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Abstract
Axon-axon and axon-target interactions underlying somatosensory circuit assembly in Drosophila
Samantha Galindo

Sensory axons from functionally related neurons often project to similar regions in the central nervous
system (CNS). Various cell-cell interactions and activity-dependent mechanisms contribute to the
formation of these arrangements, but it remains unclear how they ultimately influence circuit wiring and
function. | examined mechanisms of somatosensory circuit assembly in Drosophila. In larvae, class 11l
(clll) and class IV (clV) dendritic arborization neurons detect gentle touch and noxious stimuli,
respectively. Sensory axons travel together to the CNS and terminate in the ventral nerve cord (VNC).
Previous work showed that within the VNC, touch and nociceptive axons sort into adjacent layers and make
modality-specific synaptic connections with a population of nociceptive interneurons. The organization of
somatosensory afferents is similar in insects and vertebrates, but mechanisms underlying somatosensory
circuit formation are not well understood. I identified a role for axon-axon interactions in modality-specific
targeting and connectivity of touch neurons. Ablation of nociceptors resulted in touch neurons extending
axons into the nociceptive region and expanding connectivity with nociceptive interneurons. By contrast,
nociceptor axon targeting was not noticeably impacted by touch neuron ablation, suggesting that axon
interactions act hierarchically to influence axon targeting. To understand how axon sorting emerges during
development, | developed a method to perform time-lapse imaging of sensory axons during targeting.
Preliminary results suggest that sensory axons arrive in the ventromedial neuropil sequentially based on
target layer. | show that nociceptors also impact the transduction of touch stimulus. Whereas touch neuron
activation normally elicits behaviors associated with touch stimulus, either ablation or silencing synaptic
transmission in nociceptors led to behaviors associated with noxious stimuli. These results point to a
possible role for neural activity in touch and nociceptive circuit wiring and function. In support of this,
manipulating activity in touch or nociceptive neurons disrupted axon patterning.

Additionally, | present a role for Down syndrome cell adhesion molecule 2 (Dscam?2) in regulating

connectivity between synaptic partners in the nociceptive circuit. Previous work showed that alternative



splicing of Dscam2 generates two isoforms. | found that synaptic partners in the larval nociceptive circuit
express complementary isoforms. Regulated alternative splicing of Dscam2 is required for robust
nociceptive behavior and proper nociceptive axon patterning. Furthermore, forcing synaptic partners to
express a common isoform resulted in nociceptive axon targeting defects. | propose that regulated
expression of Dscam2 isoforms may be a mechanism to restrict connectivity to select groups of neurons.
Taken together, these data support roles for axon-axon, axon-target, and possible activity-dependent

mechanisms in somatosensory circuit assembly.
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1 Introduction
Axon and dendrite targeting

Nervous system function is determined by the organization of a tremendous number of neurons into
precisely wired neural circuits. During development, axons navigate long distances to defined locations
where they identify and synapse with target cells. Axon targeting is remarkable in every aspect: stereotyped
routing, precise terminal position and organization, and the specificity with which different types of axons
associate, or don’t associate, with others. As all of these features can impact the location of synaptic output,
they are expected to be important determinants of connection specificity.

As discussed in the following sections, decades of research have revealed many cellular and
molecular programs that influence axon targeting. These studies have significantly advanced our
understanding of this process. Nevertheless, there are still important areas to explore. Notably, while several
conserved organizing principles and molecules that are involved and axon and dendrite targeting have been
identified, we have less information about how they impact neural circuit connectivity, and very little
information about how this ultimately shapes animal behavior.

This dissertation examines mechanisms of axon targeting and connection specificity of Drosophila
larval somatosensory neurons. Larval somatosensory neurons are well-characterized in terms of dendrite
and axon patterning, and more recently, their functions, and some of their central connections, and
downstream circuit pathways have been described. Larvae perform robust somatosensory-evoked
behaviors, which provide a read-out for neural circuit wiring and function. | examined multiple aspects of
sensory axon patterning. The first is the role of interactions between somatosensory axons in modality-
specific targeting and connectivity (Chapter 2), and behavior (Chapter 3). The second is the role of neural
activity in somatosensory axon patterning (Chapter 4). The third is how cell-type specific expression of a
repulsive cell surface receptor can restrict synaptic connections between populations of interconnected
neurons (Chapter 5). The findings presented in the following chapters reveal new insights into the
mechanisms of axon targeting and connection specificity and might inform studies of somatosensory circuit

development in other organisms.



Mechanisms of neural circuit wiring
Beginning in the 1940s, Roger Sperry performed a series of landmark experiments that laid the foundation
for our current thinking of how neurons within developing neural circuits form precise, stereotyped
connections. Using behavioral and later, histological approaches, he showed that optic nerve fibers that
were disconnected or scrambled by transplant or surgery always regenerated in a manner that preserved
normal connectivity patterns (Sperry, 1944, 1945). Dr. Sperry inferred that “the cells and fibers of the brain
and cord must carry some kind of individual identification tags, presumably cytochemical in nature, by
which they are distinguished one from another almost, in many regions, to the level of the single neuron”
(Sperry, 1963). He proposed that growing axons make synaptic connections with specific neurons based on
chemical affinities generated by the identification tags. The chemoaffinity hypothesis, while somewhat
controversial at the time, now has considerable support. Indeed, tags of the kind that Sperry postulated have
been identified as cell surface and secreted molecules. A major goal of developmental neurobiology
research has been to understand how these molecules control the cell-cell interactions that give rise to

organized neural circuits.

Cell surface and secreted proteins
Cell surface and secreted proteins (CSS) comprise a large, diverse class of ligands and receptors. They play
essential roles in dendrite and axon patterning by providing growing neurites with guidance cues to navigate
their environments and find synaptic partners. Secreted proteins can act over long ranges whereas surface
receptors mediate contact-based interactions (Tessier-Lavigne and Goodman, 1996). Ligand-receptor
binding provides a recognition step that often activates downstream cytoskeletal changes resulting in the
cell growing towards (attraction) or away from (repulsion) the source of the cue (Bashaw and Klein, 2010).
Some ligands bind multiple receptors and can induce either attraction or repulsion in different contexts

(Tessier-Lavigne and Goodman, 1996).



The enormous number and diversity of cell types in the nervous systems demands comparable
variety in the molecules that provide cell-cell recognition. The major families of axon and dendrite guidance
cues often comprise several related members that differ slightly in molecular structure. In particular, precise
ectodomain composition endows CSS proteins with specific homophilic or heterophilic binding properties.
Many CSS proteins are alternatively spliced, which dramatically increases proteome diversity and is
particularly prominent in the brain (Su et al., 2018). This is exemplified by Drosophila Down syndrome
cell adhesion molecule (Dscam), which undergoes extensive alternative splicing to generate ~38,000
isoforms that participate in specific homophilic interactions (Schmucker et al., 2000; Wojtowicz et al.,
2004). Transcriptome studies have revealed that, as predicted by the chemoaffinity model, neurons express
unique repertoires of cell surface proteins (Li et al., 2017; Tan et al., 2015). These molecular profiles grant
each neuron with a specific set of instructions for where to grow, how to branch, and which neurons to

connect with.

Long-range targeting by guidance cues
One of the first steps in the construction of neural circuits is long-range targeting of dendrites and axons
(Figure 1.1). This process has been extensively studied in the context of axon guidance, though many of
the same signaling pathways have also been shown to act in dendrite targeting (Furrer et al., 2003; Matthews
and Grueber, 2011; Polleux et al., 2000; Santiago and Bashaw, 2017; Suli et al., 2006). During outgrowth,
axons are guided by chemoattractant and chemorepellent cues. These cues are often secreted from a
particular substrate or source (Placzek et al., 1990; Tessier-Lavigne et al., 1988), creating a gradient to
which axons are differentially sensitive to depending on receptor expression. Guidance cues are not
exclusively secreted; they can also be presented on the cell membranes, and the cellular sources are varied:
other neurons, intermediate guidepost cells, or the extracellular matrix (Boulin et al., 2006; Chien et al.,
2017; Sweeney et al., 2007).

Two notable guidance cue families are Netrin and Slit, which control midline crossing by

commissural axons. Netrin proteins are produced by neural progenitor cells in the ventricular zone (mice)
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and midline glia (flies) (Dominici et al., 2017; Harris et al., 1996; Serafini et al., 1994; Varadarajan et al.,
2017). Two major receptors for Netrins are DCC/Frazzled (Keino-Masu et al., 1996; Kolodziej et al., 1996)
and Unc-5 (Keleman and Dickson, 2001; Leonardo et al., 1997), which, when expressed by axons, cause
them to be attracted to or repelled by Netrin, respectively. Slit is also secreted from the midline and acts as
a chemorepellent on axons that express Roundabout (Robo) family receptors (Rothberg et al., 1990; Seeger
et al., 1993). Both Netrin and Slit have additional functions in axon and dendrite targeting outside of their
roles in controlling midline crossing (Alavi et al., 2016; Matthews and Grueber, 2011; Oliva et al., 2016;
Timofeev et al., 2012).

Ephrins are another class of guidance molecule. Ephrins are membrane-tethered ligands that bind
Eph receptor tyrosine kinases in trans. In mammals, the numerous Ephs and Ephrins are broadly categorized
based on ligand/receptor affinities as EphA/EphrinA and EphB/EphrinB. As both Ephs and Ephrins are
membrane-anchored, they mediate contact-based signaling. A distinctive feature of Eph/Ephrin signaling
is that it can occur bi-directionally, meaning that ligand-receptor binding initiates signaling in both cells
(Egea and Klein, 2007). Eph/Ephrin signaling has been implicated in topographic axon targeting from the
retina to the superior colliculus/optic tectum (SC/OT) in vertebrates. EphA/EphrinA and EphB/EphrinB are
expressed in complementary gradients along the temporal-nasal and dorso-ventral axes of the retina,
respectively. The SC/OT is similarly patterned by complementary gradients along the anterior-posterior
and medio-lateral axes. While the mechanisms underlying topographic mapping are not fully understood,
the different sensitivities of RGC axons to relative Eph/Ephrin levels in the SC/OT appear to play a role
(Triplett and Feldheim, 2012). Additionally, repulsive axon-axon interactions between axons targeting the
SC/OT influence topographic targeting (Suetterlin and Drescher, 2014).

Lastly, Semaphorins are chemorepellent molecules that can be either secreted or cell-surface
(Tessier-Lavigne and Goodman, 1996). They act through Neuropilin and Plexin family receptors and have
been implicated in controlling repulsive axon-axon interactions (Sweeney et al., 2007; Xie et al., 2017),
midline crossing (Kuwajima et al., 2012), and dendrite targeting (Komiyama et al., 2007; Sweeney et al.,

2011).



These cues, and several others, play essential roles in guiding dendrites and axons over long
distances. However, the nervous system is highly organized not only because dendrites and axons project
to defined locations, but also because the path they take is remarkably stereotyped. Axons make specific
routing decisions at defined choice points, and they associate with particular cell types as they navigate to

their targets. In particular, interactions between axons have been shown to impact targeting.

Axon-axon interactions
Early studies in insects showed that axon targeting often begins with pioneer axons that extend first and
form scaffolds that follower axons fasciculate with (Bate, 1976; Keshishian, 1980; Raper et al., 1983b).
Axons that join the fascicle can do so selectively, meaning that they converge and diverge from the common
bundle at specific choice points (Raper et al., 1983a). Furthermore, axons can exhibit specific affinities for
axons within the bundle and rely on certain axons for guidance but not others (Bastiani et al., 1984; Raper
et al., 1984). A striking example of interactions between pioneer and follower axons is peripheral nerve
assembly in vertebrates. During development, motor neuron axons are guided by mesenchymal cues to
peripheral targets (Bonanomi and Pfaff, 2010). Next, somatosensory axons follow the initial trajectories of
motor axons and rely on guidance information provided by motor axons (Wang et al., 2014). Additionally,
repulsive interactions between somatosensory and motor axons promote segregation of sensory and motor
nerve pathways (Gallarda et al., 2008). Last, subsets of sympathetic efferent axons follow pre-established
paths set up by motor and somatosensory axons (Wang et al., 2014). Disrupting the targeting of early-
projecting axons (motor or somatosensory) alters targeting by follower cohorts (Wang et al., 2014). Thus,
sequential targeting by motor, somatosensory, and sympathetic axons underlies hierarchical axon
interactions.

Within nerves, axons are often ordered before reaching their targets, which is termed pre-target
sorting. The ordering of axons can reflect the spatial organization of the neurons (Plas et al., 2005; Torrealba
et al., 1982), qualitative or molecular features of the neurons (Miller et al., 2010), the ages of the axons

when they join the bundle (Walsh and Guillery, 1985), and combinations of these modes of organization
5



(Sitko et al., 2018). Differential fasciculation and repulsion between groups of axons contribute to pre-
target sorting (Cioni et al., 2018; Imai et al., 2009; Sitko et al., 2018). In mice, repulsive axon-axon
interactions mediated by Sema3A and Nrpl controls pre-target topographic axon sorting of olfactory
sensory neurons (OSN) (Imai et al., 2009). OSN-specific knockout of Sema3A disrupted axon organization
in the axon bundle and in the olfactory bulb, demonstrating that pre-target sorting is important for
topographic map formation.

Axons that have reached their near-final positions engage in local cell-cell interactions to refine
their axonal arbors. Work from axon targeting in olfactory and visual systems has been particularly
informative in understanding these types of axon-axon interactions. Olfactory Receptor Neurons (ORNS)
in flies and mice project to the antennal lobe/olfactory bulb according to olfactory receptor (OR) expression.
ORNSs that express the same OR converge in a single glomerulus and segregate from ORNs with different
OR expression (Laissue and Vosshall, 2008; Mombaerts et al., 1996). In flies, ORN classes share a unique
combination of DIP/dpr cell adhesion molecules that promote class-specific adhesion between the axons.
Disrupting the expression patterns of DIPs/dprs results in local targeting defects, suggesting that class-
specific adhesion controlled by DIP/dpr codes is required for local axon sorting (Barish et al., 2018). Local
interactions also promote regular spacing between neighboring axons. In the fly visual system, axonal tiling
between neighboring L1 neurons constrains each axon to a single column. L1 neurons mutant for Down
syndrome cell adhesion molecule 2 (Dscam?2) extend axons into the adjacent column, which suggests that
Dscam2 normally mediates repulsion between L1 axons (Millard et al., 2007).

Axon-axon interactions that promote local axon sorting are prominent amongst sensory afferents.
Axons in all sensory systems are organized as neural maps, which translate information about the location
or quality of sensory inputs into spatial representation in the CNS. Axon organization within these maps
determines the synaptic partners that sensory information is relayed to. Thus, axon-axon interactions that
promote convergence or segregation of specific groups of sensory inputs have potential to influence the

synaptic connections made by those neurons. While several examples of axon-axon interactions, and the



molecules that mediate them, have been identified, how they influence sensory circuit organization and

function remains unclear.

Synaptic partner selection
Given the high density of neural processes in the brain, even aligned pre- and postsynaptic membranes are
faced with the challenge of recognizing each other in a crowded field. To accomplish this, synaptic partners
present specific cell surface proteins that promote recognition. This is commonly referred to as the “lock-
and-key” model for specificity, wherein the repertoire of proteins presented by pre- and postsynaptic
partners are the locks and keys.

Teneurin proteins are one such example. There are two Teneurin proteins in Drosophila (Ten-a and
Ten-m), which are expressed by synaptic partners in the olfactory system and at the neuromuscular junction
(Hong et al., 2012; Mosca et al., 2012). These studies proposed that Teneurins mediate synaptic partner
selection between select ORNs and PNs, and motor neurons with target muscles through homophilic
interactions. Another family of ligands and receptors implicated in partner selection is the Drosophila
DIP/dpr protein family. DIP and dpr proteins are expressed in specific, complementary patterns in synaptic
partners in the visual and neuromuscular system (Carrillo et al., 2015; Tan et al., 2015; Xu et al., 2018). On
top of synaptic partner selection, there is evidence that subcellular localization of synapses is also
molecularly specified (Shen and Bargmann, 2003).

While the above review emphasizes cell-surface receptors that promote synaptic connectivity, there
are also receptors that inhibit inappropriate synapses. One example is gamma-Protocadherins (Pcdhgs) in
mouse starburst amacrine cells (SAC). SAC dendrites from the same cell self-recognize and avoid
overlapping (self-avoidance) but fasciculate and form inhibitory synapses with dendrites from other SACs.
Pcdhgs controls the elimination of synapses after eye-opening. In Pcdhgs mutant SACs, synapses between
closely spaced SACs remain in the adult, and fasciculated dendrites from the same SAC form inappropriate

autapses (Kostadinov and Sanes, 2015). In flies, repulsive cell-surface receptors of the Dscam family are



involved in contact-based recognition and repulsion. In Chapter 5, | present findings from investigating the

role of Dscam?2 in synaptic partner selection in the larval nociceptive circuit.

Activity-dependent axon patterning
Neural activity plays an important role in refining connections in developing circuits. A prominent example
of activity-based refinement comes from studies of retinotopic map formation and eye-specific segregation
in the mammalian visual system. Retinotopic mapping is observed in the projections of retinal ganglion
cells (RGCs) from the retina to the superior colliculus (SC), whereas eye-specific segregation refers to the
sorting of RGCs from the left and right eyes in the dorsal lateral geniculate nucleus (ALGN). Early in
development, both of these structures are organized as coarse maps that refine as a result of correlated
spontaneous activity in the retina (Dhande et al., 2011; Kirkby et al., 2013; Sretavan and Shatz, 1984).
Pharmacological manipulations that blocked or increased retinal activity disrupted retinotopic mapping and
eye-specific segregation (Penn et al., 1998; Shatz and Stryker, 1988; Sretavan et al., 1988; Stellwagen and
Shatz, 2002), leading to the hypothesis that correlated spontaneous activity is required for refinement of
neural maps. Activity-based axon sorting and topographic organization has been observed in auditory,
olfactory, and somatosensory systems (Blankenship and Feller, 2010; Serizawa et al., 2006; Yang et al.,

2014), and is likely a conserved organizing principle.

Dendrite and axon patterning in the Drosophila somatosensory system
Drosophila melanogaster is the choice subject for many developmental neurobiologists. As described
above, many of the molecules involved in dendrite and axon targeting were characterized in flies.
Drosophila are also an excellent model to study the link between nervous system development and function.
They perform complex behaviors with a brain comprising ~100,000 neurons (Simpson, 2009), and the
genome is highly amenable to intervention. Importantly, gene expression can be controlled with

transcriptional activation systems (Gal4/UAS, LexA/LexAop, QF/QUAS), which has enabled near-



ubiquitous use of in vivo cell-specific reporters and gene expression tools, including methods to ectopically

activate, inactivate, kill, and otherwise modify neurons.

Larval peripheral nervous system

The Drosophila larval peripheral nervous system (PNS) is made up of several groups of primary sensory
neurons that allow the animal to detect the mechanical, thermal and chemical status of the environment.
Sensory neuron cell bodies and dendrites are stereotypically arranged in each thoracic and abdominal
hemisegment of the larval body wall and their axons project to the central nervous system (CNS) (Figure
1.2) where they deliver sensory input to second-order neurons. The PNS begins to develop during mid-
embryogenesis and sensory circuits are assembled shortly thereafter. At approximately 24 hours, the
embryo hatches into the first of three larval stages. While synaptic partnership is determined by late
embryonic stages, connections within established circuits continue to increase as the animal grows during
larval stages (Gerhard et al., 2017).

There are numerous cell types in the larval PNS with diverse sensory functions. Broadly, cells are
categorized as either type I ciliated or type Il multidendritic (md) neurons (Campos-Ortega and Hartenstein,
1985). Type I sensilla include mechanosensory external sensory (es) organs and chordotonal (ch) vibration-
sensing organs (Ghysen et al., 1986; Hartenstein, 1988). The type Il md class comprises bipolar dendrite
(bd), tracheal dendrite (td) and dendritic arborization (da) neurons (Bodmer and Jan, 1987). bd and td
neurons innervate internal structures whereas the dendrites of da neurons span the larval epidermis (Bodmer
and Jan, 1987; Grueber et al., 2002; Qian et al., 2018).

da neurons have expansive, complex dendritic arbors with remarkable morphological diversity.
There are four classes of da neurons, class I-1V (cl-1V), initially classified by their dendritic morphologies
(Grueber et al., 2002). Subsequent studies have characterized the distinctions in their central axon
projections, molecular identities and the modalities that they detect, which correlate well with their initial
classifications (Crozatier and Vincent, 2008; Grueber et al., 2003a; Grueber et al., 2007; Sugimura et al.,

2004). Class | neurons function as proprioceptors (Hughes and Thomas, 2007), class Il are thought to be
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involved in mechanosensation (Tsubouchi et al., 2012), class 111 are bimodal gentle touch and cold receptors
(Tsubouchi et al., 2012; Turner et al., 2016; Yan et al., 2013) and class IV neurons detect noxious

mechanical and thermal stimuli and function as larval nociceptors (Hwang et al., 2007).

Dendrite and axon patterning of dendritic arborization neurons
The immediate accessibility of da neurons—Iying just beneath the translucent epidermis—has enabled
extensive investigation into the molecular programs that underlie dendrite morphogenesis and dendritic
field patterning. Two notable features of dendrite patterning are self-avoidance and tiling, which are
discussed in greater detail in Chapter 5. Briefly, self-avoidance is the tendency of sister dendrites from the
same cell (isoneuronal) to avoid crossing, which promotes even dendrite spacing (Grueber and Sagasti,
2010). Dendritic tiling refers to the tendency of dendritic fields from different cells (heteroneuronal) of the
same type (homotypic) to avoid overlapping, and instead form contiguous dendritic territories, much like
tiles on a floor (Grueber and Sagasti, 2010). Dendritic fields from functionally different neurons
(heterotypic) overlap. The net effect of self-avoidance, tiling, and heterotypic overlap is complete but non-
redundant coverage of a sensory or receptive field. All da neurons self-avoid and class Il and class IV
neurons tile with other neurons of the same class.

Axons from each abdominal hemisegment travel to the CNS in one of two nerves based on the
position of the soma. Axons that originate in the ventral and ventral' clusters travel through the segmental
nerve (SN) whereas axons that originate in lateral and dorsal clusters travel through the intersegmental
nerve (ISN) (Merritt and Whitington, 1995). The organization of axons within these nerves has not been
described. Within the neuropil, axons segregate from the common nerves and terminate in distinct regions
according to class and modality. The central projections of da neurons were mapped (Grueber et al., 2007)
using Fasciclin2 (Fasll)-immunoreactive axon tracts that serve as landmarks along the mediolateral and
dorsoventral axes in the neuropil (Landgraf et al., 2003) (Figure 1.2, D). Axons from cl neurons project
dorsally and medially, terminating just lateral to the dorsomedial (DM) fascicle, whereas cll-1V axons

terminate ventrally near the ventromedial fascicle (VM). cll-clV axons segregate along the mediolateral
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axis by class; clV axons terminate closest to the midline, clll axons terminate immediately lateral to clV,
and cll axons are lateral to clll axons (Grueber et al., 2007). The class-specific segregation of axons
contrasts with the homotypic avoidance patterns of their dendrites. Whereas dendrites tile with other
dendrites of the same class and overlap with dendrites of other classes, the axons bundle with axons of the
same class and segregate from axons of different classes. Given that the location of axons determines the
potential connections that the neurons can make, modality-specific axon targeting is likely important for
aligning sensory afferents with functionally relevant postsynaptic partners.

In addition to class-specific terminal positions, axons from each class of da neuron have specific
morphological features (Figure 1.2, D). cl-clV neurons have longitudinal axons that extend either
anteriorly, posteriorly, or both. cIV neurons, and occasionally clll neurons, have commissural (midline-
crossing) axons. However, this feature is restricted to cIV neurons located in dorsal and ventral regions of
the body wall. Collateral branches are observed most prominently in cll axons, and a subset of cl axons
(Grueber et al., 2007).

Cell-cell adhesion is important for early steps of sensory axon guidance from the periphery to the
CNS, as mutations in Flamingo (an atypical protocadherin) cause sensory axons to stall before reaching the
ISN (Steinel and Whitington, 2009). Flamingo also works together with a planar cell polarity gene, Prickle,
to promote sensory axon advancement beyond a transition point between the PNS and CNS (Mrkusich et
al., 2011). Peripheral glial cells are required to guide sensory axons from the PNS to the CNS, as genetic
ablation of glial cells results in axon pathfinding defects (Sepp et al., 2001).

Within the CNS, the positioning of sensory axons along the dorso-ventral axis is influenced by
Semaphorin. Somatosensory neurons express Plexin A and Plexin B receptors, which respond to
Semaphorin 1a and Semaphorin 2a expressed in the dorsal and central neuropil (Zlatic et al., 2009). The
axons of da neurons are likely also sensitive to Netrin and Slit from the midline, as mutations in Frazzled
and Robo receptor genes disrupted axon patterning (Grueber et al., 2007; Morikawa et al., 2011). Robo
receptor expression did not influence the relative medio-to-lateral positions of cll-clV axons (Grueber et

al., 2007), which suggested that novel molecules or mechanisms are likely involved in the medio-to-lateral
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arrangement. In Chapter 2 | present evidence to support a role for interactions between clll and clV axons
in establishing laminar targeting.

Some aspects of class-specific axon morphology have been explored. Two genes, trim9 (an E3
ubiquitin protein ligase) and mirror (a homeodomain transcription factor) are required for commissural
branch formation in clV axons (Karim and Moore, 2011; Morikawa et al., 2011). Another transcription
factor, Cut, which is expressed at varying levels in cll, clll and clV da neurons, but not expressed in cl
neurons (Grueber et al., 2003a), is required in a subset of cll and clll neurons for targeting to the ventral
neuropil (Corty et al., 2016). In the absence of Cut, cll/clll axons terminate next to the DM fascicle where
proprioceptive cl axons terminate. Cut levels control dendrite branching patterns in cll-clV neurons
(Grueber et al., 2003a), indicating that some aspects of dendrite and axon patterning are coordinately
regulated. Within the bundle of clVV axon terminals, axons from clV neurons located in different regions of
the body wall (ddaC, vdaB, v'ada) terminate with fine-scale topographic distinctions, and topographic
sorting is dependent on neural activity (Yang et al., 2014). Additionally, a large mutagenesis screen
identified several gene mutations that disrupt clV axon targeting (Grueber et al., 2007) however, these
mutations have yet to be characterized thoroughly.

Despite these advances in our understanding of sensory axon guidance and targeting, we still know
very little about how somatosensory circuits are formed. This is primarily due to two limitations of the
somatosensory system that have only recently been addressed. The first is the general need for early, class-
specific reporters for da neurons. Such tools have existed for clV neurons for some time (Grueber et al.,
2003b), but were largely lacking for other classes. These reporters are necessary for manipulating subsets
of sensory axons during development and assessing the consequences on other somatosensory types. The
second limitation is that, until recently, the central targets of somatosensory neurons had not been
characterized. Development of transgenic tools to probe synaptic partnership (Feinberg et al., 2008;
Macpherson et al., 2015) as well as a large-scale collaboration effort to reconstruct the larval CNS by
electron microscopy have enabled the identification direct synaptic connections of somatosensory neurons

as well as downstream circuit pathways (Burgos et al., 2018; Fushiki et al., 2016; Gerhard et al., 2017;
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Heckscher et al., 2015; Hu et al., 2017; Ohyama et al., 2015; Takagi et al., 2017; Yoshino et al., 2017). As
the work presented in this thesis relates to the development of nociceptive and touch circuits, 1 will

summarize the current map of clV and clll neuron synaptic targets.

Connectivity of nociceptive and touch neurons
clV neurons make direct synaptic connections with 13 distinct cell types (Burgos et al., 2018; Gerhard et
al., 2017; Hu et al., 2017; Ohyama et al., 2015; Takagi et al., 2017; Yoshino et al., 2017) (Figure 1.3).
Targets include local and regional interneurons (dendrites extend 1-2, or 3-5 segments, respectively),
neurons that project throughout the VNC, and one cell type is located in the brain with descending axons.
These cell types have highly diverse morphologies, dendrite and axon projections, and subsequent
connections in the CNS, suggesting that signals relayed by clV neurons are transformed through a
complicated network of central connections to engage motor output.

Functional characterization of several clV target cell types has revealed that they play distinct roles
in controlling behavioral responses to noxious stimuli. When larvae perceive abrasive thermal or
mechanical stimuli, they perform a nocifensive “escape” sequence of several rotations about the A-P axis
termed “rolling”, followed by rapid crawling. Down-and-Back (DnB) neurons control a specific bending
body posture that initiates rolling (Burgos et al., 2018). Wave neurons engage backward or forward
locomotion, depending on whether the stimulus was perceived at the head or the tail of the larva (Takagi et
al., 2017). And some cell types (Basin-2, Basin-4, A08n, DP-ilp7) integrate sensory information from
multiple modalities to influence the animal’s behavioral response to sensory stimuli (Hu et al., 2017;
Ohyama et al., 2015). This is achieved by recruitment of distinct downstream circuit components and
through neuromodulation (Hu et al., 2017; Ohyama et al., 2015).

