segment
into the next always coincided with a long within-segment delay between recruitment and
contraction (e.g., if the recruitment delay between A3 and A2 was very long, A3's contraction
also came much later than its recruitment). If true, this would fit with the model in which
contraction needs to occur for neural activity to continue propagating (Hughes and Thomas,
2007).

More broadly, the differences observed between recruitment and contraction phases echo
those observed in anguilliform swimming (see Section 1.2). Are the anterior-posterior differences
we see in recruitment versus contraction timing, like those in the lamprey, a form of
"neuromechanical phase lag"? On the one hand, the recruitment-contraction lags I reported were
highly inconsistent both in location and in presence when compared to the lags observed in
anguilliform swimming. Therefore, in contrast to the lamprey's neuromechanical phase lag, the
larva's may not be a regular feature of the interaction between body and environment, or may be
quite sensitive to cycle-varying features such as slight changes to body posture. On the other
hand, the lags in both systems probably similarly reflect an influence of the substrate/
environment on transforming neuromuscular activity into the final kinematic pattern. In the
lamprey's case, the interaction between body and environment is a predictable enough
component of generating a locomotor wave that it is very likely 'baked in' to neural control of
locomotion (Chiel et al., 2009; Liao, 2022). In the larva's case, the interaction of body and

environment appears to 'smooth out' cycle-by-cycle timing inconsistencies in muscle recruitment.
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All of the above conjectures as to the contribution of the agarose channel environment to
our results remain to be tested, by directly comparing segments' kinematic and recruitment
coordination inside and outside of channels, or in alternative environments with different
physical properties (hardness, texture, etc.).

Regional coupling and cycle-by-cycle coordination of locomotion

Lastly, I reported in Chapter Four that cycle-by-cycle coordination of segments'
contraction durations was stronger among posterior segments and weaker between posterior and
anterior segments or among anterior segments. This result suggests different levels of flexibility
in how anterior and posterior regions are coordinated during locomotor waves, something that
previously had been thought to be a property of larvae's turning movements, but not of peristaltic
waves per se. This inter-regional flexibility is likely to be a point of similarity between larval
Drosophila locomotion and locomotion in other model systems. The strongly-coordinated
segments are in the posterior half of the body, which in many animals is the region required to
provide more of the stability or force generation for forward locomotion. The more weakly-
coordinated segments are in the anterior half, and are those involved in producing active sensing
and re-orientation movements between locomotor waves (Lahiri et al., 2011). Thus, it seems that
Drosophila larvae join other model systems in varying the coordination of their segments along
the body axis, perhaps according to larger behavioral goals.

However, compared to lamprey or leech, the specific form of flexibility in coordinating
anterior and posterior body regions appears to differ: the swimming lamprey exhibits flexible
coordination of segments' contraction amplitudes; the crawling leech exhibits flexible

coordination of elongation propagation phases; and the crawling Drosophila larva exhibits
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flexible coordination of contraction durations. Moreover, the neural mechanisms used to effect
flexible coordination are certain to differ between larva, leech, and lamprey, given these
organisms' highly diverged and differently-structured nervous systems. This makes comparison
among all three systems particularly attractive for elucidating the sources and consequences of
axial variations in segmental coordination.

Future directions

It remains to be determined whether the between-region or within-region forms of
coupling we observed are truly useful to larval locomotion; to discover this will first require
identifying what causes anterior-posterior differences in coupling. A few caveats: First, from the
current dataset, we can't yet conclude how truly "regional" are the coupling differences among
posterior and anterior segments. Our statistical methods point to groups of segments among
which coupling is likely to be higher, but cannot rule out an axial gradient of coupling strengths.
Moreover, individual larvae occasionally deviate from the most common block pattern of strong
coupling (Appendix D, Figs. S2, S3). Because we see differences in coupling patterns among
isogenic individuals (all 18 "Gerry" larvae were isogenic), the location of strong coupling may
not be strictly genetically defined. I think it would be useful, first, to confirm whether stronger
posterior coupling is introduced by the larva's channel environment. If the result holds across
environments, however, it could be highly interesting to identify and test candidate sources of
regional coupling strengths.

