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ABSTRACT OF THE DISSERTATION
Netrin-mediated signaling directs central neuron dendrite growth and connectivity in the
developing vertebrate visual system
By
Anastasia Nicole Nagel
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2015
Professor Susana Cohen-Cory, Chair

Netrins are a family of extracellular proteins that function as chemotropic guidance cues for
migrating cells and axons during neural development. In visual system development, Netrin-1
has been shown to play a key role in retinal ganglion cell (RGC) axon growth and
synaptogenesis where presynaptic RGC axons form partnerships with the dendrites of tectal
neurons. However, the signals that guide the dendrites of tectal neurons and facilitate
connections between these postsynaptic cells and RGC axons are yet unknown. This work in
collaboration with other lab members has explored the dynamic cellular mechanisms by which
netrin-1 influences visual circuit formation, particularly those that impact postsynaptic neuronal
morphology, connectivity, and function during retinotectal wiring. Immunohistochemistry
reveals that netrin-1 and its receptors DCC and UNC5 are expressed in the optic tectum at the
developmental stage when circuit formation occurs. Time-lapse in vivo imaging of individual
Xenopus laevis optic tectal neurons co-expressing tdTomato and PSD95-GFP revealed rapid
remodeling and reorganization of dendritic arbors following acute manipulations in netrin-1
levels. Within four hours of treatment, tectal injection of recombinant netrin-1 or sequestration of
endogenous netrin with an UNC-5 receptor ectodomain induced significant changes in the
x

directionality and orientation of dendrite growth and in the maintenance of already established
dendrites away from the tectal neuropil, demonstrating that relative levels of netrin are important
for these functions. In contrast, altering DCC-mediated netrin signaling with function blocking
antibodies induced postsynaptic specialization remodeling and changed growth directionality by
turning stable dendrites. Reducing netrin signaling also decreased avoidance behavior in a
visually guided task, suggesting that netrin is essential for emergent visual system function. In
vivo 2 Photon imaging examining the cell autonomous effects of translation blocking morpholino
oligonucleotides to netrin receptors UNC5 and DCC in single cell electroporated neurons
revealed altered neuronal morphologies, decreases in branch length and number, and changes to
the directionality of treated dendritic arbors. Together the findings in the following chapters
suggest netrin mediated DCC and UNC5 signaling play a critical role in the normal development
of vertebrate central neuron dendritic arbors during the establishment of the functional visual
system.

xi

INTRODUCTION

The nervous system is a highly complex network, where simple molecular changes can
have profound effects on development; a fundamental question both in basic and clinical
neuroscience is how molecular signals influence neuronal growth and maturation to create such a
network. The signals involved in establishing neural networks appear highly conserved in form
and function across different species and between invertebrates and invertebrates. During the
establishment of the nervous system, these molecules play many roles and are reused in different
locations and developmental stages. Much like an actor with multiple roles in a single play, the
molecule netrin-1 has exemplified the ability to regulate neuron development through diverse
mechanisms and at various times during circuit formation. Netrin-1 has been shown to instruct:
the axons and dendrites of neurons during guidance to their target [1-8], whether projections
become axons or dendrites [9], the branching of axonal and dendritic arbors [4, 10-12],
establishing the patterning of dendrites [13-15] and the formation of synaptic connections with
their partners [16-18]. Yet the study of how this signaling molecule plays a particular role or
coordinates with other signals in different aspects of development remains in its infancy. Many
of the developmental roles for these signals were first elucidated in simpler models such as
Drosophila melanogaster and Caenorhabditis elegans. Current investigations focus on
enhancing our understanding of how signals such as netrin-1 converge to direct growth and
coordinate development in ways that produce an integrated, complex nervous system. This gap
between our understanding of the function of these molecules in invertebrates and more complex
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organisms highlights the necessity of investigations that examine the roles of these signals in
vertebrate models of central nervous system development.

Previous work investigating netrin-1 signaling has used invertebrates or cell culture
systems from mouse models that often involves the isolation of neurons from their in vivo
environments. These preparations cannot reflect the mechanisms of compensation seen in whole
organisms. These models also involve the creation of mutations or the use of manipulations that
affect large populations of neurons, making it more difficult to parse out differences between
causal and compensatory effects. Both of these models may not fully represent the conditions in
a more complex and complete system. Fortunately the Xenopus laevis visual system can be used
as a model to specifically examine the effects of netrin-1 in vertebrate neuron development and
circuit formation while avoiding these issues. The transparency of embryos allows investigators
to examine morphological maturation in individual neurons in the intact brain to understand cellautonomous molecular mechanisms of development. Additionally the functionality of visual
system circuitry can be assessed by examining the behavioral responses of developing X. laevis
tadpoles in a visually guided avoidance task [19], allowing for researchers to correlate the effects
of manipulations on neuron morphology and connectivity observed in vivo with observations of
how the same manipulations affect behavior. All of the above make this model system ideal for
investigations of how netrin-1 influences neural circuit formation.

Although we have learned much about netrin-1 since it was first discovered in C. elegans
[20], new evidence suggests that netrin-1 may play additional roles. Netrin-1 has already been
extensively studied in vertebrate models of spinal cord and retinal development and has been
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specifically shown to play a role mediating axon guidance in the spinal cord and retina [1, 3, 2124]. Even though the coordination of netrin-1 with its receptors deleted-in-colorectal cancer
(DCC) and uncoordinated 5 (UNC-5) during axon guidance is often described as a canonical
process in development [7], the role of netrin-1 in the development of dendrites is not well
understood. Recent work in C. elegans suggests that netrin-1 participates in important aspects of
dendritic development, including dendrite branching [25] and the self-avoidance of dendrites
during the establishment of dendritic patterns [26]. In vertebrates, the evidence for netrin-1
participating in dendritic development is particularly sparse as only one paper examining
zebrafish has demonstrated that netrin plays any role in dendritogenesis [6]. As netrin can be
located in regions where both presynaptic axons and postsynaptic dendritic arbors form
connections [11], it is important to ask whether netrin-1 can simultaneously play dual roles
influencing both axon development and dendritogenesis at the time when they form synaptic
connections. The Xenopus laevis visual system is well suited to investigate this potential new
role of netrin-1 in dendritogenesis for several reasons. Most importantly netrin-1 in known to be
expressed in the optic tectum of the central nervous system in regions where both presynaptic
axons and postsynaptic neurons reside [11], and its role in retinal ganglion cell axon
development has been characterized extensively [3, 11, 21, 22]. Yet, no studies to date have
investigated whether it also influences the dendrites of postsynaptic neurons. This body of work
is among the first to use an in vivo, vertebrate model to identify the potential roles for netrin-1 in
influencing dendrite growth and connectivity as well as the receptors that mediate this signaling.
In the following chapters, I will demonstrate that netrin-1 influences dendrite growth and
connectivity and that the developmental changes in dendritic architecture are primarily due to
signaling mediated by two netrin-1 receptors: DCC and UNC5.
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CHAPTER 1
MOLECULAR SIGNALS REGULATE VISUAL SYSTEM DEVELOPMENT

Signaling molecules play multiple roles in neuron development and have been shown to
instruct both the axons and dendrites of neurons during the establishment of neural circuits. This
requires the convergence of many molecular signals to establish patterns of wiring with
specificity. This review will briefly discuss some of the processes and signals that direct the
formation of neural circuits that ultimately comprise complex nervous systems and will
specifically focus on visual system development. The simplified steps of forming a neural circuit
include: 1) the migration of neurons to their ultimate location in specific areas; 2) establishing
the identity of neuronal projections as axons or dendrites; 3) guiding the directionality of those
projections to their targets; 4) growing and branching projections so they occupy their territories
in specific patterns; 5) forming connections between projections by creating synapses between
partnering neurons so that functional connections are made (Figure 1.1). The first aspects of
establishing a circuit is for neuronal precursors to reach their target area through migration and to
have their neurites, early neuronal projections, determine whether they will become future axons
or dendrites. Signaling molecules have been demonstrated to participate in both of these first two
roles in both invertebrates and vertebrates [9, 27, 28].
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Figure 1.1: Schematic of neuron during undergoing the general developmental processes
that establish functional neural circuitry. (A) A neuron is born from radial glial progenitor
cell and then it must migrate to its correct location in the brain. (B) Early in development it must
polarize to determine which projections will be dendrites and which will be the axon. (C) The
growth of dendritic branches must then be directed so they project to their target area. (D) As the
neuron matures and grows, the dendritic arbor elaborates, dynamically adding and eliminating
branches so that the arbor becomes larger. Dendrites branch into specific patterns and the arbor
grows into a specified territory. (E) Dendrites ultimately connect with their correct partnering
cells, forming synapses with arriving axons to establish a functional circuit.
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The emphasis of this proposal is concentrated on the later developmental steps mentioned
above: 3) the guidance and directionality of dendrites, 4) their branching and growth, and 5)
synaptogenesis and connectivity between axons and dendrites to build functional circuitry. After
neural projections have an identity (axons or dendrites), they need to find their targets, the
partnering neurons with whom they will form connections. This guidance is often accomplished
through diffusible chemical attractants or repellants [1, 20, 29, 30]. These signals have been
shown to direct the growth cones of neural projections in both in vivo and in vitro experiments
[2, 3, 23, 27]. Netrin-1 is an example of one of these signals that has been shown to guide axons
in the spinal cord, out of the retina, and in other neurons of the central nervous system [1, 7, 21,
31]. An example model developed from in vivo and in vitro studies illustrates how signals can
guide projections throughout development (Figure 1.2). In this example, a retinal ganglion cell
(RGC) axon is shown navigating from the eye to the optic tectum using many different
molecular signals. Initially, axons are repulsed from the periphery of the retina by chondroitin
sulfate and are attracted to the optic disc, where they exit the eye by short-range, attractive
netrin-1 mediated DCC signaling. Axons then travel along a path to the optic chiasm due to a
distribution of semaphorins and inhibitory Slit/Robo interactions. At the optic chiasm, Slits
repulse axons from inhibitory zones and ephrin-B2 repulses some axons so that projections are
guided either to their ipsilateral or contralateral targets (Figure 1.2A). After the optic chiasm,
semaphorins and Slit guide the axon through the brain too the dorsal optic tectum. Here RGC
axons make connections with the tectal neurons of the tectum and signaling through Ephrins and
Eph ligands establishes the topographic maps of projections in the visual system (Figure 1.2B).
Although much is known about the cues for axon guidance from vertebrate models in this
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example of the retinotectal circuit, the identity of the molecular cues that guide or establish the
directionality of dendrites to their target areas is still under investigation.

Once they have arrived to their target area, both axons and dendrites undergo a dynamic
period of arborization, the addition and elaboration of processes on those initial projections [4,
10-12, 15, 16]. At the same time many of these projections also undergo elongation in the target
area [10, 23]. Brain derived neurotrophic factor (BDNF) and netrin-1 are known to direct the
growth and branching of axons in vivo. Ultimately, these projections will need to occupy specific
territories or have specific patterns of organization based on cues that direct them to locations or
to maintain distance between themselves and other projections. This is especially necessary for
dendrites in sensory systems which often wire without overlapping to represent a specific area of
a topographical map. Dendrites in the central nervous system (CNS) and peripheral nervous
system (PNS) are known to undergo two different patterning processes: 1) self-avoidance, the
tendency for branches from the same neuron (isoneuronal) to avoid crossing one another, and 2)
tiling, the tendency for neurons to avoid crossing projections from other neurons (heteroneural)
[13, 14]. Lastly, projections need signals to tell them to form synaptic connections with their
partners. One such signal, BDNF, has been shown to stabilize synapses and affect synapse
maturation in axons, and it also has similar effects on synapse density in dendrites [17, 18, 32].
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Figure 1.2: Diagram of select signaling molecules that direct the formation of visual system
circuitry. (A) Retinal ganglion cell (RGC) axon guidance from the retina. Initially, axons are
repulsed from the periphery by chondroitin sulfate and attracted to the optic disc by netrin-1
mediated DCC signaling. Axons travel along a path to the optic chiasm due to a distribution of
semaphorins and inhibitory Slit/Robo interactions. At the optic chiasm, Slits repulse axons from
inhibitory zones and ephrin-B2 repulses EphB1/Zic2 expressing RGCs so that they terminate at
ipsilateral targets. DCC/Robo2 expressing RGCs are not repulsed so they cross the optic chiasm
to terminate at contralateral targets. (B) Diagram of a Xenopus embryonic visual pathway
showing multiple signaling molecules expressed in areas that serve to guide the RGC axons from
the optic nerve head (ONH). Here we see netrin-1 guiding axons out of the retina as an attractive
signal mediated by DCC. Ephrin-B at the optic chiasm sorts ipsilateral and contralateral
projections and thereafter, semaphorins and slit guide the axon through the brain too the dorsal
optic tectum. Ephrins and Eph ligands then signal to establish the topographic maps of
projections in the visual system (Figures adapted from: (L) Harada et al., 2007 and (R) van
Horck et al., 2004).
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Perhaps one of the most interesting signaling molecules is netrin-1, a signaling molecule
known to play a variety of roles in circuit development in ways that may even seem
contradictory. Netrin-1 is expressed in the area that is occupied by both axons and dendrites and
has been previously shown to regulate many aspects of axon development [11, 22, 33]. Recent
work examining netrin-1 has examined it in a new role: guiding the dendrites of neurons to their
targets [6, 25, 34]. This suggests we still have much to learn about netrin-1 regarding its
influence on shaping neural circuits, and a further positing of unanswered questions about the
role of this molecule in the central nervous system. In particular, it is still unknown as to how
netrin-1 contributes to wiring between axons and dendrites when its expression affects both
projections. In this instance netrin-1 could potentially serve to influence the development of
axons or dendrites either through similar or dissimilar mechanisms. This leads us to question:
How does netrin-1 affect dendritogenesis? Does it play the same role for dendrites as it does for
axons when both are located in the same area? What receptors are involved in mediating this
signaling? This body of work will examine the role of this signaling cue in developmental
processes and will especially focus on how netrin-1 can guide both axons and dendrites to
differential developmental outcomes even when both projection types can respond to local
netrin-1 levels.

Netrin regulates neurodevelopment through diverse receptor binding.
Before examining the role of Netrin-1 in the establishment of the visual system, it is first
important to know the diversity of roles that it can play during different developmental
processes. Netrin-1 has been shown to direct the migration of neurons and glial precursors during
development [27, 28]. Studies in C. elegans have demonstrated that netrin-1 can act as a guide
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for motile cells in the PNS: this includes pioneer neurons, those being some of the first to
migrate and then serve to guide other migrating cells to their target area [35]. Netrin-1 has also
been shown to determine the identity of neural projections, whether they will be dendrites or
axons [9]. Netrin-1 is perhaps best known for its role in commissural axon guidance in the CNS,
where it is required for guiding axon projections across the midline of the central nervous system
[8]. This has been shown in netrin-1 deficient mice which lack these projections to the
contralateral side in many different locations, including the corpus callosum, hippocampus, and
ventral spinal commissure. Lastly netrin-1 has been shown to induce both branching and presynaptic changes in retinal ganglion cell axons, and this will be discussed in greater detail later
on. These select examples illustrate that netrin-1 plays many roles throughout the development of
the PNS and CNS. But how does netrin-1 have such a variety of effects during development?
The answer is that these various roles are mediated by different netrin receptors.

Netrin-1 mediates different effects through its receptors: DCC, UNC-5, neogenin, A2b, and
DSCAM.
There are many receptors for netrin-1 (for a review, see Rajasekharan and Kennedy,
2009) [36]. Netrin-1, or UNC-6, was first discovered in C. elegans [20] and is a protein from the
laminin superfamily necessary for regulating neural development. DCC was the first netrin-1
receptor discovered and it has orthologs named UNC-40 and Frazzled, which were discovered in
C. elegans and in and Drosophila, respectively [35, 37]. DCC is a transmembrane protein and is
comprised of an extracellular domain with four immunoglobulin domains and six fibronectin
type III (FIII) repeats. The 4th and 5th FIII repeats are used to bind netrin-1. UNC-5, another
transmembrane receptor, was first discovered in uncoordinated C. elegans mutants and consists
10

of two immunoglobulin repeats and two thrombospondin type-I groups [38]. Netrin-1 binds the
immunoglobulin repeats in UNC-5. These first two netrin receptors, DCC and UNC5, will be
examined in detail throughout this document.
Additional netrin receptors that aid in neural development include: neogenin, A2b and
DSCAM. Neogenin is a netrin-1 receptor closely related to DCC [39]. A2b is another
transmembrane netrin-1 receptor that has been found to interact with DCC [40], regulate surface
levels of UNC5A [41], and regulate axon growth cone responsiveness [41, 42]. Down syndrome
cell adhesion molecule (DSCAM) is a transmembrane protein with ten immunoglobulin domains
and six fibronectin type III (FIII) repeats [32] known to be altered in Down syndrome [43, 44].
DSCAM can also act as a netrin receptor [2, 45], although recent debate on this exists as some
studies have reported conflicting evidence for its role in axon guidance [46]. The DSCAM
receptor is conserved between Drosophila, mice, and humans, and is expressed in many different
locations, including the mammalian eye optic chiasm, and vertebrate CNS [47]. It is known to
play a role in the development of visual system connections in vertebrates, and its
overexpression is thought to be one of the contributors to vision problems in individuals with
Down syndrome [48, 49]. It is also known to play a netrin-dependent role in axon guidance and
embryonic CNS development [2, 44, 45, 50-53]. Several studies examining DSCAM mutants in
Drosophila indicate it is required for axon guidance and targeting and segregation in axon
branching [52, 54].
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Netrin-1 is a well-known, bidirectional axon guidance cue that can be attractive or
repulsive in invertebrate and vertebrate models.
Netrin-1 plays seemingly contradictory roles in multiple systems due to the distinct
outcomes from it binding to its different receptors, particularly UNC-5 and DCC. Early work in
invertebrates had shown that netrin-1 was a repulsive cue to axons in Drosophila and
Caenorhabditis elegans when bound to UNC-5 [20, 29, 30]. At the same time it was found that
DCC oriented moving cells towards sources of netrin-1 and UNC-5 oriented cells away from
netrin-1. Additionally cells that expressed both UNC-5 and DCC were shown to be repulsed by
netrin-1 [35]. In both cases, invertebrate models demonstrated that netrin-1 could be attractive or
repulsive depending on the receptor expressed by the cells responding to it.
Vertebrate studies examining the role of netrin-1 in the central nervous system using
mouse and chick spinal cord have shown that a gradient of netrin-1 arising from the ventral floor
plate acts as a bidirectional cue for axons in the central nervous system. The response of axons
can be attractive or repulsive depending on the netrin-1 receptor axons express (Figure 1.3) [1,
24, 55, 56]. Commissural axons in the spinal cord are known to express the netrin-1 receptor
DCC and the axons of these cells in the dorsal embryonic spinal cord are attracted to the ventral
floor plate [24, 39]. However, using the same netrin-1 gradient in the spinal cord, trochlear
motor neurons with cell bodies in the ventral embryonic spinal cord have axons that are repulsed
by netrin-1[55]. This is because these cells express a different netrin-1 receptor, UNC-5.

12

Figure 1.3: Schematic representation of a netrin-1 gradient in the spinal cord mediating
attraction and repulsion responses through its receptors DCC and UNC-5. (A) Diagram of
netrin-1 gradient (blue arrows) in the spinal cord from evidence provided in chick studies.
Commissural neurons express DCC (green) and are attracted by a gradient of netrin-1 secreted
from the floor plate. The trochlear motor axon expresses UNC-5 (purple) and is repulsed by the
same gradient of netrin-1. (B) Schematic of netrin-1 receptors DCC and UNC-5 which are also
known to be expressed in the Xenopus retinotectal circuit. DCC is a transmembrane protein and
is comprised of an extracellular domain with four immunoglobulin domains and six fibronectin
type III (FIII) repeats (Cho et al., 1994). The 4th and 5th FIII repeats are used to bind netrin-1
(Geisbrecht et al., 2003). UNC-5 is also a transmembrane receptor and consists of two
immunoglobulin repeats and two thrombospondin type-I groups (Leonardo et al., 1997). Netrin-1
binds the immunoglobulin repeats in UNC-5 (Geisbrecht et al., 2003). (Figures adapted from
Kennedy et al., 2000; Rajasekharan and Kennedy, 2009).
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Netrin-1 can act as a short or long-range signaling cue to coordinate different
developmental processes in the central nervous system.
Netrin-1 can also act as either a long or a short-range cue in developmental processes (for
review: Kennedy, 2000). Invertebrate studies using Drosophila have demonstrated that DCC is
required for the long-range response of motor axons and that UNC-5 can mediate either short or
long-range responses to netrin-1 [30]. This review has already discussed that netrin-1 can act as a
diffusible long-range cue for axon guidance in the spinal cord, but it has also been demonstrated
that netrin-1 can act as a short range cue near the surface of cells producing it. Earlier examples
of netrin-1 guiding retinal ganglion cell (RGC) axons are actually due to short-range signaling
near the retina [21]. Although we have considerable knowledge of how netrin-1 coordinates with
its receptors to regulate axon development, we have little understanding of either its potential
role in dendritogenesis or the identity of the receptors involved with these developmental
processes. However recent work has provided insight as to whether netrin regulates dendrite
development.

DCC is known to affect dendrite directionality and self-avoidance during development.
Much of the evidence suggesting that netrin plays a role in dendritogenesis has been
reached through the use of invertebrate models. In Drosophila, netrin-1 signaling through DCC
is known to guide dendrites in ways similar to those already shown for axons [25, 34]. Similarly,
in C. elegans netrin-1 has been shown to be necessary for dendrite development and is the ligand
for DCC [25]. These examples in addition to one paper demonstrating the role of netrin and DCC
during the dendritogenesis in hindbrain neurons of the zebrafish [6] suggest that DCC signaling
likely plays a prominent role in dendritogenesis. Additionally recent work in C. elegans has
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implicated DCC in dendrite self-avoidance, the tendency for isoneuronal dendrites to not overlap
or cross one another [15]. It is thought that DCC accomplishes this by acting as a repulsive signal
between the tips of different dendrites [15]. In this new model for self-avoidance, DCC acts as a
receptor for netrin-1 on the tip of one dendrite while another netrin-1 receptor, UNC-5, binds
netrin-1 at the tip of a different isoneuronal dendrite to create repulsion between them [15].
Whether DCC regulates self-avoidance in the dendrites of vertebrate tectal neurons has not been
investigated. Additionally a different potential mechanism could also mediate self-avoidance in
dendrites; in particular the putative netrin-1 receptor DSCAM is a promising candidate for
affecting the normal patterning of dendrites in the developing visual system and could potentially
act independently or in a netrin dependent fashion to influence aspects of dendritogenesis.
However, the role of netrin-1 mediated DCC receptor signaling in any of these developmental
processes during dendrite development in the vertebrate visual system has yet to be investigated
in vivo.
There is sparse information on the role of DCC in dendritogenesis, but one paper has
examined the role of DCC in guiding the dendrites of octavolateralis efferent (OLe) neurons in
the zebrafish, a vertebrate model for neuronal development [6]. These neurons are unusual in that
the contralateral dendrites of these neurons navigate toward and cross the midline of the
hindbrain. In their experiments, the authors demonstrate that DCC acts cell autonomously to
respond to netrin to guide these projections by examining DCC morphant cells that have DCC
knocked down with antisense oligonucleotides. Dendrites lacking the DCC receptor were found
to be unable to cross the midline which is required for normal circuit development. Cells that
were netrin-1 morphants also had dendrites that failed to cross the midline, suggesting that the
process is dependent on DCC-mediated netrin signaling [6]. It is interesting that DCC mediated

15

netrin signaling is required for the guidance of both axons and in dendrites that cross the midline.
Although DCC has been demonstrated to play a role in guiding dendrites in Ole neurons, we do
not know whether this is only for dendrites that cross the midline, or if DCC plays a broader role.
One indication that DCC may be involved with many aspects of dendritogenesis is that DCC has
also been implicated in playing a key role in synaptogenesis on dendrites [57]. DCC protein has
been observed to distribute along axons and dendrites in rat and mouse cortical neurons [57]. The
authors also demonstrated that netrin-1 is transported to dendrites in these cortical neurons where
they aid in the formation of new synapses by triggering signaling pathways that cause the
clustering of pre- and post-synaptic components. Taken together, these two studies suggest that
DCC may play a role with netrin during dendritogenesis or synaptogenesis in many CNS neuron
types. Investigations examining the role of DCC in the dendrite development of other types of
vertebrate CNS neurons would be essential for determining whether there is a broader role for
DCC signaling in dendritogenesis during development.