We know far less about the neural circuitry downstream of clll touch-sensing neurons, though some
insight has been gleaned from the characterization of clV targets that receive multi-sensory input. At least
two groups of cell types, Wave and DnB neurons, receive direct input from clV and clll sensory neurons

(Burgos et al., 2018; Takagi et al., 2017). The functional and behavioral relevance of clll and clV
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convergence onto Wave and DnB neurons is not well understood, however, clll touch receptors have been

shown to be required for, and to enhance mechano-nociception (Hu et al., 2017).

Parallels to mammalian somatosensory neuron organization
Insect and mammalian somatosensory systems share several common features. Most, if not all of the
modalities detected by mammalian peripheral nervous systems are represented in the fruit fly. The md
neurons share a few key similarities with mammalian free nerve endings. They both have unencapsulated
dendrites that innervate the skin. They are responsible for detecting temperature, mechanical and noxious
stimuli, and their central projections terminate in modality-specific layers in central nervous system. Rodent
dorsal root ganglion (DRG) neuron afferents project to the dorsal horn region in the spinal cord (Figure
1.4). Within this region, afferents terminate in specific laminae (I-1V) according to modality. Nociceptors
terminate in laminae | and 11, mechanoreceptors in laminae 11-V, and proprioceptors bypass the dorsal horn
and terminate in the ventral horn (Caspary and Anderson, 2003).

Dil labeling of mouse sensory afferents at various stages of development revealed that different
classes of sensory afferents project to the dorsal horn sequentially based on final position. Ventrally
projecting afferents arrived first, followed by afferents that projected to deep and superficial dorsal horn
regions (Ozaki and Snider, 1997). Sensory neurons projected directly to target laminae without branching
into other laminae, which suggests that localized inhibitory cues may establish lamina-specific targeting. It
was later shown that proprioceptive sensory axons express PlexinA and are repelled from regions with high
Sema6C and Sema6D expression during development, which guides their axons along a specific path to the
ventral dorsal horn (Yoshida et al., 2006). Additionally, a subset of nociceptive afferents expresses the
transcription factor Runx1, which is required for the targeting of these afferents to a specific layer in the
superficial dorsal horn (Chen et al., 2006).

While general organization and some molecules important for patterning have been described, the
developmental mechanisms that drive somatosensory axon patterning and circuit assembly are not well

understood. In mice, several classes of interneurons in the dorsal horn have been identified (Koch et al.,
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2018), but as neurons in the dorsal horn are highly diverse, characterization of somatosensory circuitry is
still somewhat limited. Even in flies, somatosensory circuit development is poorly understood compared to
olfactory and visual circuits. Given the conserved features of somatosensory systems between insects and

mammals, | expect that results presented in this thesis will inform studies of somatosensory circuit assembly

in other systems.
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Chapter 1 Figures
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Figure 1.1

Mechanisms of neural circuit wiring. Select processes involved in axon and dendrite targeting and examples of molecules
involved. References: 'Serizawa et al. (2006) ?Barish et al. (2018) 3Gallarda et al. (2008) “Imai et al. (2009) *Hong et al. (2012)
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Figure 1.2

Drosophila larval peripheral nervous system. (A) Timeline of Drosophila embryonic and larval development. Enlarged box
shows locations of dendritic arborization (da) neuron cell bodies (colored) and non-da neurons (colorless). (B) Maximum intensity
projections of class I-1V da neuron cell bodies and dendrites. (C) Modalities associated with each class. (D) Left to right: cartoon
of sensory axon projections in larval CNS; transverse view of neuropil with Fasll fascicles; transverse view of VNC; drawings of
individual axon morphology for each class (dorsal cells are drawn); confocal images of sensory axons labeled by 109(2)80-Gal4
driving CD8-GFP which labels multidendritic (md) neurons. Scales: (B) 50um (D) 10um (top), 20um (bottom).

17

Alosuas



class IV class Il

nociceptors touch receptors
A02n  A09%  A09q Down-and-Back
Basin-2 A09%e  TePn05 Wave
Basin-4 SelN138 TePn19

A10a A08n

Figure 1.3

Direct synaptic targets of class 11 and class 1V da neurons. First-order nociceptive targets were previously identified by electron
microscopy (Burgos et al., 2018; Gerhard et al., 2017; Hu et al., 2017; Ohyama et al., 2015; Takagi et al., 2017). clV and clll
neurons share at least two downstream targets. Whether clll neurons also connect with the remaining clV targets has not been
described. Additional targets of class Il neurons have not been described yet.
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Figure 1.4
Organization of somatosensory afferents in mouse spinal cord and fly ventral nerve cord. (Left) Cartoon depicting central

projections of dorsal root ganglion cells. Note that afferents of different modalities terminate in specific dorsal horn layers. (Right)
Cartoon of axon projections from Drosophila somatosensory neurons. Note that axons also terminate in specific domains according

to modality.
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2 Heterotypic axon interactions determine modality-specific wiring of somatosensory neurons®

Abstract
Axons are often organized into specific domains in the central nervous system that reflect spatial or
functional features of the inputs. Studies on olfactory and visual system development have identified many
cell-cell interactions that give rise to these arrangements, but it remains unclear how they ultimately
influence synaptic connectivity. | investigated this question in the context of somatosensory map formation
in Drosophila larvae. In flies and mammals, somatosensory axon organization in the central nervous system
reflects stimulus detection, but very little is known about how these arrangements are established. In this
chapter | focus on the role of axon-axon interactions in modality-specific wiring of touch and nociceptive
sensory neurons. Touch and nociceptive axons target adjacent, non-overlapping territories in the central
nervous system, where they make modality-specific connections with a population of nociceptive
interneurons. Nociceptor ablation resulted in touch axons inappropriately extending axons into the
nociceptive recipient region and expanding synaptic connectivity in this region. These results suggest an
important role for axon interactions in modality-specific axon targeting and connectivity of somatosensory

neurons.

’'m very grateful to Patricia Cooney for performing class III ablations and analysis, and to Luke Hammond for
developing a custom ImageJ macro that was essential for image analysis and providing imaging support.
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Introduction

Modality-specific axon convergence is often observed amongst sensory afferents that are organized as
discrete neural maps (Grueber et al., 2007; Kwon et al., 2014; Mombaerts, 2006; Wang et al., 2004). Given
that sensory neurons are tasked with relaying an assortment of diverse stimuli to downstream neural
circuitry, segregating afferents by function could be a mechanism to promote synaptic connections amongst
functionally appropriate partners.

Work from various sensory systems has shown that modality-specific axon targeting can arise from
a combination of canonical axon guidance cues, axon-target and axon-axon interactions, and activity-
dependent mechanisms (Luo and Flanagan, 2007; Yoshida et al., 2006; Zlatic et al., 2009). In the olfactory
system, olfactory sensory neuron (OSN) axons form a rough topographic map by following gradients of
guidance cues provided by target substrates or the axons themselves (Cho et al., 2007; Nguyen-Ba-Charvet
et al., 2008; Takeuchi et al., 2010). This initial map becomes refined through local axon-axon interactions
that lead to convergence of OSNs that express the same odorant receptor (OR) at the exclusion of axons
with different OR expression. In the case of mouse OSNSs, the expression of cell adhesion molecules that
mediate axon segregation is correlated with OR expression and with neural activity (Serizawa et al., 2006).
This model provides a direct link between OSN functional identity and axon organization. Studies of
olfactory circuit development have provided insight into the mechanisms that underlie modality-specific
axon sorting, but whether these principles are conserved in other similarly organized systems is unknown.
Furthermore, the degree to which axon sorting influences synaptic specificity is poorly understood. For
example, in Drosophila, disruption of the glomerular targeting of either olfactory receptor neuron (ORN)
axons or the projection neuron (PN) dendrites they target did not interfere with correct ORN-PN matching
(Barish et al., 2018; Zhu et al., 2006). Thus, the importance of axon sorting for modality-based wiring
specificity is unclear.

I addressed this issue using the Drosophila larval somatosensory system. Somatosensory axons

target discrete, modality-specific domains in the CNS, but little is known about how this patterning is
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established. It has been speculated that segregating afferents by function might underlie modality-specific
connectivity, but until the recent identification of somatosensory circuitry in the CNS, this was difficult to
investigate. The experiments and findings presented in this chapter were motivated by three major goals.
First, we sought to develop tools that would allow us to co-label clll and clV axons and determine the
extent to which clll and clV axon cohorts sort into different domains. Second, we investigated the role of
heterotypic axon-axon interactions in sorting clll and clV axons into distinct domains. Third, we
investigated whether heterotypic axon interactions are important for establishing modality-specific

connectivity.

Results

Touch and nociceptive cohorts segregate into modality-specific domains in the CNS
A prior study revealed that the axons of class 11-1V (cll-clV) dendritic arborization (da) neurons target the
ventral region of the neuropil, but within this region sort into discrete layers along the medio-lateral axis
(Grueber et al., 2007). clV axons terminate closest to the midline, clll axons terminate immediately lateral
to clV axons, and cll axons terminate in an even more lateral layer. These conclusions were based on
relatively rare instances in which two or more cells from the same segment were labeled by Mosaic Analysis
with a Repressible Market or FLP-out approaches (Grueber et al., 2007). In order to confirm and extend
these findings, | began by generating tools to reliably and consistently co-label clll and clV axons with
different fluorophores.

Transcriptional activators (Gal4, LexA, QF), or “drivers” that are expressed specifically in cIV
neurons have been generated and are commonly used (Grueber et al., 2007; Han et al., 2011), but few cllI
specific drivers have been reported (Xiang et al., 2010). We performed an in silico screen of the Janelia
database (Jenett et al., 2012) of Gal4 enhancer traps and identified one line, R83B04-Gal4, that labeled the
clll axon scaffold in third instar larvae when crossed to UAS-CD8-mCherry (Figure 2.1, A-A™). R83B04-
Gal4 labeled cells in the brain lobes, but these did not obscure the clll axons in the ventral nerve cord

(VNC). To diversify our collection of clll drivers, | generated R83B04-LexA and R83B04-QF2. Both
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R83B04-LexA and R83B04-QF2 label clll neurons. R83B04-LexA has broader expression in the brain lobes
compared to R83B04-Gal4, and occasionally labels proprioceptive dmdl neurons (Figure 2.1, B-B™).
R83B04-QF2 is expressed in a number of cells in the optic lobe and putative chordotonal organ cap cells
(Figure 2.1, C-C"). These newly identified and generated tools, together with previously reported drivers
(nompC-Gal4, nompC-LexA, nompC-QF (Shearin et al., 2013)) provide a toolkit for visualization and
genetic manipulation of clll neurons in Drosophila larvae.

I combined R83B04-LexA, LexAop-myr-GFP with ppk-CD4-tdTomato, which labels clV neurons
(Han et al., 2011) to examine clll and clV axon patterning in the larval VNC. Co-labeling revealed that
axons of clIV and clll neurons indeed terminate in distinct layers (clV medial, clll lateral) with class-specific
patterning features (Figure 2.2, B-C'). clV axons formed a ladder-like arrangement with prominent
commissural branches that extended across the midline. clll axons formed parallel longitudinal tracts and
largely avoided the midline. The few clll axons that extended towards or across the midline remained
segregated from the clV axon bundle (Figure 2.2, C"). Notably, the boundary between clll and clV axons
showed striking complementarity (Figure 2.2, C-C'). These data confirm previous conclusions that axon

terminals of nociceptors and touch receptors show precise segregation in the VNC.

Nociceptors impact touch axon targeting
The shape complementarity of clll and clV axon territories raised the possibility that this precise
segregation could arise through local interactions between the axons. | tested this scenario first by inducing
mistargeting of clV axons and asking whether clll axons showed correlated changes in targeting. Ectopic
expression of Robo3 in da neurons has been shown to lateralize terminal axons (Grueber et al., 2007). |
expressed UAS-Robo3 (Rajagopalan et al., 2000) in clV neurons using ppk-Gal4, which disrupted the clV
axon scaffold such that few axons reached the midline (Figure 2.3, A, B, G). | examined clll axons labeled
by R83B04-LexA. Compared to control larvae, larvae with mistargeted clV axons had a significant increase

in clll axons crossing the midline (Figure 2.3, A, B', G). This correlated strongly with the absence of clV
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axons at the midline (Figure 2.3, G"). These results suggest that the presence of clV axons at the midline
prevent clll axons from crossing.

A caveat of guidance receptor misexpression is that the presentation of Robo3 on clV axons could
potentially alter local cues seen by clll axons. As a more direct approach, I genetically ablated clV neurons
by driving UAS-rpr (McNabb et al., 1997) under the control of ppkl.9-Gal4 (Ainsley et al., 2003). |
confirmed the absence of clV axons using ppk-CD4-tdTomato (Han et al., 2011) and used R83B04-LexA to
label clll axons with myristoylated (myr) GFP. | again observed an increase in clll axons crossing the
midline when clV neurons were ablated compared to controls (Figure 2.3, C-D", H-H"). clll axons that
crossed the midline did so along the ventral edge of the neuropil where clV terminals normally reside
(Figure 2.3, E-F). These results indicate that the presence of clV axons restricts clll axons to their parallel

longitudinal tracts (Figure 2.3, I).

Axon interactions maintain segregated cohorts
Interactions between sensory axons could be required during initial axon targeting to segregate axons,
continuously to maintain segregated axon cohorts, or both. Sensory axons grow towards the CNS during
embryonic stages 14-15 (~11-13 hours after egg laying, or AEL) (Hartenstein, 1988) and clV dendrites and
axons increase in size during larval development (Gerhard et al., 2017; Parrish et al., 2009). To gain insight
into whether clll-clV axon interactions act during targeting or during maintenance, | monitored the timing
of nociceptor death by UAS-rpr. | ablated clV neurons using ppk1.9-Gal4 and labeled clV dendrites and
axons using ppk-CD4-tdGFP (Han et al., 2011). In newly hatched first instar larvae (26-30h AEL) |
observed largely intact axons for both control and UAS-rpr larvae (Figure 2.4, B). By 28-32.5h AEL |
observed occasional breaks in the axon scaffold in clV-ablated larvae, accompanied by dendrite loss in the
periphery, indicating that cell death had initiated (Figure 2.4, B-D). From 47.5-68h AEL | observed
progressive loss of clV dendrites and axons and only remnants of clV axons remained at 68h AEL. The
segregation of da neurons can be seen as early as stage 17 (16-24h AEL) (Grueber et al., 2007), so these

results implicate axon interactions in a maintenance role, perhaps continuously enforcing the boundary
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between clll and clV axons during larval development. However, | have not ruled out an early role for axon
interactions in sorting clll and clV axons during initial targeting.

The finding that the ablation of cIV neurons removed them after embryonic development gave me
the opportunity to examine clll-clV axon patterning at different stages of larval development in control
larvae and larvae with clV neurons ablated. In first and second instar control larvae, the boundary between
clll and clV axons was clearly formed (Figure 2.5, A, A', B, B', I). Bundles of cIVV commissural axons were
present in all segments for all larvae examined. clll neurons also had commissural axons that crossed the
midline in a few neuromeres in each animal. When clll commissural axons were present, they usually
projected across the midline posteriorly to clV axons (Figure 2.5, 1). In larvae carrying UAS-rpr, clV axons
were partially ablated by first instar and fully ablated by second instar, consistent with previous results. No
significant difference was observed in the total volume of clll axon processes in the “medial” layer (defined
as the region between bilateral Vmv Fasl| tracks) at either L1 or L2. By contrast, there was a significant
increase in clll commissural axon processes in clV-ablated third instar larvae compared to controls. These
results are consistent with a maintenance role for clV axons in preventing touch axons from extending
additional processes into the nociceptive layer. Given that clV axons and the dendrites of their second-order
targets grow significantly in size and in number of synaptic connections between first and third instar larvae
(Gerhard et al., 2017), nociceptive axons could constrain synaptic connections made by touch axons in the

nociceptive layer.

Mistargeted regions of touch axons accumulate a presynaptic marker
To investigate whether nociceptive axons influence the locations of synaptic connections made by touch
axons, | first asked whether ablating nociceptors leads to changes in patterning of touch neuron presynaptic
sites. | labeled presynaptic sites in all touch axons by expressing Brp-short™®™ (Berger-Muller et al., 2013)
under the control of R83B04-LexA along with CD8-GFP to label clll axons. The Brp-short®"™ construct
encodes a fragment of Bruchpilot (Brp), a scaffolding protein found at presynaptic active zones (Kittel et

al., 2006) tagged at the C-terminus with mCherry. Brp-short localizes to active zones in an endogenous-
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Brp-dependent manner and is used commonly to mark presynaptic sites (Berger-Muller et al., 2013;
Christiansen et al., 2011; Couton et al., 2015; Mosca and Luo, 2014). | ablated nociceptors using ppk1.9-
Gal4 and UAS-rpr and examined Brp-short™®™ distribution in clll axons in third instar larvae. In controls,
I observed strong Brp-short puncta in the longitudinal processes as well as some puncta in the commissural
branches, indicating that when clll axons extend medial processes, those processes may form synaptic
connections in this region (Figure 2.6, A-A", C-C"). In larvae with nociceptors ablated, the Brp-short puncta
in longitudinal regions was very similar, whereas there was an increase in Brp-short puncta in the medial
layer (Figure 2.6, B-B", D-D"). | used a machine-learning algorithm (FindFoci) (Herbert et al., 2014) to
automatically count Brp-short puncta in the medial layer (again defined as the region between the left and
right Vmv Fasl|I tracks) and found a significant increase in Brp-short puncta in clVV-ablated larvae compared
to controls (Figure 2.6, F). This result suggests that nociceptive axons restrict touch axon connectivity to
the lateral domain by excluding their axons from the medial, nociceptive-recipient neuropil (Figure 2.6, E).
Given the tight apposition of touch and nociceptive inputs, this action by nociceptive axons could enforce

spatial separation of touch and nociceptive synapses onto central targets.

Ablation of nociceptors alters locations of touch synaptic inputs onto nociceptive interneurons
Modality-specific axon targeting of touch and nociceptive axons was previously described (Grueber et al.,
2007) but how this translates to touch- and nociceptive-specific synaptic wiring has only recently been
explored. Our lab identified a population of interneurons in the VNC, termed Down-and-Back neurons
(DnB), that receive direct synaptic input from clll and clV neurons (Burgos et al., 2018). There are two
bilaterally symmetric DnB neurons per neuromere in the VNC (16 total in abdominal neuromeres) (Figure
2.7, A). Each DnB neuron projects locally with dendrites that arborize in the ventromedial neuropil (where
most da axons project) and axons that terminate laterally (Figure 2.7, A', B). Previous electron microscopy
(EM) reconstruction of DnB neurons revealed that DnBs receive significant synaptic input from clV

neurons (45.5% of all input) and minor input from clll axons (15%) as well as other sensory classes. DnBs
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are activated by clV neurons and are a key component of escape behavior in response to noxious stimuli
(Burgos et al., 2018).

Co-labeling DnB neurons and either clll or clV axons revealed that touch and nociceptive axons
terminate on distinct regions of the DnB dendritic field (Figure 2.7, C-D"). clV axons terminate throughout
the majority of the dendritic field excluding the lateral edge, where clll terminals are positioned. I used
synapse-restricted GFP Reconstituted Across Synaptic Partners (Macpherson et al., 2015) to detect putative
synapses between clll, ¢V and DnB neurons (Figure 2.7, E). In this approach, synaptobrevin-fused spGFP*
10 was expressed in either clll or clV neurons using R83B04-LexA and ppk'°-Gal4, respectively, and CD4-
spGFP!! (Cavanaugh et al., 2014). A membrane marker tdTomato (Potter et al., 2010) was expressed in
DnB neurons using 412-QF (Burgos et al., 2018). This allowed me to examine synaptic patterning with
respect to DnB dendrites. clV-DnB GRASP localized throughout the majority of the DnB dendritic arbor,
except for a thin region on the lateral margin (Figure 2.7, F-F"). In contrast, clll-DnB GRASP was largely
restricted to the lateral margin (Figure 2.7, G-G™). These results suggest that class-specific targeting of
touch and nociceptive axons correlates with spatially segregated synaptic inputs onto DnB dendrites.

Differential touch and nociceptive axon targeting to DnB dendrites could be a consequence of the
relative placement of axon cohorts. Alternatively, it is conceivable axon-target interactions could restrict
touch and nociceptive synapses to different regions of the DnB dendritic arbor. | first addressed the role of
axon-target interactions in nociceptive axon targeting. To this end, | induced mistargeting of DnB dendrites
by expressing UAS-Frazzled.Unc5 (Keleman and Dickson, 2001) under the control of 412-Gal4 and used
ppk-CD4-tdTomato to determine whether clV axons altered their targeting in response. Mis-expression of
Fra.Uncb led to a clearing of DnB dendritic processes from the midline, but this did not noticeably alter the
positioning of clV axons (Figure 2.8 A-B"). While I cannot exclude the role of guidance cues from other
clV targets (Gerhard et al., 2017), this result suggests that targeting of clV axons can be decoupled from
the position of DnB dendrites, which are the dominant synaptic target of cIV neurons (Gerhard et al., 2017).

Next, I turned to the role of interactions between touch and nociceptive axons in modality-specific

wiring with DnB neurons. | genetically ablated clV neurons and simultaneously performed GRASP
27



between clll and DnB neurons. In control larvae, GRASP signal was observed strongly in parallel
longitudinal tracks reminiscent of clll axons. This signal again localized to the lateral margin of DnB
dendritic field (Figure 2.8, C-C"). In clV-ablated larvae, GRASP signal in the longitudinal regions was not
noticeably changed, but GRASP signal occasionally extended medially along the DnB dendrite (Figure 2.8,
D-D™). I measured the maximum extension of GRASP with respect to the DnB dendritic arbor and found
that loss of nociceptors led to a significant medial expansion of the clll-DnB GRASP domain (Figure 2.8,
E). Consistent with the enrichment of Brp-short puncta in medial regions upon nociceptor ablation, this
result suggests that axon interactions restrict the connectivity of touch neurons to the “touch” associated

region of DnB dendrites.

Ablation of touch axons does not noticeably impact nociceptor axon targeting
If interactions between nociceptor and touch axons impact touch axon targeting, a key question is whether
they influence axon targeting uni- or bidirectionally. To investigate this, we examined clV axon patterning
upon genetic ablation of clll neurons. Ablating clll axons during second instar (Patricia Cooney, personal
communication) did not result in qualitative changes in the clV axon scaffold, indicating that clll axons are
not required for general targeting or guidance of clV axons to the ventromedial neuropil (Figure 2.9). We
hypothesized that if the presence of clll axons at the boundary between clll and clV axons enforces the
border between cohorts, removing them could result in an irregular lateral boundary of clV axons. To
examine this, we measured the tortuosity of the lateral edge of the clV axon scaffold. Scaffold tortuosity in
control and clll-ablated larvae were not significantly different. Given the late timing of the ablation, this
result suggests that additional factors other than clll axons are responsible for maintaining clV axon

patterning at late stages.

Normal touch dendrite patterning upon nociceptor ablation
Having observed interactions between axons of different classes, we asked whether interactions are axon-

specific or also extend to dendrites. Two features of touch and nociceptive dendrite patterning are
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homotypic tiling and heterotypic overlap. Homotypic dendro-dendritic interactions have been investigated
and play a major role in dendritic tiling between clV neurons and a modest role in tiling clll dendrites
(Grueber et al., 2003b). It is not known whether interactions between dendrites of different classes are
involved in dendritic field patterning. To probe this, | examined the dendrite morphologies of the ventral
clll neuron (vdaD), which overlaps with the ventral cIV neuron (Figure 2.10, A), in control and clV-ablated
larvae (Figure 2.10, B-C). There was no significant difference in total dendritic length between control
vdaD cells and vdaD in clV-ablated larvae (Figure 2.10, D). Furthermore, Sholl analysis revealed that
dendritic fields of vdaD in control and clV-ablated larvae are highly similar (Figure 2.10, E). These results
suggest that clV-ablation induced changes in clll neuron morphology are restricted to axons and that
dendrites of clll and clV neurons may be maintained independently from each another. However, a caveat
is that is that dendrites are bundled together, so minor changes in targeting or branching may not have been

captured by this analysis.

Live imaging sensory axons during targeting
The above findings support a role for axon-axon interactions in modality-specific sorting and wiring of
touch axons. These observations raise the question of how axon sorting emerges during development. Two
alternative scenarios could be (1) axons sort upon initial targeting or (2) sorting occurs after an initial period
of overlap. Understanding how the different classes of sensory neurons target could shed light on the nature
of axon-axon interactions during this period. As a first step to addressing these questions, | sought to
develop a method to image sensory axons during axon targeting.

A prerequisite for live imaging is a marker that is expressed at relevant time points and is specific
enough to visualize the sensory axon projections in the CNS. In general, these prerequisites have been
mutually exclusive in da neurons. We hypothesized that early patterning genes might meet these
requirements because they are expressed in restricted domains or cell types early during embryonic
development. One such early patterning gene is pannier (pnr), a GATA transcription factor involved in

dorsal cell fate determination (Calleja et al., 2000; Heitzler et al., 1996; Ramain et al., 1993). An enhancer
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trap inserted in the endogenous locus (pnr-Gal4) drives expression in embryonic dorsal ectoderm (Calleja
etal., 1996; Stronach et al., 2014). We found that pnr-Gal4 also labels sensory neurons in the dorsal cluster
(Figure 2.11, A-D). pnr-Gal4 was not expressed in CNS neurons, which could have obscured sensory
axons. Importantly, dorsal sensory axons were labeled by pnr-Gal4 as early as axon outgrowth and
throughout embryonic development.

Using this marker, | performed time-lapse imaging of dorsal sensory axon targeting. Sensory axons
from each abdominal segment were observed in the VNC at approximately stage 15 (10-13h AEL) (Figure
2.11, E). At this stage, it was not possible to determine how many types of axons were represented in the
growth cones, however given the thickness of the bundles of axons emerging from the dorsal cluster, it is
likely that these bundles contained multiple axons (Figure 2.11, D). Initially, each group of axons arborized
within their target neuromeres. Then, axons extended processes into adjacent neuromeres, which thickened
to form the longitudinal connectives. Processes were first observed crossing the midline at stage 16.
Initially, these were only observed in a few anterior neuromeres, and the remaining neuromeres developed
commissural branches by stage 17.

As all of the axons were labeled by GFP, it was not possible to determine the targeting events or timing
of individual sensory axon types. However, in one imaging session | observed two bundles of axons that
were clearly separated throughout targeting (Figure 2.11, F). The following observations are based on
imaging of this embryo. At stage 15 (t=0), growth cones in two adjacent segments were connected by a
single longitudinal process. After ~3 hours, a second process emerged immediately lateral and parallel to
the first one. Both processes became thicker over the next several hours, however a boundary was
maintained. Based on this observation, it seems possible that medially positioned axons develop first and
laterally positioned axons develop later. If confirmed, this would be consistent with medial-to-lateral arrival
and could suggest that axon layering arises from sequential targeting. However, additional imaging, ideally

with class-specific labeling, is needed to confirm this.
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Discussion
While dendrite development of larval somatosensory neurons has been studied in detail, we have less
information about the mechanisms that underlie axon targeting, and thus the construction of somatosensory
circuits. In this chapter | present one aspect of axon patterning, the potential for interactions between axon
terminals to influence position. | found that interactions between touch and nociceptive axons control
modality-specific targeting and connectivity of touch axons. These results shed light on organizing

principles that contribute to somatosensory circuit assembly.

Heterotypic axon interactions control modality-specific patterning of touch axons
Axons from clll and clV dendritic arborization (da) neurons terminate in adjacent layers in the CNS. This
arrangement reflects modality-specific axon convergence that is a prominent feature of sensory maps.
Based on the precise boundary between cohorts, | hypothesized that interactions between axons could
facilitate their segregation. Indeed, ablating nociceptors resulted in touch axons extending into the
nociceptive recipient neuropil. | examined the impact of nociceptor ablation on touch axon targeting at
various developmental stages and found that loss of nociceptors after initial axon targeting resulted in touch
axon retargeting. While I have not ruled out an early role for axon interactions during initial axon targeting,
these results show that axon interactions are required to maintain the boundary between cohorts.