To my mind, there are not any obvious forerunners among candidate sources. For one,
there are few reported segmental differences that align with the mid-body location where we

found frequent breaks in intersegment coupling. Segment-level differences have been described
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in the presence or the anatomical/physiological properties of certain sensory neurons, motor
neurons, and interneurons. However, to date, most of these reports concern differences between
thoracic or terminal and abdominal segments. Likewise, the gradients of Hox gene expression
patterns established during development and in the larva do not cleanly align either with the non-
monotonic trends in muscle recruitment and kinematics, or with the regions of distinct
contraction duration coupling (Singh and Mishra, 2014).

Nonetheless, a small number of studies have shown intriguing differences between the
mid-body abdominal segments. For instance, a report from Takagi and colleagues showed that
the effect of stimulating the "Wave" class of interneurons changed at the boundary between A3
and A4: optogenetic activation of only anterior Wave neurons led to fictive backward crawling,
while activating only posterior Wave neurons led to fictive forward crawling (Takagi et al.,
2017). Another study from Tastekin and colleagues showed specific inhibitory inputs to posterior
segments (A4 and posterior) that are active during pausing while larvae perform head casts
(Tastekin et al., 2018). During embryonic development, the feedforward intersegmental
excitatory interneuron A27h, and its putative sibling interneuron called "M," are gap junction
coupled to each other and to other A27h/M neurons only in segments T3 through A3 (Zeng et al.,
2021). Whether any of this connectivity persists into larval stages is, to my knowledge, still
unknown. These and other reports (e.g., Murawski et al., 2020; Jonaitis et al., 2022) indicate
potentially substantial differences among even abdominal segments, depending on their locations
along the larval body axis. There is not a clear (to me) mechanism by which any one of these
intrinsic differences among segments would lead to stronger posterior coupling during

locomotion. Nonetheless, the source of axial diversity in segmental coupling strength may lie in
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one or more of these intrinsic differences, or in yet-to-be characterized differences; for instance,
neuromodulators are perennially strong candidates for introducing flexibility into locomotor

circuits (Selcho et al., 2012; Grillner and El Manira, 2019).
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APPENDIX A: Chapter 2 Supplementary Figures

Supplementary Figure 2.1: 3-D
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Supplementary Figure 2.2: Axial distributions of proprioceptor output synapse locations. Anterior-
posterior distributions of output synapses from individual proprioceptors from segments T3, A1, and A2
(or T3-A3, ddaD and vbd only). Each segment's output distribution plotted as the proportion of outputs in
1 pm bins; segments colored according to legend. Direction of the A-P axis shown relative to CNS at
bottom.
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Supplementary Figure 2.3: Three-segment comparison of proprioceptor output locations. Output
synapses in the "central posterior" domain (see Figure 3), corresponding to the "central domain" of
segment A2. Top, body wall diagram: dendritic "receptive field" of the contributing neurons. Two views
plotted below; contributing neurons colored according to body wall diagram. Note contribution of
synapses from neurons in both adjacent segments. Spatial position values along axes are given in nm.
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Supplementary Figure 2.4: Three-segment comparison of chos output locations. A) Top-down views
of output synapses from all T3, A1, and A2 chordotonals (that have been annotated), colored according to
diagram. All chordotonals combined, with proprioceptor output synapses plotted in grey for spatial
context, in top panel. Individual chordotonals' T3-A2 outputs, with other chordotonals' outputs plotted in
grey, in lower set of panels. B) Anterior-posterior (A-P) distribution of output synapses from individual
chordotonals from segments T3, A1, and A2. (Direction of axis relative to CNS shown at bottom.) Each
segment's output distribution plotted as the proportion of outputs in 1 pm bins; segments colored
according to legend.
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Supplementary Figure 2.5: Three-segment comparison of mds output locations. A) Top-down views
of output synapses from all T3, A1, and A2 md cIV neurons (that have been annotated), colored according
to diagram. All md cIVs combined, with proprioceptor output synapses plotted in grey for spatial context,
in top panel. Individual md cIVs' T3-A2 outputs, with other md cIVs' outputs plotted in grey, in lower set
of panels. B) Individual md cIV neuron's output synapses, this time colored by side and segment identity,
according to legend. Other md cIVs' outputs plotted in grey. Note output synapses spanning multiple
segments and sometimes crossing midline. C) Anterior-posterior (A-P) distribution of output synapses
from individual md cIV neurons from segments T3, A1, and A2. (Direction of axis relative to CNS shown
in inset.) Each segment's output distribution plotted as the proportion of outputs in 1 um bins; segments

colored according to legend.
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APPENDIX B: Chapter 2 Supplementary Tables

Table 1. Input and output synapse counts for each proprioceptive neuron in segments T3, A1,
and A2, on the left and right side. Where both inputs and outputs entries are 0, the neuron did not
exist in the annotated dataset.