UNC-5 induces neurite outgrowth and synaptic differentiation in dendrites.
Although UNC5 is well known in its role as a contributor to axon guidance, there is less
evidence implicating UNC5 as a modulator of dendritic development. However, some evidence
exists suggesting that UNC5 could play a direct role in influencing neuron dendrite
differentiation and neuron survival. Both netrin-1 dependent UNC5 signaling and UNC5A
independent signaling can influence the survival of neurons [58-61]. Additionally UNC5 has
been shown to induce neurite outgrowth in neuroblastoma cells in a netrin-1-dependent manner
[62]. In C. elegans, UNC5 is able to modulate synaptic differentiation in motor neuron dendrites
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[9]. These studies suggest that additional investigations examining the role of UNC5 in
vertebrate dendritogenesis is essential to determining the extent of its roles in CNS development.
DSCAM influences dendrite self-avoidance and tiling.
Similar to DCC and UNC-5, DSCAM was also investigated as a netrin-1 receptor that
regulated aspects of axon development [2]. Recent work has shown DSCAM is essential for
regulating dendritic patterning in invertebrate models [63]. In addition to shaping the
development of invertebrate and vertebrate axons, DSCAM has also been shown to influence
dendrite morphology by mediating self-avoidance in Drosophila in the peripheral nervous
system [13, 64] and also in the central nervous system [65]. In this process, DSCAM molecules
without the same isoform do not bind with each other [13, 63, 66-68], meaning that homophilic
DSCAM interactions provide a mechanism for repulsion that allows dendrites to self-avoid [13].
This self-avoidance appears to counter netrin-1 dependent dendrite localization to their targets in
Drosophila [69] to establish normal dendritic fields for these neurons. These studies have used
Drosophila da sensory neurons in the PNS which are known to undergo self-avoidance and tiling
during circuit formation (for definitions of these phenomena see Kramer & Kuwada, 1983 and
Grueber et al., 2002) [70, 71].
In order to accomplish the daunting task of segregating both isoneuronal and heteroneural
projections, there would need to be a mechanism for dendrites to recognize the projections they
come into contact with so that they could avoid them during patterning. DSCAM accomplishes
this by having up to 38K distinct protein isoforms in Drosophila, with 19K ectodomains
appearing to only bind identical isoforms in homophilic binding [52, 67]. This specificity is
thought to be the candidate mechanism that discerns between different branches on the same
neuron as well as different branches from other neurons, and it has been shown that isoforms on
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branches are unrelated to those of surrounding neurons [72-74]. Early evidence suggests that
both isoneuronal and heteroneural self-avoidance in neurons requires thousands of Dscam1
isoforms [75]. However, the astounding number of these isoforms seems unique to invertebrate
models; DSCAM in vertebrates lack this diversity [76].
In vertebrate systems, DSCAM has been implicated in mediating dendrite self-avoidance
in the retina [14, 77] and hippocampal cultures from mice [43] to provide some of the first
evidence for the influence of DSCAM on dendritogenesis in vertebrates. In the retina DSCAM is
known to be able to direct lamina specific connections in chicks and is necessary for selfavoidance of many cell types in mice [14, 47]. DSCAM also mediates isoneuronal and
heteroneuronal self-avoidance during dendrite arborization, thereby preventing fasciculation and
preserving the spacing of dendritic arbors for normal patterning in the mouse retina [14]. In a
mouse model of Down syndrome, which has a triplication of DSCAM, increased DSCAM
dosage has been shown to produce abnormal circuit refinement with alterations in retinal
ganglion cell segregation and increases in dendritic fasciculations in the eye [48, 49]. Another
overexpression study examining DSCAM in hippocampal neurons was shown to cause reduced
dendritic branching [78]. DSCAM has also been implicated in roles involving synaptic plasticity.
Evidence from a mouse model suggests that DSCAM may also be involved with synaptic
plasticity where it specifically targets dendrites and associates with CPEB1 (cytoplasmic
polyadenylation element (CPE) binding protein 1), a known regulator of mRNA transport and
location specific translation [78]. DSCAM is also required for trans-synaptic modifications
associated with both developmental and learning related synaptic growth and when it is inhibited
it can prevent the clustering of AMPA-like receptors in Aplysia [79]. None of these mechanisms
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for DSCAM or whether it acts as a netrin-1 receptor during dendritogenesis, however, have yet
been investigated in the vertebrate brain in vivo.

The role of netrin-1 in retinotectal circuit formation.
Much of our understanding about the roles of netrin-1 was advanced using the Xenopus
laevis retinotectal circuit as a vertebrate model system to investigate developmental wiring
processes in the brain. The visual system of Xenopus is particularly accessible for manipulations
and in vivo observations, making it uniquely situated for investigations of processes that affect
morphological maturation in individual neurons. Xenopus embryos develop ex utero and are
renowned for their regeneration after insult, making them suitable for manipulations in
experiments involving transplantation, microsurgery, or DNA transfection. Xenopus embryos are
transparent which allows for microscopic evaluation of intact specimens (Figure 2.3). This model
commonly uses transfection to introduce DNA into the primordial brain of developing tadpoles
in order to produce proteins of interest near the site of transfection. Transfection of DNA that
codes for specific proteins can be used to overexpress proteins of interest in gain-of-function
experiments, or it can also be used to express dominant-negative proteins of interest in loss-offunction experiments. Transfection that induces the overexpression of fluorescent proteins can be
used to mark cells by filling their cytoplasm with cDNA that codes for fluorescent proteins used
to visualize neurons during in vivo time lapse imaging. Through the use of confocal fluorescent
microscopy, we can observe single neurons tagged with these fluorescent proteins stably and
over time in the intact brain. These visualization techniques can be coupled with other acute
manipulations to visualize neurons in response to treatments that mimic overexpression (e.g.
injecting excess signaling molecules) or loss-of-function (e.g. injecting functional blocking
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antibodies to receptors). These manipulations, along with other loss-of-function approaches
(siRNA, morpholinos that prevent translation) allow us to better understand cell-autonomous
molecular mechanisms of development. Historically many advances in our understanding of the
roles of netrin in axon guidance, branching, and connectivity were first discovered using the
Xenopus retinotectal system as a model (Figure 3). Our lab has made significant contributions to
understanding both how this circuit is formed and the roles netrin plays during visual system
development.
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Figure 1.4: Diagram of the X. laevis retinotectal system. (A) Dorsal view of the tadpole using
a fluorescent microscope. Note the transparent body and brain. Arrow denotes a tectal neuron
(red) filled with a fluorescent dextran that can be used to visualize developing neurons during the
stage when visual system connectivity and emergent visual function occur. (B) Diagram of the
tadpole brain in the same orientation as (A). Tectal neurons are shown in red migrating from the
ventricle towards the tectal neuropil where they will make connections with retinal ganglion cell
axons (shown in green). The dotted lines indicate the area of the neuropil where connections are
formed. Image from (A) courtesy of Rommel A. Santos.
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Netrin-1 is a signaling cue that directs RGC axon branching, branch dynamics and
connectivity in the Xenopus retinotectal system in vivo
Previous work from our lab has demonstrated that netrin-1 is expressed in the optic
tectum during the time when many wiring events occur [11, 19, 80, 81]. We have also
demonstrated that netrin-1 signaling affects RGC axon differentiation in axons treated with
exogenous netrin-1 and functional blocking antibodies to DCC [11]. In these experiments, the
eye primordia of Xenopus embryos were transfected to coexpress fluorescent proteins for Ds-Red
and GFP-synaptobrevin, a marker for presynaptic clusters, in order to observe RGC axons over
time in response to treatment (Figure 1.4). Compared to control-treated axons over the
observation period, axons treated with exogenous netrin-1 have generally more branches, an
increased number and density of presynaptic clusters, and increased axon arbor length (Figure
1.4). Changes in netrin-1 signaling due to exogenous netrin-1 treatment also changed the
dynamics of axon branching and presynaptic clusters when compared to control-treated neurons.
Additions of presynaptic clusters, the stabilization of clusters, and the addition of branches were
all increased in netrin-1 treated axons relative to control-treated axons. Netrin-1 treatment did not
alter branch stabilization in these experiments. Our previous investigations also examined DCC
as a potential candidate for mediating these effects because it was found to be expressed on RGC
axons [11].

The netrin-1 receptor DCC mediates the effects of netrin-1 in retinal ganglion cell axon
development.
DCC was determined to be the receptor involved in mediating the effects of netrin-1 on
RGC axons by comparing control-treated axons to those treated with functional blocking
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antibodies to DCC (Fb-DCC). Compared to control-treated axons at 24 hours, axons treated with
Fb-DCC generally have fewer branches, decreased number and density of presynaptic clusters,
and decreased axon arbor length whether analyzed as absolute values (Figure 1.4). Blocking
netrin-1 mediated DCC signaling due to Fb-DCC treatment also changed the dynamics of axon
branching and presynaptic clusters when compared to control-treated axons. Additions of
presynaptic clusters and the addition of branches were all decreased in Fb-DCC treated axons
relative to control-treated axons. Fb-DCC treatment did not alter branch stabilization. These
observations, along with the pressence of DCC receptors on RGC axons, indicate that DCC is a
cue for axon branching, branch dynamics, and connectivity in the Xenopus retinotectal system.
Considering that netrin-1 treatments in axons in these experiments would also have affected the
tectal neurons that they partner with in the treated area, these experiments establish the need for
determining whether netrin-1 mediates effects on dendrites as well. If so, the receptors that
mediate the effects of netrin-1 on dendrites will also need to be determined.
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Figure 1.5: DCC-mediated netrin-1 signaling contributes to RGC axon differentiation
during the development of retinotectal connectivity. Schematic representations derived from
in vivo experiments conducted by Manitt et al., 2009 that examined RGC axons coexpressing DsRed [82] and a presynaptic specialization marker, GFP-synaptobrevin. In these experiments,
axons were imaged by time-lapse confocal microscopy over a 24 hour period after treatment with
recombinant netrin-1 (+ netrin) or functional-blocking antibodies to DCC (− DCC). Top, Control
treated RGC axons become more complex by the dynamic addition, elimination, and
stabilization of presynaptic sites A) - Synapse Dynamics and axon branches (B) - Branch
Dynamics over time. Middle, + netrin, exogenous netrin induces rapid, new presynaptic site
additions, resulting in more stabilized presynaptic sites after treatment. The effects of netrin on
presynaptic site addition preceded new branch additions which also increased after a time delay.
Bottom, − DCC, In contrast to netrin, anti-DCC prevents normal presynaptic addition without
influencing presynaptic site stabilization. Similarly, a blockade of DCC signalling interferes with
new branch addition without affecting branch stabilization. Thus, altering DCC-mediated netrin
signalling stalls the normal morphological and presynaptic site maturation of RGC axon arbors
by preventing their growth rather than by influencing their overall stability. (Figure and legend
adapted from: Manitt C. et al. J. Neuroscience 2009; 29:11065-11077).
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Netrin-1 has different effects on retinal ganglion cell axon development based on axon
maturity and tadpole developmental stage.
It is important to note that netrin-1 can also have differential effects on retinal ganglion
cell (RGC) axon growth dependent on the maturation of the RGC axon. In recent studies from
our lab, exogenous netrin-1 treated RGC axons had differential responses to netrin-1 based on
both the degree of differentiation of the axon and the developmental stage of the tadpole (Figure
1.5) [22]. In these experiments RGC axons treated with exogenous netrin-1 that recently entered
the target area in the neuropil were observed to have a reduced number of branches relative to
control-treated axons. However, the same response was not seen in axons from later
developmental stages. Mature axons treated with exogenous netrin-1 showed increases in
dynamic branching relative to control-treated RGC axons [22]. These results, along with work
mentioned earlier that illustrates the variety of netrin-1’s effects based on the receptor it binds to
highlight the need to observe the behaviour of dendrites in response to netrin-1 treatment.
Particularly since these data suggest dendrite responses to netrin-1 could be drastically different
from those of RGC axons depending on which netrin receptors are expressed by tectal neurons.
Determining which receptors may be involved is essential since recent evidence suggests that
DCC and UNC5 are likely candidates for regulating dendritogenesis.

25

Figure 1.6. Netrin-1 has different effects on retinal ganglion cell axon development based
on axon maturity and tadpole developmental stage. Schematic representations of RGC axon
growth cones from experiments conducted by Shirkey et al., 2012 [22]. (A) At stage 40 RGC
axon growth cones (top) before treatment and 24 hours after either control or netrin-1 treatment
(bottom). Control neurons grow and elaborate over time, adding branches (red), whereas axon
growth cones treated with netrin-1 at stage 40 appear not to advance past their starting point
(blue line) and add most branches behind this starting point (back branches). In contrast, RGC
growth cones at stage 45 (B) add additional branches in advance of the starting point (blue line)
24 hours after netrin-1 treatment, matching with previous findings [11]. This indicates that for
simple axons, the responses to netrin-1 treatment change based on the developmental stage of the
tadpole. However, complex axons were found to behave differently than simple growth cones in
response to treatment [22], suggesting that both axon maturity and tadpole development stage
regulate an axon’s responsiveness to netrin-1 signaling during retinotectal circuit development.
(Figure and legend adapted from: Shirkey et al., Developmental Neurobiology 2012).
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Summary and Objective
Netrin-1 has already been extensively studied in vertebrate models of spinal cord and
retinal development, and has been specifically shown to play a role mediating axon guidance in
the spinal cord and retina through binding of its canonical receptors UNC5 and/or DCC [1, 3, 7,
21-24]. However the role of netrin-1 in the development of dendrites is not well understood.
Recent work in C. elegans suggests that netrin-1 participates in important aspects of dendritic
development, including dendrite branching [25] and the self-avoidance of dendrites during the
establishment of dendritic patterns [26]. In vertebrates, the evidence for netrin-1 participating in
dendritogenesis is particularly sparse, as only one paper examining zebrafish has demonstrated
that DCC-mediated netrin signaling guides dendritic projections across the midline in
octavolateralis efferent neurons [6]. As netrin can be located in regions where both presynaptic
axons and postsynaptic dendritic arbors form connections [11], it is important to ask whether
netrin-1 can simultaneously play dual roles influencing both axon development and
dendritogenesis at the time when they form synaptic connections. The Xenopus laevis visual
system is particularly well suited to investigate this potential new role of netrin-1 in
dendritogenesis for several reasons. Netrin-1 is most importantly known to be expressed in the
optic tectum of the central nervous system in regions where both presynaptic axons and
postsynaptic neurons reside [11], and its role in retinal ganglion cell axon development has been
characterized extensively [3, 11, 21, 22]. Yet, no studies to date have investigated whether this
signal and its receptors also influence the dendrites of postsynaptic neurons. This body of work is
among the first to use an in vivo, vertebrate model to identify the potential roles for netrin-1 in
influencing dendrite growth and connectivity as well as the receptors that mediate this signaling.
In the chapters to follow, I demonstrate that netrin-1 does influence dendrite growth and
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connectivity and that the developmental changes in dendritic architecture are primarily due to
signaling mediated by two netrin-1 receptors: DCC and UNC5.
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CHAPTER 2
NETRIN DIRECTS DENDRITE GROWTH AND CONNECTIVITY IN VIVO

Introduction
Netrins are members of an evolutionarily-conserved family of laminin-related proteins that play
important roles during nervous system development [59]. Netrins can be attractive or repulsive
depending upon the receptors expressed by responding cells [83, 84]. In vertebrates, the deleted
in colorectal cancer (DCC) family of receptors generally mediates chemoattractant responses to
netrin-1 but can also contribute to chemorepellent signaling when acting together with UNC-5
[35, 39]. UNC-5 receptors can mediate chemorepulsion from netrin-1 in both DCC dependent
and independent manner [30, 85, 86].
The majority of studies on the role of netrin-1 as a guidance molecule have focused on
its effects on axon growth and branching. In the vertebrate visual system, netrin guides retinal
ganglion cell (RGC) axons along the visual pathway [87]. In vitro and in vivo studies in Xenopus
embryos further show that RGC axons exhibit differential responses to netrin-1 that depend on
their location along the pathway and on their maturational stage [11, 42, 88]. At younger
developmental stages, when RGC axons first reach their target, netrin-1 halts growth cone
advancement and induces back branching [88]. In contrast, netrin affects mature RGC axons that
actively arborize within the target by promoting axonal maturation in a DCC-dependent manner
by increasing presynaptic differentiation and dynamic branching [11]. Studies in D.
melanogaster and C. elegans show that in addition to influencing growing axons, netrin can also
affect dendritic outgrowth and targeting [26, 34, 89].
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Here, we investigated potential in vivo roles of netrin-1 during the differentiation of
postsynaptic neuron dendritic arbors in the vertebrate brain. In situ hybridization and
immunohistochemistry revealed a restricted pattern of netrin-1 mRNA expression and the
localization of DCC and UNC-5 receptors in subpopulations of neurons in the Xenopus optic
tectum, suggesting that tectal neurons, comparable to RGC axons, can also respond directly to
endogenous netrin-1. In vivo imaging of individual neurons co-expressing tdTomato and PSD95GFP showed that acute changes in netrin-1 levels induce rapid dynamic reorganization of tectal
neuron dendrites and a change in the directionality of dendrite growth by increasing new branch
addition and by destabilizing existing dendrites. Similar to the effects of netrin-1, blocking DCCmediated netrin-1 signaling altered the formation and maintenance of postsynaptic
specializations but changed the directionality of dendrite growth by altering the orientation of
stable dendrites only. Together these experiments indicate that netrin-1 signaling is required for
the stability and proper orientation of developing tectal neuron dendrites and for their proper
connectivity. Consequently, by differentially influencing both pre- and postsynaptic cells, netrin1 can shape neuronal connectivity during early wiring events that establish the visual system.
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Methods
Animals
Xenopus laevis tadpoles were obtained by in vitro fertilization of oocytes from adult females
primed with human chorionic gonadotropin and raised in rearing solution [60 mM NaCl, 0.67
mM KCl, 0.34 mM Ca(NO3)2, 0.83 mM MgSO4, 10 mM HEPES, pH 7.4, and 40 mg/L
gentamycin] plus 0.001% phenylthiocarbamide to prevent melanocyte pigmentation. Tadpoles
were anesthetized during experimental manipulations with 0.05% tricane methanesulfonate
(Finquel; Argent Laboratories, Redmond, WA). Staging was performed according to Nieuwkoop
and Faber [90]. Animal procedures were approved by the Institutional Animal Care and Use
Committee of the University of California, Irvine (Animal Welfare Assurance Number A341601).

In situ hybridization
A Xenopus-specific netrin-1 cDNA was a generous gift of Dr. Christine Holt [42, 91]. For in situ
hybridization, stage 45 tadpoles were anesthetized and fixed for 2 hours in 4% paraformaldehyde
in phosphate buffer (PB), pH 7.5. Coronal cryostat sections (40 μm) were hybridized with DIG11-UTP-labeled antisense and sense RNA probes as described previously [92]. After
hybridization, sections were washed, incubated overnight with an alkaline phosphatase-coupled
anti-DIG antibody and developed with a BCIP/NBT Color Development Substrate (Promega,
WI). Endogenous netrin-1, UNC5 and DCC mRNA expression within the tectum was
independently confirmed by quantitative RT-PCR (not shown).

31

Immunohistochemistry
Stage 45 tadpoles were euthanized with tricaine methanesulfonate and fixed in 4%
paraformaldehyde in phosphate buffer (PB), pH 7.5, for 2 hours. For coronal sections, tadpoles
were cryoprotected in 30% sucrose overnight, embedded in OCT compound (Sakura Finetek,
USA), and 40 m cryostat sections were obtained. For horizontal sections, brains were then
dissected out, embedded in 2% agarose and sectioned into 50 μm slices using a vibratome.
Coronal and horizontal sections at the level of the optic tectum were incubated with the
following primary antibodies without antigen retrieval step [11]; mouse monoclonal anti-human
presynaptic protein SNAP-25 (1:500 dilution; Enzo Life Science, Farmingdale, NY), mouse
monoclonal antibody against the extracellular domain of human DCC (1:100 dilution; anti-DCC,
Genetex Clone AF5, Irvine, CA), mouse monoclonal antibody against the intracellular domain of
human DCC (1:1500 dilution; BD Biosciences Pharmingen), and rabbit polyclonal anti-mouse
UNC-5H3 antibody (1:14,000 dilution; generous gift of Dr. Antony Pawson). Primary antibodies
were visualized using a donkey anti-mouse and anti-rabbit, Alexa 488 and 568 secondary
antibodies (1:500 dilution; Life Technologies, Grand Island, NY). The specificity of the
antibodies to recognize Xenopus UNC-5 and DCC was tested by Western blot analysis: a band of
∼180 kDa was detected by the anti-DCC antibodies in stage 45 tectum, and a band of ~145 kDa
was detected by the anti-UNC5H3 antibody in stage 45 tectum, consistent with the predicted
molecular weight of Xenopus DCC and UNC5, respectively (not shown). In some experiments,
RGC axons were anterogradely labeled by iontophoresis of rhodamine-dextran amine (10% w/v;
3,000 MW lysine fixable; Molecular Probes, Eugene OR) into the right eye of anesthetized, stage
42 tadpoles prior to fixation and immunostaining.