My data suggest that axon interactions control axon targeting in a hierarchical manner. Whereas
ablating clV neurons in second instar larvae resulted in touch axon re-targeting, ablating clll axons at a
comparable developmental stage did not induce noticeable changes in clV axons. While it is possible that
axon interactions regulate clV axon targeting earlier in development, another interpretation is that axon
interactions influence targeting in a directional manner. Preliminary live imaging results suggest that axons
target the ventral neuropil sequentially from medial to lateral. If confirmed, this could point to a mechanism
for class-specific segregation, in which nociceptive axons arrive first and constrain touch axons from the
midline. Mouse dorsal root ganglion (DRG) afferents enter the dorsal horn sequentially based on target

lamina (Ozaki and Snider, 1997), which suggests another potentially analogous aspect of invertebrate and
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vertebrate somatosensory systems. Sequential targeting by different groups of axons contributes to axon
targeting in mouse and fly olfactory sensory neurons (Sweeney et al., 2007; Takeuchi et al., 2010) and R
cell neurons in the Drosophila ellipsoid body (Xie et al., 2017). In these systems, early-arriving axons repel
late-arriving axons through repulsive Semaphorin signaling. These studies offer insight into mechanisms
of axon-axon signaling that we can test in our system. Likewise, | expect my findings to inform studies of
somatosensory circuit development in mammals.

In addition to interactions between heterotypic axons, either direct or indirect, homotypic
interactions may also contribute to modality-specific wiring. Both touch and nociceptive axons show signs
of preferential homotypic adhesion (Figure 2.5). The combination of adhesive forces within touch and
nociceptive axon cohorts, and repulsion between them could drive modality-specific axon convergence, as
is the model for mouse olfactory map formation (Sakano, 2010). Axon pre-target sorting can also contribute
to segregation in target zones. In the mouse optic tract, RGC axons that project ipsilaterally and
contralaterally are segregated, with ipsilateral projections situated laterally (Sitko et al., 2018). Ipsilateral
RGC neurites self-fasciculate more than contralateral neurites in in vitro retinal explants, which suggests
that pre-target sorting might arise from differential adhesion within RGC axon cohorts (Sitko et al., 2018).
Homotypic adhesive and heterotypic repulsive axon-axon interactions also regulates pre-target sorting in
Xenopus RGC projections (Cioni et al., 2018). Thus, an important future direction is to examine

somatosensory axon organization within the nerves that deliver them to the CNS.

Axon interactions control modality-specific wiring of touch neurons
My data suggest that axon-axon interactions determine modality-specific wiring of touch neurons. Both
clll and clV neurons synapse with nociceptive Down-and-Back (DnB) interneurons. However, DnB
neurons receive touch and nociceptive input in distinct dendritic domains. Ablating nociceptors led to touch
axons expanding connectivity with DnB dendrites in the nociceptive domain. Thus, nociceptive axons
constrain connectivity of touch axons with DnB neurons. Touch and nociceptive axon interactions mirror

T6 and T7 bipolar cell (BC) axons interactions in the mouse retina (Okawa et al., 2014). T6 and T7 BC
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axons converge onto Aon-s retinal ganglion cells (Aon-s RGCs). The presence of T6 BC axons restricts
connectivity of T7 BC axons with Aon.s RGCs. Establishing synaptic territory by axon interactions may be
a common strategy for wiring axons that converge onto central targets.

It is conceivable that axon interactions also limit partner selection by touch axons. In this scenario,
nociceptor ablation could lead to touch neurons forming synaptic connections with novel partners. The
current map of clll central targets is limited, and whether there are classes of interneurons in the nociceptive
domain that do not receive clll input has not been described. However, connectome studies are quickly
elucidating the identities of somatosensory interneurons. Thus, it may soon be possible to examine the role
for axon interactions in establishing synaptic partnership.

My results may also shed light on somatosensory circuit plasticity. Rodent somatosensory afferents
are arranged in modality-specific laminae in the spinal cord (Caspary and Anderson, 2003). Early studies
in rodents showed that mechanosensory afferents “sprout” into neighboring laminae upon peripheral nerve
injury (Koerber et al., 1994; Koerber et al., 1999; Kohama et al., 2000; Okamoto et al., 2001; Shortland and
Woolf, 1993; Takeuchi et al., 2012; Woolf et al., 1992). However, this interpretation was later challenged
on the basis that somatosensory afferents were poorly characterized at the time, and that labeling techniques
were unreliable (Hughes et al., 2003; Woodbury et al., 2008). My data show that loss of nociceptive axons
after initial targeting can lead to touch axon reorganization. These results suggest that interactions between

axons contribute to maintenance of somatosensory maps.

Distinct patterning rules for somatosensory dendrites and axons
This work highlights that two poles of the same neuron can have opposite responses to the same cell type.
The dendritic fields of clll and clV da neurons each cover the larval body wall completely (Grueber et al.,
2002) and show extensive overlap across the epidermis. At the same time, homotypic repulsion between
dendrites of the same type leads to homotypic dendritic tiling within touch and nociceptive cohorts. The
logic is reversed in the CNS where somatosensory axons tile if they are functionally different. Based on my

findings, it seems conceivable that heterotypic axon tiling may also arise from repulsive or competitive
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interactions. Next steps should aim to understand the molecular strategies that allow dendrites and axons

from the same cell to respond differently to dendrites or axons of its neighbors.
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Materials and Methods

Fly strains and maintenance

Drosophila melanogaster were reared using standard methods. Experimental crosses were maintained at
25°C, except for class Il ablations which were raised at 29°C. For most experiments, males and females
were used. For some genetic ablations, males were the control genotype and females were the experimental
genotype. This is because the UAS-rpr transgene is inserted on the X chromosome and males carrying UAS-
rpr were crossed to females to produce control (male) and ablation (female) progeny. For these experiments,
larvae were sexed by the gonads. The following stocks were used:

(1) w; ppk-CDA4-tdTomato (Han et al., 2011) (2) R83B04-Gal4 (Jenett et al., 2012) (3) ppk1.9-Gal4 (Ainsley
et al., 2003) (4) ppk-Gal4 (Grueber et al., 2007) (5) UAS-CD8-mCherry (6) 13X-LexAop2-CD8-GFP
(BL32205) (7) R83B04-LexA (this study) (8) UAS-Robo3 (Rajagopalan et al., 2000) (9) UAS-Rpr (McNabb
etal., 1997) (10) 412-QF (Burgos et al., 2018) (11) QUAS-mtdTomato-3xHA (Potter et al., 2010) (12) UAS-
syb-GFP1 (Macpherson et al., 2015) (13) QUAS-CD4-GFP11 (Cavanaugh et al., 2014) Gift from Dr.
Amita Sehgal (14) LexAop-syb-GFPX% (Macpherson et al., 2015) (15) 13X-LexAop-myr-GFP (BL32210)
Gift from Dr. Richard Mann (16) w; ppk-CD4-tdGFP (on Il and I11) (Han et al., 2011)

(17) 8XLexAop-BrpShort-mCherry (Berger-Muller et al., 2013) Gift from Dr. Takashi Suzuki (18) 13X-

LexAop2-1VS-myr-GFP (attpl) (Pfeiffer, 2010) (19) 13X-LexAop2-6X-mCherry (Shearin et al., 2014)
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(20) 412-Gal4 (Burgos et al., 2018) (21) UAS-CD8-GFP (22) UAS-Fra.Unc5 (Keleman & Dickson, 2001)

(23) R83B04-QF2 (this study) (24) QUAS-mCD8-GFP (BL30003) (25) nompC-LexA (Shearin et al., 2013)

(26) nompC-Gal4 (Shearin et al., 2013) (27) UAS-CD4-tdTomato (Han et al., 2011) (28) pnr-Gal4 (Calleja

etal., 1996) (29) 20X-UAS-CD8-GFP (on 11 and I11) (Pfeiffer et al., 2010)

Genotypes

Fig. 2.1

Fig. 2.2

Fig. 2.3

Fig. 2.4

Fig. 2.5

Fig. 2.6

(A-A™) UAS-CD8-mCherry, 13XLexAop2-CD8-GFP/+ ; R83B04-Gal4/+

(B-B™) 13XLexAop-myr-GFP/+ ; R83B04-LexA/+

(C-C™) ;;R83B04-QF2, QUAS-CD8-GFP

(B-C") 13XLexAop-myr-GFP/ppkl1.9-Gal4, ppk-CD4-tdTomato; R83B04-LexA/+
(A-A") UAS-CD8-mCherry, 13XLexAop2-CDS8-GFP/+, ppk-Gal4, R83B04-LexA/+
(B-B") UAS-CD8-mCherry, 13XLexAop2-CD8-GFP/UAS-Robo3;

prk-Gal4, R83B04-LexA/+

(C-C", E) Y/+; 13XLexAop-myr-GFP/ppkl.9-Gal4, ppk-CD4-tdTomato, R§3B04-LexA/+
(D-D", F) UAS-rpr/+; 13XLexAop-myr-GFP/ppkl.9-Gal4, ppk-CD4-tdTomato,
R83B04-LexA/+

(control) +; ppkl.9-Gal4/+ ; ppk-cd4-tdGFP/+

(ablation) UAS-rpr/+ ; ppkl.9-Gal4/+ ; ppk-cd4-tdGFP/+

(control) +; ppkl.9-Gal4, ppk-CD4-tdTomato; R83B04-LexA/
13XLexAop2-1VS-myr-GFP/+

(ablation) UAS-rpr/~+; ppkl.9-Gal4, ppk-CD4-tdTomato; R83B04-LexA/
13XLexAop2-1VS-myr-GFP/+

(control) +; ppk1.9-Gal4, 8XLexAop-BrpShort-mCherry/+; R83B04-LexA,
13XLexAop2-1VS-myr-GFP/+

(ablation) UAS-rpr/+; ppk1.9-Gal4, 8XLexAop-BrpShort-mCherry/+; R83B04-LexA,

13XLexAop2-1VS-myr-GFP/+
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Fig. 2.7  (A-A', C-C) ppk-CD4-tdTomato/+; 412-Gal4, UAS-CDS-GFP/+
(B) hsFLP; +; 412-Gal4/MCFO-1
(D-D") 13XLexAop2-6X-mCherry/+; R83B04-LexA/412-Gal4,UAS-CDS8-GFP
(F-F") ppkl1.9-Gal4, QUAS-CD4-spGFP'/+; 412-QF, QUAS-tdTomato/UAS-syb-GFP- "
(G-G") ppkl.9-Gal4,QUAS-CD4-spGFPI11/ LexAop-syb-GFPI1-10;
412-QF,QUAS-tdTomato/ R§3B04-LexA

Fig. 2.8  (A-A") ppk-CD4-tdTomato/+; 412-Gal4,UAS-CDS-GFP/+
(B-B") ppk-CD4-tdTomato/+;412-Gal4,UAS-CD8-GFP/UAS-Fra.Unc5
(C-C") Y/+, ppkl.9-Gald, QUAS-CD4-spGFP'/LexAop-syb-GFP"'’; R83B04-LexA/
412-QF,QUAS-tdTomato
(D-D") UAS-rpr/+; ppkl.9-Gal4, QUAS-CD4-spGFP"/LexAop-syb-GFP!°;
R83B04-LexA/412-QF,QUAS-tdTomato

Fig. 29  (A-A") nompC-Gal4,UAS-CD4-tdTomato/+; ppk-CD4-tdGFP/+
(B-B") nompC-Gal4,UAS-CD4-tdTomato/UAS-rpr.C ; ppk-CD4-tdGFP/UAS-R/grim

Fig. 2.10  (A) UAS-CDS8-cherry,13XLexAop2-CDS8-GFP; ppk-Gal4,R83B04-LexA/(TM6B)
(B) +, ppkl.9-Gal4,8XLexAop-BrpShort-mCherry/+ ; nompC-LexA, 13XLexAop2-1VS-myr-
GFP/+
(C) UAS-rpr/+,ppkl.9-Gal4,8XLexAop-BrpShort-mCherry/w* ;nompC-LexA, 13XLexAop2-
1VS-myr-GFP/+

Fig. 211  (B-D) 20XUAS-CD8-GFP/(CyO), pnr-Gal4,20XUAS-CDS8-GFP/(TM6B)

(E-F) ppk-CD4-tdTomato,; pnr-Gal4, 20XUAS-CDS-GFP/(TM6B)

Immunohistochemistry
Larvae were dissected in 1X PBS, fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in 1X

PBS for 15 minutes, rinsed for 15 minutes in 1X PBS + 0.3% Triton X-100 (Sigma Aldrich) (PBS-TX) and
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blocked for at least 1 hour in 5% normal donkey serum (Jackson Immunoresearch) at 4°C. Primary
antibodies used were chicken anti-GFP (1:1000; Abcam), rabbit anti-DsRed (1:200-1:500, Clontech),
mouse anti-1D4 anti-Fasciclin Il (1:10; Developmental Studies Hybridoma Bank), and monoclonal mouse
anti-GFP (1:100, Sigma Aldrich). Larvae and brains were incubated in primary antibodies at 4°C, washed
for at least 60 minutes in PBS-TX, and incubated 1-2 days in 4°C in species-specific, fluorophore-
conjugated secondary antibodies (Jackson ImmunoResearch) at 1:200 in PBS-TX. For Brp-short
experiment, antibody incubations were done in 5% normal donkey serum to minimize non-specific binding.
Tissue was mounted on poly-L-lysine coated coverslips, dehydrated in ethanol series, cleared in xylenes,

and mounted in DPX (Electron Microscopy Sciences).

GRASP

For native GRASP, third instar larvae were dissected in 1X PBS, fixed in 4% paraformaldehyde (Electron
Microscopy Sciences) in 1X PBS for 15 minutes, rinsed several times in 1X PBS, mounted in Vectashield
(Vector Labs) and imaged immediately. For IHC detection of GRASP using monoclonal mouse anti-GFP

antibody (Sigma) the above IHC protocol was used.

Generation of transgenes

The R83B04 fragment was amplified from w8 genomic DNA using primer sequences provided by Janelia
FlyLight, (left) gaggagaccccaatgagtgctagtt (right) ggcacgtatttgaggtgttctacge. The left primer was modified
with a 5’ cacc to enable directional cloning using the pENTR-D/TOPO cloning kit (Thermo Fisher
Scientific) to generate pPENTR-R83B04. The R83B04 fragment was then transferred to pBPLexA::p65Uw
(Addgene plasmid #26231) via Gateway LR Clonase recombination (Thermo Fisher Scientific) reaction to
generate pBPLexA::p65Uw-R83B04. R83B04-QF2 was generated similarly using pPENTR-R83B04 as the
donor and pBP-QF2-Uw (Gift from Daisuke Hattori) as the recipient plasmid. Transgenic lines were

generated using PhiC31-mediated integration to attp2. Injections were performed by Best Gene Inc.
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Staged genetic ablations

For staged ablations to determine the timing of clV cell death (Figure 2.4), embryos were collected on grape
plates and aged at 25°C. First and second instar larvae were placed in a drop of a mixture of Halocarbon
oils 27 and 700 (Sigma Aldrich), covered with a size #0 coverslip and imaged live. Z-stacks that were
distorted due to animal movement during the live imaging were registered using the PoorMan3Dreg plugin
in ImageJ. Staged clV ablations with dual markers (Figure 2.5) were raised in normal food, sorted into first,
second, and third instar groups by tracheal tip morphology, and size-matched. Brains were dissected and

stained using the above IHC protocol.

Live imaging

Embryos were collected on grape plates and staged by gut morphology. Stage 14/15 embryos were
manually dechorionated by rolling the embryo on double-sided tape. Dechorionated embryos were aligned
ventral-side-up on premium microscope slides (Fisher) and covered in a thin layer of halocarbon 700 oil
(Halocarbon Products Corp). Two pieces of double-sided tape were place on either side of the embryos to
create a spacer between the slide and the coverslip. A 24 x 50mm 1.5H coverslip was placed on the chamber
just before imaging. Time-lapse imaging was performed on a Zeiss 700 confocal microscope. Images were

acquired every 17 minutes for ~8 hours.

Image Acquisition

Images were acquired on Zeiss 510 Meta and Zeiss 700 confocal microscopes with LSM software (Zeiss)
using 40X Plan Neofluar and 63X Plan Apochromat objectives. Image analysis was done using FlJI
(Schindelin et al., 2012). Brightness/contrast were adjusted to visualize fine processes. Figures were made

in Photoshop and Illustrator (Adabe).
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Quantification and Statistical Analysis

Statistics

Most files were blinded prior to quantification using a custom Python script. Data were tested for normality
using the Shapiro-Wilk test. For normally distributed data, two-tailed unpaired t-tests were used to compare
two groups, and ordinary one-way ANOVA with Sidak’s multiple comparison tests were used to compare
more than two groups. For non-normal data, Mann-Whitney U tests were used to compare two groups and
Kruskal-Wallis with Dunn’s multiple comparisons test were used when comparing more than two groups.
N values refer to animals except where noted. Statistical tests were performed in R (R Project for Statistical

Computing) and GraphPad Prism. * p<0.05, **p<0.01, ***p<0.0001

clll midline crossing quantification

To quantify midline crossing axons, CNS segments A2-A7 were scored. For each segment, axons were
scored as crossing the midline if longitudinal axons were connected contra-laterally by commissural axons
and scored as non-crossing if no commissural axons were present or if commissural branches only extended
partially. To quantify volume of clll axons in the medial layer, the 3D image was cropped to ROIs from
A2-A7 that extended to bilateral Vmv Fasll tracks. The channel with clll axons was thresholded using the
Otsu method and voxels were counted using the VVoxel Counter ImageJ plugin. VVoxels were converted to

volume (umd).

GRASP guantification

To select regions of interest (ROI) for GRASP guantifications, an ROl was drawn around DnB dendrites
in a single Z-plane. The ROI was overlaid onto GRASP channel. The greatest length that GRASP signal
extended from the lateral edge to the medial edge of the ROI (dendritic field) was measured. This was
divided by the greatest lateral-to-medial length of the ROI, to adjust for differences in size of the dendritic

field. 4-6 ROIs were measured per CNS and values were averaged to give one value per larva.

40



Brp puncta quantification

To quantify Brp-short puncta, images were processed prior to analysis using a custom ImageJ macro.
Essentially, the GFP channel (clll membrane marker) was auto-thresholded to create a binary “neuron
mask” which was applied to the Brp-short channel such that pixels outside of the neuron mask were cleared.
This limited the analysis to pixels contained within the clll axons. A background subtraction was also
applied to the Brp-channel using a rolling ball radius of 3 pixels. In order to systematically differentiate
between longitudinal and commissural clll axons, the analysis was limited to clll axons that terminated
between the bilateral Vmv Fasll tracks (referred to in the text as the medial layer). Six ROIs were selected
per CNS (neuromeres A2-A7) that contained commissural clll axon bundles. Brp-short puncta were
manually annotated for 38 ROls (18 control and 20 ablation), that were used to train the FindFoci algorithm.
The resulting algorithm had a precision value of 0.84, recall of 0.79, and F1 of 0.80. The algorithm was then
applied to ROIs from all samples (n=108 control ROIs, 120 ablation ROIs). Image processing and analysis

were performed on Z-stacks.

Quantification of cell death in staged ablations

Cell bodies and dendrites were guantified rather than axons because each cell can be readily identified in
the periphery. For each larva (n=6-7 per genotype/age) cells within a 218.81um x 218.81um frame were
scored as (1) intact if no dendrite loss was noticeable (2) partial loss if dendrites were reduced but not

completely absent or (3) no dendrites if only cell bodies remained.

Class 111 Sholl analysis
vdaD neurons in control and clV-ablated larvae (1 cell per larva, 7 per genotype) were traced using the
Simple Neurite Tracer ImageJ plugin. Sholl analysis and total dendrite length were conducted/extracted

from Simple Neurite Tracer.
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Class IV axon scaffold tortuosity

Tortuosity was measured essentially using the arc-chord ratio with minor modifications. A curved line
(Leunea) Was drawn along the lateral edge of the clV axon scaffold (left and right side for each CNS). A
straight line was drawn to connect both ends (Lstaight). The difference between the length of the straight line
and curved line (Lcurved - Lswraigne ) Was calculated to give the tortuosity value in number of pixels. A clV
scaffold that is completely straight should have tortuosity of 0, whereas a curved scaffold would have a

tortuosity value >1.
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Chapter 2 Figures

axons dendrites

R83B04-Gal4
>CD8-mCherry

R83B04-LexA
>myr-GFP

R83B04-QF2
>mCD8-GFP

IdaB, v'pda

Figure 2.1

R83B04-Gal4, LexA and QF drivers label class 111 dendritic arborization neurons. (A-A™) Class 11l da neuron axons in the CNS (A), and cell bodies and dendrites (A'-A™)
labeled by R83B04-Gal4. (B-B™) R83B04-LexA shows similar expression pattern as R83B04-Gal4. Arrowhead in B' shows dmd1 cell labeled. (C-C™) R83B04-QF2 shows similar
expression to the LexA and Gal4 patterns. Arrowhead shows possible cap cells (C-C™). Scales = 50um.
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Figure 2.2

Modality-specific axon targeting of larval touch and nociceptive axons. (A) Illustration of larval CNS. (Left) touch (class I11)
and nociceptive (class V) axons from abdominal segments A1-A8 terminate in the ventral nerve cord (VNC). Enlarged box (center)
depicts single touch and nociceptive axons. Transverse view of VNC (right) shows somatotopic map of sensory axons in the
neuropil. (B-B") Maximum intensity projections of co-labeled touch and nociceptive axons in three neuromeres. class 1V axons (B)
are labeled by ppk-CD4-tdTomato and class Il axons (B') are labeled by R83B04-LexA. Note that nociceptive axons terminate in
the medial layer and touch axons terminate in a slightly lateral layer. (C-C") Single slice (Z=0.5um) image of touch and nociceptive
axons. (C") show transverse view. Arrowhead points to segregated clll and clV axons as they cross the ventral midline. Scales =
10pm.
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Figure 2.3

Nociceptors impact modality-specific targeting of touch axons. (A-B”) Maximum intensity projections of clll and clV scaffold
in control (A-A") and clV mistargeted (B-B”) CNS. Arrowheads mark clll axons that span the midline. (C-D") Maximum intensity
projections of clll and clV scaffold in control (C-C”) and class IV ablated (D-D”) CNS. (E-F) Transverse views of C, C', D, and
D’ shown from positions of dotted lines. (G-G’) Quantifications of clV and clll midline crossing in control and clV-mistargeted
larvae. (G) Expression of Robo3 in clV neurons significantly reduces number of segments with clV axons connected contralaterally
compared to control, and results in significant increase in segments with clll axons spanning the midline. control cIV v. Robo3 clV
p=0.0002; control clV v. control clll p<.0001; control clV v. Robo3 clll p=0.5620; Robo3 clV v. control clll p>.9999; Robo3 clV
v. Robo3 clll p=0.0844; control clll v. Robo3 clll p=0.0023, as determined by Kruskal-Wallis with Dunn’s multiple comparison
test. N = 10 larvae for both groups. (G) Linear regression of # of segments with clll axons spanning the midline on # segments
with clV axons spanning midline. Dashed lines represent 95% CI. (H-H') Quantification of clll midline crossing in control and
clV-ablated larvae. (H) clll axons span the midline more frequently when clV neurons are ablated. control vs. clV ablation, p =
<0.0001 as determined by Mann-Whitney test. Control n=25; clV ablation n=22. (H") Percent of larvae with clll axons spanning
the midline at each segment for control and clV-ablated larvae. (I) Schematic of mistargeting or ablation of cIV axons (cell
autonomous) and non-cell autonomous responses of clll axons. In (G) and (H), each dot represents one larva and error bars show
median with IQR. p<0.05 = * p<0.01 = ** p<0.001 = *** Scale bars = 10um.

e

45



1%

Figure 2.4

ppk1.9-Gal4/+

ppk1.9-Gal4/UAS-rpr

embryo first instar second instar third instar
D 0-24h AEL 24-48h AEL 48-72h AEL 72h+
e © @7 @ S
v l |
sensory axon dendrite and axon growth
targeting
class IV axons (ppk-CD4-tdGFP) C class IV dendrites (ppk-CD4-tdGFP)
26-30h AEL 28.5-32.5 AEL  47.5-51.5h AEL  64-68h AEL 26-30h AEL 28.5-32.5h AEL 47.5-51.5h AEL 64-68h AEL
- R € 7 4 g B ! T
e, £ ) ; L L > P %
S u
P g < 7
g - A4 v iz X by
< o -
< 2
- e 4 - e & —’ -  —— . || —
> ¥ W & @ vV g = @ @ @
) '3 4 & ; z o @
I B
; @1
4 le | 2K X & o ® .
{ s > @
] \ - -~ . L - @
4 \ “ =y P

control ablation

23 #cells

74 56

40 33 85 90 53

-
(=3
o

@
o

Il intact
partial loss

[ |no dendrites

IS
=)

20-

% of cells (body wall)
(=2
o
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Figure 2.5

Axon interactions are required to maintain modality-specific touch axon targeting. (A-C') Maximum intensity projections of clIV (A-C) and clll (A’-C’) axons from abdominal
segments A2-A7 in control larvae at L1, L2, and L3. (D-F') Maximum intensity projections of clV (D-F) and clll (D’-F’) axons in clV-ablated larvae at L1, L2, and L3. (G-H)
Example images of thresholded clll axon terminals in the medial (nociceptive) layer at each larval stage in control (G) and clV-ablated (H) larvae. (1) Single slice images (Z=0.5um)
of clll (green) and clV axons (magenta) at L1, L2, and L3 in control (top) and clV-ablated (bottom) larvae. (J-K) Quantification of touch axons in the medial layer in control and
clV-ablated larvae at L1, L2 and L3. (J) shows number of segments with contralaterally connected clll axons and (K) shows total volume of clll axons in the medial layer (neuromeres

A2-AT) control v. ablation (L3) p=0.006, as determined by ANOVA with Sidak multiple comparison test. In J-K each dot represents 1 larva. Medians are shown as lines in (J) and
medians + IQR are shown in K. Scales = 10um.