Table 1

Neuron inputs outputs

dbd_T3L 3 80
dbd_T3R 2 91
vbd_T3L 0 0
vbd_T3R 0 0
ddaD_T3L 0 51
ddaD_T3R 2 59
ddaE_T3L 0 36
ddaE_T3R 1 49
vpda_T3L 3 66
vpda_T3R 1 81
dmd1_T3L 0 82
dmd1_T3R 3 82
dbd_A1L 2 76
dbd_A1R 1 77
vbd_A1L 0 73
vbd_A1R 3 73
ddaD_A1L 0 36
ddaD_A1R 0 50
ddaE_A1L 2 44
ddaE_A1R 2 62
vpda_A1L 1 37
vpda_A1R 0 56
dmd1_A1L 0 48
dmd1_A1R 5 38
dbd_A2L 1 69
dbd_A2R 0 63
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Table 1

Neuron inputs outputs

vbd_A2L 0 82
vbd_A2R 0 43
ddaD_A2L 1 51
ddaD_A2R 0 57
ddaE_A2L 1 39
ddaE_A2R 1 16
vpda_A2L 1 33
vpda_A2R 0 60
dmd1_A2L 2 40
dmd1_A2R 0 36

Table 2. Input and output synapse counts for each chordotonal and class IV multidendritic
neuron in segments T3, A1, and A2. Where both inputs and outputs entries are 0, the neuron did
not exist in the annotated dataset.

Table 2

Neuron inputs outputs
Ich5-1_T3L
Ich5-1_T3R
Ich5-2/4 T3L
Ich5-2/4_T3R
Ich5-3_T3L
Ich5-3_T3R
Ich5-5_T3L
Ich5-5_T3R
v'ch_T3L
v'’ch_T3R
vchA/B_T3L
vchA/B_T3R
Ich5-1_A1L
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Table 2

Neuron inputs outputs

Ich5-1_A1R 43 51
Ich5-2/4_A1L 43 81
Ich5-2/4_A1R 32 96
Ich5-3_A1L 55 62
Ich5-3_A1R 46 63
Ich5-5_A1L 18 56
Ich5-5_A1R 19 65
v'ch_A1L 30 63
v'’ch_A1R 29 61
vchA/B_A1L 31 104
vchA/B_A1R 37 89
Ich5-1_A2L 35 36
Ich5-1_A2R 29 48
Ich5-2/4_A2L 23 69
Ich5-2/4_A2R 8 37
Ich5-3_A2L 69 63
Ich5-3_A2R 12 15
Ich5-5_A2L 16 48
Ich5-5_A2R 13 40
v'ch_A2L 0 0
v'ch_A2R 0 0
vchA/B_A2L 0 0
vchA/B_A2R 0 0
ddaC_T3L 21 62
ddaC_T3R 16 39
v'ada_T3L 15 57
v'ada_T3R 18 53
vdaB_T3L 0 0
vdaB_T3R 0 0
ddaC_A1L 13 47
ddaC_A1R 10 59

179



Table 2

Neuron inputs outputs

v'ada_A1L 14 45
v'ada_A1R 12 52
vdaB_A1L 11 51
vdaB_A1R 26 40
ddaC_A2L 10 31
ddaC_A2R 10 31
v'ada_A2L 11 46
v'ada_A2R 9 40
vdaB_A2L 8 30
vdaB_A2R 12 34
ddaC_A1L 13 47
ddaC_A1R 10 59
v_ada_A1L 14 45
v_ada_A1R 12 52
vdaB_A1L 1 51
vdaB_A1R 26 40
ddaC_A2L 10 31
ddaC_A2R 10 31
v_ada_A2L 1 46
v_ada_A2R 9 40
vdaB_A2L 8 30
vdaB_A2R 12 34
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APPENDIX C: Chapter Three Recipes

Drosophila Apple Juice-Agar Plates

MATERIALS

Reagents

Agar

Apple juice

Nipagin M (20% in absolute ethanol)
Sucrose

Equipment

Flasks, conical

Jug, plastic, 2-L

Magnetic stirrer and stirring rod
Oven, microwave

Petri dishes, 50- or 90-mm

This recipe will make 65 50-mm plates or 40 90-mm plates.