32

Single cell transfection, tadpole treatment, and in vivo imaging
Co-transfection of tectal neurons and RGCs was performed by pressure injection of tdTomato
and EGFP (Clontech, Palo Alto, CA) expression plasmids mixed with DOTAP liposomal
transfection reagent (10 nl solution of 1 μg/μl plasmid; Roche Diagnostics, Indianapolis, IN) into
the brain primordia and contralateral eye, respectively, of anesthetized stage 20–22 tadpoles. In
other experiments, to visualize dendritic morphology and postsynaptic specializations
simultaneously in individual tectal neurons, brain progenitor cells were co-transfected with
tdTomato and PSD95-GFP expression plasmids [93]. Tadpoles were reared until stage 45, when
tadpoles with individually labeled neurons with at least seven dendritic branches were selected
for imaging. Following the first imaging session (0h), 30 nl of vehicle solution (0.1% BSA, 50%
Niu Twitty), recombinant chicken netrin-1 (300 ng/μl), rat UNC5H2 Fc chimera (UNC5H2-Ig;
300 ng/μl), functional blocking antibody to DCC (50 ng; Genetex, anti-DCC, AF5), or
recombinant human IgG1 Fc (R&D Systems Inc, Minneapolis, MN) was pressure injected both
medially and laterally into the ventricle and the subpial space overlying the optic tectum. Coinjection of recombinant netrin and UNC5H2-Ig (Netrin + UNC5H2-Ig; 17ng/30 ng) was used to
control for the netrin and UNC5H2-Ig treatments alone. The concentration of UNC5H2-Ig and of
recombinant netrin-1 was calculated to provide an excess of netrin that would bind to the
dimerized UNC5H2-Ig chimera, thereby preventing both from binding endogenous ligand or
receptors and from potentially masking endogenous netrin-1 gradients. For all measures before
and after treatment, neurons from tadpoles co-treated with Netrin + UNC5H2-Ig were similar to
controls. After injection, tadpoles were imaged every 2 hours for 4 hours and then again at 24
hours. Only neurons that were accessible to imaging and intact 8 hours after initial imaging were
included in the analysis. Images were acquired using LSM 5 Pascal confocal microscope with a
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×63/0.95 water immersion objective. Optical sections were collected at 1.2 μm intervals.
Diffusion of injected proteins was confirmed by immunohistochemistry on groups of nonimaged animals fixed immediately after treatment. Diffusion of recombinant netrin was analyzed
using Metamorph. A quantitative measure of the relative intensity of the immunofluorescent
signals was obtained from confocal images acquired with identical laser capture settings from
brains of untreated, vehicle injected and netrin injected tadpoles. The average pixel intensity
values (gray level, 255 maximum) in 20-pixel wide linescans along the medial to lateral axis of
the tectum (from the ventricle to the lateral-most side of the tectum, excluding pia and skin) were
measured with Metamorph and pixel intensity values were averaged for every five microns and
normalized to those at the highest intensity value for each group.

Data Analysis
In brief, digital three-dimensional reconstructions of EGFP labeled RGC axons or tdTomato and
PSD95-GFP double-labeled tectal neurons were analyzed as before [11, 93] with the aid of the
MetaMorph software (Molecular Devices, Sunnyvale, CA) without any post-acquisition
manipulation or thresholding. Processes of more than 5 µm in length were considered branches.
For RGC axons, we measured total axon branch number and length. For tectal neurons, several
morphological parameters were measured: total dendrite number and total dendritic arbor length,
and addition and stability of individual branches. To characterize the distribution of PSD95-GFP
puncta to particular regions in tectal neuron dendritic arbors, pixel-by-pixel overlaps of
individual optical sections obtained at the two wavelengths were analyzed. Addition and stability
of PSD95-GFP labeled puncta, and postsynaptic specialization density (the number of PSD95GFP puncta per 10 μm) were determined. Changes from each observation time point relative to
0h, as well as from a given time point relative to the previous time point were calculated and are
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expressed as percentages. A change in directionality of dendritic growth was calculated using
two-dimensional digital arbor reconstructions. For each projection, a straight line was drawn
connecting the point where the primary dendrite emerges from the cell body and the first primary
dendrite bifurcation. This line was selected as X axis, with its center positioned in the middle of
the cell body. The directionality vector was determined for each arbor by summation of X and Y
coordinates of all branch tips. The directionality vector angle was determined in relation to the X
axis, and the difference in vector angles between 0h and 4h projections was calculated for each
neuron.
A total of 10-26 tectal neurons were analyzed per condition (Control n = 26, Netrin n = 19,
UNC5H2-Ig n = 15, UNC5H2-Ig +Netrin n = 10, anti-DCC n = 15) unless otherwise noted in the
text, with one tectal neuron analyzed per tadpole. Dendritic arbors in tadpoles injected with
control, recombinant human IgG Fc exhibited branch and PSD95-GFP cluster dynamics
comparable to those of vehicle-treated tadpoles and were therefore grouped as Controls. For all
analyzed measures, neurons in netrin-1, UNC5H2-Ig, Netrin + UNC5H2-Ig, or anti-DCC treated
tadpoles did not differ significantly from controls prior to treatment (Branch number at 0h:
Control 15.35 ± 0.92, Netrin 17.4 ± 1.9, UNC5H2-Ig 13.71 ± 1.0, anti-DCC 13.06 ± 0.96, Netrin
+ UNC5H2-Ig 13.72 ± 1.91; Dendritic arbor length at 0h: Control 327.10 ± 93.93 m, Netrin
341.10 ± 147.0 m, UNC5H2-Ig 245.00 ± 86.37 m, anti-DCC 280.20 ± 92.36 m, Netrin +
UNC5H2-Ig 333.46 ± 41.70 m; Dendritic complexity index at 0h: Control 2.29 ± 0.05, Netrin
2.33 ± 0.08, UNC5H2-Ig 2.32 ± 0.07, anti-DCC 2.20 ± 0.06; PSD95-GFP puncta number at 0h:
Control 32.63 ± 4.27, Netrin 33.58 ± 4.10, UNC5H2-Ig 21.5 ± 2.53, anti-DCC 25.7 ± 4.90;
Netrin + UNC5H2-Ig, 38.0 ± 7.19). Two-way ANOVA with Bonferroni Multiple Comparison or
One-way ANOVA with Tukey’s Multiple Comparison tests were used for the statistical analysis
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of data. Results were considered significant in comparison to control as follows: * p ≤ 0.05, ** p
≤ 0.005, *** p≤ 0.001, unless otherwise indicated on the graph with bars marking additional
significant comparisons.

Results
Expression of netrin-1 and its receptors in the tectum during visual circuit development
In the developing Xenopus visual system RGC axons at their target express DCC and
differentially respond to netrin-1 depending on their maturational state, by halting growth cone
advancement within the target [88] or by rapidly increasing the number of GFP-tagged
presynaptic specializations and subsequently increasing branch number [11]. To further
characterize the roles of netrin-1 during visual circuit development, we examined the expression
of netrin-1 and its receptors DCC and UNC-5 in the optic tectum at the time when tectal neurons
differentiate and form connections with branching RGC axons (Figure 2.1A). Quantitative RTPCR showed DCC, UNC-5 and netrin-1 mRNA expression in the midbrain of stage 41 to 45
tadpoles (not shown). In situ hybridization studies revealed that netrin-1 mRNA is expressed in
the midbrain of stage 45 tadpoles predominantly near the ventricle wall, in a ventral-high to
dorsal-low gradient (Figure 2.1B-C). Immunostaining with antibodies to UNC-5 and to DCC
demonstrated areas of overlapping expression for these two netrin-1 receptors within the
midbrain at this same stage (Figure 2.1D-G). In the optic tectum, UNC-5 immunoreactivity was
restricted primarily to cell bodies and proximal processes in the dorso-caudal midbrain (Figure
2.1E- I, C) and was absent from the tectal neuropil where presynaptic retinal ganglion cell
(RGC) axons terminate (Figure 2.1H, I). Immunostaining with an antibody against the
extracellular domain of DCC revealed that DCC was localized throughout the tectal neuropil
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(Figure 2.1D-G, Figure 2.2D), consistent with findings using antibodies that recognize the
intracellular domain of DCC [11]. Moreover, DCC immunoreactivity was found around tectal
cell bodies and in neuronal processes that extended to the tectal neuropil, where primary
dendrites begin to branch. Defined patterns of UNC5 and DCC expression were also found in the
forebrain, pre-tectum, caudal tectum, hindbrain, and spinal cord (Figure 2.2). Consequently, the
patterns of netrin-1 mRNA (Figure 2.1B, C) and protein expression [11], and the localization of
DCC and UNC-5 receptors within the optic tectum suggest that tectal neurons can respond to
netrin-1 directly.
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Figure 2.1. Expression of Netrin-1 and of its receptors DCC and UNC5 in stage 45 Xenopus
optic tectum. (A) Schematic of coronal section of Xenopus retinotectal circuit. RGC axons
(green) travel from the contralateral eye to connect with tectal neurons in the neuropil (blue). (B,
C) In situ hybridization with Xenopus specific antisense netrin-1 probes. Coronal sections of the
midbrain at the level of the optic tectum show ventral-high (double arrows) to dorsal-low
(arrow) netrin-1 mRNA expression along the ventricle wall. (D-G) Coronal and (H-I) horizontal
sections show DCC and UNC-5 expression. (D-G) Co-immunostaining illustrates the differential
distribution of UNC-5 (red) and DCC (green) immunoreactivity. (D) DCC immunoreactivity
(green) is localized to the cell bodies in the dorsal tectum, proximal dendrites, and to incoming
axons near the dorsal neuropil (arrow). The tectal neuropil (np) is also positive for DCC. Low
(E, F) and high (G) magnification images show UNC-5 (red) and DCC (green) co-localization,
with UNC-5 being localized to a subset of cells that also express DCC (G, arrowheads). (F)
Counterstaining with DAPI (blue) serves to distinguish nuclear staining from cytoplasmic
expression in tectal cells. (H) UNC-5 immunoreactivity (green) is localized to a subset of cell
bodies in the dorsal tectum and area adjacent to the tectal neuropil identified by immunostaining
with antibodies to the presynaptic protein SNAP-25 (red). (I) Anterograde labeling with
rhodamine dextran shows that RGC axons (red) terminate in the areas of the tectal neuropil
(arrow) where UNC-5 immunopositive neurons localize (green). D, dorsal; V, ventral; C, caudal;
R, rostral; L, lateral; np, neuropil. Scale bars: 50 μm in B-F, 20 μm in G, 20 μm in H-I.
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Figure 2.2. Specific patterns of DCC and UNC-5 expression in Xenopus laevis central
nervous system. Immunostaining with antibodies to UNC-5 (red) and DCC (green) revealed
specific patterns of expression of the netrin-1 receptors in stage 45 tadpoles. (A-G) UNC-5 (red)
and DCC (green) immunoreactivity in the forebrain (A), pre-tectum (B), caudal tectum (E),
hindbrain (F), and rostral spinal cord (G) demonstrate specific pattern of expression for each of
these receptors within subpopulations of neurons in the central nervous system. (C) UNC5
immunostaining (red) localizes to subpopulations of neurons in the dorsal tectum, lateral-ventral
midbrain, ventral midline (vm), and infundibulum (if). (D) DCC immunoreactivity (green) is
localized in dorsal tectal neuron cell bodies and processes in the tectum, ventral midline, as well
as in the tectal neuropil (np). (E, F) Note the specificity of immunostaining and co-localization
of UNC-5 and DCC expression in subpopulations of cells in the caudal tectum (E) and hindbrain
(F), and the localization of DCC receptors to discrete fiber tracts (arrows). (G, H) UNC-5 (red)
and DCC (green) immunoreactivity in the rostral (G) and caudal (H) spinal cord is localized to
fiber tracts and ventral midline in agreement with published observations in Xenopus and other
species (for review see, [39, 94-97]. DCC immunoreactivity in spinal cord is similar when
staining with antibodies directed against the extracellular (G) or intracellular (H, bottom)
domains of DCC. Counterstaining with DAPI (blue) serves to distinguish nuclear staining from
UNC-5 (red) and DCC (green) expression in cell bodies and fiber tracts. Scale bars: 50 μm.
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Acute manipulations in netrin levels or DCC signaling
We altered endogenous netrin-1 levels or DCC signaling in the stage 45 tadpole optic tectum by
microinjecting netrin-1, an UNC5 receptor ectodomain that sequesters netrin (UNC5H2-Ig) or
function blocking antibodies to DCC to explore dynamic mechanisms by which netrin-1
influences post-synaptic neuronal morphology and connectivity in the retinotectal system. To
evaluate the effectiveness of the acute treatments, we examined protein distribution immediately
after injection as a means to determine rates of diffusion from the injection site (Figure 3).
Immunostaining with specific antibodies to netrin revealed that netrin-1 injection into the
ventricle and lateral side of the optic tectum resulted in higher immunoreactivity in the neuropil
near the injection site and an even distribution of the exogenous protein within the cell body
layer above endogenous netrin expression (Figure 2.3B-E). Quantitative analysis of the
immunofluorescent signal further demonstrated that the treatment was effective in increasing
tectal netrin levels and in altering the spatial distribution of endogenous netrin-1 (Figure 2.3C).
Staining with a fluorescent anti-human IgG antibody allowed visualization of the injected
UNC5H2 Fc chimeric protein and showed graded distribution of UNC5H2-Ig in the tectal
hemisphere that received treatment (Figure 2.3F). Similarly, immunostaining with fluorescent
anti-mouse IgG to visualize the injected function blocking antibody to DCC demonstrated that
anti-DCC effectively diffused within the neuropil (Figure 2.3G), and had the ability to bind
endogenous receptor and prevent signaling.
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Figure 2.3. Protein diffusion after treatment. (A) Schematic of coronal view of stage 45
Xenopus retinotectal circuit depicting injection sites (red arrows) and spread of injected proteins
(violet color). (B) Coronal section at the level of the optic tectum immunostained with antibodies
to netrin-1. Note endogenous netrin immunoreactivity in cell body layer and neuropil. (C-G)
Sections at the level of the optic tectum of tadpoles injected with vehicle, recombinant netrin-1,
UNC5H2-Ig, or anti-DCC were immunostained to examine the spread of the injected proteins
after treatment. (C) Quantitative analysis of fluorescence intensity in sections of uninjected
tadpoles (Endogenous Netrin) or tadpoles injected with recombinant Netrin (Injected rNetrin).
The relative levels of netrin within the cell body layer and the neuropil are illustrated by the
average pixel intensity values along the medial to lateral axis of the tectum. The zero value in the
X-axis corresponds to the cell body layer-neuropil boundary; negative x coordinates represent the
distance from the boundary to the ventricle while positive x coordinates represent distance from
the boundary to the lateral-most neuropil (See methods). n = 10 brain sections per group. Error
bars represent the standard error of the mean. (D-G) Sample coronal sections of tadpoles injected
with vehicle (D), recombinant netrin-1 (E), (UNC5H2-Ig F), or anti-DCC (G), immunostained
with chick antibodies to netrin-1 and Alexa 488 secondary antibodies to chick IgG (top; D, E), or
stained with Alexa 488 secondary antibodies to human IgG (top; F) or mouse IgG (top; G). The
pseudo-color images in D-G (bottom) show the relative intensity of the Alexa fluor 488
fluorescence. Note the increased immunofluorescence in the cell body layer and neuropil of
netrin-1 treated tadpoles (E) when compared to vehicle injected controls (D) and with
endogenous netrin-1 expression (B). In F and G, the relatively higher fluorescence intensity in
the hemisphere that received the injection (red arrows), and the diffusion patterns of the proteins
are more evident in the pseudo-color images. In (G), white arrows point to fluorescently labeled
cells in the injected tectal hemisphere. Scale bars in B, D-G: 50 μm.
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Netrin differentially affects retinal ganglion cell axons and tectal neuron dendrites
To examine if netrin-1 shapes postsynaptic neuronal connectivity in addition to influencing
RGCs, we imaged pairs of fluorescently labeled pre- and postsynaptic arbors branching in the
optic tectum of stage 45 tadpoles. The simultaneous, dynamic behavior of individual tectal
neurons expressing tdTomato and of RGC axons expressing GFP was followed in vivo by
confocal microscopy (Figure 2.4A). In control tadpoles, both presynaptic and postsynaptic arbors
gradually grew towards one another within the tectal neuropil (Figure 2.4B). Upon acute
injection of recombinant netrin-1, however, tectal neurons showed rapid reorganization of their
dendritic arbor (Figure 2.4C) while RGC axons continued to grow forward and elaborate.
Dendrites of tectal neurons appeared to alter their branch directionality away from the neuropil
and from branching RGC axons (Figure 2.4C, insets). As tectal neurons responded to
recombinant netrin-1 by remodeling their dendritic arbors, RGC axons increased their number of
branches significantly more than controls 24 hours after netrin-1 treatment (Control 170.5 ±
13.79% n = 4, Netrin 247.8 ± 15.93% n = 4, p = 0.0105; not shown graphically), in agreement
with previous findings [11].

Effects of netrin-1 on the morphological development of developing tectal neurons
To further characterize the differential response of tectal neurons to netrin-1, we imaged
individual neurons co-expressing tdTomato and PSD95-GFP before (time 0), 2, 4 and 24 hours
after netrin-1 treatment. Control neurons extended their dendritic arbor without altering their
basic architecture (Figure 2.4B, D). In contrast, neurons in tadpoles treated with netrin-1 rapidly
reorganized their dendritic arbors (Figure 2.4C, E). Quantitative analysis of dendrite branching
showed that treatment with exogenous netrin-1 did not significantly influence total branch

42

number or dendritic arbor length of tectal neurons (Figure 2.5A, B). One possibility that could
account for the effects of acute netrin-1 treatment on dendritic arbor shape is that activation of
netrin signaling increased the exploratory activity of dendritic processes which lead to a dynamic
reorganization of the arbor without affecting overall branch growth. To further explore the
effects of netrin, we decreased endogenous netrin levels in the tectum by injecting UNC5
receptor bodies (UNC5H2-Ig) as a means to sequester bio-available netrin-1 [98]. Injection of
UNC5H2-Ig into the midbrain ventricle and the lateral side of the tectum also caused rapid
reorganization and reorientation of tectal neuron dendritic arbors (Figure 2.4F). Moreover,
UNC5H2-Ig treatment significantly decreased total branch number and dendrite arbor length by
2 hours (Figure 2.5A, B), an effect that was maintained 4 hours after treatment. Consequently,
tectal neurons responded to decreased tectal netrin levels more robustly but similarly to
exogenous netrin-1, suggesting that the destabilization and reorientation of dendrites may be
attributed to disruption of differential endogenous netrin expression or signaling. To further test
for specificity of effects, we co-injected tadpoles with a mix of netrin-1 and UNC5H2-Ig at a
ratio in which recombinant netrin-1 would neutralize the UNC5 ectodomain dimer (1.7:2
mol:mol solution). In contrast to netrin-1 treatment alone or UNC5H2-Ig treatment alone,
neurons in tadpoles co-treated with netrin and UNC5H2-Ig had morphologies and total branch
number and length indistinguishable from controls (Figure 2.4G; Figure 2.5A, B). Therefore, our
studies indicate that while responses to exogenous netrin-1 and to sequestration of endogenous
netrin with the UNC-5 ectodomain are similar, they are specific to each treatment.
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Figure 2.4. Rapid remodeling of dendritic arbors upon acute manipulations in netrin
signaling. (A) Schematic diagram of a stage 45 Xenopus tectal midbrain (horizontal view).
Tectal neurons (red) make dendritic connections with contralateral RGC axons (green) within
the tectal neuropil. (B, C) Sample RGC axons and tectal neurons, visualized by expression of
GFP and tdTomato respectively, in control (B) and netrin-treated (C) tadpoles. Note change in
tectal neuron dendritic architecture evident at 4h and 24h after netrin-1 treatment (inserts). (D-G)
Confocal projections of representative tectal neurons co-expressing tdTomato (red) and PSD95GFP (green) in tadpoles injected with control vehicle solution (D), Netrin (E), UNC5H2-Ig (F),
or Netrin + UNC5H2-Ig (G). Note the emergence of an alternative primary dendrite (arrow)
growing towards the midline in neurons exposed to netrin-1 or UNC5H2-Ig. Tadpoles treated
with Netrin + UNC5H2-Ig appeared identical to controls. Axons of tectal neurons are labeled by
the asterisks. Scale bars: 20 μm.