R83B04-LexA R83B04-LexA
>Brp-short

clll Brp Fasll

>myr-GFP

control
(ppk1.9-Gal4/+)

E control

class Ill axons
Brp-short

Figure 2.6
Mistargeted regions of touch axon terminals accumulate a presynaptic marker. (A-B”) Maximum intensity projections of cll|
axons labeled by myr-GFP and Brp-short™™ in control (A-A") and clV-ablated (B-B") larvae. (C-D") Single-plane images of
commissural branches from A, A’, B and B’. (E) Schematic of possible outcomes and interpretations of clV ablation. (F)
Quantification of number of Brp-short puncta in medial region. Each dot represents 1 larva and overlay shows median + IQR.

p = 0.001, as determined by Mann Whitney test. n=18 control, 20 clV ablation. Scale bars = 10um.
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Figure 2.7

Modality-specific connectivity of touch and nociceptive axons with Down-and-Back interneurons. (A-A") Maximum intensity
projection of Down-and-Back (DnB) neurons in neuromeres A1-A8 labeled by 412-Gal4 and transverse view in A'. Each neuromere
contains 2 bilaterally symmetric DnB neurons. Filled arrowhead points to dendrites, open arrowhead points to axons and star
indicates cell body. (B) Max. projection of single DnB neuron labeled by Multi-Color FLPout (anti-V5 labeling). Filled arrowhead
points to dendrites, open arrowhead points to axons and star indicates cell body. (C-D’) Overlap between clV axon terminals (C,
magenta) and DnB dendrites (C, green) and clll axon terminals (D, magenta) and DnB dendrites (D, green) in single plane. C'and
D' are transverse views at position indicated by arrowheads. (E) Cartoon of GFP Reconstitution Across Synaptic Partners method.
(F-G") Maximum intensity projections of reconstituted GFP (pseudocolored) between clV and DnB neurons (F-F”) and clll and
DnB neurons (G-G"). Co-labeling with DnB marker in single-plane (F', G’) shows that cIVV-DnB GRASP signal is seen throughout
the DnB dendritic arbor whereas cllI-DnB GRASP localizes to dendrite margin. Scales: (A-A’) 50um (B) 10um (C-G’) 10um.
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Ablation of nociceptors alters location of gentle touch inputs onto nociceptive interneurons. (A-B") Maximum intensity
projections of DnB dendrites and clV terminals from two adjacent neuromeres. (A-A") is a control CNS and (B-B”) is an example
of DnB dendrites mistargeted with UAS-Fra.Unc5. (C-D") Reconstituted GFP between clll axons and DnB dendrites in control
(C-C™) and clV-ablated (D-D") larval CNS. (C and D) are maximum intensity projections. Arrowheads indicate GRASP signal
extending medially in multiple neuromeres. (C-C" and D-D") show reconstituted GFP co-labeled with DnB dendrite marker in
single slice (Z size = 1um). GFP in control CNS is restricted to lateral edge of DnB dendrite (C") but extends to medial edge when
clV axons are ablated (D"). Dashed line outlines DnB dendrite. (E) Quantification of GRASP extension towards midline with
respect to DnB dendrite. Each dot represents measurement for single larva and lines indicate mean with SD. control vs. clV ablation,
p = 0.0006 by two-tailed, unpaired t-test. n=6 control, 10 ablation. Scale bars = 10um (A-B") and 5um (C” and D").
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taken at positions of dotted lines are shown below. (C) Schematic of tortuosity analysis. Red dotted line is the curved line fitted to

the outer edge of clV axon scaffold, black line is straight. Tortuosity was calculated by subtracting the length (in pixels) of the
straight line from the curved line. (D) clV tortuosity quantification in control and clll-ablated larvae. Each dot represents 1 larva
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distance from soma (um)

Normal class 111 dendrites in clV-ablated larvae. (A) Maximum intensity projection of ventral clll and clV neurons labeled by
R83B04-LexA and ppk-Gal4. (B-C) Max. projection images of vdaD cells in control (A) and clV-ablated (B) larvae. (D-E)
Quantification of total dendrite length (D) and Sholl analysis (E) for control and clV-ablated vdaD dendrites. In (D) boxes extend
to 25" and 75™ percentiles, whiskers extend to 10™ and 90'". p = 0.72 by two-tailed, unpaired t test. In (E) dots show population

mean with SD. Scales = 50pum.
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Figure 2.11

Live imaging sensory axons during targeting. (A) Schematic of dorsal cluster sensory neurons. (B-D) Maximum intensity
projection images of pnr-Gal4>20XUAS-CD8-GFP expression pattern in embryo. (B) is lateral view of stage 15 embryo, (C) is
ventral view of stage 17 embryo, (D) is lateral view of axons in stage 14 embryo. (E) Time-lapse imaging of sensory axon targeting
with pnr-Gal4. (F) Single slice images of A6 and A7. Note that two bundles of axons remain segregated throughout targeting.
Scales = 50um.
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3 Nociceptors impact the transduction of touch stimulus

Abstract
The importance of modality-specific axon patterning for neural circuit wiring and function is not well
understood. In Drosophila larvae, class Il (touch) and class IV (nociceptive) sensory axons terminate in
adjacent, non-overlapping layers in the CNS. In Chapter 2, | described a role for heterotypic axon
interactions in modality-specific targeting of touch axons. Ablation of nociceptors led to touch neurons
extending axons into the “nociceptive” layer and expanding connectivity with nociceptive interneurons.
Here, | investigate whether loss of nociceptors leads to changes in the behaviors elicited by touch neuron
activation. Upon ablation of nociceptors, touch neuron activation led to aberrant nocifensive rolling
behavior. Unexpectedly, blocking synaptic transmission in nociceptors during development produced a
similar behavioral change. These results support a developmental role for nociceptors in preventing the
execution of nocifensive escape behaviors upon touch neuron activation. They also raise the possibility that

neural activity shapes somatosensory circuit wiring and function.
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Introduction

Functional significance of modality-specific axon targeting
Axons are often organized into precise domains according to shared functions. For example, synaptic
connections concentrated in different layers in the retina (vertebrates) and medulla (flies) are associated
with different visual features such as motion, color, and how the inputs respond to light vs. dark (Sanes and
Zipursky, 2010). Similarly, olfactory and somatosensory afferents are organized according to odor and
somatic sense detection, respectively (Caspary and Anderson, 2003; Takeuchi and Sakano, 2014). This link
between anatomy and function implies that laminar or glomerular axon arrangements are important for
circuit wiring, however, studies that have addressed this question have yielded conflicting results.

In one example, disrupting laminar organization of ring (R) neuron axons in the Drosophila
ellipsoid body (EB) produced correlated changes in circuit organization and function. The EB is innervated
by axons from multiple groups of R neurons, each arborizing in a specific circumferential layer. Loss of
Sema-1a signaling abolished R neuron axon segregation, which led to ectopic inhibitory connections
between the intermixed R neuron axons (Xie et al., 2017). By contrast, loss of laminar axon targeting by
direction-selective retinal ganglion cells (DS-RGCs) in astray (robo2) mutant zebrafish delayed
development, but ultimately did not impact the functional properties of DS-RGCs (Nikolaou and Meyer,
2015). Similarly, mice mutant for Reeler lack cortical layers in the somatosensory cortex but maintain
somatotopic representation of whisker simulation (Guy et al., 2015). Structural plasticity of axons and
dendrites can drive connectivity despite loss of lamination (Nikolaou and Meyer, 2015). However, it is
unclear why lamination is essential for circuit wiring and function in some contexts but not in others.
Moreover, little is known about the importance of laminar arrangements for sensory discrimination and
animal behavior.

Here, | investigated whether modality-specific somatosensory axon targeting is important for
behavioral responses to perceived touch stimulus. class I11 (clll) and class IV (clV) dendritic arborization
neurons function as gentle touch receptors and nociceptors, respectively (discussed below). Touch and

nociceptive axons target adjacent domains in the CNS. Results presented in Chapter 2 suggest that touch
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axons rely on information provided by nociceptors for touch-specific wiring, as nociceptor ablation resulted
in touch neurons expanding connectivity in the nociceptive domain. | investigated whether loss of
nociceptors produces correlated changes in larval behavior by examining the effect of ablating nociceptors,
or silencing their neural activity, on touch-neuron evoked behaviors. Before presenting these data | will
introduce the sensory system in more detail, as well as methods used to manipulate neural activity in

Drosophila.

Larval behavioral responses to touch and noxious stimuli
Several behavioral paradigms have been developed to study nociception and touch sensation in Drosophila
larvae. Larvae respond to gentle touch by pausing, withdrawing and/or turning their heads, and reverse
peristaltic movements, or any combination of these behaviors (Kernan et al., 1994) (Figure 3.1). Subsequent
studies identified class 111 da neurons as gentle touch receptors that mediate these behaviors (Tsubouchi et
al., 2012; Yan et al., 2013). At least three forms of nociception have been described in larvae: mechanical
nociception, heat nociception, and cold nociception (Tracey et al., 2003; Turner et al., 2016). Harsh
mechanical stimuli and noxious heat are detected by polymodal class IV da neurons (Hwang et al., 2007).
Exposing larvae to temperatures >42°C or harsh mechanical force (Chattopadhyay et al., 2012; Hwang et
al., 2007), elicits a nocifensive escape response comprising (1) bending along the A-P axis into a C-shape,
followed by (2) vigorous corkscrew-like rolling, and (3) fast crawling. By contrast, noxious cold is detected
by class 11 neurons (Turner et al., 2016). Exposure to cold or cool temperatures (4-16°C) causes larvae to
lift their heads and/or tails or contract their heads and tails. While class 111 neurons have a newly identified
role in cold nociception, in my work | found that activation of clll neurons produced behaviors more

consistent with touch responses, so | will refer to clll neurons as touch neurons.

Methods to manipulate neural activity in Drosophila
Neurons can also be ectopically activated or silenced. Targeted expression of Drosophila temperature

activated cation channel, dTrpAl (Hamada et al., 2008) activates neurons at temperatures above 25°C
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(Figure 3.2). Ectopic expression of tetanus toxin light chain (TeTxLC or TNT) (Sweeney et al., 1995)
silences neurons by blocking synaptic vesicle release, and ectopic expression of Kir2.1 (Baines et al., 2001)
blocks membrane depolarization. A caveat of both TeTxLC and Kir2.1 is that they cause tonic inhibition,
which could lead to compensatory changes or disrupt developmental processes. To address this problem,
anion channelrhodopsins (GtACRs) were developed, which are light-gated chloride channels that block
depolarization when active (Mohammad et al., 2017). GtACR channel activity is controlled by providing
particular wavelengths of light in the presence of all-trans-retinal (Figure 3.2). Most of these approaches
have been applied to behavioral studies of larval touch sensation and nociception (Hwang et al., 2007;
Ohyama et al., 2015; Tsubouchi et al., 2012; Turner et al., 2016; Zhong et al., 2012). This transgenic toolkit

allowed me to investigate the behavioral consequences of disrupting nociceptor development and function.

Results
Ablation of nociceptors alters behavioral responses to touch neuron activation
The finding that clV ablation led to an expansion of clll synapses into the nociceptive neuropil prompted
me to investigate whether loss of nociceptors alters behavioral responses to touch neuron activation. To test
this, 1 sensitized clll (touch) neurons to non-noxious temperature (32°C) by expressing Drosophila TrpAl
under the control of R83B04-LexA, and simultaneously ablated clV nociceptors by expressing Reaper (Rpr)
under the control of ppk-Gal4 (Figure 3.3, A-B). Control larvae lacking UAS-Rpr showed whole body
scrunching (100%), head turning (100%), and reverse peristaltic contractions (86%) when placed on an
agar plate heated to 32°C. Surprisingly, 17% of control larvae also rolled. Larvae that rolled performed
between 1 and 8 rolls during 1 minute of stimulation. Rolling has not previously been reported as a response
to gentle touch stimulus (Kernan et al., 1994; Tsubouchi et al., 2012; Turner et al., 2016; Yan et al., 2013),
but these results suggest that global activation of touch neurons by TrpAl can sometimes elicit rolling.
Larvae with clV neurons ablated and clll neurons activated similarly showed whole body scrunching
(92%), head turning (89%), and reverse peristalsis (66%) at 32°C, however, they also performed robust

rolling responses ranging from 1-23 rolls (Figure 3.3, B-C). Larvae with nociceptors ablated performed
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significantly more rolls on average than control larvae. These results indicate that in the absence of

nociceptors, global activation of gentle touch neurons elicits robust nocifensive rolling.

Lack of evidence for changes in heat sensitive properties of touch neurons upon nociceptor

ablation
One possible explanation for the above results is that nociceptor ablation led to changes in molecular
properties of remaining somatosensory neurons, including touch receptors. For example, in a rat peripheral
nerve injury model, partial nerve injury can lead to increased expression of pain-associated molecules,
TRPVI1/VR1 and substance P, in “spared” (undamaged) DRG neurons (Hudson et al., 2001; Ma and Bisby,
1998). Similar changes could conceivably sensitize the larvae to non-noxious temperatures. To determine
whether ablation of nociceptors sensitizes larvae to non-noxious warm temperature, |1 compared the
behaviors of control and clV-ablated larvae at ~32°C. When placed on the warmed agar, control (ppk-
Gal4/+ and UAS-rpr/+) and clV-ablated (ppk-Gal4/UAS-rpr) larvae (n=10 per genotype) crawled and
explored the environment but no rolling was observed in any genotype. While these results do not rule out
any changes in sensitivity in clVV-ablated larvae, they suggest that cl\VV-ablated larvae in the prior experiment

rolled in response to touch neuron activation, rather than in direct response to warm temperature.

Nociceptors are required during development for appropriate touch neuron-evoked behaviors
Nociceptor ablation leads not only to loss of axons that might participate in axon-axon interactions, but also
to loss of activity associated with those axon terminals. The role of nociceptors in clll-induced rolling could
therefore be explained by loss of nociceptor activity, to strengthened touch neuron connectivity with
nociceptive circuitry, or both. To address these possibilities, I silenced nociceptors using TeTXLC or Kir2.1
(Baines et al., 2001; Sweeney et al., 1995) and examined behaviors upon TrpAl-activation of clll neurons.
I predicted that if clll-induced rolling is due to loss of clV activity, then silencing clV neurons and
activating clll neurons should produce the same behaviors as ablating clV neurons and activating clll

neurons. Alternatively, if clll-induced rolling is due to strengthened connectivity with nociceptive circuitry
58



upon clV ablation, silencing nociceptors should not recapitulate the rolling phenotype observed in clV-
ablated larvae. If both factors contribute, | might observe an intermediate rolling phenotype for nociceptor
silencing compared to ablation. | found that expression of TeTxLC (TNT) but not inactive TeTxLC
(TNT™nectve) Jed to a significant increase in rolling upon TrpAl activation of clll neurons. However,
silencing clV neurons with Kir2.1 did not lead to a significant increase in rolling (Figure 3.4, A-D). Given
these conflicting results, and the caveat of potential compensatory changes in synapses or axon morphology
upon developmental expression of these transgenes (Venken et al., 2011), | turned to an inducible silencing
approach.

To silence nociceptors acutely | used a light-gated chloride channel, GtACR1 (Mohammad et al.,
2017). As the use of GtACRL in clV neurons has not been reported, | first confirmed its expression and
ability to inhibit larval responses to noxious heat (Figure 3.5, A-B). GtACRL1 carries a YFP tag and was
expressed in a clV-specific manner under the control of ppk-Gal4 (Figure 3.5, B). | tested the ability of
GtACR1 to inhibit larval responses to noxious temperature using a heated probe assay (Chattopadhyay et
al., 2012). As a positive control, I tested larvae with clV neurons ablated. In this assay, each larva was
touched briefly with a probe heated to 48°C and the number of rolls was recorded over three trials. A green
LED light (525nm) was used to activate GtACR1 and to illuminate the behavior arena. Larvae with
nociceptors silenced or ablated performed significantly fewer rolls compared to Gal4 controls (Figure 3.5,
C). Surprisingly, some clV-ablated larvae rolled in response to the heated probe, which could suggest
incomplete ablation occurred, or that a mechanism to compensate for developmental loss of nociceptors
exists. These results show that optogenetic silencing with GtACRL1 is an effective method to inhibit clV-
evoked rolling.

Next, | compared touch-receptor evoked behaviors in larvae with clV neurons silenced, ablated, or
intact (control) by combining TrpALl activation of clll neurons with GtACR1 silencing of clV neurons
(Figure 3.5, D-F). As expected, larvae with clV neurons ablated rolled significantly more than control
larvae. By contrast, larvae with clV neurons optogenetically silenced did not roll significantly more than

controls. Moreover, larvae with clV neurons ablated rolled significantly more than larvae with clV neurons
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silenced by GtACR1. These results are most consistent with a developmental role for clV neurons in
promoting appropriate touch receptor-evoked behaviors. However, given the increase in clll-evoked rolling
with TeTxLC-mediated inhibition of clV neurons, a role for clV activity in repressing clll-evoked rolling

behavior cannot be excluded.

Discussion
In the absence of nociceptors, activation of touch neurons elicited touch behaviors and robust nocifensive
rolling. Thus, the presence of nociceptors somehow prevents touch neurons from engaging a nocifensive
response. How do nociceptors exert this influence? | considered a few likely scenarios and tested these
experimentally. First, cIV neurons might normally repress the ability of clll neurons to evoke a rolling
response through yet unknown circuitry, and upon their ablation this activity-dependent inhibition is
relieved. Second, interactions between touch and nociceptive axons during development could establish
modality-specific connectivity, and ablating nociceptors resulted in touch axons mis-wiring with
nociceptive circuitry. Third, touch and nociceptive circuit development could be sensitive to neural activity
and eliminating nociceptor activity during development gave rise to compensatory or modulatory changes

that altered the behaviors evoked by touch neurons.

Evidence against circuit-based inhibition of clll neuron-induced rolling
One possible explanation could be circuit-based. In this model, touch neurons might normally connect with
circuitry that activates rolling, but this pathway is kept in an “off” state through a yet unknown inhibitory
pathway downstream of nociceptors. Removing nociceptors would theoretically lift the inhibition, allowing
activated touch neurons to trigger rolling. However, the results from optogenetic silencing of nociceptors
paired with TrpAl activation of touch receptors argue against this model. Larvae with nociceptors
optogenetically silenced did not roll significantly more than controls and rolled significantly less than larvae
with nociceptors ablated. Thus, it is unlikely that the conversion of touch neuron activation to nocifensive

rolling is solely due to repression of clll-evoked rolling by clV neurons.
60



Potential role for modality-specific axon targeting in appropriate touch receptor-evoked

behavior
An alternative explanation could be that loss of nociceptors led to strengthened touch receptor connectivity
with nociceptive circuitry. In this model, the observed behavioral responses would be the result of touch
neurons being strongly connected to interneurons that elicit gentle touch responses (recoiling, head turning,
reverse crawling) and interneurons that elicit rolling. Indeed, Down-and-Back (DnB) neurons receive
synaptic input from class I11 neurons, activation of DnBs evokes rolling, and results presented in Chapter 2
indicated that developmental loss of nociceptors can lead to expansion of touch neuron connectivity with
DnBs. To specifically test the role of DnBs and other nociceptive interneurons (Gerhard et al., 2017; Hu et
al., 2017; Ohyama et al., 2015) in controlling the behavioral switch, we could perform functional imaging
to measure responses upon touch neuron activation. Activating touch neurons should elicit stronger

responses in the targets upon nociceptor ablation compared to controls.

Potential role for nociceptor activity in appropriate touch receptor-evoked behavior
Unexpectedly, silencing nociceptors with TeTxLC resulted in a similar behavioral phenotype to nociceptor
ablation, whereas silencing nociceptors Kir2.1 did not. This result suggests that constitutively blocking
synaptic transmission in nociceptors produced changes in circuit wiring or function. Baines et al., found
that pan-neuronal expression of TNT led to changes in electrical properties of aCC and RP2 motor neurons
that increased their responsiveness to depolarizing stimuli (Baines et al., 2001). This effect was specifically
due to removing presynaptic input to aCC/RP2. Based on this, one potential interpretation of the results
presented in this chapter is that in the absence of synaptic transmission from clV neurons, their synaptic
targets underwent changes in electrical properties that increased excitability, and potentially made them
more sensitive to touch-neuron activation. An outstanding question is why blocking synaptic transmission,
but not depolarization, led to these changes. Given the different silencing properties of these tools (Kir2.1

inhibits spontaneous activity (Yang et al., 2014) whereas TeTXLC does not (Sweeney et al., 1995), Kir2.1
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affects the neuron globally, whereas TeTXLC activity is restricted to synapses (Wiegert et al., 2017)), they
may have differentially impacted the development and function of touch circuitry.

Neuromodulation might also explain the conversion of touch receptor-evoked behaviors.
Activation of nociceptors during development leads to suppressed nociceptive responses in mature larvae
(Kaneko et al., 2017). The authors showed that this experience-dependent plasticity is controlled through a
neuromodulatory feedback loop wherein nociceptor stimulation during development activates serotonergic
neurons through an intermediate connection with AO8 interneurons. Serotonergic signaling inhibits
neurotransmission from nociceptors to A08 interneurons, thereby attenuating nociceptor output, but only
when the larvae experience noxious stimuli during development. It is conceivable that a comparable
modulatory circuit enhances touch receptor connectivity with downstream partners, some of which drive
nociceptive behavior. The serotonergic modulation described by Kaneko et al. is specific to nociceptive
neurons, so it is unlikely that this pathway influences the output of touch neurons. There have been
additional reports of sensory experience influencing circuit wiring in larvae (Fushiki et al., 2013; Yuan et
al., 2011), so, it is possible that this mechanism is used generally to sculpt circuits.

Taken together, the results presented in this chapter point to a developmental role for nociceptors
in controlling behaviors elicited by touch neurons. Two candidate mechanisms seem most likely;
nociceptors might promote modality-specific wiring of touch axons, and touch and nociceptive circuit
development could be shaped by activity. As these are not mutually exclusive scenarios, it is possible that
both aspects contribute to touch-specific and nociceptor-specific circuit wiring. The unexpected role of
neural activity uncovered here is followed-up in Chapter 4, in which data is presented from anatomical
studies of touch and nociceptor axon patterning upon various manipulations of activity performed in this

chapter.
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Materials and Methods
Fly strains and maintenance
Drosophila melanogaster were reared using standard methods. Experimental crosses were maintained at
25°C. Third instar larvae were tested. The following strains were used:
(1) w1118 (2) UAS-rpr (McNabb et al., 1997) (3) LexAop-TrpAl (Sudhakaran et al., 2012) Gift from
Ramaswami lab (4) ppk-Gal4 (Grueber et al., 2007) (5) R83B04-LexA (this study) (6) UAS-Kir2.156F°
(Baines et al., 2001) (7) UAS-TNT™tve (Sweeney et al., 1995) (8) UAS-TNT (Sweeney et al., 1995)

(9) 20XUAS-GtACR1-YFP (Mohammad et al., 2017) Gift from Claridge-Chang lab

Genotypes

Fig. 3.3 (control) +; LexAop-TrpA/+; ppk-Gal4,R83B04-LexA/+
(ablation) UAS-rpr/+,; LexAop-TrpA/+, ppk-Gal4,R83B04-LexA/+

Fig. 3.4 (Kir2.1 control) LexAop-TrpA/+; ppk-Gal4,R83B04-LexA/+
(cIV>Kir2.1) LexAop-TrpA/~+, ppk-Gal4,R83B04-LexA/UAS-Kir2.1-EGFP
(TNT control) LexAop-TrpA/UAS-TNT"*"*; ppk-Gal4,R83B04-LexA/+
(cIV>TNT) LexAop-TrpA/UAS-TNT; ppk-Gal4,R83B04-LexA/~+

Fig. 3.5 (C) control: +7; +, ppk-Gal4/+ ablation: UAS-rpr/+;+/w*, ppk-Gal4/+
silenced: w; +,ppk-Gal4/20XUAS-GTACRI-YFP

(E-F) control: +; LexAop-TrpA/+ ; ppk-Gal4,R83B04-LexA/~+
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ablation: UAS-rpr/+;LexAop-TrpA/w", ppk-Gal4,R83B04-LexA/+

silenced: +,; LexAop-TrpA/+ ; ppk-Gal4,R83B04-LexA/20XUAS-GtACRI-YFP

Thermogenetic activation

For clll activation (TrpAl) with clV ablation and clV inhibition (TNT and Kir2.1), third instar larvae were
placed in a dish with droplets of double distilled water and allowed to roam through water to remove food
particles. Larvae were placed on a 1% agarose gel with 0.6% black ink (Higgins Waterproof Drawing Ink)
heated to ~32°C (TE Technology Peltier; CP-031 and temperature controller; TC-36-24-RS232). Larvae
were tested one a time and each animal was tested once. Larvae were recorded on a Leica M50 camera with
Leica FireCam software and QuickTime screen capture for 1 minute. Videos were blinded and quantified
offline. For all class Ill activation (TrpA) experiments, larvae were scored for each of the following
behaviors: anterior/posterior withdrawal (recoil), reverse peristaltic contractions, head turn and total

number of rolls.

Optogenetics

Optogenetic experiments were done in a dark room with dim lighting used as necessary. For clll activation
(TrpAl) with clV inhibition (GtACR1), larvae were tested essentially as in other thermogenetic activation
experiments with a few minor modifications. Larvae were placed in a dish in the dark (~3 LUX) for at least
1 minute prior to testing to minimize indirect light stimulus. Individual larvae were then placed on an
agarose gel heated to ~32.2°C with a ring of LEDs (525nm, Super Bright LEDs, ~4000 LUX) surrounding
the gel. Larvae were tested one a time and each larva was tested once. Larvae were recorded as with other

behavior experiments, but LEDs were used to illuminate larvae. Videos were blinded and quantified offline.

Local heat assay
Larvae were placed on a 1% agarose gel with 0.6% black ink (Super Black India ink, Speedball) illuminated

by a ring of LEDs (525nm, ~1400 LUX, Super Bright LEDs) and allowed to crawl freely. Larvae were
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lightly touched with a soldering iron (SKU25337, Sinometer) heated to ~48-49°C. The temperature of the
soldering iron was controlled by adjusting the voltage using a variac (3PN1010B, Staco Energy), and
measured using a digital thermometer. Larvae were tested one at a time. Each larva was touched with the
heated probe three times with sufficient time in between probe delivery for the animal to respond and then
return to crawling freely. Larvae were recorded on a Leica M50 camera with Leica FireCam and QuickTime
screen capture. Videos were blinded and quantified offline. Total number of rolls that were performed over

three trials were counted.

Quantification and Statistical Analysis

Statistics

Files were blinded prior to quantification using a custom Python script. Data were tested for normality using
the Shapiro-Wilk test. For normally distributed data, two-tailed unpaired t-tests were used to compare two
groups. For non-normal data, Mann-Whitney U tests were used to compare two groups and Kruskal-Wallis
with Dunn’s multiple comparisons test were used when comparing more than two groups. For categorical
data, Fisher’s exact test was used to compute p-values. Alpha was adjusted using the Bonferroni correction
to determine significance. N values refer to animals. Statistical tests were performed in GraphPad Prism.

ns p>0.05, * p<0.05, **p<0.01, ***p<0.001
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Chapter 3 Figures
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Figure 3.1
Larval behavioral responses to gentle touch and noxious stimuli. Larvae respond to gentle touch with head/tail withdrawal,

head turning, or reverse peristaltic contractions. In response to noxious mechanical or heat stimulus, larvae roll (360° rotations
along the A-P axis) and crawl at high speed. In response to noxious cold, larvae raise their tails, or heads and tails, or withdraw

their heads and tails.
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Methods to manipulate neural activity

Manipulation Tool Mode of action

Activated by
Neuron excitation  dTrpAfl temperature- and voltage-gated >25°C
cation channel
Neuron inhibition TeTxLC/TNT cleaves synaptobrevin/ constitutive
blocks synaptic vesicle release
Neuron inhibition Kir2.1 inward rectifying potassium channel/ ~ constitutive
hyperpolarizes neuron
Neuron inhibition GtACR1 light-gated chloride channel/ green light (515nm)

hyperpolarizes neuron
Figure 3.2

Methods to manipulate neural activity in Drosophila. Select genetic approaches for activating or inhibiting neurons are outlined.

Only the approaches used in this work are presented here. These proteins can be expressed ectopically in specific neural populations
using UAS/Gal4, LexAop/LexA, or QUAS/QF systems.
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Figure 3.3
Nociceptor ablation alters behavioral responses to touch neuron activation. (A) Schematic of thermogenetic assay. Larvae
with ectopic TrpAl expression in clll (touch) neurons are placed on a thin slice of agar on top of a temperature-controlled plate.
The plate is heated to ~32°C to activate the TrpAl channel. Behaviors are recorded by a camera for 1 minute. (B) Larval behavioral
responses to touch neuron activation by TrpAl at 32°C in control and clV-ablated larvae. Larvae were scored for each of the
behaviors performed during 1 minute of stimulation and % of all larvae that performed each behavior is plotted. Significance
represents control vs. clV ablation: recoil p=0.25; reverse peristalsis p=0.09; head turn p=0.13; roll p=0.0001 as determined by
Fisher’s exact test. Alpha adjusted for multiple comparisons = 0.0125 (C) Number of rolls performed during 1 minute of
stimulation. Each circle represents 1 larva and overlay shows median and interquartile ranges. control vs. clV ablation p<0.0001
by Mann-Whitney test.
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Figure 3.4
Silencing clV neurons with TeTxLC but not Kir2.1 converts touch neuron activation to nocifensive behavior. (A) Larval
behavioral responses to touch neuron activation by TrpAl at 32°C in control and clV-silenced larvae. Larvae were scored as in
Figure 3.3. control vs. Kir2.1: recoil p=1; head turn p=0.05; reverse peristalsis p=0.22; roll p=0.25 as determined by Fisher’s exact
test. Alpha adjusted for multiple comparisons = 0.0125. (B) Number of rolls performed by each larva during 1 minute of stimulation.
Each circle represents 1 larva and overlay shows median with IQR. control vs. Kir2.1 p=0.06 by Mann-Whitney test. (C) Larval
behavioral responses to touch neuron activation by TrpAl at 32°C in control and cIV-silenced larvae. TNT™Mactve ys. TNT: recoil
p=ns; head turn p=0.05; reverse peristalsis p=0.07; roll p=0.03 as determined by Fisher’s exact test. Alpha adjusted for multiple
comparisons = 0.0125. (D) # of rolls upon touch neuron activation in control and clV silenced larvae. Each circle represents 1 larva
and overlay shows median with IQR. TNTnective ys, TNT p=0.0008 by Mann-Whitney test.
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Figure 3.5

Nociceptors are required during development for appropriate touch neuron-evoked behavior. (A) Schematic of optogenetic
and heated probe assay. Larvae were placed on an agar plate surrounded by a ring of LED lights (525nm). Larvae were touched
briefly with a probe heated to 48°C and given a few seconds to respond. (B) GTACRZ1::YFP expression in cIV neurons under the
control of ppk-Gal4. Scales = 100um. (C) Larval rolling responses to heated probe assay in control (ppk-Gal4/+), clV-ablated
(ppk-Gal4/UAS-rpr) and clV-silenced (ppk-Gal4/UAS-GtACR1). Each larva was presented with the noxious stimulus 3 times and
the total number of rolls performed are shown. Each circle represents 1 larva and overlay shows medians and IQR. Control vs.
ablation p<0.0001; control vs. GtACR1 p<0.0001; ablation vs. GtACR1 p=0.11 by Kruskal-Wallis test with Dunn’s multiple
comparisons test. (D) Schematic of optogenetic and thermogenetic assay. Assay was performed essentially as in Figure 3.3 with
the addition of a ring of LED lights surrounding the agar arena. (E) Larval behavioral responses to touch neuron activation by
TrpAl at 32°C in control, clV-ablated, and clV-acutely silenced larvae. Larvae were scored for each of the behaviors performed
during 1 minute of stimulation and % of all larvae that performed each behavior is plotted. Significance (below) was determined
by Fisher’s exact test with Bonferroni correction for multiple comparisons. (F) Number of rolls performed in 1 minute of
stimulation. Each circle represents 1 larva and overlay shows medians and 1QR. Significance (below) was determined by Kruskal-
Wallis test with Dunn’s multiple comparison test.