METHOD

1. In a conical flask, mix 18 g of agar in 600 mL of H2O.

2. In a separate flask, mix 20 g of sucrose in 200 mL of apple juice.

3. Place both flasks in a microwave oven on a medium setting (e.g., 7 on a scale of 0-10) for 30
min.

4. When both the agar and sucrose are dissolved, pour the apple juice into the plastic jug with a
magnetic stirring rod.

5. Carefully (to avoid bubbles) add the agar solution to the jug. Place the mixture on a magnetic
stirrer. Allow the mixture to cool to at least 60°C.

6. Add 20 mL of 20% Nipagin M. Stir for a few minutes.

7. Pour into plates.

8. Allow the medium to solidify. Store the plates upside down at 4°C.
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Fly Food

Ingredient Amounts (for 300-bottle batch)

Water 17L
Agar 93¢g
Cornmeal 1,716 g
Brewer’s yeast 310 ¢
Sucrose 517 g
Dextrose 1033 g

Antifungal reagents as appropriate?

Antibiotics as appropriateb
aUse 8.69 g/L sodium potassium tartrate and 26.1 mL of a Tegosept (methyl-p-hydroxy
benzoate) Stock solution. (For the Tegosept stock solution, dissolve the Tegosept in 95%
ethanol at 100 g/L.)
bFor each batch of food, add 15 mg/L tetracycline plus one of the following two
antibiotics (alternate with each batch of food): 50 mg/L ampicillin, or 17 mg/L
streptomycin.
Make up the antibiotics as fresh stock solutions, with tetracycline dissolved in ethanol at
10 mg/mL and ampicillin or streptomycin dissolved in water at 100 mg/mL.

METHOD

1. Mix the agar into 13 L of water; use the other 4 L of water to wet the remaining ingredients
(excluding antifungals and antibiotics).

2. Cook the medium in a steam kettle at 15 pounds per square inch (psi) for 20 min with constant
stirring.

3. Switch off the steam and cover the kettle with a lid. Allow the medium to cool to exactly 55°C
and then add both the antibiotics and antifungals, stirring well.

4. Dispense medium into vials and bottles, cover with cheesecloth, and allow it to solidify
overnight at room temperature before capping.

This recipe is adapted from that of Lewis (1960) and from recipe 4 from the Bloomington
Drosophila Stock Centre website (flystocks.bio.indiana.edu/Fly Work/media-recipes/media-
recipes.htm).

Live Yeast Paste

Fill a vial (e.g., a scintillation vial) to about one-quarter with live baker’s yeast. Add water

while stirring with a wooden stick until the consistency of peanut butter is attained. Keep
refrigerated (otherwise the yeast will rise and spill out of the vial).

182



APPENDIX D: Chapter Four Supplementary Figures
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Supplementary Figure 4.1:
Distribution of estimated larval
sizes and locomotor cycle
parameters.

A: Distribution of segment
baseline lengths for each larva
(proxy for animal size), sorted by
increasing median length. B:
Distribution of crawling speeds for
each larva, sorted as in A. Crawl
speed is calculated per cycle as
cycle stride distance/cycle period
(see Methods). C: Distribution of
cycle stride distances for each
larva, sorted by same order as in A.
D: Distribution of cycle periods
for each larva, sorted by same
order as in A. All panels: n =25
larvae. Pink box surrounds the
Gerry subset of larvae.
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Supplementary Figure 4.2: Pushing the
tail further forward does not alter axial
trends in contraction kinematics.

A: (Left) illustration of segment width
calculation, which used the segment's
anterior boundary. (Right) Segmental
distributions of mean boundary widths,
n=25 larvae. B: Segmental distributions
for the indicated feature of segmental
contraction, for the 50% of cycles where
larvae moved their tails forward by a
greater distance (left column) or a lesser
distance (right column). Median split of
cycles was performed separately for each
larva. n=1231 cycles for each column.
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Supplementary
Figure 4.3: Axial
trends in contraction
kinematics are
conserved across
populations that
appear differently
constrained inside
channels.

A: Scatter plot of
individual larvae's
mean segment lengths
against mean cycle
periods. n=25 larvae;
points colored as in
Supplementary Figure
4.1. B: Scatter plots of
same data as in (A),
separated into jGC7f
(left) and Gerry (right)
subpopulations.