44

Figure 2.5. Altering endogenous netrin levels decreases dendrite branch number and total
dendritic arbor length. Effects of Netrin, UNC5H2-Ig, and Netrin + UNC5H2-Ig co-treatment
on total dendrite branch number (A) and length (B). The netrin-1 and the UNC5H2-Ig treatments
alone altered tectal neuron morphology with a different time scale. Note that exogenous netrin-1
treatment decreased dendrite arbor length at 24 hours, while the UNC5H2-Ig treatment, that
sequesters endogenous netrin, induced a transient but significant decrease in branch number at
the 0-2 and 0-4 hour imaging intervals when compared to all other treatments. Co-treatment with
Netrin + UNC5H2-Ig did not influence branch number or length. Values are expressed as percent
change from the initial 0 hour imaging session. Two-way ANOVA with Bonferroni Multiple
Comparison Test; *p < 0.05, **p < 0.01. Error bars indicate SEM.
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DCC-mediated signaling influences dendritic growth and directionality without altering
total branch number or length
In Xenopus, RGC axons respond to altered DCC receptor signaling at their target by halting their
presynaptic differentiation and growth [11, 88]. To determine whether the effects of altered
netrin levels on tectal neurons are also mediated through its receptor DCC, we examined
dynamic changes in arbor morphology of tectal neurons following injection of function blocking
antibodies to DCC. Neurons in tadpoles treated with anti-DCC rapidly remodeled their dendritic
arbors and changed their morphology when compared to controls (Figure 2.6A, C), similar to the
effects of netrin-1 (Figure 2.4E, 2.6B). As observed for neurons in tadpoles treated with netrin-1
or with UNC5H2-Ig, anti-DCC induced the formation of ectopic basal projections in tectal
neurons 2 and 4 hours after treatment (Figure 2.6 B, C; arrows, see also Figure 2.4). However, in
contrast to treatment with the UNC5 ectodomain, anti-DCC treatment did not alter total dendrite
branch number or total arbor length at any imaging interval (Fig 2.6D, E).
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Figure 2.6. Blocking DCC signaling induces changes in dendritic arbor shape without
altering total branch number or length. (A-C) Confocal projections of representative tectal
neurons co-expressing tdTomato (red) and PSD95-GFP (green) in tadpoles injected with control
vehicle solution (A), netrin-1 (B), or function blocking antibodies to DCC (C). While control
neurons branch, elaborate, and add PSD95-GFP puncta (A), neurons in tadpoles treated with
netrin-1 undergo dynamic pruning and remodeling of existing branches (B). Neurons in tadpoles
treated with anti-DCC (C) also appear to change dendritic arbor direction and form small basal
projections at 2 and 4 hours post-injection (arrows). (D, E) Comparison of effects of Netrin and
Anti-DCC treatments on total branch number (D) and dendritic arbor length (E). Note that only
Netrin treatment decreased arbor length at 24 hours (E), but neither Netrin nor Anti-DCC affect
the total number of branches (D). Two-way ANOVA with Bonferroni Multiple Comparison
Test; *p < 0.05. Error bars indicate SEM.
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Altering endogenous netrin signaling induces rapid remodeling of dendritic arbors
Neurons in tadpoles treated with UNC5H2-Ig responded to decreasing netrin-1 levels by altering
total branch number and length early after treatment. However, treatment with netrin-1 or antiDCC caused remodeling of dendritic arbors without influencing total branch number or length.
To further characterize the differences in tectal neuron responses to altered netrin-1 levels and
DCC signaling, we analyzed branch dynamics of tectal neurons imaged over the 24 hour period.
Detailed quantitative analysis demonstrated that tectal neurons responded to netrin-1 and to
UNC5H2-Ig through similar dynamic reorganization of their dendritic arbors. Neurons in netrin1 and in UNC5H2-Ig treated tadpoles increased new branch addition and decreased branch
stabilization (Figure 2.7A, B). Significantly more branches were added following netrin-1 or
UNC5H2-Ig treatments relative to controls at all time intervals (Figure 2.7A) while the stability
of existing branches was also decreased (Figure 2.7B). A similar shift in the distribution of
neurons that responded to netrin-1 or UNC5H2-Ig with increased branch addition rates further
demonstrates that neurons responded similarly to these treatments independent of their initial
morphology and branch number (Figure 2.7C). The rapid changes in branch addition and
stability following treatment with netrin-1 alone and with UNC5H2-Ig alone therefore suggest
that threshold levels of netrin protein or receptor-mediated signaling contribute to these
remodeling effects. In contrast to netrin-1 or UNC5H2-Ig treatments alone, anti-DCC treatment
only induced a small but significant decrease in the stability of branches by 24 hours (Figure
2.7B). As for other measures, tadpoles treated with netrin and UNC5H2-Ig in combination had
branch addition and branch stabilization rates similar to controls at all imaging intervals
(Addition 0-2 h, Control 32.58 ± 2.25%, Netrin + UNC5H2-Ig 29.99 ± 3.44%; Stabilization 0-2
h, Control 74.57 ± 2.45%, Netrin + UNC5H2-Ig 71.20 ± 5.72, p > 0.05 Two-way ANOVA, not
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shown graphically), supporting the specificity of the individual treatments. Together, these
results demonstrate that alterations in tectal netrin levels significantly influenced the dynamic
remodeling of dendritic arbors while dendrites continued to remodel at a similar rate but failed to
stabilize following blockade of DCC signaling.
To further evaluate the morphological changes in neurons elicited by altered netrin levels
and signaling, we calculated dendritic complexity index (DCI) [99], a measure of the relative
proportion of primary, secondary and higher order branches. The complexity of neurons in
UNC5H2-Ig treated tadpoles was significantly lower than controls 4 hours after treatment, as
shown by the relative change in DCI values between 0 and 4 hours after treatment (Control 2.589
± 1.978% vs. UNC5H2-Ig -11.760 ± 4.145%, p < 0.01; Two-way ANOVA with Bonferroni
Multiple Comparison, Figure 2.7D). We further examined whether the decrease in dendritic
arbor complexity was due to changes in the addition of lower order branches or to elimination of
higher order branches by quantifying the proportion of primary, secondary, tertiary and higher
order branches for each neuron. Correspondingly, the number of tertiary branches in neurons in
UNC5H2-Ig treated tadpoles was significantly lower than in controls four hours after treatment
(Absolute numbers; Control 5.962 ± 0.5363 vs. UNC5H2-Ig 2.933 ± 0.6053, p < 0.001; Twoway ANOVA with Bonferroni Multiple Comparison, not shown graphically), and in proportion
tertiary branches were also lower than in controls (Tertiary branches: Control 35.059 ± 2.769%
vs. UNC5H2-Ig 22.995± 3.675%, p < 0.05; Primary branches: Control 11.258 ± 1.355% vs.
UNC5H2-Ig 23.076 ± 6.477% p < 0.05; Two-way ANOVA with Bonferroni Multiple
Comparison, not shown graphically). Neurons from tadpoles treated with anti-DCC also had a
significantly lower number and proportion of tertiary branches relative to controls at 24 hours
(Tertiary branches: Control 6.389 ± 0.805, anti-DCC 3.000 ± 0.768, p < 0.001; Control 34.092 ±
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2.78%, anti-DCC 20.860 ± 4.00%, p < 0.01; Two-way ANOVA with Bonferroni Multiple
Comparison, not shown graphically). This change in arbor complexity in neurons in anti-DCC
treated tadpoles is consistent with the time when stable branches were also significantly
decreased. Consequently, the changes in the dendritic arbor complexity and pruning of higher
order branches reflect the active remodeling of the dendritic arbors in response to decreased
netrin signaling.
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Figure 2.7. Acute manipulations in endogenous netrin levels induce rapid changes in
dendrite remodeling. (A, B) Effects of netrin-1, UNC5H2-Ig, or anti-DCC treatments on new
branch addition (A) and branch stabilization (B). Note that while the netrin-1 or UNC5H2-Ig
treatments increased branch addition and decreased branch stabilization throughout the 24 hour
imaging period, the anti-DCC treatment influenced the stability of branches at the 4-24 hour
interval only. (C) Relative proportion of neurons with different branch addition rates. A
significant shift in the distribution of neurons that responded with increased branch addition rates
was observed after netrin-1 or UNC5H2-Ig treatments. Values are expressed as percent change
from total branches. (D) Relative change in DCI values is shown for each group at all imaging
intervals. Note that neurons in UNC5H2-Ig treated tadpoles significantly decreased their
complexity by 4h compared to Controls. Two-way ANOVA with Bonferroni Multiple
Comparison Test; *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SEM.
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Netrin influences the dynamics and maintenance of postsynaptic specializations
In vivo imaging studies in Xenopus and in zebrafish have shown coordinated dynamic
remodeling of synapses and dendritic arbor structure during tectal neuron development [93, 100].
In control neurons co-expressing tdTomato and PSD95-GFP, new PSD95-GFP postsynaptic
specializations are added and stabilized within every 2 hours of imaging (Figure 2.9A; see also
[93]). Consistent with the increased dendrite remodeling induced by netrin-1, in vivo imaging
revealed that more PSD95-GFP-labeled postsynaptic specializations were added within the first
observation interval in comparison to controls (0-2h; Figure 2.8A, B, Figure 2.9A). Additionally
in netrin treated tadpoles, relatively fewer postsynaptic specializations were stabilized four hours
following treatment when compared to controls (2-4h interval; Figure 2.8B, 2.9B). Treatment
with UNC5H2-Ig did not significantly alter PSD95-GFP puncta addition or stabilization at any
of the observation intervals although postsynaptic specializations tended to be less stable as more
branches were eliminated after UNC5H2-Ig treatment (Figure 2.8C, 2.9B). Surprisingly, even
though dendrite remodeling occurred at the same rate as controls following anti-DCC treatment
(Figure 2.6 above), relatively more PSD95-GFP puncta were added during the first two hour
observation interval and fewer were stabilized between 2-4h (Figure 2.8D, 2.9A, B), similar to
the effects of netrin-1.
To determine if PSD95-GFP puncta newly added in response to netrin-1 or anti-DCC
treatment were more likely to be destabilized and eliminated, we then analyzed a subset of
neurons to determine the fate of each individual puncta 4 hours after treatment (arrows, Figure
2.8). New puncta added from 0-2h were significantly more likely to be eliminated at the 2-4h
interval following netrin-1 or anti-DCC treatment (Control 11.67 ± 7.39% n = 4; Netrin 48.98 ±
12.36% n = 4; anti-DCC 66.47 ± 12.33% n = 4; Figure 2.9C), indicating that active postsynaptic
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site remodeling accompanied dendrite branch remodeling. Even though manipulations in netrin
levels and in DCC signaling significantly influenced postsynaptic specialization dynamics
(increased addition followed by decreased stabilization), the density of PSD95-GFP puncta was
not significantly different from controls at any of the observation time points in neurons from
netrin-1, anti-DCC or UNC5H2-Ig treated tadpoles (i.e. at 0-4h; Control 131.2 ± 18.57%, Netrin
89.47 ± 6.823%; UNC5H2-Ig 132.2 ± 13.98%; anti-DCC 152.2 ±36.10, p = 0.2537; One way
ANOVA, Dunnett’s Multiple Comparison Test, not shown graphically).

53

Figure 2.8. Altered netrin-1 levels and DCC signaling impact postsynaptic cluster
remodeling. (A-D) Confocal projections of single branches from representative tectal neurons
co-expressing tdTomato (red) and PSD95-GFP (green) from Control (A), Netrin (B), UNC5H2Ig (C) or Anti-DCC (D) groups before and after treatment. Dynamic remodeling of postsynaptic
specializations is illustrated by the addition (green arrowheads) and elimination (yellow
arrowheads) of PSD95-GFP clusters. Blue arrowheads denote puncta that remained stable from
one observation interval to the next; white arrowheads denote puncta that were present at the
initial observation time point but were eliminated (yellow) at 2 hours. Scale bar: 20 μm.
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Figure 2.9. Postsynaptic cluster addition and stabilization are modulated by alterations in
netrin signaling. (A, B) Effects of netrin-1, UNC5H2-Ig, or anti-DCC treatments on
postsynaptic cluster remodeling were quantified as the proportion of PSD95-GFP puncta that
were added (A) and remained stable (B) within the 0-2 and 2-4 observation intervals. Note that
significantly more PSD95-GFP puncta were between 0 and 2 hours (A), while fewer were stable
between 2 to 4 hours (B) following Netrin-1 or Anti-DCC treatment when compared to Controls.
(C) To determine the relative stability of newly added postsynaptic clusters, we quantified
relative proportion of PSD95-GFP puncta added over the 0 to 2 hour interval that were lost in the
subsequent 2 to 4 hour interval for a subset of randomly selected neurons for each group (n = 4).
PSD95-GFP puncta added from 0-2 hours were significantly less stable in the netrin-1 or antiDCC treated neurons. Statistical significance was by one-way ANOVA and with unpaired t-tests.
Significance when compared to Control is *p < 0.05, **p < 0.01, ***p < 0.001. # Indicates
significant difference when compared to Control with student’s t-test. Error bars indicate SEM.
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Manipulations in netrin signaling impact dendritic arbor directionality in multiple ways
Neurons in the optic tectum grow apical dendrites towards the tectal neuropil where they
normally partner with RGC axons (Figs. 2.4A, B, D, and Figure 2.6A). In vivo imaging showed
that following netrin-1 treatment tectal neurons extended new ectopic basal projections,
including a potential alternative primary dendrite (identified by the accumulation of PSD95-GFP,
Figure 2.4E, arrow) towards the ventricle midline while pruning or redirecting branches that
normally grow towards the neuropil (Figure 2.4E). Overlays of color-coded tracings
(wireframes) of sample neurons imaged at 0, 2 and 4 hours, as well as cumulative wireframes of
a subset of neurons from each group further illustrate the emergence of ectopic projections and
dynamic changes in dendritic arbor growth in response to netrin-1, UNC5H2-Ig or anti-DCC
treatment (Figure 2.10). The number of neurons that extended an alternative ectopic projection
was significantly higher in netrin-treated tadpoles than in controls (Control 8.33%, Netrin
42.11%, p = 0.0131; Fisher’s exact test; Figure 2.11A). Similar to netrin-1, either sequestering
endogenous netrin with UNC5H2-Ig or altering DCC-mediated netrin signaling with anti-DCC
resulted in a higher proportion of neurons that extended an ectopic projection away from the
neuropil (Control 8.33%, anti-DCC 40.00%, UNC5H2-Ig 40.00%, p = 0.0370, Fisher’s exact
test). To further evaluate changes in the orientation of the dendritic arbor, we calculated the
vector angle for each neuron before and after treatment (Figure 2.11B, see Methods). In the
presence of exogenous netrin-1 neurons changed their vector angle within 4 hours after
treatment, a change that was significant whether alternative ectopic projections were included or
excluded from the analysis (Figure 2.11C). Neurons in anti-DCC and in UNC5H2-Ig treated
tadpoles also remodeled and redirected their dendrites (Figs. 2.4F), effectively changing their
vector and growth directionality within 4 hours after treatment (Figure 2.11C).

56

Figure 2.10. Overlays of sample neurons at 0, 2 and 4 hours illustrate changes in dendritic
arbor morphology in response to treatment and between imaging intervals. (A) Confocal
stacks of individual neurons from control, Netrin-1, UNC5H2-Ig and anti-DCC treated tadpoles
were reconstructed with Metamorph creating three dimensional wireframes of each stack.
Wireframes were color coded based on imaging time point (black, 0h; blue, 2h; red, 4h),
overlapped and aligned over Scholl concentric circles with the primary dendrite placed at a 0o
angle (X-axis; gray line). Dynamic changes in dendritic morphology every 2 hours over a 4 hour
imaging period are illustrated by the emergence of blue (2 h) or red branches (4h) from under the
black wireframe (0h). (B, C) Cumulative wireframes from a subset of seven neurons per
condition better illustrate the dynamic changes in growth between the 0h and 2h imaging interval
(B), and the 0h and 4h imaging interval (C), for each treatment group. Large arrows point to
sample ectopic branches newly extended at the time point indicated by the color of the arrow
(blue, 2h; red 4h). Short arrows point to already established branches that changed their
directionality of growth at the time point indicated by the color of the arrow (blue, 2h; red 4h).
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The effects of netrin-1, UNC5H2-Ig, and of anti-DCC treatment indicate that even though
all of the manipulations in netrin signaling significantly impact growth directionality in a
relatively similar way, the mechanisms responsible for this remodeling may differ. Specifically,
neurons in tadpoles treated with netrin-1 or UNC5H2-Ig showed dynamic dendrite branch
remodeling that differed from those in tadpoles treated with anti-DCC, since anti-DCC did not
affect new branch addition or branch stabilization rates (Figure 2.7). In vivo imaging showed
that some neurons seemed to grow or reorient their branch(es) in a direction opposite to the
neuropil in response to treatment (Figure 2.12, see also Figure 2.4, inserts). To further
differentiate whether the change in directionality resulted primarily from a reorientation of stable
branches or from the addition of new branches with a different angle of growth, we analyzed a
subset of neurons that showed a significant change in net vector angle by at least 10 degrees. For
this analysis we determined the vector angle of each individual branch tip for all branches at both
0h and 4h to determine the proportion of stable branches that changed their vector angle by more
than 10 degrees for every neuron in each group. Significantly more of the stable branches
changed their vector angles in neurons of netrin-1 or UNC5H2-Ig treated tadpoles relative to
controls (Figure 2.11D, ANOVA, Dunnettt’s Multiple Comparison Test). Moreover,
significantly more of the stable branches changed their vector angle in neurons in anti-DCC
treated tadpoles than in any other treatment group (anti-DCC vs. netrin-1 p < 0.05, and p < 0.01
vs. UNC5H2-Ig, ANOVA, Tukey’s Multiple Comparison Test), indicating that manipulations in
netrin signaling influence arbor directionality by reorienting stable dendrites, while branch
retraction and new branch extension also contribute to the reorganization of the dendritic arbor
when threshold netrin levels and/or signaling are changed.
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Figure 2.11. Perturbations in tectal netrin levels or signaling alter dendritic arbor
directionality. (A) Proportion of neurons that developed ectopic basal projections within the 24
hour period in each group. (B) Angle analysis performed on tectal neuron arbors sums all branch
points to produce a net vector. The angle change was calculated from the tangents of arbors from
0 and 4 hours. (C) The change in dendritic arbor directionality is shown as the difference in
angle for neurons from 0 to 4 hours, and was measured both including (with) and excluding
(without) ectopic projections. (D) Proportion of stable branches with net angle change. The
percentage of stable branches that individually changed their angle by at least 10 degrees was
calculated for a subset of randomly selected neurons (n = 4). The individual branch tip vectors
for each branch were compared from 0 to 4 hours to calculate the angle change. Note that a
larger proportion of stable branches altered their angle in neurons following anti-DCC treatment
when compared to all other groups. Statistical significance was by Kruskal-Wallis Friedman
with Dunn’s multiple comparison test. Significance when compared to Control is *p < 0.05, **p
< 0.01, ***p < 0.001. Error bars indicate SEM.
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Figure 2.12. Individual branches change their orientation of growth in response to altered
netrin levels. (A-B) The maximum projections of each confocal z-stack of a sample neuron
imaged at 0, 2 and 4 hours, and the corresponding ninety degree view of each three-dimensional
z-stack, illustrate the dynamic changes in growth and directionality of individual dendrites in
response to acute netrin-1 treatment. (A-B’) A single primary dendrite and its individual
secondary branches of the same neuron can be discerned in the higher magnification images by
selecting and projecting only the z-planes from each confocal stack that include that branch. By
isolating the individual dendrite from the rest of the dendritic arbor one can better differentiate
the change in the direction of growth of the primary dendrite (short white arrows) that took place
while some of its secondary branches were pruned (double blue arrows) or changed their
direction of growth (green arrow) and others were maintained.
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We performed a number of correlational analyses to further determine a potential
relationship between the degree of neuronal maturation and a neuron’s response to altered netrin
levels or DCC signaling. No significant correlation between a number of morphological
parameters measured prior to treatment (total branch number or length, DCI value) and type of
response (increased branch addition, decreased branch stabilization, vector angle change, ectopic
dendrite growth) was found for neurons in either netrin-1 or UNC5H2-Ig treated tadpoles at 4h
and 24h. This indicates that actively branching tectal neurons respond to altered midbrain netrin
levels independently of their maturational state. Only younger, newly differentiated neurons with
total branch number and dendritic complexity index (DCI) below the average at the initial
observation time point were more likely to grow an ectopic dendrite following anti-DCC
treatment (Branch number p = 0.0031, DCI value p = 0.0311; Chi-square), suggesting that in
addition to maintaining stable dendrites, DCC-mediated netrin signaling can prevent the
formation of ectopic dendrites during early phases of dendritic growth when most remodeling
occurs [81].

Altering Netrin levels or signaling does not affect tectal neuron outcomes
To determine the fate of neurons exposed to altered netrin signaling we quantified the proportion
of neurons with dendritic arbors that underwent no changes, elaborated, simplified, or
degenerated over time. Outcomes for treated neurons did not significantly differ from controls,
although results showed a trend for UNC5H2-Ig treated neurons to have fewer elaborate and
more simple neurons (Controls: Elaborate 23.1%, No change 65.4%, Simplify 11.5%; Netrin:
Elaborate 17.7%, No change 58.8%, Simplify 23.5%; UNC5H2-Ig: Elaborate 0.0%, No change
57.1%, Simplify 42.9%; Anti-DCC Elaborate 7.7%, No change 69.2%, Simplify 23.1%; Figure
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2.13). This indicates that the morphological effects of excess netrin were rapid and transient.
Although not statistically significant, a larger proportion of neurons degenerated 24 hours after
UNC5H2-Ig treatment alone (Degenerate; Control 19.2%, UNC5H2-Ig 46.6%, p = 0.1581;
Netrin 26.3%, p = 0.7203 vs. Control; anti-DCC 13.3%, p = 1.0000 vs. Control; Fisher’s exact
test). However, no decreases in cell survival were found after UNC5H2-Ig and netrin-1 cotreatment (Netrin + UNC5H2-Ig 0%, p = 0.2931 vs. Control, Fisher’s exact test). The
observation that neutralizing UNC5H2-Ig with excess netrin-1 did not affect cell survival rates
indicates that differences in neuronal survival were not a consequence of potential toxic effects
of UNC5H2-Ig treatment but rather of interfering with endogenous netrin-1. To determine
whether there was any predictor for whether a neuron would degenerate after UNC5H2-Ig
treatment, we examined all neurons, including those that had been excluded from other analyses
for degenerating immediately after treatment. We found a significant correlation between
neuron complexity and the likelihood of degeneration. The observation that simple neurons, with
a DCI value below average at 0h, were more likely to degenerate within the 24 hours following
UNC5H2-Ig treatment than neurons treated with UNC5H2-Ig that were more complex (p =
0.0440, Chi-square), suggests UNC-5 may directly influence immature tectal neuron survival in
a manner previously shown for other neuron types [58-60]
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Figure 2.13. Neuron outcome is not affected by treatments altering netrin signaling. Neuron
outcomes after treatment compared to initial values. Neurons were classified as elaborate if they
had grown 10% more than initial values or simple if they grew 10% less than their initial values.
(A) Neuron outcomes 2 hours after treatment. Note that results show a trend for UNC5H2-Ig
neurons to have fewer elaborate and a greater number of simple neurons at 2 hours, 4 hours (B)
and 24 hours (C) after treatment. Slightly more neurons in the UNC5H2-Ig treated group died by
the 24 hour imaging time point.
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Discussion
A growing number of molecules have been identified as factors that influence axon branching
and synaptogenesis in the developing central nervous system. However, very few specific cues
have been examined in real-time to determine their influence on early dendritogenesis and
dendrite arbor dynamics in the developing vertebrate brain. The observation that netrin-1, a
molecule well known for its role in axon guidance, can also influence the steering and
remodeling of central neuron dendrites in a manner that differs from its effects on presynaptic
axons shows that netrin can modulate the structural plasticity of neurons in the vertebrate brain.
In contrast to presynaptic RGC axons that stall and fail to further elaborate after blockade of
DCC-mediated netrin signaling [11, 88], tectal neurons continued to branch but changed the
orientation of their dendritic arbor, a response that suggests both direct and indirect effects.
Our studies show that the canonical netrin receptors, UNC5 and DCC, are both expressed in the
optic tectum. The localization of DCC to tectal neurons and dendritic processes and within the
tectal neuropil supported a DCC-mediated mechanism by which netrin influences tectal neurons
in addition to influencing RGC axons. Moreover, the expression of UNC5 in subpopulations of
tectal neurons that also express DCC suggested that both of these receptors could mediate
responses to netrin-1. By examining dynamic changes in tectal neuron dendritic morphology and
by directly correlating the changes of pre- and postsynaptic arbors in response to altered tectal
netrin levels our studies revealed differential effects of netrin-1 on tectal neurons and on RGC
axons. In contrast to RGC axons that continued to arborize in response to netrin-1, tectal
neurons pruned their dendrites away from the area co-occupied with the RGC axon within four
hours after netrin treatment, effectively remodeling their dendritic arbor (Figure 2.3C). The
effects of netrin on dendrites were more rapid and did not reflect the responses of RGC axon
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growth cones or of branching axons at the target [11, 88].The rapid time-course of netrin-1
action and its significant effects on dendrite remodeling therefore indicate that netrin can directly
modulate postsynaptic neuronal morphology and connectivity in addition to influencing
presynaptic RGC axons. Studies showing that altering the stability of presynaptic RGC axons
upon decreased presynaptic neurotropic support only elicits time-delayed changes in the number
of postsynaptic specializations in tectal neurons [93, 99], further support the idea that netrin-1
shapes postsynaptic neuronal connectivity directly.
Both midbrain injection of recombinant netrin-1 and sequestration of endogenous netrin
by injection of UNC5 ectodomain (UNC5H2-Ig) induced rapid tectal neuron dendritic
remodeling and changed the orientation of dendritic growth. The observation that two treatments
which increase and decrease bioavailable netrin had similar rather than opposite effects on
developing neurons suggests that dendritic arbor remodeling or reorientation does not depend on
the absolute concentration of netrin-1 but rather may be attributed to a change in the relative
levels of netrin protein [1]. The findings that netrin mRNA is expressed near the ventricle wall in
a pattern that differs from that of the secreted protein, and that targeted injection of netrin-1 into
the ventricle and lateral side of the brain resulted in altered protein levels of across the injected
tectal hemisphere (Figure 2.12) are consistent with a disruption of the relative levels of
endogenous netrin-1 protein.
The observation that both netrin-1 and anti-DCC treatments had similar effects on
dendrite directionality and on the formation and maintenance of post-synaptic specializations
(adding more specializations in the two hours immediately after injection and then subsequently
removing 50-60% of these same specializations by four hours) suggests that netrin can shape
tectal neuron morphology and synaptic connectivity by recruiting or binding to distinct receptors
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or multiple receptor complexes. It is possible that DCC contributes, at least in part, to both the
morphological and synaptic effects of netrin on tectal neurons as neurons responded to acute
changes in netrin-1 levels and to altered DCC signaling by effectively remodeling and
reorienting their dendrites, although quantitatively the dynamic changes differed among the
treatment groups. Less robust, but significant effects were observed on tectal neurons by altering
DCC-mediated netrin signaling with function blocking antibodies. Neurons in anti-DCC treated
tadpoles showed rapid changes in the directionality of stable dendrites that resulted in a
significant change in arbor complexity and growth similar to the effects of netrin-1. The partial
effect of the anti-DCC treatment suggests that DCC may collaborate with other receptors to
directly modulate tectal neuron differentiation. It is also possible that the effects of the anti-DCC
treatment on tectal neurons are secondary to its effects on RGC axons [11, 88]. In addition to
influencing axon arbors, DCC-mediated netrin signaling has been implicated in the synaptic
differentiation of dendrites in multiple species [9, 11, 57]. Recent work indicating that DCC
expression localizes to the tips of both dendrite and axon filopodia, is required for changes in
actin filaments that precede filopodia remodeling, and can induce the enrichment of postsynaptic
components in dendrites of cortical neurons in culture [57], are in agreement with our findings
that DCC signaling can induce rapid changes in the recruitment of pre- and postsynaptic
components in vivo in addition to influencing axon and dendrite branching. Studies
demonstrating a role for DCC in sorting contralateral dendrites of hindbrain neurons in zebrafish
larvae [6], and in modulating dendritic targeting in Drosophila sensory and motor neurons [26,
34, 101] and motor neuron dendritic growth in C. elegans [89] further support the notion that, as
in other species, DCC-mediated netrin-1 signaling can influence tectal neuron dendritic
differentiation directly.
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The difference in responses of tectal neurons to altered netrin levels and to decreased
DCC signaling, and the coexpression patterns of DCC and UNC-5 indicate that DCC may signal
independently or as a co-receptor with UNC-5. DCC and UNC-5 have previously been reported
to form receptor complexes with one another to mediate repulsion during axon guidance [83, 85,
102] indicating the possibility that these receptors could similarly coordinate to affect dendritic
arbor differentiation and maintenance. That UNC-5 signaling contributes to the effects we
observed on dendrite orientation and branching is quite plausible, as sequestering endogenous
netrin with UNC5H2-Ig had more striking effects that treatment with anti-DCC alone. UNC-5
has been shown to induce neurite outgrowth in neuroblastoma cells in a netrin-1-dependent
manner [62], and to modulate synaptic differentiation in motor neuron dendrites in C. elegans
[9]. A number of studies have implicated UNC-5 receptor-mediated netrin signaling not only in
the differentiation but also in the survival of neurons [58-60]. Observations that a larger
proportion of tectal neurons underwent cell death between 8 and 24 hours after UNC5H2-Ig
treatment alone (UNC5H2-Ig 40% vs. Netrin + UNC5H2-Ig 0%, p = 0.05; vs. Control 19.2%, p
= 0.272; Netrin + UNC5H2-Ig vs. Control, p = 0.293; Fisher’s exact test) suggest that cell death
could be a consequence of interfering with endogenous netrin-1 signaling in the Xenopus optic
tectum and support the contribution of UNC5 receptor signaling to the modulation of tectal
neuron differentiation.
The responses of tectal neurons to acute manipulations that altered netrin levels and
signaling may reflect the interplay of the influence of netrin-1 on developing tectal neurons and
on RGC axons [11, 88]. RGC axons and tectal neurons seem to respond differently to the same
manipulations that alter netrin levels or DCC signaling, in a way that can create a potential
disconnect among pre- and postsynaptic neurons. The time course of presynaptic axon responses