(B

control vs. ablation (recoil) p=0.12
control vs. ablation (head turn) =0.11
control vs. ablation (reverse) p=0.55
control vs. ablation (roll) p<0.0001
(F)

control vs. ablation (# rolls) p<0.0001

control vs. GtACRL (recoil) p=1

control vs. GtACR1 (head turn) p=0.60

control vs. GtACRL (reverse) p=0.30
control vs. GtACRL (roll) p=0.08

control vs. GtACRL1 (# rolls) p=0.2211
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GtACR1 vs. ablation (recoil) p=0.12
GtACR1 vs. ablation (head turn) p=0.27
GtACR1 vs. ablation (reverse) p=0.09
GtACR1 vs. ablation (roll) p=0.0029

GtACR1 vs. ablation (# rolls) p=0.0018



4 Examining the role of neural activity in somatosensory axon patterning

Abstract
Sensory map formation involves an initial phase of axon targeting driven by molecular guidance cues,
followed by refinement through local cell-cell interactions and activity-dependent sorting. In Drosophila
larvae, somatosensory axons are organized in the CNS according to the modality they sense and location
on the body wall. Ablation studies revealed a requirement for nociceptors in modality-specific wiring of
touch axons and for appropriate behavioral responses to touch neuron activation (Chapters 2 & 3).
Unexpectedly, silencing nociceptors during development also resulted in abnormal touch responses,
suggesting that activity might shape touch and nociceptive circuit wiring. In this chapter, | present results
from investigating the impact of silencing or activating touch and nociceptive neurons on axon patterning.
Silencing electrical activity in nociceptors led to a reduction of nociceptive axon terminals and sprouting
of touch axons into the nociceptive layer. Furthermore, ectopic expression of TrpAl in touch neurons
caused them to branch excessively, often into the nociceptive layer. These results point to a potential role

for neural activity in somatosensory axon patterning.
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Introduction
Activity-dependent axon patterning
As discussed in Chapters 1 and 2, axons are often organized as neural maps that reflect spatial or qualitative
features of the neurons. Axons form coarse maps following molecular guidance cues and undergo fine-
scale refinement that often depends on neural activity (Kirkby et al., 2013; Luo and Flanagan, 2007;
Thompson et al., 2017). A large number of studies have examined this process in the development of
mammalian visual circuits. In binocular species, retinal projections from each eye target the dorsal lateral
geniculate nucleus (ALGN) and superior colliculus (SC) according to the eye from which the projections
derive from, sorting into ipsilateral- and contralateral-specific domains. Loss of spontaneous retinal activity
prevents eye-specific segregation (McLaughlin et al., 2003; Shatz and Stryker, 1988). Relative levels of
activity across neurons also contribute to axon spacing and patterning. Injection of pharmacological agents
that either blocked activity (Penn et al., 1998) or increased activity (Stellwagen and Shatz, 2002) in one eye
led to an expansion of the territory occupied by the more active eye at the expense of territory occupied by
the less active eye. A “co-activity” model to explain these observations is based on Hebbian plasticity
(Hebb, 1949; Kaneko and Ye, 2015). In this model, neighboring cells in the retina are likely to have similar
patterns of activity. Retinal activity drives activity patterns in the targets, leading to strengthened
connectivity between synchronous, interconnect neurons, and weakened connectivity between neurons with

asynchronous activities.

Activity-dependent dendritic arborization neuron axon targeting
A role for activity-dependent topographic mapping was described for the first time in Drosophila (Yang et
al., 2014). The three class 1V dendritic arborization (da) neurons in each segment project axons to a common
ventromedial region of the ventral nerve cord (VNC) neuropil. Within this region they terminate with fine-
scale topographical differences. Blocking or increasing activity in individual clV neurons shifts the terminal

position of axons. Whether activity plays a role in axon targeting for other somatosensory axons is not
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known. | found that silencing nociceptors during development alters the behaviors elicited by touch neuron
activation in third instar larvae (Chapter 3), raising the possibility that activity contributes to modality-
specific axon patterning. Whereas control larvae responded to touch neuron activation by performing touch-
associated behaviors, larvae with nociceptors ablated or constitutively silenced by TeTXLC performed
behaviors associated with touch and noxious stimuli. To probe the role of activity in somatosensory circuit
formation, | examined touch and nociceptive axon patterning under the various activity manipulations

presented in Chapter 3.

Results

Effects of silencing nociceptors on touch and nociceptive axon patterning
I first examined the effect of silencing nociceptors with tetanus toxin light chain (TeTxLC or TNT)
(Sweeney et al., 1995) on touch and nociceptive axon targeting. | labeled nociceptive and touch axons with
UAS-CD8-mCherry and LexAop-CD8-GFP, respectively, which allowed me to examine cell autonomous
(class 1V) and non-cell autonomous (class I11) effects (Figure 4.1). Both axon cohorts targeted the
ventromedial neuropil with characteristic patterning features and did not exhibit any gross targeting or
arborization defects compared to controls (clV >TNT™t"e) Touch and nociceptive axons were comparably
segregated in control and clV-silenced larvae. The only clear difference between control and clV-silenced
larvae was that the expression pattern of the class I11 reporter (R83B04-LexA) was altered in the UAS-TNT
background and labeled several ectopic cells (Figure 4.1, C-D). These results suggest that silencing
nociceptors with TNT did not produce any differences in touch or nociceptive axon patterning.

Next, | examined the effect of hyperpolarizing nociceptors with Kir2.1 (Baines et al., 2001) using
the same dual-labeling approach. Axons from nociceptors expressing Kir2.1 were severely disrupted in all
larvae examined (5/5) (Figure 4.2, A, B). Axon terminals were missing altogether in some segments and in
the segments with nociceptive axon terminals present the mCherry signal was weak and aggregated.
Interestingly, touch axons exhibited minor, but noticeable changes in axon patterning when nociceptors

were silenced with Kir2.1. In control larvae, touch axons extended branches primarily along the anterior-
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posterior axis forming parallel longitudinal bundles (Figure 4.2, A"). In larvae with nociceptors silenced,
touch axons frequently extended short branches towards the midline (Figure 4.2, B', C). These branches
were often clustered in regions where nociceptors were either reduced or absent. Due to these protrusions,
the medial boundaries (from the left and right sides) of the touch axon cohort were highly irregular, as
measured by tortuosity (Figure 4.2, D). Because silenced nociceptors were also severely degraded, it is
unclear whether these axon extensions were due to the loss of nociceptors or their activity. These results
suggest that activity plays a role in nociceptor axon targeting or maintenance and may indirectly influence

touch axon targeting.

Effects of silencing touch and nociceptors on axon patterning
I also examined the effects of silencing both touch and nociceptive neurons on axon patterning. | ectopically
expressed active (TNT) or inactive (TNT™"e) TeTxLC in touch receptors and nociceptors under the
control of R83B04-Gal4 and ppk1.9-Gal4. It was not possible to achieve class-specific axon labeling, but
as a proxy, both cohorts were labeled with UAS-CD4-tdGFP and nociceptive axons were co-labeled with
ppk-CD4-tdTomato (Figure 4.3). As was the case with silencing nociceptors with TNT, there were no
detectable differences between touch and nociceptive axons expressing the active or inactive forms. Both
cohorts projected properly patterned axons to correct regions of the CNS. As both cohorts were labeled by
GFP, lack of segregation could not be determined, however, there were no noticeable differences in the size
or organization of nociceptive axons labeled by tdTomato. Thus, touch and nociceptive axons do not seem

to require synaptic vesicle release for proper axon patterning.

Ectopic TrpAl expression in touch neurons induces midline crossing
The above experiments probed whether loss of activity impacts sensory axon targeting. However, the
behavioral experiments presented in Chapter 3 not only inhibited activity in nociceptors, they may have
also increased activity in touch axons during development. Ectopic TrpAl can stimulate neurotransmission

above 25°C (Hamada et al., 2008; Pulver et al., 2009). Given that the touch-neuron activation experiments
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described in Chapter 3 were maintained at 25°C (tested at 32°C), touch neurons could have been
periodically activated during larval development with fluctuations in temperature. To examine whether
these conditions impacted touch axon targeting, | compared touch axons (labeled by myr-GFP) expressing
TrpAl to control touch axons (no TrpAl) in larvae raised at ~25°C. Unexpectedly, touch axons that
expressed TrpAl were disorganized compared to touch axons without TrpAl (Figure 4.4). Notably, TrpAl-
expressing touch axons crossed the midline significantly more than control axons. Similar results were also
observed using a different membrane marker to label touch axons (CD4-tdTomato) (Figure 4.5). Touch
axon disorganization and excessive branching was more prominent in the axons labeled by CD4-tdTomato
than myr-GFP, which could potentially reflect differences in the labeling of fine processes by these tags.

In TrpAl-expressing touch neurons, axons that target the midline might connect with nociceptive
circuitry. This could conceivably explain why, in Chapter 3, some control larvae rolled upon touch neuron
activation with TrpALl. In Chapter 3, larvae with clV neurons ablated rolled significantly more than control
larvae upon clll activation. If rolling is due to touch axons targeting the midline, then ablating clV neurons
and expressing TrpAl in clll neurons should lead to stronger midline crossing than TrpAl alone. To test
this, 1 ablated nociceptors using ppk-Gal4 to drive UAS-rpr and targeted TrpAl to touch neurons with
R83B04-LexA. TrpAl-expressing touch axons in larvae with nociceptors ablated did not show a significant
increase in midline crossing compared to larvae with TrpAl alone (Figure 4.4, D and Figure 4.5, G). These
data suggest that clll-induced rolling is not directly correlated with the amount of midline crossing clll
axons.

While clll midline crossing was not significantly increased upon clV ablation in this context, an
interesting observation is that in larvae with clV neurons intact, clll commissural axons appeared to avoid
certain regions that reflect the locations of clV terminals (Figure 4.5, E). By contrast, when clV neurons
were ablated, clll commissural axons invaded the region where clV axons typically terminate (Figure 4.5,
F), which resembled the midline crossing phenotype observed in Chapter 2. This observation requires

further analysis, but if confirmed, it could suggest that ectopic TrpAl expression in touch axons leads to
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excessive branching and midline crossing, and touch axons specifically target the nociceptive recipient

neuropil when nociceptors are ablated.

Discussion
In Chapter 3 I showed that either ablation or silencing nociceptors led to abnormal behaviors upon TrpAl-
activation of touch neurons, suggesting that neural activity might play a role in touch and nociceptive circuit
formation. In this chapter, 1 examined touch and nociceptive axon patterning under various activity
manipulations. Silencing electrical activity in nociceptors led to loss of nociceptive axon terminals and
sprouting of touch axons into the nociceptive neuropil. Ectopic expression of TrpAl in touch neurons also
induced excessive branching into the nociceptive neuropil. These results are consistent with a role for

activity in touch and nociceptive axon patterning.

Abnormal touch and nociceptive axon patterning upon electrical silencing of nociceptors
Silencing nociceptors with Kir2.1 led to a reduction in nociceptor axon terminal arbors in the CNS. The
loss of nociceptor terminals could be due to axon degradation and possibly cell death, though labeling
Kir2.1-silenced clV neurons with HRP is needed to confirm that cells are absent in the periphery. Another
group reported a minor reduction in class 1V dendrite branching upon expression of Kir2.1 (Thompson-
Peer et al., 2016). Interestingly, they proposed that activity plays no role in initial dendrite development
and a minor role in late development. Thus, activity-dependent patterning of class IV dendrites and axons
may be restricted to a later developmental window, which would be consistent with the timing of activity-
dependent events in other systems (Kirkby et al., 2013). With the development of a method to perform
time-lapse imaging of peripheral sensory neurons throughout embryonic development (Chapter 2), it should
now be possible to compare the development and targeting of Kir2.1-silenced axons.

Silencing nociceptors with Kir2.1 was also accompanied by minor changes in touch axon
patterning. In larvae with nociceptors silenced, touch axons extended short branches towards the midline.

While this phenotype was milder than the midline crossing phenotype observed upon nociceptor ablation
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in Chapter 2, it is interesting that in both experiments, touch neurons expanded axon territory into the
nociceptive-recipient neuropil. Because silencing caused a loss of nociceptive axons, it is not clear whether
touch axon sprouting was a consequence of the absence of nociceptors or loss of activity. It may be possible
to discriminate between these alternative causes by using less-potent tools to hyperpolarize nociceptors
(Nitabach et al., 2002; White et al., 2001). If touch axon sprouting occurs in response to loss of nociceptor
activity, this would mirror findings from silencing subpopulations of retinal ganglion cells (Penn et al.,
1998) and would suggest that modality-specific axon targeting arises, at least in part, from activity-

dependent competitive interactions between touch and nociceptive axon cohorts.

Normal nociceptive and touch axon patterning upon silencing chemical neurotransmission
Unlike inhibiting electrical activity in nociceptors, neither silencing nociceptors alone or silencing both
touch and nociceptors with TeTxLC produced any discernible changes in touch or nociceptor axon
patterning. Similar results have been reported in mice; silencing olfactory sensory neurons (OSNSs) with
TeTxLC did not alter axon targeting to glomeruli in the olfactory bulb (OB) whereas silencing with Kir2.1
caused a delay in axon entry to the OB and disorganization in a particular region of OB (Yu et al., 2004).
Furthermore, expression of TeTxLC did not produce morphological changes in Drosophila or zebrafish
motor neurons (Baines et al., 2001; Plazas et al., 2013). As electrical activity can enhance or modulate axon
growth (Goldberg et al., 2002; Ming et al., 2001), this might be one reason for the differences in Kir2.1 vs.
TeTxLC silencing.

While axon patterning was not noticeably altered by TeTxLC silencing, the class Il driver
(R83B04-LexA) labeled ectopic cells in the VNC in larvae carrying UAS-TeTxLC. Crossing UAS-TeTxLC
to R83B04-Gal4 (clll) and ppkl.9-Gal4 (clV) did not alter the express pattern of either driver, so it is
unlikely that the altered expression is a direct consequence clV silencing. The effect was specific to larvae
carrying R83B04-LexA and UAS-TeTxLC (but not UAS-TeTxLC™"¥e) which suggests that the expression

pattern of R83B04-LexA is somehow modified in this genotype. This effect could be a caveat for behavioral
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experiments performed in Chapter 3. As TrpAl may have been expressed in non-clll neurons in larvae

carrying UAS-TeTxLC, it is possible that TrpAl activated off-target cells in these larvae.

A possible role for activity in touch axon targeting
Ectopic expression of TrpAl in touch neurons led to striking changes in touch axon patterning. Compared
to control class 111 axons, axons from TrpAl-expressing class 111 neurons appeared to have excessive,
disorganized branches (more prominent in the axons labeled by CD4-tdTomato) and increased midline
crossing. While these results are preliminary and need to be followed up with characterization of activity
levels in TrpAl-expressing touch neurons, and investigated using other approaches to enhance activity, one
potential interpretation is that heightened neural activity in touch axons led to excessive axon arborization.
This could be due to intrinsic, activity-dependent mechanisms that regulate axon branching or growth (Mire
etal., 2012; Ohnami et al., 2008), activity-based competition between neighboring axons (Hua et al., 2005;
Yu et al., 2004), or some combination of factors.

A second noteworthy finding is the consistent observation of increased midline crossing by touch
axons. In Chapter 2, excessive midline crossing by touch axons was associated with nociceptor ablation,
which led to the conclusion that nociceptors prevent touch axons from targeting the medial, nociceptive-
recipient neuropil. Here, TrpAl-expressing touch axons target the midline without any direct manipulation
of nociceptors. Furthermore, nociceptor ablation did not lead to a significant increase in midline crossing
by TrpAl-expressing touch axons raised at 25°C. While clll midline crossing was not significantly
increased upon clV ablation, preliminary data suggest there may be qualitative differences in commissural
touch axons with and without nociceptive axons present. When nociceptors were intact, touch axons that
branched across the midline appeared to avoid the regions where nociceptors terminate. In contrast, when
nociceptors were ablated, touch axons appeared to cross the midline along the path that nociceptors usually
take. In order to confirm these observations, these experiments should be repeated with both cohorts

labeled.
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Results here and in Chapters 2 & 3 suggest that touch and nociceptive circuit wiring might be
shaped by relative levels of activity between touch receptor and nociceptor cohorts. Ectopic expression of
TrpAl in touch neurons may increase their activity compared to wild-type nociceptors. Given that touch
and nociceptive neurons target common downstream circuitry, this could conceivably strengthen touch
sensory neuron connectivity with “nociceptive” circuitry. Nociceptor ablations performed in Chapter 2
would also favor increased neural activity in touch neurons compared to nociceptors, with the added effect
of eliminating axon-axon interactions. Either, or perhaps both of these factors may result in touch axons
expanding their territory and connectivity with nociceptive interneurons (Chapter 2). Silencing nociceptors
with Kir2.1 would have a similar effect as ablation, though likely less severe, as some nociceptive axons
were still present in the neuropil. Consistent with this, touch axon targeting changes were mild compared

to nociceptor ablation.

Does axon targeting determine sensory-evoked behavior?

The experiments presented in this chapter were initially motivated by an effort to understand whether

modality-specific targeting of touch and nociceptive axons impacts sensory-evoked behavior. Nociceptor
ablation produced two outcomes: touch axon mis-wiring with nociceptive interneurons, and aberrant
execution of nocifensive rolling upon touch neuron activation. While it was tempting to conclude that the
behavioral changes were a direct result of changes in touch axon targeting, two pieces of evidence argue
against axon targeting being the sole determinant of behavior. First, silencing nociceptors with TeTxLC
phenocopied behavioral, but not axon targeting defects. Second, concurrent clV ablation and TrpAl
expression in clll neurons led to a significant increase in clll-induced rolling but did not significantly
increase clll midline crossing over TrpAl expression alone. Both of these results suggest that changes in
behavior can occur without significant changes in touch axon targeting. It is possible that the qualitative
changes in clll commissural axons in clV-ablated, clll-activated larvae contribute to clll-evoked rolling.

Touch neuron connectivity should be investigated in this manipulation. If TrpAl-expressing touch neurons
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increase connectivity with nociceptive circuitry upon clV ablation, this would be consistent with a role for
modality-specific connectivity of touch neurons in appropriate clll-evoked behavior.

It seems likely that many factors influence modality-specific connectivity of touch and nociceptive
neurons, including axon-axon interactions addressed in Chapter 2 and potentially neural activity described
here. Interestingly, a study that examined the roles of axon-axon interactions and activity in establishing
connectivity between retinal ganglion cells (RGCs) with multiple populations of bipolar cells (BCs)
identified two concurrent processes (Okawa et al., 2014): 1) Activity-independent axon-axon interactions
control the tiling of BC axon axons along a shared RGC dendritic arbor, and 2) an activity-dependent
mechanism cell autonomously regulates connectivity between individual BCs axons with RGC dendrites.
The results presented in this chapter examined effects of activity on axon patterning. Future efforts should
tease apart the roles of axon-axon interactions and activity-dependent targeting in connectivity of touch and

nociceptive axons. Many of the approaches developed in Chapter 2 should be applicable to such studies.
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Materials and Methods
Fly strains and maintenance
Drosophila melanogaster were reared using standard methods. Experimental crosses were maintained at
25°C. Third instar larvae were used. The following strains were used:
(1) w1118 (2) UAS-rpr (McNabb et al., 1997) (3) LexAop-TrpAl (Sudhakaran et al., 2012) Gift from Dr.
Mani Ramaswami (4) ppk-Gal4 (Grueber et al., 2007) (5) R83B04-LexA (this study) (6) UAS-Kir2.156F°
(Baines et al., 2001) (7) UAS-TNTi (Sweeney et al., 1995) (8) UAS-TNT (Sweeney et al., 1995) (9) UAS-
CD8-mCherry (10) 13XLexAop2-CD8-GFP (BL32205) (11) 13XLexAop-myr-GFP (BL32210) Gift from
Dr. Richard Mann (12) 13XLexAop2-CD4-tdTomato (Poe et al., 2017) (13) ppk1.9-Gal4 (Ainsley et al.,
2003) (14) R83B04-Gal4 (Jenett et al., 2012) (15) UAS-CD4-tdGFP (Han et al., 2011)

(16) ppk-CD4-tdTomato (Han et al., 2011)

Genotypes
Fig. 4.1  (A-A", C) UAS-CD8-mCherry,13XLexAop2-CD8-GFP/UAS-TNT """,
prk-Gal4,R§3B04-LexA/+
(B-B", D) UAS-CD8-mCherry,13XLexAop2-CDS-GFP/UAS-TNT;
prk-Gal4,R83B04-LexA/~+
Fig. 42  (A-A", C) UAS-CD8-mCherry,13XLexAop2-CD8-GFP/+,; ppk-Gal4,R83B04-LexA/+
(B-B") UAS-CDS8-mCherry,13XLexAop2-CD8-GFP/+; ppk-Gal4,R83B04-LexA/

UAS-Kir2. 1577
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Fig. 4.3  (A-A") ppkl.9-Gal4,ppk-CD4-tdTomato/UAS-TNT""**; R§3B04-Gal4,UAS-CD4-tdGFP/+
(B-B") ppkl.9-Gal4,ppk-CD4-tdTomato/UAS-TNT; R83B04-Gal4,UAS-CD4-tdGFP/+
Fig. 4.4  (A) +; 13XLexAop-myr-GFP/+; ppk-Gal4,R83B04-LexA/+
(B) Y/+, 13XLexAop-myr-GFP/LexAop-TrpA; ppk-Gal4,R83B04-LexA/+
(C) UAS-rpr/+; 13XLexAop-myr-GFP/LexAop-TrpA; ppk-Gal4,R§3B04-LexA/~+
Fig. 4.5 (A-A', D) +, 13XLexAop-CD4-tdTomato/Sp, ppk-Gal4,R83B04-LexA/+
(B-B', E) +; 13XLexAop-CD4-tdTomato/LexAop-TrpA; ppk-Gal4,R83B04-LexA/+
(C-C', F) UAS-rpr/+,; 13XLexAop-CD4-tdTomato/LexAop-TrpA;

prk-Gal4,R83B04-LexA/~+

Immunohistochemistry

Performed as in Chapter 2. Primary antibodies used were chicken anti-GFP (1:1000; Abcam), rabbit anti-
DsRed (1:200-1:500, Clontech), mouse anti-Fasciclin 1l (1:10; Developmental Studies Hybridoma Bank).
Secondary antibodies used were donkey-anti-chicken-Alexa 488, donkey-anti-rabbit-RRX, donkey-anti-

mouse Alexa 647 (Jackson ImmunoResearch, 1:200).

Image Acquisition

Performed as in Chapter 2.

Quantification and Statistical Analysis

Statistics

Data were tested for normality using the Shapiro-Wilk test. For normally distributed data, two-tailed
unpaired t-tests were used to compare two groups, and ordinary one-way ANOVA with Sidak’s multiple
comparison tests were used to compare more than two groups. For non-normal data, Mann-Whitney U tests

were used to compare two groups and Kruskal-Wallis with Dunn’s multiple comparisons test were used
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when comparing more than two groups. N values refer to larvae. Statistical tests were performed in

GraphPad Prism. ns p>0.05, * p<0.05, **p<0.01, ***p<0.001

clll midline crossing

Performed as in Chapter 2.

clll axon boundary tortuosity

Tortuosity was measured essentially using the arc-chord ratio. A curved line (Lcurved) Was drawn along the
medial edge of the clll axon scaffold (left and right side for each CNS) from A2-A7. A second “straight”
line was drawn from A2-A7, fitted to the medial edge of clll longitudinal axons (Lstraight). Lengths from the
left and right sides were summed. Tortuosity was calculated as the ratio of Leurved/Lswaignt. A clll scaffold
that is completely straight should have tortuosity of 1, whereas an irregular scaffold would have a tortuosity

value >1.
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Chapter 4 Figures
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Figure 4.1

Effect of silencing nociceptors with TeTXLC on touch and nociceptive axon targeting. (A-B") Maximum intensity projections
of class 111 (touch) and class IV (nociceptive) axons from abdominal segments 2-7 in control (ppk-Gal4/UAS-TNTinactive: A-A") and
class 1V-silenced (ppk-Gal4/UAS-TNT; B-B") larvae. Orthogonal views below show anti-Fasll labeling and are viewed from
positions indicated by dotted lines. (C-D) Max IPs showing expression pattern of R83B04-LexA in control (C) and clV-silenced
(D) larvae. Arrowheads show non-class 111 neurons labeled in the VNC. Scales: (A"-B") 10um (C-D) 50um.
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Figure 4.2

Effect of silencing nociceptors with Kir2.1 on touch and nociceptive axon targeting. (A-B") Maximum intensity projections
class 111 (touch) and class IV (nociceptive) axons from abdominal segments 3-7 in control (ppk-Gal4/+; A-A") and class IV-
silenced (ppk-Gal4/UAS-Kir2.1; B-B") larvae. White arrowheads in B point out class IV axon terminals are reduced or missing
upon Kir2.1 expression. Yellow arrowheads in B' point out sprouted touch axons when nociceptors are silenced. (C) More examples
of touch axon sprouting in clV-silenced larvae, pointed out by arrowheads. (D) Schematic of touch axon border analysis. Tortuosity
was calculated by dividing the length of the medial border of clll axons by the length of a straight line fit to the border. (E)
Quantification of tortuosity of inner (medial) clll axon border in control and clV-silenced larvae. Each dot represents 1 larva and
overlays show means and SD. p=0.02 as determined by two-tailed, unpaired test. Scales= 10pm.

85



class Il + class IV clll +clV clV

S
] ]

Contl’ol (C“I + CIV >TNTlnacl|ve)

clll + clV silenced (TNT)
ppk1.9-Gal4 + R83B04-Gal4 > UAS-TNT  ppk1.9-Gal4 + R83B04-Gal4 > UAS-TNT actve

UAS-CD4-tdGEP ppk-CD4-tdTomato

Figure 4.3

Effect of silencing nociceptors and touch receptors on axon targeting. Maximum intensity projections of class 111 (touch) and
class IV (nociceptive) axons from abdominal segments 3-7 in control (A-A") and clll, clV silenced (B-B") larvae. clll and clVV
axons are labeled by CD4-tdGFP (A, B) and class IV axons are co-labeled by tdTomato (A', B"). Scales = 10um.
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Figure 4.4

Changes in touch axon targeting upon ectopic expression of TrpAl. (A-C) Maximum intensity projections of class 111 axons
from abdominal segments 2-7 labeled by myr-GFP in control (A), clll > TrpAl (B), and clll > TrpAl + clV ablated (C) larvae.
Arrowheads point to increased commissural axon branching in clll > TrpAl and clll >TrpAl + clV ablated larvae. (D)
Quantification of clll midline crossing. Each dot represents 1 larva and overlays show population medians. control clll v.
cllI>TrpAl p =0.04, control clll v. cllI>TrpAl + clV ablated p < 0.0001, cllI>TrpAl v. cllI>TrpAl + clV ablated p = 0.1 as
determined by Kruskal-Wallis test with Dunn’s multiple comparisons test. Scales = 10pum.
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Figure 4.5

Changes in touch axon targeting upon ectopic expression of TrpAl (with different marker). (A-C) Maximum intensity
projections of class 111 axons from abdominal segments 2-7 labeled by CD4-tdTomato in control (A), clll > TrpAl (B) and clll >
TrpAl + clV ablated (C) larvae. Arrowheads point to increased commissural axon branching in clll > TrpAl and clll >TrpAl +
clV ablated larvae. (A'-C') Zoomed in images of segments A3-A5 from A-C showing excessive midline crossing and excessive
branching. (D-F) Examples of increased commissural branches that appear to avoid clV axon terminals (E) vs. branches that appear
to target the nociceptive recipient neuropil when nociceptors are ablated (F). (G) Quantification of clll midline crossing. Each dot
represents 1 larva and overlays show population medians. control clll v. clll > TrpAl p =0.063, control clll v. clll > TrpAl +clV
ablated p=0.009, clll >TrpAl v. clll > TrpAl + clV ablated p >0.999 as determined by Kruskal-Wallis test with Dunn’s multiple
comparisons test. Scales = 10um.