C: Segmental
distributions for the
indicated feature of
segmental contraction,
given separately for
JGC7f (left column)
and Gerry (right
column)
subpopulations.
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contraction amplitude,

mean,
speed-corrected:

|

contraction amplitude,

speed-corrected:

Supplementary Figure 4.5: Averaged intersegmental kinematic coupling of contraction amplitudes,

mean,

speed-corrected:

T3
+0.5

T3

A7

25/ T3
25

o025 A7

T3 A7

rates, and durations, after accounting for cycle speed.

A: Mean pairwise intersegmental correlations for the indicated feature of segmental contraction,
following speed correction (Methods, section 4.4.7). Correlation values averaged across n=25 larvae.

B: For each pair of segments, fraction of larvae with significantly (p<0.05) higher-than-expected pairwise
correlations, following speed correction. Expected correlations were determined for each intersegmental
distance by bootstrapping distributions of pairwise correlations (n=10,000 iterations). Significance was
determined using a one-tailed test, comparing each pair of segments to the expected distribution for its

intersegmental distance.
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Supplementary Figure 4.6: Axial trends in kinematic coupling are generally conserved when
splitting cycles by tail movement distance or by larval size/genotype.

A: Comparison of mean pairwise intersegmental correlations for the indicated feature of segmental
contraction, averaged over all jGC7f larvae (left column) or all Gerry larvae (right column). Each
comparison performed both for correlations among the original kinematic values and for correlations
among the speed-corrected kinematic values (Methods, section 4.4.7). B: Comparison of mean pairwise
intersegmental correlations for the indicated feature of segmental contraction, averaged over the 50% of
cycles during which larvae moved their tails forward by greater (left column) or lesser distances (right
column). Each comparison performed both for correlations among the original kinematic values and for
correlations among the speed-corrected kinematic values.
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Supplementary Figure 4.7: A posterior block of segments with strongly-coupled contraction
durations frequently emerges under a variety of block modeling assumptions.

A-C: Analyses comparable to Figure 4E-G, performed for speed-corrected contraction duration data.
Before calculating correlations, values for each segment were regressed against cycle speed and the result
subtracted; blocks were found for correlations calculated using residual values. D-F: Analyses
comparable to Figure 4E-G, considering all blocks found by best-performing contraction duration
coupling models (not thresholding by high local coupling strengths). G-I: Analyses comparable to Figure
4E-G, using a different internal coupling assumption when modeling blocks: Rather than assume coupling
strength decreasing as a function of intersegmental distance within a block, models assumed a flat (equal)
coupling strength for all pairs of segments within a block. This modeling assumption tended to find more
and smaller blocks. A: Number of high-correlation (coupling strength > 0.5) blocks found by the best-
performing model for each of 25 larvae. B: Location of the edges of high-correlation blocks, indicating
how often best-performing models included blocks that split up an adjacent pair of segments (where one
was included, one excluded). C: Frequency with which best-performing models included each pair of
segments inside the same high-correlation block. D, G: Total number of blocks found by the best-
performing model for each of 25 larvae. E, H: Location of the edges of all blocks in the best-performing
models. F, I: Frequency with which best-performing models included each pair of segments inside the
same block.
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Supplementary Figure 4.8: Block structure of contraction rate and amplitude coupling.
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Supplementary Figure 4.8, continued. Block structure of contraction rate and amplitude coupling.
A-C: analyses comparable to Figure 4E-G, performed for contraction rate coupling models (top row) and
contraction amplitude coupling models (bottom row). D-F: analyses comparable to Supplementary Figure
4A-C, performed on speed-corrected data. Before calculating correlations, values for each segment were
regressed against cycle speed and the result subtracted; blocks were found for correlations calculated
using residual values. G-1: analyses comparable to Supplementary Figure 4G-1. Rather than assume
coupling strength decreasing as a function of intersegmental distance within a block, models assumed a
flat (equal) coupling strength for all pairs of segments within a block. A, D: Number of high-correlation
(coupling strength > 0.5) blocks found by the best-performing model for each of 25 larvae.

B, E: Location of the edges of high-correlation blocks, indicating how often best-performing models
included blocks that split up an adjacent pair of segments (where one was included, one excluded).

C, F: Frequency with which best-performing models included each pair of segments inside the same
high-correlation block. G: Total number of blocks found by the best-performing model for each of 25
larvae. H: Location of the edges of all blocks in the best-performing models. I: Frequency with which
best-performing models included each pair of segments inside the same block.
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