67

to acute netrin treatment, where RGC axons rapidly increase their presynaptic site number four
hours after treatment and then increase their branching [11], supports the idea that dynamic preand postsynaptic remodeling maintains retinotectal connectivity as tectal neurons remodel their
dendritic arbors in the presence of excess netrin-1.

Conclusions
How does netrin shape dendritic architecture in the Xenopus brain? Netrin-1 mRNA is expressed
in the periventricular area of the midbrain and netrin protein can be localized in both the cell
body area and neuropil, supporting the possibility that secreted netrin diffuses away from the
midline source [1] forming a ventro-dorsal and medial-lateral gradient which may be used by
tectal dendrites to navigate. The observation that a significant portion of tectal neurons rapidly
remodel and reorient their dendrites (by pruning their apically oriented dendrites and extending
basal processes towards the midline) in response to acute alterations in endogenous netrin levels
supports the idea that the change in directionality of dendrite growth may be a direct
consequence of disturbing an endogenous netrin-1 gradient, similar to what has been shown for
the early growth of cortical neuron dendrites in response to Semaphorin 3A [103]. Dendrite
remodeling and reorientation of arbor growth may instead be a response by the already polarized
neurons to the change in local levels of netrin, partially reversing them to a non-polarized
growth. The presence of a shallow gradient of endogenous netrin immunoreactivity in the
neuropil (Figure 2.3C), the rapid diffusion of injected proteins across the tectal hemisphere, and
the observation that the two treatments which increase and decrease bioavailable netrin had
similar effects on developing neurons, further suggest that dendritic arbor remodeling or
reorientation does not depend on the absolute concentration or level of netrin-1 but rather may be
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attributed to disturbing an endogenous netrin-1 gradient [1] or to altering threshold netrin
signaling [104, 105]. An intriguing possibility is that coordinated signaling of DCC and UNC-5
receptors, in a manner similar to their collaboration in guiding axonal processes [35, 39], allows
these receptors to sense changes in relative netrin-1 levels in the developing midbrain and repel
the dendrites of tectal neurons away from their birthplace along the ventricle to guide them
towards their axonal targets in the neuropil. It is also possible that some of the effects of netrin-1
may be attributable to ligand-mediated downregulation of receptor function [88, 106], since
treatment with function blocking antibodies to DCC altered dendritic arbor orientation, similar to
netrin-1. Secreted netrin may also be captured by receptors and/or extracellular matrix molecules
which can then shape the spatial distribution of netrin protein within the tectum, similar to the
function of DCC orthologues in Drosophila [107], and to collagen that can provide a signaling
gradient for axon guidance cues in the vertebrate visual system [108]. Most interesting about
these possibilities is that the differential distribution of netrin across the tectal cell body layer and
within the neuropil could serve to coordinate both the postsynaptic dendrites and presynaptic
axons. Axons expressing DCC would be attracted to the areas of increased netrin in the tectum
while dendrites coexpressing both DCC and UNC5 would be directed away from the midline and
toward the neuropil. Differential signaling mechanisms by which vertebrate central neurons
change their response to molecular signals, alone or in combination, to actively orient and
maintain their dendrites are intriguing possibilities that remain open to further investigation.
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CHAPTER 3
DCC AND UNC5 NETRIN RECEPTOR SIGNALING GUIDES DENDRITOGENESIS

Introduction
Netrin-1 seems to play a variety of roles in the development of axons, and recent work suggests
netrin-1 also influences the development of dendrites. During axon guidance and maturation,
netrin-1 is a versatile signal: it is able to influence processes over long or short ranges, it can be
diffusible or bound to the extracellular membrane, and it can act as an attractive or repulsive
signal. Netrin-1 orchestrates seemingly opposing processes like attraction or repulsion,
depending on the receptor complement expressed by its responding cells. Deleted in colorectal
cancer (DCC) and uncoordinated-5 (UNC5), either independently or with DCC, mediate
attractive and repulsive signaling respectively [109]. Much of our understanding of netrin-1 was
furthered through the use of the Xenopus retinotectal circuit as a model for CNS development [3,
11, 22, 42, 110, 111]. It is therefore fitting that this model be used in investigations examining a
potential role for netrin-1 and its receptors in dendritogenesis during the formation of the visual
system at the time of its emergent function.
Previous work in our lab has demonstrated that altering levels of netrin-1 or blocking
DCC receptor function in the optic tectum induces rapid remodeling of tectal neuron dendritic
arbors in Xenopus [33]. Both DCC and UNC5 receptors are expressed in tectal cells when
dendritic maturation occurs and tectal neurons alter arbor dynamics and morphology in response
to treatment with exogenous netrin-1 [33]. Although altering the level of netrin available for
signaling in the optic tectum induced rapid and dramatic changes in dendritic arbors by 2 hours,
our previous investigation could not rule out the possibility that these effects were mediated, at
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least in part, indirectly by changes in retinal ganglion cell (RGC) axons [33]. RGC axons have
been known to respond to these treatments over a slower time-course by growing their arbors
and increasing pre-synaptic components [11], potentially allowing them to indirectly influence
tectal dendrites. Determining whether tectal cells can respond directly to netrin signaling through
DCC and UNC5 receptors remains to be elucidated.
In order to determine the cell autonomous roles of DCC and UNC5 receptors, we used
translation blocking anti-sense morpholino oligonucleotides (MO) to down regulate receptor
expression in individual tectal neurons in the intact, living tadpole. Tectal neurons were labeled
with fluorescently tagged dextran and MOs to DCC, UNC5, or UNC5 with DCC using single
cell electroporation and were subsequently imaged at 24, 48, and 72 hours after treatment.
Observations of tectal neurons with netrin receptor down-regulation using 2-photon confocal
microscopy revealed dramatic morphological changes and differences in dendritic arbor growth,
maturation, and directionality when compared to controls. Down regulation of DCC, UNC5, or
UNC5/DCC induced the formation of basal ectopic projections similar to our previous findings
[33] and also impacted neuron morphology, filopodia formation, and cell survival. Decreasing
UNC5 expression alone or UNC5 and DCC expression reduced arbor branching and restricted
the phase and growth of tectal neurons. Cumulatively, these experiments demonstrate tectal
neurons respond directly to netrin-1 through DCC and UNC5 receptor signaling, and that these
receptors coordinate for regulating processes essential for normal tectal neuron development and
maturation in CNS neurons.
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Methods
Animals
Xenopus laevis tadpoles were obtained by in vitro fertilization of oocytes from adult females
primed with human chorionic gonadotropin and raised in rearing solution [60 mM NaCl, 0.67
mM KCl, 0.34 mM Ca(NO3)2, 0.83 mM MgSO4, 10 mM HEPES, pH 7.4, and 40 mg/L
gentamycin] plus 0.001% phenylthiocarbamide to prevent melanocyte pigmentation. Tadpoles
were anesthetized during experimental manipulations with 0.05% tricane methanesulfonate
(Finquel; Argent Laboratories, Redmond, WA). Staging was performed according to Nieuwkoop
and Faber [90]. Animal procedures were approved by the Institutional Animal Care and Use
Committee of the University of California, Irvine (Animal Welfare Assurance Number A341601).

Anti-sense morpholino oligonucelotides
Translation blocking anti-sense morpholino oligonucleotides (MO)s were designed and
synthesized by Gene Tools, LLC (Philomath, OR) by selecting a 25 base pair sequence
complimentary to the region of mRNA covering the start codon and early coding sequence for
the Xenopus UNC5 and DCC receptors. MO standard control, 5’CCTCTTACCTCAGTTACAATTTATA, labeled with lissamine (0.5 mM); DCC MO 5’CCAAGACAATTCTCCATATTTCAGC, labeled with lissamine (0.5 mM); and UNC5 MO 5’TTAGCGTCTCCACTCCAGGGTCTCC, labeled with fluorescein (0.5 mM) were used in
immunohistochemistry and in vivo imaging experiments as indicated below. Neurons for in vivo
experiments that were transfected with both DCC MO (0.25 mM) and UNC5 MO (0.25 mM) had

72

the same total concentration of MO (0. 5 mM), but half as much MO affecting each individual
receptor.

Immunohistochemistry
Stage 45 tadpoles were euthanized with tricaine methanesulfonate and fixed in 4%
paraformaldehyde in phosphate buffer (PB), pH 7.5, for 1 hour. For coronal sections, tadpoles
were cryoprotected in 30% sucrose overnight, embedded in OCT compound (Sakura Finetek,
USA), and 40 m cryostat sections were obtained. Coronal sections at the level of the optic
tectum were incubated with the following primary antibodies; mouse monoclonal antibody
against the extracellular domain of human DCC (1:100 dilution; anti-DCC, Genetex Clone AF5,
Irvine, CA), rabbit polyclonal anti-mouse UNC-5H3 antibody (1:10,000 dilution; generous gift
of Dr. Antony Pawson), chick anti-netrin antibody (1:3500; Novus Biologicals, Littleton, CO).
Primary antibodies were visualized using a goat anti-mouse, goat anti-chick, or goat anti-rabbit,
Alexa 488 and 568 secondary antibodies (1:500 dilution; Life Technologies, Grand Island, NY).
The specificity of the antibodies to recognize Xenopus UNC-5 and DCC was tested by Western
blot analysis: a band of ∼180 kDa was detected by the anti-DCC antibodies in stage 45 tectum,
and a band of ~145 kDa was detected by the anti-UNC5H3 antibody in stage 45 tectum,
consistent with the predicted molecular weight of Xenopus DCC and UNC5, respectively (not
shown).

Single cell electroporation, receptor down-regulation and in vivo imaging
Single cell electroporation (SCE) was used to introduce antisense morpholino oligonucleotides
(MO)s: standard Control tagged with lissamine, DCC tagged with lissamine or UNC5 tagged
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with flourescien (0.5 mM), and fluorescently labeled dextran (1.5 mM, 3000 MW Alexa Fluor
488, Life Technologies) to visualize single tectal neurons in stage 41 tadpoles similar to methods
used by Chen et al, 2010 [112]. MO tagged with fluorescein has been used previously in studies
examining down-regulation with AlexaFluor 488 [113]. SCE was performed at the same time of
day for all experiments and the group order for treatment was determined randomly. Tadpoles
were reared at room temperature until approximately stage 45, 24 hours after MO and
fluorescent labeled dextran introduction. Neurons were screened for the presence of lissamine
labeled cell bodies. Confocal stacks of co-labeled neurons were acquired at 24, 48, and 72 hours
after MO electroporation using a Zeiss LSM 780 2-photon confocal microscope with a ×63/0.95
water immersion objective. Optical sections were collected at 1.0 μm intervals. This work was
made possible, in part, through access to the confocal facility of the Optical Biology Shared
Resource of the Cancer Center Support Grant (CA-62203) at the University of California, Irvine.
A total of 20-31 tectal neurons were analyzed per condition (Control MO n = 25, DCC MO n =
25, UNC5 MO n = 31, UNC5/DCC MO n = 20) unless otherwise noted in the text. On occasion,
single cell electroporation yielded more than one neuron suitable for imaging at 24 hours after
MO introduction. In these instances both neurons were followed for analysis (Total number of
pairs: Control MO n = 3, DCC MO n = 3, UNC5 MO n = 4, UNC5/DCC MO n = 2).

Data Analysis
Digital three-dimensional reconstructions of fluorescent-dextran labeled tectal neurons were
analyzed blind to treatment [11, 93] with the aid of the MetaMorph software (Molecular Devices,
Sunnyvale, CA) without any post-acquisition manipulation or thresholding. Processes of more
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than 5 µm in length were considered branches. Processes less than 5 µm in length were
considered filopodia.
The directionality of dendritic growth (arbor vector angle) was calculated using twodimensional digital arbor reconstructions which were analyzed by a custom-written Matlab
program (MathWorks, Natick, MA) generously donated by Dr. Brian Marion. For each
projection, the point where the primary dendrite emerges from the cell body was designated as
the origin (0, 0) and the first primary dendrite bifurcation was used to denote the x-axis. The
directionality vector was determined for each arbor by summation of X and Y coordinates of all
branch tips calculated by the Matlab program. Branches in quadrants along the positive x-axis
would project toward the tectal neuropil and branches in quadrants along the negative x-axis
would project away from the tectal neuropil. Branch tips in positive quadrants have positive
vectors whether they have positive or negative y-value, so that an arbor with an equal number of
branch tips distributed along the x-axis would have a positive angle. In contrast, branches in
quadrants with negative x coordinates would have obtuse angles ranging from 90 to 270 degrees,
indicating their projection away from the tectal neuropil. Higher net angles indicate that neurons
either occupy a greater territory, have branch tips with obtuse angles, and/or have branch tips
that project away from the tectal neuropil. The directionality vector angle was determined in
relation to the X axis for each neuron 24, 48, and 72 hours after treatment.
Overlay images were aligned by centering the cell body and primary dendrite egress on
the first concentric Scholl ring and then overlapping the primary dendrite on a line marking the
x-axis (gray line, Figure 3.6). The average number of total branch tips was obtained by counting
both filopodia and branches. Filopodia counts were further subdivided into proximal filopodia on
the primary dendrite and cell body and distal filopodia on the dendritic arbor excluding those on
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primary dendrites and cell bodies. Two-way ANOVA with Bonferroni Multiple Comparison or
student’s t-test were used for the statistical analysis of quantifiable data (Branch number, length,
length/ branch, arbor angle, total branch tips, and filopodia) obtained at multiple imaging timepoints (24, 48, 72 hours). Results were considered significant in comparison to control as
follows: * p ≤ 0.05, ** p ≤ 0.005, *** p ≤ 0.001, unless otherwise indicated on the graph with
bars marking additional significant comparisons.
All observations of neuron phenotypes (basal ectopic branches, lamellipodia-like
membrane protrusions, abnormal axon projections, irregular cell body shape, cell division, cell
death, simple morphology, or the phase of neurons) were recorded blind to treatment. Each
neuron was evaluated and represented only once in statistical analyses if it demonstrated a
phenotype at any imaging time during the 72 hour interval. The phase of each neuron was
determined using the average total number of branches which corresponds to distinct phases of
neuron growth described in Wu et al., 1999 [81]. Neurons were characterized as being phase I if
they had less than 10 branches, phase II if they had between 10-25 branches, and phase III if they
had more than 25 branches. Neurons that exhibited different phases at each time point are
represented once in the analysis for each distinct phase. Neurons that remained in the same phase
for multiple time points were represented only once for that phase. Chi-square or Fisher’s Exact
test for the statistical analysis of data for all phenotypic comparisons. Results were considered
significant in comparison to control as follows: * p ≤ 0.05, ** p ≤ 0.005, *** p ≤ 0.001.
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Results