88



5 Alternative splicing of Dscam2 in nociceptive circuit assembly?

Abstract
Nervous system wiring relies on selective recognition between synaptic partners. Cell-cell recognition is
driven by the expression of specific combinations of cell surface proteins. An emphasis has been placed on
synaptic matching molecules that promote connectivity, but avoidance mechanisms that prevent
inappropriate connections from forming are also important. | explored this latter process by investigating
the role of a cell surface receptor, Down-syndrome cell adhesion molecule 2 (Dscam2), in Drosophila
nociceptive circuit development. Previous studies demonstrated that regulated alternative splicing of
Dscam2 generates cell-type specific expression of two mutually exclusive isoforms, and homophilic
binding is thought to induce repulsion. | found that synaptic partners in the larval nociceptive circuit express
complementary Dscam2 isoforms. Regulated alternative splicing of Dscam2 is essential for robust
nocifensive behavior and nociceptive axon targeting. Forcing synaptic partners to express a common
isoform resulted in nociceptive axon wiring defects. These results suggest that regulated alternative splicing
of Dscam2 across populations of neurons may be a mechanism to restrict connectivity to partners and

prevent inappropriate synaptic connections from forming.

2 I'm grateful to Dr. Grace Shin for her contributions to characterizing Dscam2 expression in larvae, analyzing axon
phenotypes, providing comments on the manuscript, and for many helpful discussions throughout the course of this
work. I’m also grateful to our collaborator, Dr. Sean Millard, who provided many of the Dscam?2 fly stocks.
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Introduction

During development, neurons respond to a wealth of molecular cues presented by various substrates and
neuronal membranes, which collectively align presynaptic axons with postsynaptic cells. Within spatially
restricted regions, highly specific synaptic connectivity is achieved through mutual recognition mediated
by cell adhesion molecules (CAMs) (Yogev and Shen, 2014). Much attention has been given to an
instructive role for CAMs in promoting synaptic specificity by generating molecular barcodes that, when
matched between partners, promote connectivity. While undoubtedly central to wiring precision, this model
raises challenges. For example, given the tremendous number of specific matches that must be achieved,
mechanisms must be in place to further diversify the repertoire of molecules available to each neuron.
Additionally, given that dendrites and axons navigate an incredibly dense neural environment, mechanisms
should exist not just to promote connections between partners, but to also block inappropriate connections.
A key example of this is dendrite self-avoidance and self/non-self discrimination, which favor synapses
between neighboring neurons and prevent autapses (Kostadinov and Sanes, 2015).

Studies in Drosophila have implicated Immunoglobulin (I1g) superfamily proteins, such as Dpr/DIP
and Down syndrome cell adhesion molecule (Dscam) proteins (Carrillo et al., 2015; Hughes et al., 2007;
Matthews et al., 2007; Millard et al., 2007; Millard et al., 2010; Soba et al., 2007; Tadros et al., 2016) in
controlling contact-based recognition. Dscaml (Dscam) controls isoneuronal (self) recognition and
avoidance. Extensive alternative splicing of Dscam generates over 19,000 ectodomain isoforms, of which
a single neuron typically expresses 10-50 with probabilistic likelihood (Millard et al., 2010; Miura et al.,
2013). Dscam isoforms bind homopbhilically and induce repulsion, which promotes spacing between self-
recognizing dendrites (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007). As Dscam isoform
choice is probabilistic, it is perhaps not suited to coordinate recognition between neurons. By contrast,
Dscam2 undergoes cell type-specific alternative splicing to generate either Dscam2A or Dscam2B.
Dscam2A and Dscam2B differ by a single extracellular Ig domain, which confers isoform-specific

homophilic binding, resulting in repulsion (Millard et al., 2007). In the visual system, Dscam2 controls
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axonal tiling (Millard et al., 2007). As Dscam2 is expressed broadly in lamina neurons, predetermined
isoform expression is essential for regulating cell-cell interactions during dendrite and axon development,
and synapse formation (Kerwin et al., 2018; Lah et al., 2014; Millard et al., 2007; Millard et al., 2010;
Tadros et al., 2016). However, how regulated splicing of Dscam2 contributes to neural circuit function and
behavior is not known.

I found that Dscam?2 is expressed in an isoform specific manner in clV dendritic arborization (da)
neurons. | then investigated the importance of regulated alternative splicing in larval nociceptive circuit
development. clV neurons detect noxious mechanical and thermal stimuli (Hwang et al., 2007). Recent
identification of several second-order neurons and downstream circuit components (Burgos et al., 2018;
Gerhard et al., 2017; Hu et al., 2017; Ohyama et al., 2015; Takagi et al., 2017) makes this system an
excellent one to study the development and function of sensory circuits. In this chapter, | show that synaptic
partners in the larval nociceptive circuit express complementary Dscam2 isoforms. Regulated alternative
splicing of Dscam2 is essential for nocifensive behavior and nociceptive axon targeting. This work expands
the role of Dscam?2 into a new sensory system and shows that deterministic splicing of Dscamz2 is important

for regulating interactions between synaptic partners.

Results
Synaptic partners in the larval nociceptive circuit express complementary Dscam?2 isoforms
The Dscam2 locus encodes two alternatively spliced isoforms, Dscam2A and Dscam2B (Lah et al., 2014;
Millard et al., 2007) (Figure 5.1, A). Dscam2 isoform expression has been characterized in visual system
neurons but has not been explored in other tissues. | used isoform-specific Gal4 and LexA splice reporters
(Lahetal., 2014; Tadros et al., 2016) to characterize endogenous Dscam2 isoform expression in third instar
larvae. In flies bearing these constructs, Gal4 or LexA are knocked-in to the variable region of Dscam2,
which leads to Gal4 or LexA expression that reflect the pattern and levels of endogenous Dscam2 isoforms.
I did not detect any Dscam2A-Gal4 expression in body wall neurons whereas Dscam2B-Gal4 was expressed

in class 1V da neurons (Figure 5.1, B-C'). Similarly, Dscam2B-LexA, but not Dscam2A-LexA was expressed
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in clV neurons (Figure 5.1, D-E). Dscam2B-Gal4 was also expressed in a mechanosensory chordotonal
neuron in the Ich5 cluster, but this was not observed with the LexA reporter, so whether this cell expresses
Dscam2B is unclear.

I also examined Dscam2 isoform expression in the larval CNS. Both LexA and Gal4 isoform
reporters showed broad expression throughout the ventral nerve cord (Figure 5.2, A-D). To investigate
whether isoform expression is regulated in central targets of cIV neurons, | focused on five populations of
interneurons that were recently identified as direct postsynaptic partners of clV neurons, termed Down-
and-Back neurons (DnB) and Basin neurons (Figure 5.2, E-F) (Burgos et al., 2018; Ohyama et al., 2015).
Down-and-back neurons receive the majority of their synaptic input from clV neurons (Burgos et al., 2018).
Basin neurons comprise four sub-populations of neurons (Basinl-4) that receive either significant input
(Basin 2,4) or very few synapses (Basin 1,3) from clV neurons (Ohyama et al., 2015). All Basin neurons
also receive synaptic input from chordotonal neurons (Ohyama et al., 2015). | used Dscam2A-LexA and
Dscam2B-LexA to drive expression of a membrane-targeted GFP, and simultaneously labeled either DnB
neurons (412-Gal4) or Basin neurons (72F11-Gal4) with CD8-mCherry (Figure 5.2, G). | found that almost
all (98%) Basin neurons examined and most DnB neurons (74%) expressed Dscam2A-LexA. In contrast, |
did not observe Dscam2B-LexA expression in either Basin or DnB neurons (Figure 5.2, H).

In summary, Dscam2B, but not Dscam2A, is expressed in body wall neurons, including clV da
neurons. Both Dscam?2 isoforms are expressed in the CNS, however all populations of direct class IV targets
examined showed exclusive Dscam2A expression. Taken together these findings show that Dscam?2
isoforms are expressed in a tissue-specific and cell-type specific manner in the larval nervous system

(Figure 5.2, 1).

Lack of evidence for a role for Dscam?2 in clV dendrite and axon patterning
To begin to understand the function of Dscam2 in the larval nociceptive circuit | examined class IV dendrite
and axon patterning in Dscam2!®® |arvae. Dscam2''®® is a null allele generated by homologous

recombination (Millard et al., 2007). Sholl analysis revealed that dendritic field patterning was similar
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between wild-type and Dscam?2!'86 dendrites, and there was no difference in total dendrite length between
wild-type and Dscam2!!8 ¢V neurons (Figure 5.3, A-C). In the majority of Dscam2!!8% larvae examined,
clV axons were also indistinguishable from wild-type clV axons (Figure 5.3, D-E). However, one
Dscam2!8 Jarva (out of 8) had a severely disrupted axon scaffold and one showed axon defasciculation
(Figure 5.3, F-G). These results suggest that Dscam2 is not required for class IV dendrite patterning, and

while it may be involved in clV axon targeting, a more thorough assessment is required to determine this.

Lack of evidence for a role for Dscam2 in clV dendritic tiling
A hallmark feature of clV dendritic field patterning is tiling, which is the tendency of dendrites from
neighboring clV neurons to avoid overlapping. Previous studies provided strong evidence that clV dendrite
tiling likely arises from repulsive dendrite-dendrite interactions (Grueber et al., 2003b) but the molecular
basis for dendritic tiling has not been identified. Given the known role for Dscam2 in controlling contact-
based recognition in axonal tiling (Millard et al., 2007), Dscam2 is a promising candidate to mediate clV
dendrite tiling. To analyze clV dendrite tiling, | quantified the number of overlaps between v'ada and vdaB
in wild-type and Dscam2!8® larvae (Figure 5.4, A-B'). There was no significant difference in vdaB-v'ada
overlaps between the genotypes (Figure 5.4, C). Furthermore, the tiling boundary between vdaB-v'ada was
apparent in Dscam2!'®6 mutants, and dendrites from either cell that approached the boundary showed
characteristic signs of tiling such as pausing and turning. These results suggest that Dscam2 is not required

for clV dendrite tiling.

Regulated alternative splicing of Dscam2 is required for robust nocifensive rolling and
nociceptive axon patterning
Regulated alternative splicing of Dscam2 is important for axon and dendrite morphology and formation of
appropriate numbers of synapses in the Drosophila visual system (Kerwin et al., 2018; Lah et al., 2014).
Given the cell-type specific isoform expression in synaptic partners in the larval nociceptive circuit, | asked

whether regulated alternative splicing of Dscam?2 is important for nociceptive circuitry. | first examined
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nociceptive behavior in larvae that lack alternative splicing of Dscam2. | examined two types of single
isoform mutants harboring modifications of the endogenous Dscam2 locus (Lah et al., 2014). In Dscam2~/A
mutants, variable exon 10 is replaced with a constant exon 10A, such that all Dscam2-expressing cells
express Dscam2A, under otherwise normal regulatory elements. Conversely, in the Dscam2®® mutants,
variable exon 10 is replaced with exon 10B, forcing all Dscam2-expressing cells to produce only the
Dscam2B isoform (Figure 5.5, A).

I first used a behavioral assay to determine whether nociceptive circuits are functionally intact.
When presented with noxious thermal stimuli, larvae perform a nocifensive escape sequence consisting of
rapid “corkscrew-like” rolling followed by fast crawling (Hwang et al., 2007) (Figure 5.5, B). | tested the
ability of Dscam2 single isoform mutants to respond appropriately to noxious heat by placing them on an
agar plate heated to a noxious temperature (41°C) for 30 seconds and analyzing rolling behavior. Dscam2#4
larvae performed significantly fewer rolls that wild-type (w''*®) larvae (Figure 5.5, C). Dscam2®® larvae
did not show any significant difference in number of rolls compared to w8, However, Dscam2®”® larvae
rolled significantly slower (Figure 5.5, D). These results suggest that regulated alternative splicing of both
Dscam2 isoforms is required for robust nocifensive rolling behavior, and rolling is more severely disrupted
in Dscam2*A mutants.

One potential explanation for deficient rolling behavior in Dscam2 single isoform mutants is that
regulated alternative splicing of Dscam2 is required for nociceptive circuit wiring and function. If this is
the case, | expected to observe abnormal patterning of nociceptive neurons in single isoform mutants. To
explore this, | introduced a marker for clV neurons, ppkE¢™" (Grueber et al., 2003b), into Dscam2** and
Dscam2®”® backgrounds and examined clV axon projections. For the most part, clV axon scaffolds were
largely intact in both Dscam2” and Dscam2®”® larvae, suggesting that Dscam?2 isoform diversity is not
required for guidance of clV axons to the somatosensory neuropil. However, clV axon patterning was
mildly disrupted in both single isoform mutant lines. Both mutants showed variable phenotypes (between
and within larvae). The more consistent phenotypes included thin or missing longitudinal axon tracts,

abnormally thick bundles of commissural branches, and some axons that were either mistargeted or missing
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entirely from the neuropil (Figure 5.5, E-F). These defects suggest that regulated alternative splicing of

Dscam?2 is important for local patterning of clV axon terminals.

Forcing common isoform expression between synaptic partners disrupts nociceptive axon

patterning
In single isoform mutants, Dscam2-expressing cells have both loss- and gain-of-function differences
compared to wild-type larvae. Cells that express Dscam2B in wild-type animals lack Dscam2B in
Dscam2*A mutant animals and gain expression of Dscam2A, and vice versa. Thus, one explanation for
disrupted clV axon targeting in single isoform mutants is that clIV neurons cell autonomously require
Dscam2B. However, if Dscam2B is cell autonomously required in clIV neurons, | would expect clV axon
targeting to be normal in Dscam2®’® larvae, as clV neurons correctly express Dscam2B. The finding that
clV axon patterning was disrupted in both single isoform mutants suggested that a cell autonomous
requirement for Dscam2B in clV neurons is unlikely to be the underlying cause.

An alternative explanation for the clV axon patterning defects in single isoform mutants is that the
conversion of all Dscam2-expressing cells to a common isoform could have non-cell autonomous effects
on clV neurons. Previous studies have shown that Dscam2 isoforms bind homophilically (Millard et al.,
2007). Binding by the same Dscam2 isoforms presented on neuronal membranes is thought to trigger
repulsion, resulting in regular spacing between neurons that express the same isoform (Lah et al., 2014;
Millard et al., 2007). Thus, clV axons in single isoform mutants (in which all Dscam2-expressing cells
present the same isoform) could encounter ectopic presentation of a common isoform on neighboring
neurons, which could lead to aberrant cell-cell interactions that impeded normal targeting.

To test this, | focused on the role of isoform diversity between clV nociceptors and their synaptic
targets, Down-and-Back neurons and Basin neurons. | hypothesized that the clV axon targeting defects
observed in single isoform mutants could be due to forced expression of a common isoform between the
synaptic partners. To test this directly, I ectopically expressed UAS-Dscam2B in DnB and Basin neurons

under the control of 412-Gal4 and 72F11-Gal4, and visualized clV neurons using ppk-CD4-tdTomato
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(Figure 5.6, A-B). If distinct isoform expression in synaptic partners (or simply non-matching), is a pre-
requisite for normal connectivity, then forcing them to express a common isoform should cause ectopic
recognition and repulsion. Consistent with this hypothesis, | found that forcing nociceptive synaptic
partners to express a common isoform with clV neurons resulted in clV targeting defects (Figure 5.6, B-
D). This defect was specific to shared isoform expression between pre- and postsynaptic partners, as over-
expressing Dscam2A in DnB and Basin neurons (their endogenous isoform) did not impact clV axon
targeting. These results suggest that distinct isoform expression between clV neurons and their targets is
required for proper clV axon targeting.

To understand the nature of clV axon targeting defects at the single-cell level I generated FLPouts
of individual clV neurons when synaptic partners express a common isoform. I used 412-Gal4 and 72F11-
Gal4 to target UAS-Dscam2B to nociceptive interneurons and paired this with hsFLP; LexAop-FRT-stop-
FRT-V5; ppk-LexA. Sparse labeling was achieved by performing brief (5-10 minute) heat shocks. When
DnB and Basin neurons ectopically expressed Dscam2B, 18% of class IV axon terminals completely lacked
longitudinal processes (Figure 5.6, E-F). | again confirmed that this defect was specific to common isoform
expression between clV neurons and their partners by overexpressing Dscam2A in DnB and Basin neurons,
which did not result in abnormal clV axon targeting. These results suggest that forcing nociceptive synaptic
partners to express the same Dscam2 isoform as their sensory inputs results in clV axons failing to arborize

properly (Figure 5.6, G).

Nociceptor presynaptic site patterning when nociceptive synaptic partners expression a common
isoform
Next, | investigated whether the disruption of clV axon targeting | observe when isoform expression is
perturbed is accompanied by synaptic wiring defects. To this end, | examined the distribution of an active
zone marker, Brp-short"®™ (Berger-Muller et al., 2013), in cIV axons when pre- and postsynaptic partners
shared a common isoform. | targeted expression of UAS-Dscam2B to DnB and Basin neurons using 72F11-

Gal4 and 412-Gal4, and visualized clV axons and presynaptic sites using 38A10-LexA to drive a membrane-
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targeted GFP and Brp-short®™., In both control and DnB + Basin > Dscam2B larvae, Brp-short labeling
was dense throughout clV axon terminals, indicating that forced expression of a common isoform did not
block presynaptic site formation in clV neurons (Figure 5.7, A). Given the significant density of Brp-
short"®™ puncta when expressed in all clV neurons, it was not possible to reliably count the number of
puncta. As a proxy, total Brp-short®™ fluorescence (sum of pixel values) in clV axon terminals was
measured. On average, larvae with clV axons that shared Dscam2B expression with DnB and Basin neurons
showed a modest though insignificant reduction in Brp-short fluorescence (Figure 5.7, B). This could
indicate that overall, presynaptic sites in clV axons are not significantly reduced in DnB, Basin > Dscam2B.
Alternatively, if there is a reduction, it may not be captured by this coarse measurement. In order to
understand the impact of shared isoform expression between synaptic partners, it may be necessary to
examine connectivity using high-resolution approaches such as expansion or electron microscopy. One
interesting observation was that severely affected regions of the clV axon scaffold that lacked
anteroposterior connectives appeared to lack Brp-short labeling compared to neighboring segments (Figure
5.7, C). Given that clV axons from each segment make synaptic connections in adjacent segments, loss of
these axons could have implications for intersegmental coordination. A very similar phenotype was
observed in clV axons in protein O-mannosyltransferase (POMT) mutants, which exhibited defects in
peristaltic waves of muscle contractions (Baker et al., 2018). This suggests that even minor patterning

defects can cause problems for larval movement.

Excess or ectopic Dscam2 induces repulsion between nociceptive axon terminals
While Dscam2 is thought to primarily promote spacing between neighboring neurons through repulsion, it
has also been proposed to direct neurite targeting through adhesion (Tadros et al., 2016). To determine
which of these Dscam?2 functions is responsible for the clV axon targeting defects observed when pre- and
postsynaptic partners shared isoform expression, |1 examined whether excess Dscam2 in clV neurons
promotes adhesion or repulsion between adjacent axon terminals. Normally, clV axon terminals accumulate

in cohesive bundles with branches that either project along the anterior-posterior axis (longitudinal) or
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across the midline (commissural) (Grueber et al., 2007). | expressed UAS-Dscam2A or UAS-Dscam2B in
clV neurons using ppk1.9-Gal4, and visualized clV axons using ppk-CD4-tdGFP (Han et al., 2011). Forced
expression of either isoform resulted in robust axon defasciculation (Figure 5.8, A-B). One interpretation
of this phenotype is that excessive binding of Dscam2 isoforms in adjacent axon terminal branches induced
repulsion and resulted in excess spacing between branches. These results are consistent with a role for
Dscam2 in mediating repulsion between adjacent processes with shared isoform expression, while they do

not rule out the role of Dscam2 in adhesion in different spatiotemporal context.

Discussion

Tissue-specific and cell-type specific Dscam2 isoform expression
Previous studies showed that Dscam2 isoforms are expressed in a cell-type specific manner in lamina
neurons, photoreceptors, and Mil cells in the visual system (Lah et al., 2014). In this chapter, | show that
Dscam2 isoform expression is tissue-specific and cell-type specific in the larval PNS and CNS. Strikingly,
Dscam2B was expressed in class 1V da neurons, while Dscam2A was completely absent in body wall
neurons. Both isoforms are broadly expressed throughout the ventral nerve cord and brain, but all groups
of clV target neurons examined here were found to express only Dscam2A. Consistent with previous
studies, isoform selection was mutually exclusive in every Dscam2-positive cell type examined. However,
I did not thoroughly characterize Dscam2 expression throughout development, and it is possible that
isoform expression is dynamic (Lah et al., 2014).

Dscam and Dscam2 undergo vastly different splicing strategies with implications for how these
genes contribute to neuronal diversity and synaptic specificity. Probabilistic splicing of Dscam generates
cellular identity at the single-neuron level, whereas deterministic splicing of Dscam2 creates cell-type
identity (at least with respect to Dscam?2). A noteworthy aspect of Dscam2 expression in this system is that
regulated splicing of Dscam2 creates isoform identities for different cohorts of interconnected neurons
along a common circuit pathway. Primary nociceptors share Dscam2B expression and their targets (those

examined thus far) express Dscam2A. Based on my prediction that non-matching isoforms between
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synaptic partners is important for connectivity, synaptic targets of DnB and Basin neurons should express
either Dscam2B or neither isoform. Downstream pathways for both groups have been described (Burgos et

al., 2018; Ohyama et al., 2015), so it should be possible to test this model on additional cell types.

Regulated alternative splicing of Dscam2 is essential for robust nociceptive behavior
A previous study showed that Dscam2 mutants have defects in light and motion detection (Bosch et al.,
2015), which suggests that the morphological and synaptic wiring defects observed in Dscam2 flies likely
have direct functional consequences. Dscam?2 single isoform mutants also exhibit abnormal morphology
and a reduction in synapses visual system circuitry (Kerwin et al., 2018), but it is not known whether these
mutants have defects in visual function. Results presented in this chapter show that both Dscam2 single
isoform mutants have defects in nocifensive rolling, which is accompanied by abnormal nociceptive
sensory axon patterning. These results indicate that regulated alternative splicing of Dscam2 is required for
robust behavioral responses to noxious stimuli, and proper nociceptive circuit organization. One unexpected
finding was that nocifensive rolling defects were more severe in Dscam2”” than Dscam2®® larvae.
Dscam2” flies also had stronger synaptic and morphological phenotypes in the visual system (Kerwin et
al., 2018). This could potentially be explained if Dscam2A and Dscam2B have slightly different functions
or properties depending on the cell type they are expressed in (e.g. whether the cell normally expresses the
A or B isoform) (Kerwin et al., 2018). The ideal way to test this would be to specifically change clV isoform
identity from Dscam2B to Dscam2A without changing expression levels or affecting other Dscam2-
expressing cells. One approach could be to use intragenic MARCM (Hattori et al., 2007), which has been

used to generate neurons that express a single Dscam isoform (Hattori et al., 2007; Kim et al., 2013).

Permissive role for Dscam2 in coordinating nociceptive circuit assembly
These findings suggest that one potential role for regulated alternative splicing of a repulsive cell adhesion
molecule such as Dscam?2 is to ensure that pre- and postsynaptic partners do not express the same isoform.

This is conceptually similar to isoform splicing L1 and L2 neurons, which ensures that the two terminals
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can coexist in the same cartridge (Lah et al., 2014). While splicing of other surface receptors has an
instructive effect on axon guidance (Leggere et al., 2016), or selective trans-synaptic adhesion (Chih et al.,
2006), regulated splicing of Dscam2 might contribute to synaptic partner matching by a passive mechanism.
In this model, broad, but regulated expression of Dscam2 isoforms might provide a baseline level of
repulsion between defined groups of neurons. Developing neurites that express the same isoform are less
likely to form connections, whereas neurites with complementary or no isoform expression can more readily
interact. The various Dscam2 phenotypes, both in this system and in others, tend to be local changes in
dendrite or axon patterning. These results are consistent with the idea that Dscam?2 is likely to refine neural
circuit development at a local level. Such a mechanism would be well suited to complement instructive,
synaptic-matching molecules.

My results raise new questions. First, given that | did not identify consistent phenotypes associated
with loss of Dscam?2 function, this model predicts that complementary isoform expression between synaptic
partners should have the same effect as no isoform expression. If this is the case, why must cells express
Dscam2? Dscam2 might function redundantly with other molecules in dendrite or axon patterning. It might
also be the case that Dscam2 mutants have defects in axon patterning or synapse formation that were not
revealed by these methods. Analyzing Dscam?2 phenotypes with single cell resolution and synaptic markers
might reveal a role for Dscam2 in axon terminal spacing or presynaptic patterning. Second, if Dscam2B
mediates repulsion in clV neurons how can their axons fasciculate? One potential explanation is that
Dscam2 protein levels determine whether the outcome is repulsive. Over-expression of Dscam2B caused
clV axons to defasciculate, which suggests that clV axons are sensitive to levels of Dscam2B. It is also
conceivable that endogenous Dscam2B does not localize to clV axons. However, the finding that clV axons
responded non-cell autonomously to targeted Dscam2B expression in DnB and Basin neurons argues that
the axons were capable of recognizing Dscam2B. Due to the dense Dscam2 expression in the neuropil, it
was not possible to detect Dscam2 protein levels in clV axons using either a Dscam2 antibody or a V5-

tagged Dscam2 BAC. A strategy to conditionally tag endogenous Dscam2 could be developed, as was
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recently done with the Sema-1a receptor (Xie et al., 2017). Determining Dscam2 localization in clV, DnB,

and Basin neurons would be useful for understanding its role in the development of this circuit.
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Materials and Methods

Fly strains and maintenance

Drosophila melanogaster were reared using standard methods. Experimental crosses were maintained at
25°C. Third instar larvae were used. The following strains were used:

(1) w1118 (2) UAS-CD8-GFP; Dscam2A-Gal4 (Lah et al., 2014) (3) UAS-CD8-GFP; Dscam2B-Gal4 (Lah
et al., 2014) (4) BAC-V5; Dscam2A-LexA, LexAop-nucGFP (Gift from Zipursky lab) (5) BAC-V5; (6)
Dscam2B-LexA, LexAop-nucGFP (Gift from Zipursky lab) (7) Dscam2A-LexA (Gift from Zipursky lab) (8)
Dscam2B-LexA (Gift from Zipursky lab) (9) UAS-CD8-mCherry (10) 13XLexAop2-CD8-GFP (BL32205)
(11) 412-Gal4 (Burgos et al., 2018) (12) 72F11-Gal4 (BL39786) (13) ppk-CD4-tdTomato (Han et al., 2011)
(14) w; BI/CyO; dscam2!88/TM6B (Gift from Millard lab) (15) ppk-EGFP*! (Grueber et al., 2003b) (16)
w; BI/CyO; A-A/TM6B (Gift from Millard lab) (17) w; BI/CyO; B-D/TM6B (Gift from Millard lab) (18) w;
UAS-Dscam2B/CyO-wglacZ; TM2/TM6B (Gift from Millard lab) (19) w; UAS-Dscam2A/CyO; TM2/TM6B
(Gift from Millard lab) (20) hsFLP (X) (Gift from Struhl lab) (21) 13XlexAop2 (FRTstop) myr::smGdP-V5
(BL62107) (22) R38A10-LexA (BL54106) (23) 8XLexAop-Brpshort-cherry (Berger-Muller et al., 2013)
(24) 13XLexAop2-1VS-myrGFP (25) ppk1.9-Gal4 (Ainsley et al., 2003) (26) ppk-CD4-tdGFP (Han et al.,

2011)

Genotypes

Fig. 5.1 (B-B', F) UAS-CDS8-GFP; Dscam2A4-Gal4 (C-C") UAS-CDS8-GFP; Dscam2B-Gal4
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Fig. 5.2

Fig. 5.3
Fig. 5.4

Fig. 5.5

Fig. 5.6

(D) Dscam2BAC-V5; Dscam2A4-LexA,LexAop-nucGFP

(E, G) Dscam2BAC-VS5; Dscam2B-LexA, LexAop-nucGFP

(A) Dscam2BAC-V5; Dscam2A-LexA,LexAop-nucGFP

(B) Dscam2BAC-V5; Dscam2B-LexA,LexAop-nucGFP

(C) UAS-CD8-mCherry,13XLexAop2-CD8-GFP/R57F07-LexA; Dscam2A-Gal4/+

(D) UAS-CD8-mCherry,13XLexAop2-CDS8-GFP/R57F07-LexA; Dscam2B-Gal4/+

(E) UAS-CD8-mCherry, 13XLexAop2-CD8-GFP/+; Dscam2A-LexA/412-Gal4

(F) UAS-CD8-mCherry, 13XLexAop2-CD8-GFP/+; Dscam2B-LexA/R72F11-Gal4

(G) (DnB, Dscam2A) UAS-CD8-mCherry,13XLexAop2-CDS8-GFP/+; Dscam2A-LexA/412-
Gal4 (DnB, Dscam2B) UAS-CD8-mCherry,13XLexAop2-CDS-GFP/+; Dscam2B-
LexA/412-Gal4  (Basin, Dscam2A)  UAS-CD8-mCherry,13XLexAop2-CDS-GFP/+;
Dscam2A-LexA/R72F11-Gal4 (Basin, Dscam2B) UAS-CDS8-mCherry,13XLexAop2-CDS§-
GFP/+; Dscam2B-LexA/R72F11-Gal4

(control) w;+, ppk-CD4-tdTomato (Dscam2) w', +; ppk-CD4-tdTomato, Dscam2''%6
(control) w;+; ppk-CD4-tdTomato (Dscam2) w,+,; ppk-CD4-tdTomato, Dscam2'1%-%
(C-D) wild-type: w!!/8:+:4+ Dscam2”4: w'; +;Dscam2A Dscam2®®: w;+;Dscam2B

(E) wild-type: yw, ppk-EGFP!! : + Dscam2®: yw/w;ppk-EGFP"""! : Dscam2A

Dscam2®®: yw/w , ppk-EGFP!"!"!:Dscam2B

(B) control: ppk-CD4-tdTomato/+,; R72F11-Gal4,412-Gal4/+

(B) Dscam2B ME: ppk-CD4-tdTomato/UAS-Dscam2B; R72F11-Gal4,412-Gal4/+

(B) Dscam2A OE: ppk-CD4-tdTomato/UAS-Dscam2A4; R72F11-Gal4,412-Gal4/+

(E) control: AsFLP/~+; 13XLexAop>stop>V5/+; ppk-LexA/R72F11-Gal4,412-Gal4

(E) Dscam2B ME: hsFLP/+; 13XLexAop>stop>V5/UAS-Dscam2B;
ppk-LexA/R72F11-Gal4,412-Gal4

(E) Dscam2A OE: hsFLP/+; 13XLexAop>stop>V5/UAS-Dscam2A;
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ppk-LexA/R72F11-Gal4,412-Gal4

Fig. 5.7 (control) R38410-LexA,8XLexAop-BrpShort-Cherry/+;
13XLexAop2-1VS-myr-GFP/R72F11-Gal4,412-Gal4
(Dscam2B ME) R38A410-LexA,8XLexAop-BrpShort-Cherry/UAS-Dscam2B; 13XLexAop2-
1VS-myr-GFP/R72F11-Gal4,412-Gal4

Fig. 5.8 (control) ppkl.9-Gal4/+,; ppk-CD4-tdGFP/+
(Dscam2B OE) ppkl.9-Gal4/UAS-Dscam2B; ppk-CD4-tdGFP/+

(Dscam2A ME) ppkl.9-Gal4/UAS-Dscam2A4; ppk-CD4-tdGFP/+

Immunohistochemistry

Performed as in Chapter 2. Primary antibodies used were chicken anti-GFP (1:1000; Abcam), rabbit anti-
DsRed (1:200-1:500, Clontech), mouse anti-1D4 anti-Fasciclin 11 (1:10; Developmental Studies Hybridoma
Bank), Goat anti-HRP (1:200-250, Jackson) and Rabbit anti-V5 DyLight 549 (1:250, Rockland). Secondary
antibodies used were: donkey-anti-chicken Alexa 488, donkey-anti-rabbit RRX, donkey-anti-mouse Alexa
647, donkey-anti-goat FITC (Jackson). For FLPouts, embryos were collected for 1-3 days at 25°C, heat

shocked at 38°C for 4-8 minutes, then raised at 25°C until third instar.