DCC and UNC5 morphant tectal neurons have altered morphology and growth
Previous work in our lab has demonstrated that altering levels of netrin-1 available for signaling
or using functional blocking anti-bodies to DCC in the optic tectum induces a rapid remodeling
of tectal neuron dendritic arbors in Xenopus [33]. DCC and UNC5 receptors are expressed by
tectal cells during the stage when dendritic arbors can be influenced by alterations in exogenous
netrin-1 levels. However, whether these receptors are responsible for mediating these effects or
whether manipulations of netrin-1 levels affect dendrites independently of the effects of
treatment on their partnering axons is not known. In order to determine the cell autonomous role
of DCC and UNC5 receptors, we used anti-sense morpholino oligonucleotides (MO) to down
regulate receptor expression in individual tectal neurons in the intact, living tadpole (Figure 3.1).
MO treatment designed to block translation of DCC or UNC5 resulted in a variety of aberrant
phenotypes that were either infrequently observed or not observed in tectal neurons treated with
control MO (Figure 3.1A). Moreover, groups with MO targeting the netrin receptors UNC5 and
DCC were uniquely observed to form lamellipodia-like membrane processes (double arrows,
Figure 3.1B) and also had an increased formation of basal ectopic projections (single arrows,
Figure 3.1B, C, D). Additionally neurons with netrin receptor down-regulation generally had
more filopodia or basal branches on their cell bodies or primary dendrites than controls (Figure
3.1), all phenotypes that suggest translation blocking MOs were effective at down-regulating
netrin receptor expression.
Whereas control neurons appeared to be more mature and elaborate 48 hours after
treatment (Figure 3.2A), neurons with netrin receptor down-regulation appeared simpler and
more similar to examples at 24 hours (Figure 3.1) than to their control counterparts. Treatment
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with DCC, UNC5, or UNC5/DCC MO also appeared to alter basic neuron morphology as many
neurons were observed to have enlarged or irregularly shaped cell bodies (See Figure 3.2C and
3.1B for an example). DCC and UNC5 morphant neurons that were imaged at 24, 48, and 72
hours after treatment (Figure 3.3) also exhibited altered morphology relative to control MO
treated neurons (Figure 3.3A), although we observed milder phenotypes in neurons that were
alive at 72 hours. Cell survival at 72 hours was only affected by DCC, UNC5, or UNC5/DCC
MO treatment, however treated neurons that already had mature arbors at the 24 hour imaging
interval were as likely to survive as control MO treated neurons. Neurons that were mature at
early time-points and showed more moderate responses to MO treatment were more likely to
have had basal ectopic projections or irregular cell body shape (Figure 3.3B, C, D), suggesting
that were still affected by MO treatment capable of netrin receptor down-regulation. Most
noticeably, neurons treated with UNC5/DCC MO were observed to have considerably simpler
dendritic arbors by 72 hours (Figure 3.3D), a finding that implicates both receptors in normal
dendritic arbor maturation.
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Figure 3.1. DCC and UNC5 receptor morphant neurons have altered morphology 24 hours
after treatment. Confocal projections of representative tectal neurons in tadpoles visualized
with 2-photon microscopy 24 hours after single cell electroporation with lissamine-tagged
antisense morpholino oligonucleotides (MO) and fluorescently labeled dextran (3000 MW Alexa
Fluor 488, Life Technologies) for visualization. Single neurons in tadpoles were simultaneously
labeled and treated with translation blocking MO of either a standard Control sequence (A), or
MOs designed to cell autonomously down-regulate receptor production for either DCC (B),
UNC5 (C) or both UNC5 and DCC (D). Neurons treated with Control MO (A) have normal
dendritic arbor morphology and axon projection 24 hours after treatment, whereas neurons with
DCC MO (B), UNC5 MO (C), or UNC5/DCC MO (D) transfection appear to have a simpler
dendritic morphology, basal ectopic projections or alternative primary branches (white arrows),
and lamellipodia-like membrane protrusions (double arrows) 24 hours after treatment downregulating receptor expression. Scale bars: 10 μm.
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Figure 3.2. Down regulation of DCC and UNC5 receptors alters tectal neuron morphology
and dendritic arbor branch number by 48 hours. Confocal projections of representative tectal
neurons in tadpoles visualized with 2-photon microscopy 48 hours after single cell
electroporation with lissamine-tagged antisense morpholino oligonucleotides (MO) and
fluorescently labeled dextran to label cell bodies and projections. Single neurons in tadpoles
were simultaneously labeled and transfected with a standard Control MO (A), DCC MO (B),
UNC5 MO(C) or both UNC5 and DCC MO (D). Neurons with Control MO (A) have normal
dendritic arbor morphologies and axon projections whereas neurons administered DCC MO (B),
UNC5 MO (C), or UNC5/DCC MO (D) appear simpler, have basal ectopic projections or
alternative primary branches (white arrows), and lamellipodia-like membrane protrusions
(double arrows) 48 hours after treatment. Note that knock-down of both UNC5 and DCC (D)
significantly reduces branch number. Scale bars: 10 μm.
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Figure 3.3. DCC and UNC5 MO transfection alters tectal neuron morphology and
dendritic arbor branching over 72 hours. Confocal stacks of individual neurons treated with
either Control MO (A), DCC MO (B), UNC5 MO(C) or both UNC5 and DCC MO (D) were
reconstructed with Metamorph to create three dimensional wireframes from neurons imaged at
24, 48, and 72 hours after single cell electroporation (see methods). A representative neuron
treated with Control MO (A) shows three phases of growth over the 72 hour imaging interval. At
24 hours, it exhibits phase I morphology, by 48 hours transitions to phase II, and at 72 hours
exhibits a mature arbor in phase III growth. Because UNC5 and DCC morphant neurons in phase
I/II growth, with less than 15 branches by 48 hours, were significantly less likely to survive to 72
hours, morphologically complex sample neurons treated with DCC MO (B) or UNC5 MO (C)
are shown here. UNC5 and DCC MO treatment resulted in the formation of ectopic basal
projections (arrows) in phase III neurons. Neurons treated with both UNC5 and DCC MO (D)
were simpler and never reached phase III growth. Scale bars: 10 μm.
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Reduced branching and non-polarized growth occur with UNC5 and DCC knock-down
To examine whether the dendritic arbors of UNC5 and/or DCC morphant neurons differed from
those of control neurons, we performed quantitative analyses examining the total number of
branches, total dendritic arbor length, the average length per branch, and the net angle of the
dendritic arbor as a measure of arbor directionality (Figure 3.4). Neurons treated with both
UNC5 and DCC MO showed differences in average branch number at both 48 and 72 hours (At
48 hours: Control MO 18.47 ± 2.02 vs. UNC5/DCC MO 9.80 ± 2.04, p < 0.05; DCC MO 15.06
± 2.60; UNC5 MO 12.69 ± 1.72; At 72 hours: Control MO 20.81 ± 2.84; DCC MO 21.60 ± 4.14;
UNC5 MO 12.75 ± 1.50, p < 0.05 vs, Control MO; UNC5/DCC MO 9.38 ± 1.57, p < 0.01 vs.
Control MO; Two-way ANOVA with Bonferroni Multiple Comparison Test, Figure 3.4A). The
fact that UNC5 MO alone did not cause a significant difference in total branch number by 48
hours, when the combination of down-regulating both receptors did, suggests the possibility that
DCC and UNC5 receptors work synergistically to establish normal dendritic arbors. Knockdown of netrin receptors with UNC5 MO or UNC5/DCC MO both reduced total arbor length by
72 hours, an effect not seen with DCC MO treatment alone (Control MO 599.65 ± 103.93; DCC
MO 711.07 ± 157.05; UNC5 MO 267.83 ± 45.68, p < 0.01 vs. Control MO; UNC5/DCC MO
302.33 ± 58.70, p < 0.05; Two-way ANOVA with Bonferroni Multiple Comparison Test and
Student’s t-test, Figure 3.4B), suggesting that UNC5 is essential for normal dendritic arbor
length. The average length per branch was not statistically different between any groups at any
time point (Two-way ANOVA with Bonferroni Multiple Comparison Test and Student’s t-test,
Figure 3.4C). These results suggest that UNC5 plays a predominant role in regulating dendrite
branching and length in tectal neuron arbors, and entertains the possibility that UNC5
synergistically collaborates with DCC to regulate arbor growth.
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We examined the directionality of dendritic arbors by summing the vectors of individual
branch tips in a neuron’s dendritic arbor and then calculating a net vector angle for each neuron
to determine whether DCC and/or UNC5 receptor knock-down influences arbor directionality
(Figure 3.4D). UNC5 and UNC5/DCC MO treated groups both had an increase in the net angle
of dendritic arbors relative to Control MO treated groups at 24 hours (Control MO 27.85 ± 6.61;
DCC MO 50.11 ± 10.39; UNC5 MO 54.85 ± 10.38, p < 0.01; UNC5/DCC MO 68.26 ± 15.04, p
< 0.001; Two-way ANOVA with Mann Whitney test, Figure 3.4D), and UNC5 and DCC MO
treatment separately also increased the net arbor angle at 48 hours (Control MO 29.54 ± 8.21;
DCC MO 42.30 ± 5.06, p < 0.05; UNC5 MO 53.65 ± 8.07, p < 0.01; UNC5/DCC MO 44.27 ±
8.51; Two-way ANOVA with Mann Whitney test Figure 3.4D). This analysis revealed larger net
arbor angles for DCC, UNC5, or UNC5/DCC morphant neurons, indicating that these neurons
occupy wider territories, have branch tips with obtuse angles, and/or have branch tips projecting
to quadrants that are in the opposite direction of the tectal neuropil (see methods; for examples of
obtuse angles and branches in atypical quadrants, see Figure 3.5). The observation that changes
in arbor directionality occur at 48 hours only for neurons treated with UNC5 or DCC MO
separately, suggests that both receptors play a role in regulating arbor directionality.
Closer examination of tracings of Control, DCC, UNC5, or UNC5/DCC MO treated
neurons (n = 7 each, randomly selected) revealed arbor changes that resulted from netrin receptor
down-regulation which contributed to a difference in net arbor directionality (Figure 3.5).
Wireframes were aligned by centering the cell body and primary dendrite egress on the first
concentric Scholl ring and then overlapping the primary dendrite on a line marking the x-axis
(gray line, Figure 3.6). Dendrites from neurons treated with control MO occupy similar
territories at each time point (Figure 3.5A). In contrast, neurons treated with DCC, UNC5, or
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UNC5/DCC MO occupy wider territories that cover farther concentric circles that reflect the
difference observed in net arbor angle (Figures 3.4D and 3.5B, C, D). Additionally, many
examples of wireframes from DCC, UNC5, or UNC5/DCC MO treated neurons reveal other
morphological changes, such as the formation of basal ectopic projections (Figure 3.5B, C, D;
red arrows), which alter arbor directionality, and irregular cell body shapes (Figure 3.5, black
arrows). The unusual presence of filopodia on cell bodies and primary dendrites was also
observed, suggesting that these netrin receptors may play a role in preventing non-polarized
growth during normal neuron maturation.
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Figure 3.4. Netrin receptor down-regulation affects dendritic arbor elaboration and
directionality. Quantification of the average total dendritic arbor branches (A), average dendrite
arbor length (B), the average length per dendritic branch (C), and the net dendritic arbor vector
angle (D) in tectal neurons 24, 48, and 72 hours after Control MO, DCC MO, UNC5 MO, and
UNC5/DCC MO treatment. Note that treatment with a combination of UNC5 and DCC MO
(UNC5/DCC MO) induces changes in total branch number at 48 and 72 hours (A) and changes
in total arbor length at 72 hours (B). Neurons treated with UNC5 MO alone affect total branch
number and length 72 hours post treatment. No differences in the average length per branch were
observed between control and treated groups (C). The average arbor vector angle for UNC5 MO
and UNC5/DCC MO significantly differed from controls at 24 hours post treatment, and DCC or
UNC5 MO separately increased the net arbor angle at 48 hours post treatment. The combination
of receptor down-regulation did not significantly alter angle at 48 hours (D). Two-way ANOVA
with Bonferroni Multiple Comparison Test; *p < 0.05, **p < 0.01, ***p < 0.001. Error bars
indicate SEM.

85

Figure 3.5. Overlays of sample neurons with netrin receptor down-regulation reveal
abnormal morphology and directional growth. Confocal stacks of individual Control, DCC,
UNC5, or UNC5/DCC MO treated neurons in tadpoles were reconstructed with Metamorph
creating three dimensional wireframes of each stack. Wireframes of a random subset of neurons
(n = 7) were color coded based on treatment, overlapped and aligned over Scholl concentric
circles with the primary dendrite placed at a 0o angle (X-axis; gray line). (A) Neurons treated
with control MO rarely exhibit abnormal morphology, whereas wireframes from neurons treated
with DCC MO (B), UNC5 MO (C), or UNC5/DCC MO (D) reveal a broader territory of growth,
the extension of ectopic basal branches (red arrows), or abnormal cell body morphology (black
arrows) at 24, 48, and 72 hours after MO transfection. Scale bars: 10 μm.
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Altered UNC5 and DCC receptor function impacts filopodia extension
To differentiate between the effects of DCC and UNC5 receptor knock-down on tectal neurons,
we quantified the total number of branch tips, total number of filopodia, and the proportion of
filopodia among branches (Figure 3.6). Quantification of the total number of branch tips in tectal
neuron dendritic arbors reveals a significant decrease in branch tips in UNC5 MO transfected
neurons when compared to the controls at 48 and 72 hours post-treatment (Total Branch tips at
48 hours: Control MO 49.65 ± 10.46; DCC MO 37.00 ± 8.60; UNC5 MO 32.88 ± 6.61, p < 0.05
vs. Control MO; UNC5/DCC MO 27.10 ± 9.12; Total Branch tips at 72 hours: Control MO
48.56 ± 10.83; DCC MO 66.20 ± 12.77, p < 0.05 vs. UNC5 MO, p < 0.05 vs. UNC5/DCC MO;
UNC5 MO 21.33 ± 3.92, p < 0.01 vs. Control MO; UNC5/DCC MO 24.00 ± 10.33; Two-way
ANOVA with Student’s t-test, Figure 3.6A). The differences between UNC5 MO and Control
MO or DCC MO persisted when branches over 10 µm were excluded. This effect is mainly due
to UNC5 decreasing filopodia since the number of total filopodia at 48 and 72 hours posttreatment closely mirrors the effects of UNC5 MO treatment on total branch tips (Total Filopodia
at 48 hours: Control MO 31.18 ± 9.01; DCC MO 21.94 ± 6.80; UNC5 MO 20.19 ± 5.47, p <
0.05 vs. Control MO; UNC5/DCC MO 17.30 ± 7.93; Total Filopodia at 72 hours: Control MO
27.50 ± 9.05; DCC MO 44.60 ± 9.40; UNC5 MO 8.58 ± 2.98, p < 0.001 vs. Control MO;
UNC5/DCC MO 14.25 ± 7.52; Two-way ANOVA with Student’s t-test, Figure 3.6B). In
contrast, reduction of DCC expression with DCC MO appeared to have an opposite effect,
significantly increasing the number of both branch tips and filopodia on dendritic arbors at 72
hours when compared to neurons in UNC5 MO and UNC5/ DCC MO treated groups (For
Filopodia: DCC MO 44.60 ± 9.40, p < 0.05 vs. UNC5 MO, p < 0.01 vs. UNC5/DCC MO; UNC5
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MO 8.58 ± 2.98; UNC5/DCC MO 14.25 ± 7.52; Two-way ANOVA with Bonferroni Multiple
Comparison, Figure 3.6A, B).
When we excluded filopodia that grew on cell bodies and primary dendrites and only
quantified the filopodia on the distal dendritic arbor, our analysis also showed that UNC5 MO
treated neurons had significantly fewer filopodia than all other groups when compared to
controls (Two-way ANOVA with Student’s t-test, Figure 3.6D), similar to its effects on total
branches. Perhaps most noteworthy, this indicates that the number of proximal filopodia near the
cell body and on the primary dendrite were increased 24 hours after UNC5, DCC, or
UNC5/DCC MO knock-down (Control MO 0.60 ± 0.29; DCC MO 2.37 ± 0.65; UNC5 MO 3.27
± 1.04; UNC5/DCC MO 4.40 ± 1.46; all vs. Control MO, Two-way ANOVA with Bonferroni
Multiple Comparison, Figure 3.6C). Proximal filopodia on cell bodies and primary dendrites are
rare in control treated neurons, so we defined them as atypical filopodia (For examples, see
Figures 3.1 and 3.2B, C, D; and 3.5B, C, D). Even though these filopodia were the minority
contributor to the total of filopodia in a dendritic arbor, the prevention of their formation when
DCC and UNC5 receptor signaling are intact provides insight for these receptors to have a
potential regulatory role reducing non-polarized growth.
Neurons with DCC, UNC5, or UNC5/DCC knock down were significantly more likely to
grow projections from their cell bodies that extended in oblique angles or in a direction opposite
to the tectal neuropil where dendrites branch with RGC axons. The incidence of these ectopic
basal projections was significantly more likely to occur for netrin receptor morphants than
controls (Control MO 28.0%; DCC MO 68.0%, p = 0.0101 vs. Control; UNC5 MO 74.2%, p =
0.001 vs. Control; UNC5/DCC MO 75.0%, p = 0.0027 vs. Control; Chi –square and Fisher’s
Exact tests; Figure 3.7A). Additionally neurons from DCC, UNC5, and UNC5/DCC MO treated
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groups all had a phenotype not observed in controls, the emergence of lamellipodia-like
membrane protrusions adjacent to the cell body and primary dendrite (for example, see Figure
3.1B). These were significantly more likely to occur in any group treated with MO to down
regulate netrin receptor expression (Control MO 0.0%; DCC MO 44.0%, p = 0.0002 vs. Control;
UNC5 MO 48.4%, p = 0.0001 vs. Control; UNC5/DCC MO 40.0%, p = 0.0006 vs. Control; Chi
–square and Fisher’s Exact tests; Figure 3.7B). The incidence of atypical projections in DCC and
UNC5 morphant neurons further supports the hypothesis that cell-autonomous netrin receptor
down-regulation induces non-polarized growth in tectal neurons.
The fact that down-regulation of these receptors causes neurons to respond with the
growth of atypical proximal filopodia, lamellipodia-like membrane protrusions, and even basal
ectopic projections strongly suggests that normal DCC and UNC5 receptor function involves
preventing growth and the formation of branches on the cell body and primary dendrite while
balancing the number of filopodia produced on the distal branches of the dendritic arbor where
most growth normally occurs. Furthermore, it is possible that normal DCC function acts to
prevent excessive branch tip formation while UNC5 promotes adequate branch tip and filopodia
formation to balance growth for normal development.
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Figure 3.6. Atypical filopodia and altered dendritic filopodia extension induced by Netrin
receptor down-regulation. Quantification of the average number of branch tips (A) which
includes filopodia and branches (see methods), average number of filopodia (B), the average
number of filopodia on the cell body and primary dendrite (C), and the average number of
filopodia in the distal dendritic arbor (D) in tectal neurons 24, 48, and 72 hours after Control
MO, DCC MO, UNC5 MO, and UNC5/DCC MO treatment. UNC5 down regulation causes a
decrease in average total branch tips (A) and average number of filopodia (B), whereas treatment
with DCC MO resulted in only a trend to increase branch tips and filopodia at 72 hours. The
means for branch tips and filopodia of neurons with DCC MO treatment were significantly
greater than those with UNC5 MO treatment (A, B). Neurons treated with netrin receptor downregulation had increased numbers of filopodia on their cell body and primary dendrite when
compared to neurons treated with control MO (C). However, the majority of filopodia for all
groups are located in the distal dendritic arbor rather than on the primary dendrite and cell body
(D). Note that the averages for total filopodia (B) and distal filopodia (D) are very similar for all
groups. Neurons treated with UNC5 MO exhibit significantly fewer distal filopodia than
neurons treated with Control MO (D). Two-way ANOVA with Bonferroni Multiple Comparison
Test; *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SEM.
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Figure 3.7. Down-regulation of DCC and UNC5 receptors induces the formation of ectopic
basal projections and lamellipodia-like membrane protrusions. Quantification of the
percentage of neurons which at any time point after treatment developed ectopic basal
projections (A) or lamellipodia-like membrane protrusions (B). (A) Neurons in UNC5, DCC, or
UNC5/DCC MO developed ectopic basal projections at a significantly greater incidence than
neurons treated with Control MO during the 72 hour imaging interval (for examples, see Figures
3.1, 3.2, and 3.6). (B) The formation of lamellipodia-like membrane protrusions on the primary
dendrite and cell bodies of DCC, UNC5, and UNC5/DCC MO treated neurons, a phenotype
unique to neurons with netrin receptor down-regulation (for examples, see Figures 3.1, 3.2), also
significantly differed from control-treated neurons over 72 hours. Chi –square and Fisher’s Exact
tests; *p < 0.05, **p < 0.01, ***p < 0.001.
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Down-regulation of DCC and UNC5 receptors causes altered neuron morphology
Blind analysis examining different neuron phenotypes after MO treatment also revealed that a
statistically greater likelihood for neurons treated with both UNC5 and DCC MO to have axons
with abnormal projections when compared to the control group (Control MO 4.0%; DCC MO
8.0%; UNC5 MO 14.4%; UNC5/DCC MO 35.0%, p = 0.0146 vs. Control; Chi –square and
Fisher’s Exact tests; Figure 3.8A). Axons in the UNC5/DCC MO group were observed to
meander toward their correct targets, making loops before projecting in the direction of their
targets, whereas control axons tended to take a more direct path toward their targets by exiting
the imaging window without turning or looping back towards the neuron. In addition to atypical
axon projection, neurons in any group with netrin receptor down-regulation: DCC, UNC5, or
UNC5/DCC MO had a significantly greater likelihood of having cell bodies with an irregular
shape (Control MO 28.0%; DCC MO 64.0%, p = 0.0222 vs. Control; UNC5 MO 61.3%, p =
0.0168 vs. Control; UNC5/DCC MO 65.0%, p = 0.0177 vs. Control; Chi –square and Fisher’s
Exact tests; Figure 3.8B) when compared to the typical tear-drop shape associated with control
MO treated neurons and control tectal neurons from other studies [33, 114]. These observations
support the idea that DCC and UNC5 directly regulate aspects of tectal neuron development and
also indicate that they may play a role beyond influencing dendritogenesis.
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Figure 3.8. Atypical axon projections and irregular cell body morphology occur after
netrin receptor down-regulation. Quantification of the percentage of neurons which at any
time point after treatment were observed to have abnormal axon projections (A) or irregular cell
body shape (B). (A) Neurons with cell autonomous down-regulation of both UNC5 and DCC
receptors (UNC5/DCC MO) were observed to have abnormal axon projection at a significantly
greater incidence than neurons treated with Control MO during the 72 hour imaging interval. (B)
The incidence of neurons with irregular cell body shape after treatment with DCC, UNC5, or
UNC5/DCC MO (for examples, see Figures 3.1B, 3.3B, and 3.6) was significantly higher when
compared to neurons treated with Control MO. Chi –square and Fisher’s Exact tests; *p < 0.05,
**p < 0.01, ***p < 0.001.
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UNC5 receptor down regulation associated with neuron division
Analysis blind to treatment examining phenotypes also revealed neurons that underwent division
when treated with the UNC5 MO (Figure 3.9A). This was significantly more likely to occur for
UNC5 MO treated neurons than Control MO treated neurons (Cell Division: Control MO 0.0%,
DCC MO 8.0%; UNC5 MO 19.0%, p = 0.0281 vs. Control; UNC5/DCC MO 10.0%; Fisher’s
exact test). Control MO treated neurons were not observed to divide from one time-point to
another, even though it was observed for DCC MO and UNC5/DCC MO treated neurons, these
groups did not differ significantly from controls.

Simple neurons treated with DCC, UNC5, or UNC5/DCC MO have decreased survival
compared to mature neurons
Neurons treated with DCC MO, UNC5 MO, or UNC5/DCC MO were all significantly less
likely to survive when compared to control MO treated neurons (Cell Death: Control MO 0.0%,
DCC MO 32.0%, p = 0.0040 vs. Control; UNC5 MO 19.0%, p = 0.0281 vs. Control;
UNC5/DCC MO 40.0%, vs. Control, p = 0.0006; Fisher’s exact test; Figure 3.9B). To determine
whether there was any predictor for cell death, we examined initial branch number and cell
outcome. Control MO treated neurons did not differ from DCC, UNC5, or UNC5/DCC MO
treated neurons in terms of total branch number, a measure of arbor maturity, at 24 hours posttreatment (Figure 3.4). We found that neurons with fewer than the median branch number for
controls (15 branches, see methods) during the first 48 hours of imaging were significantly more
likely to die (Cell Death: Control MO 0.0%, DCC MO 40.0%, p = 0.0064 vs. Control; UNC5
MO 24.0%, p = 0.0289 vs. Control; UNC5/DCC MO 50.0%, vs. Control, p = 0.0005; Fisher’s
exact test; data not shown graphically), suggesting the possibility that down-regulation of netrin
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receptors at earlier phases of growth or maturation differentially influences tectal neurons.
Relatively mature neurons with more than 15 branches did not significantly differ from controls
in survival rates, indicating that neuron death in simpler neurons is the major contributor to
overall cell death in DCC, UNC5, and UNC5/DCC MO treated neurons.

DCC and UNC5 receptor knock-down prevents tectal neuron maturation
To determine whether altered netrin receptor signaling influences neuronal maturation, we
quantified the percentage of neurons that appeared to have a simple morphology and examined
the proportion of neurons in the three phases of growth over the 72 hour imaging interval (See
methods, Figure 3.10). Quantification revealed that neurons treated with DCC, UNC5, or
UNC5/DCC MO were significantly more likely to be morphologically simpler than Control MO
treated neurons (Simple Morphology: Control MO 6.0%, DCC MO 25.0%, p = 0.0145 vs.
Control; UNC5 MO 34.0%, p = 0.0005 vs. Control; UNC5/DCC MO 30.0%, vs. Control, p =
0.0068; Fisher’s exact test; Figure 3.10A). This suggests that DCC, UNC5, or UNC5 and DCC in
combination mediate processes associated with tectal neuron arbor maturation. To examine the
proportion of neurons in each phase, we quantified the percentage of neurons which at any time
point after treatment were categorized as Phase I, II, or III [81]. Neurons treated with DCC MO
had a greater percentage of neurons in phase I growth when compared to the control-treated
group, but this was only a trend (Fisher’s Exact test, p = 0.0571). Neurons treated with UNC5
MO or UNC5/DCC MO were both significantly more likely to have increased representation in
Phase I and decreased representation in Phase III when compared to Control MO treated groups
(Control MO: Phase I 18%, Phase II 62%, Phase III 20%, DCC MO: Phase I 40%, Phase II 38%,
Phase III 22%, p = 0.0903 vs. Control; UNC5: Phase I 47%, Phase II 47%, Phase III 6%, p =
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0.0055 vs. Control MO; UNC5/DCC MO: Phase I 43%, Phase II 57%, Phase III 0%, p = 0.0029;
Fisher’s Exact Test, Figure 3.10B). Increased rates of simple morphology (Figure 3.10A) and
differences in the preponderance of less mature Phase I neurons in DCC, UNC5, and
UNC5/DCC MO treated groups and the decrease in Phase III representation for UNC5 and
UNC5/DCC MO treated neurons (Figure 3.10B) suggest that downregulating these receptors
prevents the transition of tectal neurons to more mature phases of neuron growth.
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Figure 3.9. Netrin receptor signaling is necessary for preventing cell division and
promoting neuron survival. Quantification of the percentage of neurons which at any time
point after treatment were observed to divide (A) or die (B) reveals differences between the
effects of down-regulating different netrin receptors. (A) UNC5 MO treated neurons were
significantly more likely to be observed to undergo cell division than Control MO treated
neurons, which at no point where observed to divide into additional cells. (B) Down-regulation
of DCC and UNC5 receptor expression separately or in combination (UNC5/DCC MO) all
increased the incidence of cell death when compared to Control MO treated neurons. Chi –
square and Fisher’s Exact tests; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3.10. Down-regulation of netrin receptors influences maturation by preventing the
transition to more mature phases (A) Quantification of the percentage of neurons which at any
time point after treatment appeared to have a simple morphology during the 72 hour imaging
interval. Neurons treated with DCC, UNC5, or UNC5/DCC MO were significantly more likely
to be morphologically simpler than Control MO treated neurons. (B) Quantification of the
percentage of neurons which at any time point after treatment were categorized as Phase I, II, or
III based on total branch number (see methods). Neurons that had different phases at each time
point are represented once for each phase. A higher proportion of neurons remained in phase I in
DCC, UNC5, or UNC5/DCC MO treated neurons compared to controls (DCC MO vs. Control
MO. Fisher’s Exact test, p = 0.0571). Neurons treated with UNC5 MO or UNC5/DCC MO also
had decreased representation in Phase III when compared to Control MO treated groups. Chi–
square and Fisher’s Exact tests; *p < 0.05, **p < 0.01, ***p < 0.001.
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Self-avoidance of tectal neuron dendrites is not affected by alterations in netrin-1 levels,
DCC signaling, or down-regulation of DCC or UNC5 receptors Netrin-1 is present at the
time and place where dendritic patterning occurs [11, 18], and could play a role in self-avoidance
by signaling through UNC5, DCC or DSCAM, all of which have been implicated as a mediator
of self-avoidance in dendrites [14, 15, 66, 115]. To investigate whether tectal neuron dendrites
also undergo dendritic self-avoidance during early visual system wiring, we constructed 3-D
panoramas of dendritic arbors from confocal stacks of neurons in control treated tadpoles
individually labeled by expressing tdTomato (See methods, Chapter 2) and examined them for
incidences of dendrites crossing one another within a single neuron arbor (Figure 3.11).
Dendritic crossings were found to be extremely rare, with an average of 0.21 ± 0.11 crossings
per arbor in vehicle injected controls which averaged 15 branches per dendritic arbor (previously
reported in Methods, Chapter 2).
In order to determine whether netrin-1 played a role in tectal neuron dendritic selfavoidance, previous data collected from experiments in Chapter 2 was reanalyzed to investigate
single neurons treated with conditions that manipulate netrin-1 levels or DCC-mediated netrin-1
signaling in the tectum. Neurons labeled with TdTomato at stage 45 (using methods described in
Chapter 2) were observed before and after treatment to control, netrin-1, UNC5H2-Ig, or AntiDCC. 3-D panoramas reconstructed from confocal stacks using Metamorph (Figure 3.1) were
used to determine if a dendrite intersected with another iso-neuronal dendrite in the arbor. No
significant differences in the rates of dendritic crossings were observed between neurons in
control-treated tadpoles and tadpoles that received injections to either netrin-1, UNC5H2-Ig, or
Anti-DCC (Figure 3.11D), indicating that altering netrin levels or reducing DCC-mediated netrin
signaling does not affect dendritic self-avoidance in stage 45 tadpoles.
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To investigate the possibility of netrin receptors participating in dendritic self-avoidance,
we used single cell electroporation to investigate the cell autonomous effects of down regulating
UNC5 and DCC receptor expression in neurons using anti-sense morpholino oligonucleotides.
Confocal stacks of neurons treated with Control MO, DCC MO, UNC5 MO, and UNC5/DCC
MO in combination were analyzed in 3D to examine the incidence of dendrite crossings in the
dendritic arbor. No differences in the number of neurons with self-avoidance errors were
observed between Control MO treated neurons and neurons with netrin receptor down-regulation
(data not shown graphically; Chi-square and Fisher’s Exact tests, p > 0.05). Neurons with MO
treatment down-regulating netrin receptors were observed to have similar rates of dendritic
crossings per arbor when compared to neurons in tadpoles injected with either Anti-DCC or
netrin level altering treatments (data not shown). Taken together, these findings suggest that a
different mechanism independent of netrin-1 or DCC and UNC-5 receptors is more likely to be
the mediator for self-avoidance in tectal neuron dendritogenesis.
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Figure 3.11: Tectal neurons undergo self-avoidance in their dendritic arbors and that
pattern is not altered by treatments that alter netrin signaling. Blocking DCC signaling with
Anti-DCC, increasing netrin levels with netrin-1 or decreasing netrin-1 levels with netrin
sequestering UNC5H2-Ig does not alter dendritic self-avoidance. (A, B, C) Depiction of an
example neuron in simulated 3-D generated with Matlab. Metamorph was used to determine the
number of overlapping dendritic branches from actual 3-D reconstructions made from confocal
stacks. A 360º panorama of the neuron was created and any dendrite overlaps were recorded as
the image was rotated on its horizontal axis. (D) Quantification in absolute numbers of dendritic
arbor overlaps. Methods were identical to those used in in vivo experiments in Chapter 2. No
significant differences were observed between any of the groups. Two-way ANOVA with
Bonferroni Multiple Comparison Test; *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate
SEM. BSA, n = 14, DCC, n = 6, UNC5H2-Ig n = 19, Netrin n = 9.
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Discussion
The purpose of the present investigation is to determine whether netrin-1 directly influences
tectal neuron dendritogenesis through its receptors UNC5 and DCC. Previously we had shown
that tectal neurons respond to exogenous netrin by rapidly remodeling their dendritic arbors,
forming basal ectopic projections, altering postsynaptic specializations, and changing the
directionality of their arbors by turning established dendrites away from the neuropil [33].
However, that investigation used a manipulation that globally increased the level of netrin in the
tectal neuropil and the hemisphere where both tectal neurons and RGC axons reside, making it
difficult to discern whether the effects seen in tectal neurons are due to a direct response to netrin
or due to RGC axons indirectly influencing their partners. Despite the rapid time-course of
changes observed in neurons of tadpoles treated with manipulations increasing or decreasing
netrin signaling, and the observation that tectal cells express netrin receptors, our previous work
was unable to investigate whether dendrites were responding independently. The present study
uses 2 photon confocal microscopy to observe single neurons treated with fluorescent dextran
and morpholinos designed to downregulate DCC and UNC5 receptors. This manipulation targets
only one neuron in the intact living tadpole brain, leaving the rest of the retinotectal circuit
unaltered and allowing us to isolate what happens to the dendritic arbor when netrin receptor
expression is cell-autonomously altered. This allows us to observe the role of netrin signaling in
these neurons independent of the potential effects of their partnership with RGC axons, and
determine whether they directly respond to netrin during neuron development.
We found that the knock down of DCC and UNC5 receptors affected tectal neuron
morphology as well as the growth and directionality of tectal neuron dendritic arbors (Figures
3.1-3.4). As predicted, the phenotypes observed in neurons with reduced expression of both
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netrin receptors due to MO treatment closely mirrored those seen in neurons treated with
UNC5H2-Ig, a netrin sequestering agent that reduces the amount of netrin available for signaling
[33]. The similarities between neurons from this study treated with receptor down-regulation and
neurons from our previous study globally reducing netrin signaling strongly suggest that DCC
and UNC5 are the receptors responsible for mediating tectal neuron responses to netrin. The
ability of these receptors to coordinate together with netrin-1 [83, 85, 102] and to direct axon
guidance has long been established, which also explains why errors in axon projections were
observed in tectal neurons treated with a combination of UNC5/DCC MO (Figure 3.8). That
these receptors coordinate together during tectal neuron dendritogenesis is also possible because
netrin-1 is known to have at least two binding sites and is able to form complexes with multiple
receptors [84]. This means netrin-1 would be capable of interacting with both DCC and UNC5
receptors simultaneously to regulate dendritogenesis in a manner similar to their role in
coordinating axon development. Our observation of a stepwise decrease in total branch number
after treatment with DCC MO, UNC5 MO, and UNC5/DCC MO, which had significantly
reduced total branch numbers at 48 hours (Figure 3.4A), further supports the idea that both
receptors play a role in dendritogenesis. This finding suggests that the coordination of both
receptors is required for the formation of normal dendritic arbors and that knock-down of each
receptor has an additive effect to decrease total branch number. Additionally, the fact that
combined down-regulation of both DCC and UNC5 receptors has the greatest effect on branch
number suggests that each receptor may be able to work partially independently from one
another to regulate different aspects of dendritic growth, such that when both are removed arbors
are impacted via more than one mechanism to reduce branching.
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Although few studies have investigated the role of UNC5 in dendritogenesis using either
invertebrate or vertebrate models, our prior observation that UNC5 receptors are expressed on
tectal cells [33] necessitated investigating whether this receptor is involved in aspects of
dendritogenesis. We found that down-regulation of UNC5 with MO treatment caused the
greatest decreases in arbor length and filopodia extension, and also increased the incidence of
neuron division (Figure 3.6 and 3.9), suggesting that the UNC5 receptor plays the predominant
role in regulating these processes during normal development. These findings are supported by
work from other labs demonstrating that UNC5 can induce neurite outgrowth in a netrin-1
dependent manner in neuroblastoma cells [62], and that it can modulate post-synaptic
development in the dendrites of C. elegans [9]. The fact that UNC5 knock-down was observed to
cause the largest decrease in tectal neuron dendritic arbor length (Figure 3.4B), clearly
demonstrates that UNC5 plays a direct role regulating aspects of dendritogenesis. Although some
effects on tectal neurons were augmented with the additional knock-down of DCC (Figure 3.4A,
3.6C, 3.8B), these experiments examining UNC5 knock down alone demonstrate for the first
time in any model that cell-autonomous down-regulation of UNC5 impacts normal neuron
development in the central nervous system.
Research in other model systems has implicated DCC in netrin-1 dependent neurite
outgrowth [116], dendrite post-synaptic development [9], dendritic spine maintenance and adult
synapse plasticity [117], as well as in sorting contralateral dendrites [6], in dendritic targeting
[26, 34, 101] and growth [25]. DCC expression has been shown to localize to the tips of both
dendrite and axon filopodia and is required for changes in actin filaments that precede filopodia
remodeling [57]. This evidence supports the idea that DCC down-regulation could affect actin
dynamics to cause aberrant filopodia production or the formation of the lamellipodia-like
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protrusions uniquely observed in DCC, UNC5, and UNC5/DCC MO treated neurons (Figure 3.13.3 and 3.7). DCC knock down in morphant tectal neurons also affected dendritic arbor angle
(Figure 3.4D) and cell body shape (Figure 3.8B) in addition to the indications of non-polarized
growth mentioned above. All of these observations indicate MO targeting is capable of cellautonomous down-regulation of DCC, and suggests that DCC plays an integral role in dendritic
development.
In our previous investigation, we demonstrated that altering the level of netrin-1 signaling
in the Xenopus optic tectum has been shown to change the direction of growth in tectal neuron
dendrites [33], supporting our finding that netrin-1 receptor down-regulation affects dendritic
arbor growth and increases non-polarized growth (Figure 3.4 and 3.5). The finding that reducing
DCC or UNC5 receptor expression either separately or in combination alters directionality and
induces ectopic basal projections (Figures 3.4, 3.5, 7) is supported by studies demonstrating that
DCC plays a role in in dendritic targeting [26, 34, 101], growth [25], and the polarization of
neurons [118, 119]. In C. elegans, DCC has been shown to polarize neurons by getting them to
orient relative to a netrin gradient [118]. It is thought that DCC has the ability to regulate the
assembly and disassembly of f-actin during polarization, and that interaction with netrin causes
stabilized polarization whereby axons grow in the direction of an increasing gradient of netrin
[119]. Altered arbor directionality and the presence of atypical filopodia (Figure 3.6C) in all
groups with netrin-1 receptor down-regulation implicates these receptors in limiting nonpolarized growth during normal development and in maintaining the typical directionality of
growth during the stage when most wiring occurs in the Xenopus visual system. Decreased
branch tips and filopodia (Figure 3.6A, B, D) observed in the case of UNC5 MO treated neurons
implicate this receptor in filopodia and branch outgrowth during normal development, a role
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supported by evidence that UNC5 induces neurite outgrowth [62]. Taken together, it appears as
though both receptors regulate the polarity of normal growth, and that perhaps a balance of
action between UNC5 promoting the formation of branch tips and DCC limiting extensions
serves to create dendritic arbors with normal branch and filopodia numbers.
The observation that DCC, UNC5, and UNC5/DCC MO all had irregularly shaped cell
bodies (Figure 3.8) suggests that they play a role in regulating either normal neuron morphology.
It is also possible that these cells had disrupted cell cycle regulation, were perhaps in abnormal
preparations for division despite maturity, and/or had increased cell volume as a consequence.
Down-regulation of DCC and UNC5 receptors has been shown to be tumorigenic and promote
cell division in cancer [120, 121] and in neural precursors [61], entertaining the possibility cell
irregularities are due to abnormal cell cycle activity, an interesting idea subject to future testing.
It is important to note that singly electroporated cells were observed to divide in all groups with
netrin receptor down-regulation, a finding that was never observed in Control MO treated
neurons and that was significantly more likely to occur in UNC5 MO treated neurons (Figure
3.8). Previous work has shown that DCC is required for neural differentiation and that neuronlike phenotypes can be reversed with DCC down-regulation [122], which may explain our
observations of cell division or cell body changes. Lastly, increases in cell death were also
observed for neurons in DCC, UNC5, and UNC5/DCC MO treated groups, an unsurprising
finding considering that both UNC5 and DCC have been associated with neuronal survival and
apoptosis [58-61, 123].
Down-regulation of DCC and UNC5 impacted the ability of neurons to grow mature
dendritic arbors and enter typical phases of growth characterized by previous research (Figure
3.10) [81]. This effect was most prominent in UNC5 and UNC5/DCC MO treated groups which
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had reduced representation in Phase III or in the case of knocking down both DCC and UNC5
receptors, failed to reach Phase III growth entirely (Figure 3.10B). Both receptors appear to be
necessary for tectal neurons to reach phase III, characterized by more mature dendritic arbors,
suggesting they play an integral role during normal central neuron dendritogenesis where they
direct branching (Figure 3.4A), growth (Figure 3.4B and 3.6), and the direction of dendritic
growth (Figure 3.4D) in order to create mature dendritic arbors.
Even though these receptors appear to play an integral role in many aspects of
dendritogenesis, we failed to find evidence that they play a role mediating dendritic selfavoidance. Dendritic crossings in normal tectal neurons were found to be extremely rare, with an
average of 0.21 ± 0.11 crossings per arbor (arbors had an average of 15 branches as previously
reported in Methods, Chapter 2). This is similar to findings for the number of naturally
occurring overlaps seen in the dendrites of Drosophila sensory da neurons, where self-avoidance
is mediated by homophilic DSCAM interactions [26, 66]. The amount of overlap in tectal neuron
dendritic arbors was also found to be similar to the percentage of crossings noted in PVD
nociceptive neurons in C. elegans, where self-avoidance is thought to be mediated by netrin-1
mediated DCC and netrin-1 mediated UNC5 signaling [15]. The fact that no differences in the
number of neurons with self-avoidance errors were observed between Control MO treated
neurons and neurons with netrin receptor down-regulation: DCC MO, UNC5 MO or UNC5/DCC
MO (data not shown graphically; Chi-square and Fisher’s Exact tests, p > 0.05) suggests that that
a different mechanism independent of netrin-1 or DCC and UNC5 receptors is more likely to be
the mediator for self-avoidance in tectal neurons during development, highlighting the
importance of investigating other candidates, such as DSCAM homophilic interactions.
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An interesting finding of the current work is that there are developmental processes
which are affected when either receptor is knocked-down and developmental processes which
are only significantly impacted when both receptors are knocked-down with MO treatment. This
may be due to each MO treatment independently altering a different underlying mechanism as
well as altering a shared mechanism that involves both receptors instructing neurons during
normal development. As most of the observations involved either changes in the polarization of
growth or the extension of branches or filopodia, it may be that the UNC5 receptor plays a
critical role with DCC in regulating actin or microtubule dynamics. It is known that UNC5 can
induce neurite outgrowth in neuroblastoma cells [62], and netrin has the ability to bind multiple
receptors at once [84], which allows for the possibility that UNC5 could play a role in polarizing
dendrite growth by interacting with DCC. This would be an exciting and novel role for UNC-5
for two reasons: 1) there is sparse prior evidence for UNC5 participating in any aspect of
dendritogenesis and 2) there are few papers showing a direct link between UNC5 and actin or
microtubules. As some measures are impacted by UNC5 knock-down alone (filopodia extension
and cell division), it is also likely that UNC5 uses separate mechanisms to influence cell cycle
regulation and dendritic outgrowth during neuron development. The possibility that UNC5
regulates outgrowth is an intriguing one that remains open to future investigations since we have
little evidence for how UNC5 would mediate these effects.
Another possibility that may explain why UNC5 knock down alone influences some
processes has to do with DCC receptor function and the mechanisms by which it induces
changes in dendrites. Considering that our previous study examining alterations in global netrin
signaling gave similar phenotypes whether signaling was increased or decreased, it may be
important to consider whether down-regulating one receptor at a time increases netrin signaling
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at the other receptor if they have redundant function. This possibility is supported by a study in
which down-regulation of UNC5 induced guidance defects in axons that were actually found to
be associated with latent DCC orthologue (UNC-40) signaling [102]. Perhaps of greater
significance, this study also found that the polarity and extension of protrusions in axons were
mediated by different mechanisms. If each receptor independently regulated dendrite polarity or
extension via their own mechanisms, then this might explain why observations of the most
severe phenotypes were typically observed in neurons with down-regulation of both DCC and
UNC5 receptors. In this case, DCC could regulate branch polarity as it does in axons and
filopodia extension could be mediated independently by UNC5 via a separate mechanism.
Though the mechanisms for how UNC5 could influence either dendrite polarity or branch
extension have yet to be investigated, there is evidence in axons for two potential mechanisms
that would allow DCC to influence dendrite polarity or dendrite extension. First, DCC has been
shown to act as a transmembrane bridge that responds to netrin by altering the actin cytoskeleton
[109]. DCC has furthermore been shown to recruit f-actin effectors [109, 119], and can act as a
regulator of actin assembly and disassembly oscillations [119]. Second, DCC closely associates
with microtubules in addition to regulating actin [109, 119, 124, 125] when guiding axon
projections. One possible mechanism for how DCC is able to influence dendritic branching may
be related to its ability to regulate actin and microtubule dynamics. DCC is known to be able to
bind directly to TUBB3, a β-tubulin isoform that is highly dynamic in neurons, to regulate
microtubule dynamics in a netrin-dependent fashion [124]. These proteins colocalize in axon
growth cones [124], and have also been shown to collaborate with DSCAM in regulating axon
branching [125]. β-tubulin is present in both axons and dendrites [126], allowing for the
possibility that DCC could also associate with microtubules or actin, and their associated
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proteins to regulate dendritic guidance and polarity. Interestingly, microtubules in dendrites are
highly dynamic regardless of developmental stage and can undergo both anterograde and
retrograde polymerization [127]. Anterograde polymerization, which is the addition of
microtubules to the distal end of dendrites, becomes more common and continues to occur as
neurons mature, whereas retrograde polymerization involves changes in microtubules at the
proximal ends of dendrites [127].
If we imagine that DCC is associated with both of these processes during dendrite
development in a manner similar to its role during axon maturation, it might be able to instruct
the polarity of dendrites. DCC would be able to accomplish this by stabilizing anterograde
polymerization in tectal neuron dendritic arbors to help them grow or by remodeling actin during
dendritic branch extension. We would then predict that a lack of DCC signaling would
destabilize branches and could lead to non-polarized growth due to either alterations in actin
dynamics or increased retrograde or anterograde microtubule polymerization that causes branch
formation in any direction. This hypothesis is supported by our observations in DCC MO treated
neurons, which have a characteristic lamellipodia-like membrane formation that may be
indicative of dysregulation in actin assembly or disassembly or altered microtubule
polymerization. Interestingly, the fact that DCC is involved with both anterograde and retrograde
microtubule polymerization as well as actin assembly and disassembly may explain why
dysregulation in these processes leads to non-polarized growth in neurons with either reduced or
increased netrin signaling, as a failure to remove non-polarized growth or the induction of nonpolarized growth may appear very similar and yet could be induced specifically by either the
addition of netrin signaling or its reduction.
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Conclusions
DCC and UNC5 are both known to coordinate in axon development [83, 85, 102], and each has
been implicated before in different roles contributing to dendritogenesis: targeting [26, 34, 101],
growth [25], filopodia production [57], and post-synaptic differentiation [9, 117]; however no
studies to date have demonstrated that these receptors coordinate and directly respond to netrin
signaling to regulate dendrite development in the vertebrate central nervous system. The present
study examining the effects of netrin receptor down-regulation induced by MO transfection has
mirrored many of the findings from our previous work demonstrating that altering netrin-1 levels
in the optic tectum influenced tectal neuron dendritic arbor and post-synaptic specialization
dynamics, dendritic arbor growth and directionality, and caused the induction of basal ectopic
projections [33]. Our experiments with MO knock-down of netrin receptor expression indicate
these effects were likely due to the direct influence of netrin-1 on DCC and UNC5 receptors
present on responding tectal neurons. Here we suggest that during normal tectal neuron
development, the UNC5 receptor appears plays a critical role in regulating dendritic arbor length,
total branch tips, and preventing neuron division (Figures 3.4, 3.6, 3.9). Both DCC and UNC5
receptors seem to coordinate for the regulation of total branch number, dendritic arbor angle,
restricting non-polarized growth such as cell body filopodia, basal ectopic projection formation,
and preventing lamellipodia-like membrane protrusions in tectal neurons (Figure 3.4A, D, 3.6
and 3.7). This observation suggests that UNC5 and DCC may regulate polarity and extension
through related or independent mechanisms that influence actin and microtubule dynamics in a
fashion that has previously been reported for DCC. Down-regulation of UNC5 decreased total
branch tips whereas DCC down regulation increased total branch tips, suggesting that there may
be an interplay between these two receptors that balances the level of branch tip and filopodia
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extensions (Figure 3.6). The survival of neurons, their cell body morphology, the normal
projection of tectal neuron axons, and the ability of tectal neurons to enter mature phases of
growth also appear to be influenced by DCC and UNC5 receptor collaboration (Figure 3.8, 3.9,
and 3.10). The exact mechanisms by which these receptors influence these processes and
whether additional netrin receptors play a role remain as an interesting avenue for additional
research. Perhaps of greatest interest is the possibility that earlier receptor down-regulation could
cause more severe alterations in dendritic development, as suggested by the increased lethality in
the simplest of neurons (defined by total branch number). Taken together, these studies provide
the first evidence that tectal neuron dendrites respond directly to netrin-1 signaling through DCC
and UNC5 receptors during the developmental stage when visual system wiring events and
emergent function occur.
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CHAPTER 4
DECREASES IN NETRIN SIGNALING IMPACT VISUAL SYSTEM FUNCTION

Introduction
Netrin is an evolutionarily conserved signaling molecule that controls many aspects of
RGC axon development during the establishment of visual system circuitry [3, 11, 21, 22]. Our
most recent work, discussed in Chapter 2, has implicated netrin in another role during
development [33], where it has been shown to regulate post-synaptic neuron dendritogenesis
during the time when RGC axons partner and form synapses to create a functional retinotectal
circuit [11, 19, 33]. This study demonstrated that altering netrin-1 levels, either by increasing or
decreasing them, or blocking netrin-mediated DCC signaling had the ability to influence dendrite
morphology and the stability of post-synaptic specializations [33]. However, it was not known
whether these changes in dendritic architecture affected the function of this circuit, and in
particular, if the changes induced by these treatments altered the animals’ vision.
Fortunately, the functionality of the Xenopus visual system can be assessed with
behavioral tasks that focus on the animals’ ability to avoid approaching visual stimuli [19, 128130], making it an ideal model to correlate the effects on neuron morphology caused by
treatments altering netrin signaling with the resulting changes in visual function. In this study,
we examined the behavior of tadpoles in a visual avoidance task after treating them with
microinjections of either vehicle solution, netrin-1, UNC5H2-Ig to sequester bioavailable netrin
or Anti-DCC, a functional blocking antibody to the DCC receptor (See Methods, Chapter 2). We
found that decreasing netrin levels negatively affected the ability of tadpoles to react to an
approaching visual stimulus without affecting the total time that tadpoles spent swimming,
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suggesting that netrin a threshold level of netrin-1 signaling is necessary for normal visual
system function.
Methods
Animals
Xenopus laevis tadpoles were obtained by in vitro fertilization of oocytes from adult females
primed with human chorionic gonadotropin and raised in rearing solution [60 mM NaCl, 0.67
mM KCl, 0.34 mM Ca(NO3)2, 0.83 mM MgSO4, 10 mM HEPES, pH 7.4, and 40 mg/L
gentamycin] plus 0.001% phenylthiocarbamide to prevent melanocyte pigmentation. Tadpoles
were anesthetized during experimental manipulations with 0.05% tricane methanesulfonate
(Finquel; Argent Laboratories, Redmond, WA). Staging was performed according to Nieuwkoop
and Faber [90]. Animal procedures were approved by the Institutional Animal Care and Use
Committee of the University of California, Irvine (Animal Welfare Assurance Number A341601).