Behavior

Larvae were rinsed briefly with distilled water to remove food particles. Larvae were placed on a 1%
agarose gel with 0.6% black ink (Higgins Waterproof Drawing Ink) heated to ~41°C (TE Technology
Peltier; CP-031 and temperature controller; TC-36-24-RS232). Larvae were recorded on a Leica M50
camera with Leica FireCam software and QuickTime screen capture for 30 seconds. Videos were blinded
and quantified offline. Larvae were tested one at a time and each animal was tested once. Larvae were
scored for (1) total number of rolls performed in a 30 second trial and (2) the duration of the rolling bout,
which was defined as the start of the first completed roll to the end of the last completed roll. Rolls/second

was calculated by dividing the # of rolls performed by the duration of the rolling bout.
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Image Acquisition
Images were acquired on Zeiss 510 Meta and Zeiss 700 confocal microscopes with LSM software (Zeiss)
using 40X Plan Neofluar objective. Image analysis was done using FIJI (Schindelin et al., 2012). Images

with Brp-short labeling were processed using the custom ImageJ macro described in Chapter 2.

Quantification and Statistical Analysis

Statistics

Statistical details for each experiment can be found in figure legends. Data were tested for normality using
the Shapiro-Wilk test. For normally distributed data, two-tailed unpaired t-tests were used to compare two
groups, and ordinary one-way ANOVA with Sidak’s multiple comparison tests were used to compare more
than two groups. For non-normal data, Mann-Whitney U tests were used to compare two groups and
Kruskal-Wallis with Dunn’s multiple comparisons test were used when comparing more than two groups.
N values refer to individual animals except where noted. Statistical tests were performed in GraphPad

Prism. * p<0.05, **p<0.01, ***p<0.001

class 1V Sholl analysis
ddaC dendrites captured in a 297.58um x 297.58um image frame were traced in ImageJ using the Simple
Neurite Tracer plugin. Sholl analysis and total dendrite length were conducted/extracted from Simple

Neurite Tracer.

class 1V dendrite tiling

For each vdaB/v'ada pair quantified, the total number of overlaps captured in a 297.58um x 297.58um
image were counted and divided by the length of the tiling boundary between them. # overlaps/um tiling
border was multiplied by 450um (average size of tiling boundary) to give number of overlaps adjusted for

a typical tiling boundary length.
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class 1V axon scaffold missing longitudinals
For each larva, the total number of breaks in the axon scaffold were counted. Axons from segments A2-A7

were analyzed. A break was defined as discontinuous axons along the A-P axis.

class IV FLPout analysis
Each class IV axon terminal was scored for number of longitudinal branches. 2 branches indicate that the
axon extended an anterior and posterior branch, 1 branch indicates that the axon extended either an anterior

or posterior branch, and 0 branches indicates that no longitudinal branches were observed.

class IV axon defasciculation
Axons from segments A2-A7 were analyzed. For each neuromere, the total number of segregated
longitudinal branches were counted. For example, axons that formed a cohesive bundle would be scored as

1 whereas axons that were segregated would be scored as >1.

Brp-short fluorescence

Axons from segments A3-A7 were analyzed. Images were processed using the Brp-short masking macro
described in Chapter 2. An ROI surrounding clV axon terminals was generated by applying a threshold (Li)
to the clV channel and using the Analyze Particles command to create an outline. The ROl was overlaid to

the Brp-short channel and the integrated density was measured (area * mean gray value).
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Chapter 5 Figures

A dscam?2 | V‘T”JE[[ 1 1 i3 i TR D Dscam?2A-LexA>nucGFP HRP

Tin

pscam2 NN T NN T -
@

Dscam2A-Gal4 Dscam2B-Gal4
>CD8-GFP >CD8-GFP

\

Dscam2B-Gal4 Dscam2B-LexA

Figure 5.1

Dscam2B is expressed in class 1V da neurons. (A) Dscam2 gene (top) and protein (bottom). Constant exons are drawn as gray
rectangles, variable exon 10 is drawn as orange (10A) or blue (10B) rectangle. Gray horseshoes represent constant Immunoglobulin
(lg) domains, colored horseshoe indicates variable Ig domain, solid black rectangles represent Fibronectin domains, black rectangle
(no fill) represents transmembrane domain. (B-C") Maximum intensity projection of dorsal cluster sensory neurons labeled by anti-
HRP antibody. Dscam2A-Gal4 (B') and Dscam2B-Gal4 (C') driving UAS-CD8-GFP (with anti-GFP stain) show that Dscam2A-
Gal4 is not expressed in sensory neurons and Dscam2B-Gal4 is expressed in ddaC. (D) Dscam2A-LexA expression is not observed
in class IV cell bodies (labeled by HRP). (E) class IV cell bodies labeled by Dscam2B-LexA and HRP. (F-G') Dscam2B-Gal4 (F-
F') but not Dscam2B-LexA (G-G') labels a Ich5 neuron. Scales bars: (B-C') 50um (D-G') 10pum.
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Figure 5.2

Dscam2A is expressed in nociceptive interneurons. (A-B) Maximum intensity projections of Dscam2A-LexA (A) and Dscam2B-
LexA (B) expression in the CNS. (C-D) Max IPs of Dscam2A-Gal4 (C) and Dscam2B-Gal4 (D). (E-F) Down-and-Back neurons
(E) and Basin neurons (F) labeled by 412-Gal4 and 72F11-Gal4, respectively. (G) Single-plane images of Dscam2A-LexA and
Dscam2B-LexA-driven CD8-GFP. Dscam2A-LexA, but not Dscam2B-LexA is expressed in DnB and Basin neurons (labeled by
CD8-mCherry). (H) Number of cells examined per cell type and isoform. Three larvae were examined for each cell type/isoform.

(1) Summary of Dscam?2 isoform expression in larval nervous system. Scales bars: (A-F) 50um (G) 5um
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Figure 5.3

class 1V dendrite and axon patterning in Dscam2 mutants. (A-B) Maximum intensity projections of dorsal class IV neuron
(ddaC) labeled by ppk-CD4-tdTomato in wild-type (A) and dscam2!18-6 larvae (B). (C) Sholl analysis and quantification of total
dendrite length of ddaC neurons in wild-type and dscam2!8-6 larvae. No significant difference in total dendrite length (p=0.25) as
determined by two-tailed unpaired t test. In Sholl analysis, dots indicate means and error bars are SD. For total dendrite length,
each dot represents 1 larva and overlays show means with SD. (D-G) Max. IPs of cIV axon scaffold in wild-type (D) and dscam2!1#-
6 (E-G) larvae. (E) shows example of cIV axons with normal patterning, (F) and (G) show examples of cIV axons with abnormal

patterning in dscam2 mutants. Scales: (A-B) 50um (D-G) 10um.
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Figure 5.4

class 1V dendritic tiling in Dscam2 mutants. (A-B’) Images of tiling boundary between vdaB and v'ada neurons labeled by ppk-
CD4-tdTomato in wild-type (A) and dscam2®6 larva (B). Red dotted line indicates boundary between dendritic fields and
arrowheads point to dendrites that pause or turn at the tiling boundary. A" and B' are pseudocolored to show different cells. (C)
Quantification of overlaps between vdaB and v'ada. p=0.5 by Mann-Whitney test. Bars show medians and IQR. Scales = 50um.
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Figure 5.5

Alternative splicing of Dscam2 is required for nociceptive behavior and nociceptive axon targeting. (A) Schematic of Dscam2
isoform expression in nociceptive sensory and target interneurons in Dscam2 single isoform mutants. (B) Schematic of larval
behavioral responses to noxious temperature. (C-D) Quantification of rolling behavior in wild-type (w''!8), Dscam2~* and
Dscam?2®/8 larvae. (C) Dscam2#* mutant larvae perform significantly fewer rolls than wild-type. w*8ys, Dscam2#4 p=0.0001,
w18 vs, Dscam2B/B p=0.14, Dscam2” vs. B/B p=0.14 as determined by Kruskal-Wallis test with Dunn’s multiple comparison
test. (D) Rolling speed is significantly slower in Dscam28®, p<0.0001 as determined by unpaired t test. In boxplots, boxes extend
to 251 and 75™ percentiles, whiskers extend to 10" and 90™ percentiles. Outliers are shown as dots. (E) Images of clV axon
terminals (labeled by ppkEG™P) in wild-type (w''€) and Dscam2 single isoform mutant larvae showing patterning defects. (F)
Quantification of number of larvae with phenotypes shown in E. Scales = 10um.
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Figure 5.6

Restricting Dscam2 isoform diversity between synaptic partners in nociceptive circuit disrupts nociceptive axon patterning.
(A) Schematic of Dscam2 isoform mis- and over-expression paradigms. Orange neurons express Dscam2A (endogenous), blue
neurons express Dscam2B (endogenous), orange neurons with blue outline express Dscam2A (endogenous) and misexpress
Dscam2B, orange neurons with orange arrow express Dscam2A (endogenous) and overexpress Dscam2A. (B) Maximum intensity
projection images of clV axon terminals from adjacent neuromeres in control larvae, larvae in which clV, DnB and Basin neurons
share a common isoform (Dscam2B), and larvae with Dscam2 expression level control (Dscam2A). Note lacking longitudinal
axons when clV, DnB and Basin neurons all express Dscam2B (arrowhead). (C-D) Quantification of clV axon targeting defects in
B. C shows % of larvae that had at least one break in the clV axon scaffold. D shows number of breaks observed in each scaffold.
(E) Single clV axon terminals under Dscam2 mis/overexpression strategies outlined in (A). Note missing longitudinal axons when
clV, DnB and Basin neurons express Dscam2B (arrowheads). (F) Quantification of axon terminal defects in E. (G) Schematic of
clV axon phenotype when DnB and Basin neurons mis-express Dscam2B. Scales in (B) 10um (E) 5um.
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Figure 5.7

clV presynaptic site patterning upon shared isoform expression with targets. (A) clV axon terminals and presynaptic sites
labeled by CD8-GFP and Brp-shortt"™. Top row shows control cIV axons and bottom row shows cIV axons when DnB and Basin
neurons misexpress Dscam2B. (B) Fluorescence (sum of pixel values) in clV terminals. Not significant as determined by unpaired
t test. Each dot represents 1 larva and overlays show mean + SD. (C) Missing axons when clV, DnB and Basin neurons all express
Dscam2B. Note that axons in top segment look smaller than bottom. Scales =10um.
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Excess Dscam2 induces repulsion between nociceptive axon terminals. (A) Maximum intensity projection images of control
clV axon terminals compared to clV axon terminals overexpressing Dscam2B or misexpressing Dscam2A. Note that longitudinal
axon terminals segregate when expressing excess Dscam2 (arrowheads). (B) Quantification of axon defasciculation observed in
(A). Neuromeres were scored for total number of longitudinal connectives. Each dot represents the average (A2-A8) for a single
larva. Bars show population means and SD. control vs. Dscam2B OE p=0.003, control vs. Dscam2A ME p=0.002, Dscam2B OE
vs. Dscam2A ME p=0.775 as determined by ANOVA with Sidak multiple comparison test. Scales = 10um.
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6 Conclusions and Future Directions

Neural circuits are wired through the collective action of numerous types of cell-cell interactions and
activity-dependent mechanisms. These processes have been studied extensively in the formation of sensory
maps, which exemplify highly ordered dendrite and axon arrangements. Many conserved patterning
principles are reflected in somatosensory circuits, but the mechanisms underlying circuit assembly are not
well understood. | investigated mechanisms of somatosensory axon patterning and circuit formation in
Drosophila larvae. 1 found that axon-axon, axon-target, and likely activity-dependent mechanisms, all
contribute to somatosensory axon patterning. | was further able to test the importance of these factors for
connectivity and behavior. These results shed light on developmental mechanisms that establish precisely

wired and functional somatosensory circuits.

A role for axon-axon interactions in somatosensory map formation
This work reveals a role for heterotypic axon interactions in modality-specific targeting of somatosensory
axons. In larvae, axons from class II-1V (cll-clV) dendritic arborization neurons form a laminar
arrangement in the neuropil (Grueber et al., 2007). clV nociceptive axons form a medial layer, clll touch
axons terminate in the intermediate layer, and cll mechanosensory axons terminate laterally. Ablating clV
neurons resulted in clll axons extending processes into the nociceptive region. This result is consistent with
a role for axon-axon interactions in modality-specific targeting of touch axons.

Axon-axon interactions have many roles in axon targeting (Gallarda et al., 2008; Imai et al., 2009;
Serizawa et al., 2006; Suetterlin and Drescher, 2014; Sweeney et al., 2007; Tomasi et al., 2008; Wang et
al., 2011; Wang et al., 2014; Xie et al., 2017). During olfactory map formation, axon-axon interactions
refine coarsely targeted olfactory sensory neuron axons into precise glomeruli (Barish et al., 2018; Serizawa
etal., 2006). In the somatosensory system, axon interactions might serve to establish an orderly arrangement
amongst sensory axons that share general guidance mechanisms. For instance, coarse sensory axon
targeting along the mediolateral axis might be established by Slit and Netrin gradients. clV axon patterning

is disrupted in Robo and Frazzled receptor mutants (Grueber et al., 2007; Morikawa et al., 2011). cll and
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clll axon patterning has not been described in these mutants but this could be investigated. As molecular
gradients have limited spatial precision (Goodhill, 2016), axons targeted by these cues might then sort into
specific layers by local interactions. My data support this model for the establishment of clll-clV
boundaries, and future work should determine whether cll-clll boundaries are formed by a similar
mechanism.

My results show that modality-specific wiring of touch axons is shaped by axon-axon interactions.
Touch and nociceptive axons synapse with Down-and-Back (DnB) neurons in distinct dendritic regions. |
reasoned that this form of modality-specific connectivity could arise from different responses of clll and
clV axons to DnB dendrite-derived cues, or as a consequence of relative axon placement. To probe the role
of axon-target interactions | induced mistargeting of DnB dendrites, which did not noticeably impact clV
axon targeting. | then tested the role of axon-axon interactions by ablating nociceptors, which resulted in
touch neurons expanding connectivity into the nociceptive domain. These results suggest that the location
of clll and clV axon terminals determines the location of synapses made with DnB.

The different roles that axon interactions play in synaptic specificity are beginning to be uncovered.
In C. elegans, DA8 and DA9 motor neurons project fasciculated axons along the dorsal nerve cord but form
en passant synapses with muscles in distinct domains (Mizumoto and Shen, 2013). DA8/DA9 synaptic
tiling is due to inter-axonal interactions that locally inhibit synapse formation. In the mouse retina, T6 and
T7 bipolar cell (BC) axons converge onto retinal ganglion cell (RGC) dendrites, and ablation of T6 BCs
leads to T7 BCs expanding axon territory and connectivity with RGCs. T6 and T7 BC axons overlap, so T6
axons regulate the amount rather than segregation of T7 inputs to RGC dendrites. Axon interactions in our
system differ from both examples in that clll-clV axon interactions segregate the axon cohorts. Our results
are more consistent with prior findings that axon interactions establish laminated patterns of connectivity
between ring neurons and pb-eb-gall neurons in the Drosophila ellipsoid body (EB) (Xie et al., 2017). In
the EB, physical separation of ring neuron axons prevents inhibitory synapses from forming between axons

that target different layers. In our system, the segregation of touch and nociceptive axons prevents touch
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neurons from forming synapses in the nociceptive domain. My results add to a growing body of evidence
that supports diverse and important roles for axon interactions in connection specificity.

My findings also raise new questions. First, we want to understand the mechanism by which
nociceptors constrain touch axon targeting. Sequential arrival times by different classes of axons is one
model that is consistent with the preliminary live imaging data. In this model, axon interactions act
hierarchically from medial-to-laterally positioned classes. Continuing the live imaging studies will
elucidate how axon sorting emerges during development. Second, how general is this mechanism for
somatosensory axon patterning? In principle, axon interactions could contribute to the formation of other
modality-specific axon territories in the CNS. cll axons terminate lateral to clll axons and synapse onto
DnB axons (Burgos et al., 2018), while chordotonal (ch) axons terminate further lateral to and slightly
dorsal to cll-clV axons (Schrader and Merritt, 2000). Synapses from clV (nociceptive) and ch
(mechanosensory) neurons are spatially segregated Basin-2 and Basin-4 dendrites (Ohyama et al., 2015). It
should be possible to investigate the extent to which somatosensory axon modalities are segregated by

axon-axon interactions using the same framework described in Chapter 2.

Nociceptive neurons shape larval touch responses
My results reveal striking cross-modal control of touch neuron-evoked behaviors by nociceptive neurons.
Ablating or silencing synaptic transmission in nociceptors during development led to robust nocifensive
rolling upon touch neuron activation. Larvae still performed touch responses (recoil, head turn, reverse
crawling), which suggests that touch neurons did not alter connectivity with gentle touch circuitry, but
rather, gained access to circuitry that engages nocifensive rolling.

In rodent studies of somatosensory circuitry, there is interest in the role of inhibitory neurons in the
spinal cord in “gating” crosstalk between innocuous touch and nociceptive pathways (Koch et al., 2018;
Melzack and Wall, 1965). Gating interneurons are predicted to be activated by low-threshold
mechanosensory receptors (LTMRs) and inhibit excitatory pathways that transmit sensation of pain. Several

classes of inhibitory interneurons in the dorsal horn have been identified that fit this role (Cui et al., 2016;
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Duan et al., 2014; Koch et al., 2018; Petitjean et al., 2015). | considered the possibility that some form of
inhibitory circuit from clV neurons represses clll neurons from activating circuitry that evokes rolling.
However, acutely silencing clV neurons while activating clll neurons did not fully recapitulate the touch-
evoked rolling response, which suggests that a circuit-based mechanism is unlikely to be the sole
explanation.

My data support a developmental role for nociceptors in preventing clll-evoked rolling.
Constitutively silencing nociceptor activity led to rolling upon touch neuron activation, suggesting that
nociceptor activity during development could influence touch circuitry. The distinction between this model
and an inhibitory circuit model is that my data argue against the notion that nociceptors act exclusively as
a switch that controls touch stimulus transduction and favor a developmental role for nociceptors in the
establishment of touch circuitry. Part of this role could be interactions between touch and nociceptive axons
during development that constrain touch axon targeting and connectivity. Another aspect is likely activity-
dependent, as silencing synaptic transmission in nociceptors led to aberrant touch neuron-evoked behaviors
but normal axon patterning. While silencing synaptic transmission in touch and nociceptive neurons did not
alter axon patterning (Chapter 4), other activity manipulations did produce changes, suggesting that activity
may play a role in circuit wiring. A future goal is to understand how neural activity shapes the development

of touch and nociceptive circuits, and how this ultimately impacts touch stimulus transduction.

Alternative splicing of Dscam2 regulates axon-target interactions in the nociceptive circuit
To gain insight into the molecular factors that contribute to somatosensory circuit formation, | focused on
nociceptive circuit development, as direct synaptic targets of nociceptive sensory neurons have been
described (Burgos et al., 2018; Gerhard et al., 2017; Hu et al., 2017; Ohyama et al., 2015; Takagi et al.,
2017). | found that Down syndrome cell adhesion molecule 2 (Dscam?2), a repulsive cell-surface receptor,
is expressed in nociceptive sensory neurons and multiple groups of central targets. Dscam2 encodes two
isoforms, Dscam2A and Dscam2B (Millard et al., 2007). | found that synaptic partners express

complementary isoforms. Regulated alternative splicing of Dscam2 is essential for robust nocifensive
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rolling and clV axon patterning. Forcing synaptic partners to express a common isoform disrupts
nociceptive axon patterning. These data suggest that deterministic splicing of Dscam?2 regulates nociceptive
circuit assembly by restricting connectivity to cells with distinct isoform expression.

In the optic lobe, homophilic interactions between Dscam2 isoforms mediate cell-cell recognition
and repulsion (Lah et al., 2014). Regulated splicing of Dscam?2 is essential for restricting repulsion to
specific cell types, while allowing other cell types to coexist. My results extend the role of Dscam2 into the
development and function of larval somatosensory circuitry. Based on my studies, several, but not all
aspects of Dscam2 function are reflected in the somatosensory system. Regulated alternative splicing of
Dscam?2 is essential for axon patterning in somatosensory and visual systems (Lah et al., 2014). Results
from overexpression experiments suggest this is due to ectopic recognition and repulsion between
contacting processes, which is consistent with Dscam2 function in lamina neurons. However, Dscam?2 does
not have a clear role in clV dendritic tiling, which is unexpected given its roles in contact-based repulsion
and axon tiling. This result could suggest that Dscam2 has different cell autonomous functions in clV
neurons, that Dscam2 (or a signaling component) functions differentially in axons vs. dendrites, or that it
acts redundantly with other molecules.

My results also suggest that Dscam2 regulates connectivity between clV neurons and multiple
groups of central targets. Dscam2B is expressed in all cIV nociceptive sensory neurons, whereas Dscam2A
(but not B) is expressed in DnB and Basin neurons. Given that Dscam2 isoform binding is exclusively
homophilic (Millard et al., 2007), Dscam2 is not predicted to facilitate recognition between nociceptive
synaptic partners. Instead, | hypothesize that broad, but regulated expression of Dscam2 in the larval CNS
could prevent the formation of promiscuous synaptic connections. In this model, isoform diversity ensures
that synaptic partners do not express the same isoform and serves to restrict connectivity to specific cell
types.

This model is supported by the results from examining nociceptive axon patterning when Dscam2
isoform diversity is reduced. | examined nociceptive axons in three models of reduced Dscam?2 diversity:

(1) Dscam2”* mutants, which only express Dscam2A, (2) Dscam2®® mutants, which only express
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Dscam2B, and (3) forcing Dscam2B expression specifically in DnB and Basin neurons, such that they
shared an isoform with clV neurons. In all cases, forcing clV neurons to share and isoform with their targets
disrupted clV axon patterning. clV axon targeting defects were more varied and often more severe (e.g.
axons missing entirely from the VNC) in single isoform mutants. This might be due to clV neurons
expressing the same isoform as all 13 of their synaptic targets in single isoform mutants, which would
support my prediction that isoform diversity is essential for nociceptive circuit development.

The role of Dscam2 in somatosensory circuit assembly may extend beyond nociceptive circuitry. |
found that Dscam2B-Gal4 is also expressed in a subset of mechanosensory chordotonal (ch) neurons. As
Dscam2B-LexA did not show ch expression, expression needs to be confirmed using an alternative approach
such as a Dscam2 antibody or tagged Dscam?2 protein. Given that ch and clV neurons share several synaptic
targets, Dscam2 might coordinate connectivity between converging nociceptive and mechanosensory
axons. For example, complementary isoform expression between chordotonal and Basin neurons might
permit connectivity, whereas shared Dscam2B expression between ch and clV neurons might enforce
spacing between their axon cohorts. Given that clIV and ch axons are both connected with Basin neurons
but terminate on distinct regions of Basin dendrites (Ohyama et al., 2015), shared Dscam2B expression
could be a mechanism to segregate ch and clV synapses. Such a model would show that Dscam2 controls

somatosensory circuit wiring by regulating axon-axon and axon-target interactions.

Conclusions
Mechanisms that underlie somatosensory circuit assembly are not well understood. | approached this
problem by investigating mechanisms of touch and nociceptive circuit development in Drosophila larvae.
As the morphologies, functions, and several synaptic targets of touch and nociceptive neurons have been
described (Burgos et al., 2018; Gerhard et al., 2017; Grueber et al., 2002; Grueber et al., 2003b; Grueber et
al., 2007; Hu et al., 2017; Hwang et al., 2007; Ohyama et al., 2015; Robertson et al., 2013; Takagi et al.,
2017; Yan et al., 2013), this is an excellent system to study the development and function of somatosensory

circuits. | found that nociceptive axon patterning depends on regulated Dscam?2 isoform expression between
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nociceptors and central targets. Larvae that lack regulated splicing of Dscam2 show defects in nocifensive
behavior. Modality-specific targeting and connectivity of touch axons depend on interactions between touch
and nociceptive axons. Additionally, preliminary data suggest that both touch and nociceptive axon
patterning are influenced by neural activity. My behavioral studies revealed that larvae with nociceptors
ablated or silenced during development show abnormal behavioral responses to touch neuron activation.
Taken together, these results identify new mechanisms and molecules that contribute to somatosensory
circuit assembly and highlight the importance of these developmental processes for sensory-evoked

behavior.
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	Modality-specific connectivity of touch and nociceptive axons with Down-and-Back interneurons. (A-A') Maximum intensity projection of Down-and-Back (DnB) neurons in neuromeres A1-A8 labeled by 412-Gal4 and transverse view in A'. Each neuromere contain...
	Ablation of nociceptors alters location of gentle touch inputs onto nociceptive interneurons. (A-B") Maximum intensity projections of DnB dendrites and cIV terminals from two adjacent neuromeres. (A-A") is a control CNS and (B-B() is an example of DnB...
	Normal nociceptor axon targeting upon touch neuron ablation. (A-A") control class III (A) and class IV (A') axons labeled by nompC-Gal4 and ppk-CD4-tdGFP, respectively. (B-B") class III (B) and class IV (B') axons upon cIII ablation. Transverse views ...
	Normal class III dendrites in cIV-ablated larvae. (A) Maximum intensity projection of ventral cIII and cIV neurons labeled by R83B04-LexA and ppk-Gal4. (B-C) Max. projection images of vdaD cells in control (A) and cIV-ablated (B) larvae. (D-E) Quantif...
	Live imaging sensory axons during targeting. (A) Schematic of dorsal cluster sensory neurons. (B-D) Maximum intensity projection images of pnr-Gal4>20XUAS-CD8-GFP expression pattern in embryo. (B) is lateral view of stage 15 embryo, (C) is ventral vie...