Visual Avoidance Task
Stage 45 tadpoles were placed in a 60 mm x 20 mm clear plastic petri dish, with darkened
walls, filled to a depth of 1 cm with modified rearing solution at room temperature. The dish was
placed on a CRT monitor screen and a solid, opaque box was placed over the monitor to
eliminate outside light. A camera was affixed to the opening at the top of the box for video
recording. Visual stimuli was produced by a custom-written Matlab program (MathWorks,
Natick, MA) generously donated by Dr. Carlos Aizenman, Brown University. A black circle
with radius 0.3 mm was projected in the center of a circle on a white background. This size was
found to produce optimal responses to the stimulus as shown in [19]. The circle was then
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manually directed to collide with the swimming tadpole every 30 seconds for 6 trials. The
tadpole’s responses to the circle, when the dot approached the tadpole and when the dot returned
to the dish center, were analyzed blind to treatment with frame by frame replay of recorded
responses. Tadpoles were observed to both freeze and swim away by altering their direction,
speed, or both when presented with stimuli. These responses were counted as visual reactions to
the stimuli. Failure to move away from the circle or a lack of freezing behavior prior to when the
circle encountered the tadpole was considered a failure to respond. Experiments were performed
during the 12 hour light cycle. Treatments were identical to those of in vivo imaging studies with
the exception that tadpoles were injected in the ventricle and laterally in the subpial space
overlying both tectal hemispheres. Only tadpoles that responded to at least 50% of the visual
stimuli at 0h were included in the analysis. The behavior of a total of 11-23 tadpoles was
analyzed per condition (Control n = 23 (9 vehicle treated, 14 non-immune IgG treated), Netrin n
= 11, UNC5H2-Ig n = 13, anti-DCC n = 12). Repeated Measures, Two-way ANOVA with
Bonferroni Multiple Comparison Test or One-way ANOVA with Tukey’s Multiple Comparison
tests were used for the statistical analysis of data. Results were considered significant as follows:
* p ≤ 0.05, ** p ≤ 0.005, *** p≤ 0.001.
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Results
Sequestration of endogenous netrin-1 impacts visually guided behavior
Visual avoidance to moving light stimuli in Xenopus tadpoles is correlated with the maturation of
visual responses in the optic tectum [19]. Deficits in visually guided behavior, in turn, have been
correlated with abnormal visual system wiring [131, 132]. To test whether the netrin-induced
changes in dendritic arbor morphology impact the functional organization of the retinotectal
circuit, we used visually guided behavior as a functional assay. An avoidance behavior task [19]
was adapted to probe specific visual responses of tadpoles at late stage 45 (Figure 13A, see
Methods). Tadpoles treated with netrin-1 or anti-DCC showed no changes in their ability to
respond and avoid moving stimuli four hours after treatment (Figure 13B). In contrast to netrin-1
and anti-DCC, UNC5H2-Ig treatment resulted in abnormal visual avoidance behavior (Figure
13B). Avoidance behavior of UNC5H2-Ig treated tadpoles was significantly different from the
behavior of the same tadpoles prior to treatment (0h), as well as when compared to the behavior
of tadpoles treated with either vehicle, netrin-1, or anti-DCC both at 0h and 4h (Avoidance at 0h:
Vehicle 79.1 ± 3.2%, UNC5H2-Ig 74.8 ± 4.5%; Avoidance at 4h: Vehicle 65.4 ± 2.91%,
UNC5H2-Ig 34.5 ± 7.2%; p≤0.005 Two-way repeated measures ANOVA, n = 11-23 tadpoles
per condition). The decreased ability of UNC5H2-Ig treated tadpoles to respond to the moving
stimuli was not due to alterations in their swimming capacity as the total swim time was not
different for any of the treatment groups before or four hours after treatment, whether tadpoles
were presented with a moving dot (One-way ANOVA, not shown graphically, average swim
time 57 ± 5.7 sec. out of 3 min total swim-time/trial) or a video of a group of schooling tadpoles
(data not shown). Consequently, sequestration of endogenous netrin-1 with UNC5 ectodomain
significantly influenced visually guided behavior in a rapid time scale, consistent with the
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significant dendrite remodeling effects and changes in tectal neuron morphology caused by the
same treatment.
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Figure 4.1. Sequestration of endogenous netrin-1 with UNC5 ectodomain affects swimming
behavior in a visually guided task. (A) Schematic of the visual avoidance task viewed from
above. Stage 45 tadpoles swim in the 60 mm open field (blue arrow and dotted line) while the
Matlab program projects an image on the monitor where the petri dish rests. The black line
outside the field represents the vector the 0.3 mm dot (small black circle) will travel. Every 30
seconds, the 0.3 mm dot appears in the center and is directed towards the black line to intercept
the tadpole (black arrow). The tadpole’s response to the advancing stimuli (gray circle) is video
recorded and typically results in the tadpole changing its swimming velocity and/or direction
(red arrows). (B) Reaction to the presentation of a moving visual stimulus for tadpoles before
treatment (0 hours) and 4 hours after treatment with vehicle solution (Control), Netrin-1, AntiDCC or UNC5H2-Ig is shown as the percent of trials in which tadpoles showed an avoidance
response. Tadpoles injected with UNC5H2-Ig had decreased avoidance responses to the
presentation of the stimulus 4 hours post-injection. Two-way, repeated measures ANOVA with
Bonferroni Multiple Comparison Test; *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate
SEM.
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Total swim time is not affected by treatments that alter netrin signaling
To determine whether the effects of altering netrin levels available for signaling was specific to
areas of the optic tectum adjacent to the injection site, we examined total swim time in tadpoles
injected with either vehicle solution, netrin-1, UNC5H2-Ig, or Anti-DCC (see methods Chapter
2) to determine if motor performance was also affected by tectal injections. We found no
significant differences in total swim time between tadpoles from any group (Figure 4.2). The
average swim time was 57 ± 5.7 sec. out of 3 min of total trial time. We also examined tadpoles
from earlier developmental stages in this behavioral task and found that tadpoles have decreased
performance at earlier stages compared to later stage 45 or 46 tadpoles (data not shown), similar
to findings from the Aizenman lab [19]. The fact that the behavior can only be reliably examined
with late stage 45 tadpoles suggests that visual system function is emergent during this
developmental period and supports the idea that changes to circuitry at this stage could impact
visual system function and therefore tadpole behavior in a visual avoidance task. Lastly, the fact
that swim time was unchanged from before and after treatment suggests that motor system
function and performance was intact in animals tested in the visually guided avoidance task, and
indicates that significant differences observed in the visually guided behavioral assay are most
likely due to impacts on visual system functionality.
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Figure 4.2 Total swim time is not affected by treatments that alter netrin signaling. Total
swim time was not significantly different between control and netrin, UNC5H2-Ig, or Anti-DCC
treated groups. The average swim time was 57 ± 5.7 sec. out of 3 min of total trial time. That
swim time was unchanged after treatment suggests that motor system function and performance
was intact in animals tested in the visually guided avoidance task. Two-way, repeated measures
ANOVA with Bonferroni Multiple Comparison Test; *p < 0.05, **p < 0.01, ***p < 0.001. Error
bars indicate SEM.
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Discussion
Our previous research had demonstrated that tectal neurons could undergo rapid
remodeling in their dendritic arbors and post-synaptic specializations (Chapter 2), but had not
examined whether these changes in neural wiring affect the function of visual system circuitry.
The responses of tectal neurons to acute manipulations that altered netrin levels and signaling
may reflect the interplay of the influence of netrin-1 on developing tectal neurons and on RGC
axons [11, 88]. RGC axons and tectal neurons seem to respond differently to the same
manipulations that alter netrin levels or DCC signaling, in a way that can create a potential
disconnect among pre- and postsynaptic neurons. The functional consequence of such a potential
disconnect was demonstrated by our behavioral studies. We observed that UNC5H2-Ig treatment
significantly influenced the tadpoles’ visual responses to a moving stimulus shortly after
treatment, indicating that interfering with endogenous netrin signaling impacts functional
connectivity. Studies demonstrating functional deficits to visual stimuli have mostly used chronic
manipulations that significantly disrupt synaptic transmission and retinotectal circuit formation
[19, 110], highlighting the rapid effects of altering netrin signaling. The observation that only
sequestration of endogenous netrin-1 (that had the most significant effects on the morphology of
the dendritic arbor) influenced visually guided behavior but not the acute treatment with netrin-1,
however, suggests that the rapid postsynaptic specialization remodeling that occurred with these
treatments may have served to maintain circuit connectivity by compensating for the dendrite
remodeling effects of netrin-1. This work in combination with our previous work examining the
both the effects of exogenous netrin-1 and the identification of DCC and UNC5 as the receptors
responsible for mediating these effects demonstrates a new role for netrin-1 mediated DCC and
UNC5 signaling in dendritogenesis and emergent visual system function.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
This body of work is among the first to use an in vivo, vertebrate model to identify the
potential roles for netrin-1 in influencing dendrite growth and connectivity as well as the
receptors that mediate this signaling. I have demonstrated that netrin-1 influences dendrite
growth and connectivity due to signaling mediated by two netrin-1 receptors: deleted-incolorectal cancer (DCC) and uncoordinated 5 (UNC-5). Our work has established that both DCC
and UNC5 are expressed in tectal cells during the stage of tadpole development when most
visual connections are formed and tadpoles have emergent visual function The overlapping
pattern of expression suggested the possibility that DCC and UNC5 coordinate together to guide
dendritic growth away from the ventricle where neurons are born and towards the lateral tectal
neuropil where dendrites make connections with arriving retinal ganglion cell (RGC) axons
(Chapter 2) [33]. [19, 80, 81]. This idea is supported by previous work completed in zebrafish
and rat cortical neurons showing DCC expression on the dendrites of neurons. DCC had
previously been shown to guide the dendrites of octavolateralis efferent (OLe) neurons across the
midline via a netrin dependent mechanism in a manner similar to its role in guiding axons across
the midline. However, this work is significant in that it is among the first to implicate both
UNC5 and DCC in regulating aspects of dendritogenesis because UNC5 is also expressed on
neurons that can potentially respond to netrin-1.
Netrin-1 has long been established as a cue directing various roles in axon development
[3, 11, 22], but prior to the work herein had been shown to play a limited role in directing aspects
of dendritogenesis. The first set of in vivo experiments discussed in Chapter 2 characterized the
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differential responses of tectal neurons to different treatments altering netrin-1 signaling:
increasing signaling with exogenous netrin-1, decreasing bioavailable netrin with a sequestering
ectodomain receptor UNC5H2-Ig, and reducing DCC-mediated netrin signaling with functional
blocking antibodies. We imaged individual neurons co-expressing tdTomato and PSD95-GFP
before (time 0), 2, 4 and 24 hours after netrin-1 treatment, and established that manipulating
levels of netrin-1 available for signaling or reducing DCC-mediated signaling caused a rapid
remodeling of tectal neuron dendritic arbors 2 hours after microinjections into the ventricular
space adjacent to the optic tectum [33]. These treatments affected branch dynamics, total length,
and caused post-synaptic cluster remodeling, and also affected the directionality of dendritic
growth. Directionality was affected in multiple ways: treatment changed the orientation of
established dendrites, increased non-polarized growth, and caused the formation of ectopic basal
projections which were positive for markers of post-synaptic specializations (PSD95-GFP),
suggesting that these projections might be dendrites. The rapid time-course of these effects
entertained the possibility that remodeling was a direct consequence of tectal neurons’ ability to
respond to netrin-1 directly. However, this investigation could not rule out the possibility that
these effects were mediated, at least in part, indirectly by changes in RGC axons [33]. RGC
axons have been known to respond to these treatments over a slower time-course by growing
their arbors and increasing pre-synaptic components [11], potentially allowing them to indirectly
influence tectal dendrites. This work highlighted the significance of determining whether tectal
cells can respond directly to netrin signaling through DCC and UNC5 receptors.
In order to elucidate the cell autonomous roles of DCC and UNC5, we used translation
blocking anti-sense morpholino oligonucleotides (MO) to down regulate receptor expression in
individual tectal neurons in the intact, living tadpole (Chapter 3). Similar to our findings in
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Chapter 2, we found changes in neuron morphology in cells treated with netrin-receptor downregulation. DCC and UNC5 receptors appear to regulate neuron survival, tectal neuron axon
projections, dendritic arbor branch number, cell body morphology, and overall dendrite arbor
maturation. UNC5 also seems to play a role in regulating overall dendritic growth as receptor
down-regulation affected total arbor length and reduced filopodia and branch tip formation. At
the same time, DCC down-regulation increased filopodia and branch tip formation relative to
UNC5 MO treated neurons, suggesting the possibility that a balance between UNC5 and DCC
receptor signaling is required for normal filopodia production. Perhaps the most interesting
findings from Chapter 2 to be replicated by work examining netrin receptor down-regulation was
that overall arbor directionality is also altered in tectal neurons with DCC and UNC5 downregulation. As in Chapter 2, the formation of ectopic basal projections was also observed in
neurons with altered DCC, UNC5, or both UNC5/DCC receptor expression (Chapter 3),
suggesting that directing dendrites to their appropriate target region is a role these collaborating
receptors coordinate. This work suggests that these receptors may play a broad role in regulating
dendritic guidance in the CNS, and that DCC-mediated netrin signaling mediates directionality
in many CNS neuron types and is not limited only to guiding dendrites that project across the
midline, such as those of zebrafish Ole neurons. Additionally the formation of unique
lamellipodia-like membrane protrusions in neurons with netrin-1 receptor down-regulation
suggests these receptors prevent non-polarized growth during normal tectal neuron development.
These experiments show DCC and UNC5 are essential for normal dendritic arbor growth and
maturation during the time when neural wiring events establish functional visual system
circuitry.
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Our work, combined with investigations conducted in other labs, suggests that DCC and
netrin may coordinate to both polarize dendrites and facilitate synaptogenesis.
Immunohistochemistry has revealed both that netrin is expressed on tectal neuron cell bodies
[33] and is associated with PSD95 [11], a post-synaptic specialization protein located in
synapses, suggesting that it is expressed in tectal neurons on branches where synapses are
formed. One study has found that netrin-1 is associated with both axon and dendrite branch tips
and suggests that netrin-1 with DCC initiates synapse assembly and promotes the formation of
excitatory synapses between neurons during development [57]. We have observed DCC on the
primary dendrites of tectal neurons with a mouse monoclonal antibody to extracellular DCC
[33], but resolving whether the distal ends of dendrites also have DCC expression is difficult
because axons in the neuropil strongly express DCC. Although many of the DCC positive fibers
in the neuropil appear to be axons [11], there are some DCC positive fibers that do not stain for
axon markers that could be tectal neuron dendrites. Interestingly, staining for the dendritic
marker MAP2 looks very similar to staining for extracellular DCC, where both have strong
expression in the neuropil and stain primary dendrites. Considering the observation that DCC is
expressed on primary dendrites, and the recent evidence in other vertebrate models suggesting
that DCC may localize to both axon and dendrite tips to regulate synaptogenesis, it is
conceivable that some of the DCC positive fibers in the tectal neuropil are actually dendrites and
that this receptor, which is able to regulate actin [26, 109, 119] and microtubule dynamics [124,
125] is essential for enabling dendrites to have the ability to undergo dynamic remodeling
regardless of their developmental stage [127]. Additionally, it may be that DCC instructs the
polarity of dendrites as they are established, the plasticity of dendrites during later development,
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and in the mature circuit during learning by aiding specifically in the anterograde or retrograde
polymerization of microtubules.
Our findings are among the first to suggest that the UNC5 receptor plays a critical role
partnering with DCC in regulating aspects of neuron development, possibly through partnering
with DCC to affect actin or microtubule dynamics. UNC5 induces neurite outgrowth in
neuroblastoma cells [62]. As netrin has the ability to bind multiple receptors at once [84], this
allows for the possibility that UNC5 could play a role in polarizing dendrite growth by
interacting with DCC. This would be an exciting and novel role for UNC-5 for two reasons: 1)
there is sparse evidence for UNC5 participating in any aspect of dendritogenesis and 2) there are
few papers showing a direct link between UNC5 and regulation of actin or microtubule
organization. As some measures are impacted by UNC5 knock-down alone (filopodia extension
and cell division), it is also likely that UNC5 uses separate mechanisms to influence cell cycle
regulation and dendritic outgrowth during neuron development. The possibility that UNC5
regulates outgrowth is an intriguing one that remains open to future investigations, since we have
little evidence for how UNC5 would mediate these effects. It is also important to note that a
study in axons has found that the polarity and extension of protrusions in axons are caused by
different mechanisms [102], suggesting an explanation for how both UNC5 and DCC may have
seemingly redundant but separate functions in directing neuron branching and also explaining
how a lack of both receptors would cause neurons to have the most altered development.
To determine whether changes in dendritic architecture affect the function of this circuit,
and in particular, if the changes induced by these treatments altered tadpole vision, we examined
tadpole behavior in a visual avoidance task. We found that tadpoles with reduced netrin-1
signaling due the sequestering action of UNC5H2-Ig had deficits in their ability to avoid visual
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stimuli without decreases in total swim time, a measure of motor performance. This treatment
significantly influenced visually guided behavior in a rapid time scale, consistent with the
significant dendrite remodeling effects and changes in tectal neuron morphology caused by the
same treatment. RGC axons and tectal neurons seem to respond differently to the same
manipulations that alter netrin levels or DCC signaling, in a way that can create a potential
disconnect among pre- and postsynaptic neurons that in turn would negatively impact the vision
of treated tadpoles. Treatment with UNC5H2-Ig injection (that had the most significant effects
on the morphology of the dendritic arbor) influenced visually guided behavior, however; acute
treatment with netrin-1 did not. This observation suggests that the rapid postsynaptic
specialization remodeling that occurred with exogenous netrin-1 treatment may serve to maintain
circuit connectivity by compensating for dendritic remodeling. This work in combination with
our previous work examining the both the effects of exogenous netrin-1 and the identification of
DCC and UNC5 as the receptors responsible for mediating these effects demonstrates a new role
for netrin-1 mediated DCC and UNC5 signaling in dendritogenesis and emergent visual system
function.
How does netrin-1 mediated receptor signaling regulate tectal neuron development in the
optic tectum? Netrin-1 mRNA is produced in a ventral high – dorsal low gradient along the
midline ventricle (Figure 2.1) [33]. Netrin-1 protein expression appears to be distributed across
the tectum and tectal neuropil with lower concentrations immediately adjacent to the midline and
in the lateral-most area of the tectal neuropil and with its highest concentrations in the cell body
region where tectal neurons reside and in the neuropil/cell-body boundary of the optic tectum
(Figure 2.3) [11, 33]. Previously, netrin-1 has been shown to regulate aspects of cortical
dendritogenesis after adhering to cortical neurons (by binding the DCC receptor) [57]. In a
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similar mechanism, netrin may bind to its receptors on cell bodies or projections, adhering to
tectal neurons to regulate development. The presence of netrin-1 staining around tectal cell
bodies coincides with the pattern of UNC5 and DCC expression on cell bodies (Figure 2.3 B, C,
D), supporting the idea that netrin binding could polarize cells to regulate aspects of
development. Whether netrin-1 serves to polarize tectal neurons by binding to its receptors DCC
or UNC5 on the cell body, or whether DCC can polarize dendrites by regulating actin and
microtubule dynamics to guides dendrites to the location of their axonal partners, is not yet
known. We also cannot rule out the possibility that localized netrin information in the tectal
neuropil serves to guide DCC expressing dendrites to their RGC partners. These receptors could
also guide dendritogenesis through both functions, with UNC5 (its antibody prominently stains
tectal cell bodies) polarizing tectal neurons to send their primary dendrites in the direction of the
tectal neuropil and DCC receptor expression on the primary dendrites and processes altering
actin or microtubule dynamics to polarize or guide them to their partnering RGC axons. Each of
these intriguing possibilities has yet to be investigated and remains an avenue for future research.
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