	3 Nociceptors impact the transduction of touch stimulus
	Abstract
	The importance of modality-specific axon patterning for neural circuit wiring and function is not well understood. In Drosophila larvae, class III (touch) and class IV (nociceptive) sensory axons terminate in adjacent, non-overlapping layers in the CN...

	Introduction
	Functional significance of modality-specific axon targeting
	Axons are often organized into precise domains according to shared functions. For example, synaptic connections concentrated in different layers in the retina (vertebrates) and medulla (flies) are associated with different visual features such as moti...
	In one example, disrupting laminar organization of ring (R) neuron axons in the Drosophila ellipsoid body (EB) produced correlated changes in circuit organization and function. The EB is innervated by axons from multiple groups of R neurons, each arbo...
	Here, I investigated whether modality-specific somatosensory axon targeting is important for behavioral responses to perceived touch stimulus. class III (cIII) and class IV (cIV) dendritic arborization neurons function as gentle touch receptors and no...

	Larval behavioral responses to touch and noxious stimuli
	Several behavioral paradigms have been developed to study nociception and touch sensation in Drosophila larvae. Larvae respond to gentle touch by pausing, withdrawing and/or turning their heads, and reverse peristaltic movements, or any combination of...

	Methods to manipulate neural activity in Drosophila
	Neurons can also be ectopically activated or silenced. Targeted expression of Drosophila temperature activated cation channel, dTrpA1 (Hamada et al., 2008) activates neurons at temperatures above 25˚C (Figure ‎3.2). Ectopic expression of tetanus toxin...


	Results
	Ablation of nociceptors alters behavioral responses to touch neuron activation
	The finding that cIV ablation led to an expansion of cIII synapses into the nociceptive neuropil prompted me to investigate whether loss of nociceptors alters behavioral responses to touch neuron activation. To test this, I sensitized cIII (touch) neu...

	Lack of evidence for changes in heat sensitive properties of touch neurons upon nociceptor ablation
	One possible explanation for the above results is that nociceptor ablation led to changes in molecular properties of remaining somatosensory neurons, including touch receptors. For example, in a rat peripheral nerve injury model, partial nerve injury ...

	Nociceptors are required during development for appropriate touch neuron-evoked behaviors
	Nociceptor ablation leads not only to loss of axons that might participate in axon-axon interactions, but also to loss of activity associated with those axon terminals. The role of nociceptors in cIII-induced rolling could therefore be explained by lo...
	To silence nociceptors acutely I used a light-gated chloride channel, GtACR1 (Mohammad et al., 2017). As the use of GtACR1 in cIV neurons has not been reported, I first confirmed its expression and ability to inhibit larval responses to noxious heat (...
	Next, I compared touch-receptor evoked behaviors in larvae with cIV neurons silenced, ablated, or intact (control) by combining TrpA1 activation of cIII neurons with GtACR1 silencing of cIV neurons (Figure ‎3.5, D-F). As expected, larvae with cIV neur...


	Discussion
	In the absence of nociceptors, activation of touch neurons elicited touch behaviors and robust nocifensive rolling. Thus, the presence of nociceptors somehow prevents touch neurons from engaging a nocifensive response. How do nociceptors exert this in...
	Evidence against circuit-based inhibition of cIII neuron-induced rolling
	One possible explanation could be circuit-based. In this model, touch neurons might normally connect with circuitry that activates rolling, but this pathway is kept in an “off” state through a yet unknown inhibitory pathway downstream of nociceptors. ...

	Potential role for modality-specific axon targeting in appropriate touch receptor-evoked behavior
	An alternative explanation could be that loss of nociceptors led to strengthened touch receptor connectivity with nociceptive circuitry. In this model, the observed behavioral responses would be the result of touch neurons being strongly connected to ...

	Potential role for nociceptor activity in appropriate touch receptor-evoked behavior
	Unexpectedly, silencing nociceptors with TeTxLC resulted in a similar behavioral phenotype to nociceptor ablation, whereas silencing nociceptors Kir2.1 did not. This result suggests that constitutively blocking synaptic transmission in nociceptors pro...
	Neuromodulation might also explain the conversion of touch receptor-evoked behaviors. Activation of nociceptors during development leads to suppressed nociceptive responses in mature larvae (Kaneko et al., 2017). The authors showed that this experien...
	Taken together, the results presented in this chapter point to a developmental role for nociceptors in controlling behaviors elicited by touch neurons. Two candidate mechanisms seem most likely; nociceptors might promote modality-specific wiring of t...
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	Materials and Methods
	Fly strains and maintenance
	Drosophila melanogaster were reared using standard methods. Experimental crosses were maintained at 25 C. Third instar larvae were tested. The following strains were used:
	(1) w1118 (2) UAS-rpr (McNabb et al., 1997) (3) LexAop-TrpA1 (Sudhakaran et al., 2012) Gift from Ramaswami lab (4) ppk-Gal4 (Grueber et al., 2007) (5) R83B04-LexA (this study) (6) UAS-Kir2.1EGFP (Baines et al., 2001) (7) UAS-TNTinactive (Sweeney et al...
	(9) 20XUAS-GtACR1-YFP (Mohammad et al., 2017) Gift from Claridge-Chang lab
	Genotypes
	Thermogenetic activation
	For cIII activation (TrpA1) with clV ablation and cIV inhibition (TNT and Kir2.1), third instar larvae were placed in a dish with droplets of double distilled water and allowed to roam through water to remove food particles. Larvae were placed on a 1%...
	Optogenetics
	Optogenetic experiments were done in a dark room with dim lighting used as necessary. For cIII activation (TrpA1) with cIV inhibition (GtACR1), larvae were tested essentially as in other thermogenetic activation experiments with a few minor modificati...
	Local heat assay
	Larvae were placed on a 1% agarose gel with 0.6% black ink (Super Black India ink, Speedball) illuminated by a ring of LEDs (525nm, ~1400 LUX, Super Bright LEDs) and allowed to crawl freely. Larvae were lightly touched with a soldering iron (SKU25337,...
	Quantification and Statistical Analysis
	Statistics
	Files were blinded prior to quantification using a custom Python script. Data were tested for normality using the Shapiro-Wilk test. For normally distributed data, two-tailed unpaired t-tests were used to compare two groups. For non-normal data, Mann-...

	Chapter 3 Figures
	Larval behavioral responses to gentle touch and noxious stimuli. Larvae respond to gentle touch with head/tail withdrawal, head turning, or reverse peristaltic contractions. In response to noxious mechanical or heat stimulus, larvae roll (360  rotatio...
	Methods to manipulate neural activity in Drosophila. Select genetic approaches for activating or inhibiting neurons are outlined. Only the approaches used in this work are presented here. These proteins can be expressed ectopically in specific neural ...
	Nociceptor ablation alters behavioral responses to touch neuron activation. (A) Schematic of thermogenetic assay. Larvae with ectopic TrpA1 expression in cIII (touch) neurons are placed on a thin slice of agar on top of a temperature-controlled plate....
	Silencing cIV neurons with TeTxLC but not Kir2.1 converts touch neuron activation to nocifensive behavior. (A) Larval behavioral responses to touch neuron activation by TrpA1 at 32 C in control and cIV-silenced larvae. Larvae were scored as in Figure ...
	Nociceptors are required during development for appropriate touch neuron-evoked behavior. (A) Schematic of optogenetic and heated probe assay. Larvae were placed on an agar plate surrounded by a ring of LED lights (525nm). Larvae were touched briefly ...


	4 Examining the role of neural activity in somatosensory axon patterning
	Abstract
	Sensory map formation involves an initial phase of axon targeting driven by molecular guidance cues, followed by refinement through local cell-cell interactions and activity-dependent sorting. In Drosophila larvae, somatosensory axons are organized in...

	Introduction
	Activity-dependent axon patterning
	As discussed in Chapters 1 and 2, axons are often organized as neural maps that reflect spatial or qualitative features of the neurons. Axons form coarse maps following molecular guidance cues and undergo fine-scale refinement that often depends on ne...

	Activity-dependent dendritic arborization neuron axon targeting
	A role for activity-dependent topographic mapping was described for the first time in Drosophila (Yang et al., 2014). The three class IV dendritic arborization (da) neurons in each segment project axons to a common ventromedial region of the ventral n...


	Results
	Effects of silencing nociceptors on touch and nociceptive axon patterning
	I first examined the effect of silencing nociceptors with tetanus toxin light chain (TeTxLC or TNT) (Sweeney et al., 1995) on touch and nociceptive axon targeting. I labeled nociceptive and touch axons with UAS-CD8-mCherry and LexAop-CD8-GFP, respecti...
	Next, I examined the effect of hyperpolarizing nociceptors with Kir2.1 (Baines et al., 2001) using the same dual-labeling approach. Axons from nociceptors expressing Kir2.1 were severely disrupted in all larvae examined (5/5) (Figure ‎4.2, A, B). Axon...

	Effects of silencing touch and nociceptors on axon patterning
	I also examined the effects of silencing both touch and nociceptive neurons on axon patterning. I ectopically expressed active (TNT) or inactive (TNTinactive) TeTxLC in touch receptors and nociceptors under the control of R83B04-Gal4 and ppk1.9-Gal4. ...

	Ectopic TrpA1 expression in touch neurons induces midline crossing
	The above experiments probed whether loss of activity impacts sensory axon targeting. However, the behavioral experiments presented in Chapter 3 not only inhibited activity in nociceptors, they may have also increased activity in touch axons during de...
	In TrpA1-expressing touch neurons, axons that target the midline might connect with nociceptive circuitry. This could conceivably explain why, in Chapter 3, some control larvae rolled upon touch neuron activation with TrpA1. In Chapter 3, larvae with ...
	While cIII midline crossing was not significantly increased upon cIV ablation in this context, an interesting observation is that in larvae with cIV neurons intact, cIII commissural axons appeared to avoid certain regions that reflect the locations of...


	Discussion
	In Chapter 3 I showed that either ablation or silencing nociceptors led to abnormal behaviors upon TrpA1-activation of touch neurons, suggesting that neural activity might play a role in touch and nociceptive circuit formation. In this chapter, I exam...
	Abnormal touch and nociceptive axon patterning upon electrical silencing of nociceptors
	Silencing nociceptors with Kir2.1 led to a reduction in nociceptor axon terminal arbors in the CNS. The loss of nociceptor terminals could be due to axon degradation and possibly cell death, though labeling Kir2.1-silenced cIV neurons with HRP is need...
	Silencing nociceptors with Kir2.1 was also accompanied by minor changes in touch axon patterning. In larvae with nociceptors silenced, touch axons extended short branches towards the midline. While this phenotype was milder than the midline crossing ...

	Normal nociceptive and touch axon patterning upon silencing chemical neurotransmission
	Unlike inhibiting electrical activity in nociceptors, neither silencing nociceptors alone or silencing both touch and nociceptors with TeTxLC produced any discernible changes in touch or nociceptor axon patterning. Similar results have been reported i...
	TeTxLC did not alter axon targeting to glomeruli in the olfactory bulb (OB) whereas silencing with Kir2.1 caused a delay in axon entry to the OB and disorganization in a particular region of OB (Yu et al., 2004). Furthermore, expression of TeTxLC did ...
	While axon patterning was not noticeably altered by TeTxLC silencing, the class III driver (R83B04-LexA) labeled ectopic cells in the VNC in larvae carrying UAS-TeTxLC. Crossing UAS-TeTxLC to R83B04-Gal4 (cIII) and ppk1.9-Gal4 (cIV) did not alter the...

	A possible role for activity in touch axon targeting
	Ectopic expression of TrpA1 in touch neurons led to striking changes in touch axon patterning. Compared to control class III axons, axons from TrpA1-expressing class III neurons appeared to have excessive, disorganized branches (more prominent in the ...
	A second noteworthy finding is the consistent observation of increased midline crossing by touch axons. In Chapter 2, excessive midline crossing by touch axons was associated with nociceptor ablation, which led to the conclusion that nociceptors prev...
	Results here and in Chapters 2 & 3 suggest that touch and nociceptive circuit wiring might be shaped by relative levels of activity between touch receptor and nociceptor cohorts. Ectopic expression of TrpA1 in touch neurons may increase their activit...

	Does axon targeting determine sensory-evoked behavior?
	The experiments presented in this chapter were initially motivated by an effort to understand whether
	modality-specific targeting of touch and nociceptive axons impacts sensory-evoked behavior. Nociceptor ablation produced two outcomes: touch axon mis-wiring with nociceptive interneurons, and aberrant execution of nocifensive rolling upon touch neuron...
	It seems likely that many factors influence modality-specific connectivity of touch and nociceptive neurons, including axon-axon interactions addressed in Chapter 2 and potentially neural activity described here. Interestingly, a study that examined t...
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	Materials and Methods
	Fly strains and maintenance
	Drosophila melanogaster were reared using standard methods. Experimental crosses were maintained at 25 C. Third instar larvae were used. The following strains were used:
	(1) w1118 (2) UAS-rpr (McNabb et al., 1997) (3) LexAop-TrpA1 (Sudhakaran et al., 2012) Gift from Dr. Mani Ramaswami (4) ppk-Gal4 (Grueber et al., 2007) (5) R83B04-LexA (this study) (6) UAS-Kir2.1EGFP (Baines et al., 2001) (7) UAS-TNTi (Sweeney et al.,...
	(16) ppk-CD4-tdTomato (Han et al., 2011)
	Genotypes
	Immunohistochemistry
	Performed as in Chapter 2. Primary antibodies used were chicken anti-GFP (1:1000; Abcam), rabbit anti-DsRed (1:200-1:500, Clontech), mouse anti-Fasciclin II (1:10; Developmental Studies Hybridoma Bank). Secondary antibodies used were donkey-anti-chick...
	Image Acquisition
	Performed as in Chapter 2.
	Quantification and Statistical Analysis
	Statistics
	Data were tested for normality using the Shapiro-Wilk test. For normally distributed data, two-tailed unpaired t-tests were used to compare two groups, and ordinary one-way ANOVA with Sidak’s multiple comparison tests were used to compare more than tw...
	cIII midline crossing
	Performed as in Chapter 2.
	cIII axon boundary tortuosity
	Tortuosity was measured essentially using the arc-chord ratio. A curved line (Lcurved) was drawn along the medial edge of the cIII axon scaffold (left and right side for each CNS) from A2-A7. A second “straight” line was drawn from A2-A7, fitted to th...

	Chapter 4 Figures
	Effect of silencing nociceptors with TeTxLC on touch and nociceptive axon targeting. (A-B") Maximum intensity projections of class III (touch) and class IV (nociceptive) axons from abdominal segments 2-7 in control (ppk-Gal4/UAS-TNTinactive; A-A") and...
	Effect of silencing nociceptors with Kir2.1 on touch and nociceptive axon targeting. (A-B") Maximum intensity projections class III (touch) and class IV (nociceptive) axons from abdominal segments 3-7 in control (ppk-Gal4/+; A-A") and class IV-silence...
	Effect of silencing nociceptors and touch receptors on axon targeting. Maximum intensity projections of class III (touch) and class IV (nociceptive) axons from abdominal segments 3-7 in control (A-A") and cIII, cIV silenced (B-B") larvae. cIII and cIV...
	Changes in touch axon targeting upon ectopic expression of TrpA1. (A-C) Maximum intensity projections of class III axons from abdominal segments 2-7 labeled by myr-GFP in control (A),  cIII > TrpA1 (B), and cIII > TrpA1 + cIV ablated (C) larvae.  Arro...
	Changes in touch axon targeting upon ectopic expression of TrpA1 (with different marker). (A-C) Maximum intensity projections of class III axons from abdominal segments 2-7 labeled by CD4-tdTomato in control (A), cIII > TrpA1 (B) and cIII > TrpA1 + cI...


	5 Alternative splicing of Dscam2 in nociceptive circuit assembly
	Abstract
	Nervous system wiring relies on selective recognition between synaptic partners. Cell-cell recognition is driven by the expression of specific combinations of cell surface proteins. An emphasis has been placed on synaptic matching molecules that promo...

	Introduction
	During development, neurons respond to a wealth of molecular cues presented by various substrates and neuronal membranes, which collectively align presynaptic axons with postsynaptic cells. Within spatially restricted regions, highly specific synaptic...
	Studies in Drosophila have implicated Immunoglobulin (Ig) superfamily proteins, such as Dpr/DIP and  Down syndrome cell adhesion molecule (Dscam) proteins (Carrillo et al., 2015; Hughes et al., 2007; Matthews et al., 2007; Millard et al., 2007; Millar...
	I found that Dscam2 is expressed in an isoform specific manner in cIV dendritic arborization (da) neurons.  I then investigated the importance of regulated alternative splicing in larval nociceptive circuit development. cIV neurons detect noxious mech...

	Results
	Synaptic partners in the larval nociceptive circuit express complementary Dscam2 isoforms
	The Dscam2 locus encodes two alternatively spliced isoforms, Dscam2A and Dscam2B (Lah et al., 2014; Millard et al., 2007) (Figure ‎5.1, A). Dscam2 isoform expression has been characterized in visual system neurons but has not been explored in other ti...
	I also examined Dscam2 isoform expression in the larval CNS. Both LexA and Gal4 isoform reporters showed broad expression throughout the ventral nerve cord (Figure ‎5.2, A-D). To investigate whether isoform expression is regulated in central targets o...
	In summary, Dscam2B, but not Dscam2A, is expressed in body wall neurons, including cIV da neurons. Both Dscam2 isoforms are expressed in the CNS, however all populations of direct class IV targets examined showed exclusive Dscam2A expression. Taken to...

	Lack of evidence for a role for Dscam2 in cIV dendrite and axon patterning
	To begin to understand the function of Dscam2 in the larval nociceptive circuit I examined class IV dendrite and axon patterning in Dscam2118-6 larvae.  Dscam2118-6 is a null allele generated by homologous recombination (Millard et al., 2007). Sholl a...

	Lack of evidence for a role for Dscam2 in cIV dendritic tiling
	A hallmark feature of cIV dendritic field patterning is tiling, which is the tendency of dendrites from neighboring cIV neurons to avoid overlapping. Previous studies provided strong evidence that cIV dendrite tiling likely arises from repulsive dendr...

	Regulated alternative splicing of Dscam2 is required for robust nocifensive rolling and nociceptive axon patterning
	Regulated alternative splicing of Dscam2 is important for axon and dendrite morphology and formation of appropriate numbers of synapses in the Drosophila visual system (Kerwin et al., 2018; Lah et al., 2014). Given the cell-type specific isoform expre...
	I first used a behavioral assay to determine whether nociceptive circuits are functionally intact. When presented with noxious thermal stimuli, larvae perform a nocifensive escape sequence consisting of rapid “corkscrew-like” rolling followed by fast...
	One potential explanation for deficient rolling behavior in Dscam2 single isoform mutants is that regulated alternative splicing of Dscam2 is required for nociceptive circuit wiring and function. If this is the case, I expected to observe abnormal pa...

	Forcing common isoform expression between synaptic partners disrupts nociceptive axon patterning
	In single isoform mutants, Dscam2-expressing cells have both loss- and gain-of-function differences compared to wild-type larvae. Cells that express Dscam2B in wild-type animals lack Dscam2B in Dscam2A/A mutant animals and gain expression of Dscam2A, ...
	An alternative explanation for the cIV axon patterning defects in single isoform mutants is that the conversion of all Dscam2-expressing cells to a common isoform could have non-cell autonomous effects on cIV neurons. Previous studies have shown that ...
	To test this, I focused on the role of isoform diversity between cIV nociceptors and their synaptic targets, Down-and-Back neurons and Basin neurons. I hypothesized that the cIV axon targeting defects observed in single isoform mutants could be due to...
	To understand the nature of cIV axon targeting defects at the single-cell level I generated FLPouts of individual cIV neurons when synaptic partners express a common isoform. I used 412-Gal4 and 72F11-Gal4 to target UAS-Dscam2B to nociceptive interneu...

	Nociceptor presynaptic site patterning when nociceptive synaptic partners expression a common isoform
	Next, I investigated whether the disruption of cIV axon targeting I observe when isoform expression is perturbed is accompanied by synaptic wiring defects. To this end, I examined the distribution of an active zone marker, Brp-shortcherry (Berger-Mull...

	Excess or ectopic Dscam2 induces repulsion between nociceptive axon terminals
	While Dscam2 is thought to primarily promote spacing between neighboring neurons through repulsion, it has also been proposed to direct neurite targeting through adhesion (Tadros et al., 2016). To determine which of these Dscam2 functions is responsib...


	Discussion
	Tissue-specific and cell-type specific Dscam2 isoform expression
	Previous studies showed that Dscam2 isoforms are expressed in a cell-type specific manner in lamina neurons, photoreceptors, and Mi1 cells in the visual system (Lah et al., 2014). In this chapter, I show that Dscam2 isoform expression is tissue-specif...
	Dscam and Dscam2 undergo vastly different splicing strategies with implications for how these genes contribute to neuronal diversity and synaptic specificity. Probabilistic splicing of Dscam generates cellular identity at the single-neuron level, wher...

	Regulated alternative splicing of Dscam2 is essential for robust nociceptive behavior
	A previous study showed that Dscam2 mutants have defects in light and motion detection (Bosch et al., 2015), which suggests that the morphological and synaptic wiring defects observed in Dscam2 flies likely have direct functional consequences. Dscam2 ...

	Permissive role for Dscam2 in coordinating nociceptive circuit assembly
	These findings suggest that one potential role for regulated alternative splicing of a repulsive cell adhesion molecule such as Dscam2 is to ensure that pre- and postsynaptic partners do not express the same isoform. This is conceptually similar to is...
	My results raise new questions. First, given that I did not identify consistent phenotypes associated with loss of Dscam2 function, this model predicts that complementary isoform expression between synaptic partners should have the same effect as no ...
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	Materials and Methods
	Fly strains and maintenance
	Drosophila melanogaster were reared using standard methods. Experimental crosses were maintained at 25 C. Third instar larvae were used. The following strains were used:
	(1) w1118 (2) UAS-CD8-GFP; Dscam2A-Gal4 (Lah et al., 2014) (3) UAS-CD8-GFP; Dscam2B-Gal4 (Lah et al., 2014) (4) BAC-V5; Dscam2A-LexA, LexAop-nucGFP (Gift from Zipursky lab) (5) BAC-V5; (6) Dscam2B-LexA, LexAop-nucGFP (Gift from Zipursky lab) (7) Dscam...
	Genotypes
	Immunohistochemistry
	Performed as in Chapter 2. Primary antibodies used were chicken anti-GFP (1:1000; Abcam), rabbit anti-DsRed (1:200-1:500, Clontech), mouse anti-1D4 anti-Fasciclin II (1:10; Developmental Studies Hybridoma Bank), Goat anti-HRP (1:200-250, Jackson) and ...
	Behavior
	Larvae were rinsed briefly with distilled water to remove food particles. Larvae were placed on a 1% agarose gel with 0.6% black ink (Higgins Waterproof Drawing Ink) heated to ~41 C (TE Technology Peltier; CP-031 and temperature controller; TC-36-24-R...
	Image Acquisition
	Images were acquired on Zeiss 510 Meta and Zeiss 700 confocal microscopes with LSM software (Zeiss) using 40X Plan Neofluar objective. Image analysis was done using FIJI (Schindelin et al., 2012). Images with Brp-short labeling were processed using th...
	Quantification and Statistical Analysis
	Statistics
	Statistical details for each experiment can be found in figure legends. Data were tested for normality using the Shapiro-Wilk test. For normally distributed data, two-tailed unpaired t-tests were used to compare two groups, and ordinary one-way ANOVA ...
	class IV Sholl analysis
	ddaC dendrites captured in a 297.58µm x 297.58µm image frame were traced in ImageJ using the Simple Neurite Tracer plugin. Sholl analysis and total dendrite length were conducted/extracted from Simple Neurite Tracer.
	class IV dendrite tiling
	For each vdaB/v'ada pair quantified, the total number of overlaps captured in a 297.58µm x 297.58µm image were counted and divided by the length of the tiling boundary between them. # overlaps/µm tiling border was multiplied by 450µm  (average size of...
	class IV axon scaffold missing longitudinals
	For each larva, the total number of breaks in the axon scaffold were counted. Axons from segments A2-A7 were analyzed. A break was defined as discontinuous axons along the A-P axis.
	class IV FLPout analysis
	Each class IV axon terminal was scored for number of longitudinal branches. 2 branches indicate that the axon extended an anterior and posterior branch, 1 branch indicates that the axon extended either an anterior or posterior branch, and 0 branches i...
	class IV axon defasciculation
	Axons from segments A2-A7 were analyzed. For each neuromere, the total number of segregated longitudinal branches were counted. For example, axons that formed a cohesive bundle would be scored as 1 whereas axons that were segregated would be scored as...
	Brp-short fluorescence
	Axons from segments A3-A7 were analyzed. Images were processed using the Brp-short masking macro described in Chapter 2. An ROI surrounding cIV axon terminals was generated by applying a threshold (Li) to the cIV channel and using the Analyze Particle...

	Chapter 5 Figures
	Dscam2B is expressed in class IV da neurons. (A) Dscam2 gene (top) and protein (bottom). Constant exons are drawn as gray rectangles, variable exon 10 is drawn as orange (10A) or blue (10B) rectangle. Gray horseshoes represent constant Immunoglobulin ...
	Dscam2A is expressed in nociceptive interneurons. (A-B) Maximum intensity projections of Dscam2A-LexA (A) and Dscam2B-LexA (B) expression in the CNS. (C-D) Max IPs of Dscam2A-Gal4 (C) and Dscam2B-Gal4 (D). (E-F) Down-and-Back neurons (E) and Basin neu...
	class IV dendrite and axon patterning in Dscam2 mutants. (A-B) Maximum intensity projections of dorsal class IV neuron (ddaC) labeled by ppk-CD4-tdTomato in wild-type (A) and dscam2118-6 larvae (B). (C) Sholl analysis and quantification of total dendr...
	class IV dendritic tiling in Dscam2 mutants. (A-B') Images of tiling boundary between vdaB and v'ada neurons labeled by ppk-CD4-tdTomato in wild-type (A) and dscam2118-6 larva (B). Red dotted line indicates boundary between dendritic fields and arrowh...
	Alternative splicing of Dscam2 is required for nociceptive behavior and nociceptive axon targeting. (A) Schematic of Dscam2 isoform expression in nociceptive sensory and target interneurons in Dscam2 single isoform mutants. (B) Schematic of larval beh...
	Figure 5.6
	Restricting Dscam2 isoform diversity between synaptic partners in nociceptive circuit disrupts nociceptive axon patterning. (A) Schematic of Dscam2 isoform mis- and over-expression paradigms. Orange neurons express Dscam2A (endogenous), blue neurons e...
	cIV presynaptic site patterning upon shared isoform expression with targets.  (A) cIV axon terminals and presynaptic sites labeled by CD8-GFP and  Brp-shortcherry. Top row shows control cIV axons and bottom row shows cIV axons when DnB and Basin neuro...
	Excess Dscam2 induces repulsion between nociceptive axon terminals. (A) Maximum intensity projection images of control cIV axon terminals compared to cIV axon terminals overexpressing Dscam2B or misexpressing Dscam2A. Note that longitudinal axon termi...


	6 Conclusions and Future Directions
	Neural circuits are wired through the collective action of numerous types of cell-cell interactions and activity-dependent mechanisms. These processes have been studied extensively in the formation of sensory maps, which exemplify highly ordered dendr...
	A role for axon-axon interactions in somatosensory map formation
	This work reveals a role for heterotypic axon interactions in modality-specific targeting of somatosensory axons. In larvae, axons from class II-IV (cII-cIV) dendritic arborization neurons form a laminar arrangement in the neuropil (Grueber et al., 20...
	Axon-axon interactions have many roles in axon targeting (Gallarda et al., 2008; Imai et al., 2009; Serizawa et al., 2006; Suetterlin and Drescher, 2014; Sweeney et al., 2007; Tomasi et al., 2008; Wang et al., 2011; Wang et al., 2014; Xie et al., 2017...
	My results show that modality-specific wiring of touch axons is shaped by axon-axon interactions. Touch and nociceptive axons synapse with Down-and-Back (DnB) neurons in distinct dendritic regions. I reasoned that this form of modality-specific connec...
	The different roles that axon interactions play in synaptic specificity are beginning to be uncovered. In C. elegans, DA8 and DA9 motor neurons project fasciculated axons along the dorsal nerve cord but form en passant synapses with muscles in distinc...
	My findings also raise new questions. First, we want to understand the mechanism by which nociceptors constrain touch axon targeting. Sequential arrival times by different classes of axons is one model that is consistent with the preliminary live imag...
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