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ABSTRACT OF THE DISSERTATION

Planar Cell Polarity Pathway and Axon Guidance

in the Developing Spinal Cord

by

Jeong Deok Beth Shafer

Doctor of Philosophy in Neurobiology
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Professor Yimin Zou, Chair

The ability of the mammalian central nervous system to interpret the
environment accurately, integrate information efficiently, and generate
appropriate responses depends on the precise wiring and organization of billions
of neurons into functional networks. The establishment of neural circuits to
enable the eventual flow of sensory information requires that axons navigate
across vast (on a cellular scale) distances. For somatosensory neurons,
guidance takes place during development when axons must grow to the brain via
a series of intermediate targets, each step of which involves the detection and
response to numerous extracellular cues. Therefore, to develop a

comprehensive understanding of how neurons form appropriate connections
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requires that axonal responses to these molecular guidance cues be clearly
defined.

This dissertation presents studies of axon guidance in a model cellular
system, the somatosensory commissural neurons of the spinal cord. | have
characterized the role of Wnt-Frizzled signaling in these neurons, and found that
the non-canonical Wnt-Fzd signaling, known as the Planar Cell Polarity (PCP)
pathway, is fundamental to commissural axon guidance. Further, by analysis of
animal models of PCP dysfunction, Celsr3 null and Vangl/2 mutant mice, | show
that PCP is required for anterior guidance of commissural axons toward the
brain. Equally important, | describe the mechanism by which the PCP pathway
mediates axon growth decisions through the use of primary spinal neuron and
eukaryotic cell cultures and biochemical techniques. | present evidence to show
that modifications of PCP surface receptors, Fzd3 and Vangl2, at the cell
membrane are critical to PCP signaling and constitute a spatio-temporal
response to Wnt molecules secreted from the ventral spinal cord. Together,
these data reveal a novel role for the PCP pathway in axon guidance. It is hoped
that the results of these studies will provide a more general model for the role of

membrane receptor modifications in the establishment of neuronal circuitry.
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CHAPTER 1: INTRODUCTION

1.1 Commissural neurons as a model system

The somatosensory system functions to transmit, integrate, and process
sensory information from the body surface. The relay of information regarding
touch, pain, pressure, temperature, and muscle position/proprioception
(somatosensory modalities) requires integration of peripheral sensory information
by commissural neurons in the spinal cord, which then transmit this information
to the brain via their ascending projections. Commissural neurons of the
somatosensory system provide a model system for studying the molecular
mechanisms underlying axon guidance because they make a series of known
guidance decisions. During development, axons from these neurons are faced
with a series of distinct pathfinding choices as they initially project along the
dorso-ventral axis towards the ventral midline, then cross to the contralateral side
of the spinal cord, and eventually turn along the anterior-posterior axis to grow
anteriorly towards the brain.

Commissural-somatosensory relay neurons derive from dorsal
interneurons (dls) of the embryonic spinal cord. During mouse embryonic days
9.5-13.5, neural progenitor cells dividing in the ventricular zone (VZ) of the spinal
cord give rise to the eight known populations of dorsal spinal interneurons,
distinguished by the expression of distinct molecular markers as well as the

position at which they settle in the dorsal horn of the spinal cord. dl precursors



migrate out of the VZ toward the outer mantle (MZ), where they exit the cell cycle
and begin to differentiate into commissural neurons (Figure1.1), (Helms and

Johnson, 1998; Lee et al., 1998).

Mouse Embryo E11.5 Ventricular  Mantle
Zone Zone

Figure 1.1 Mouse embryonic spinal cord
A schematic of a mouse embryonic day (E) 11.5 embryo is shown on the left.
The cross hair shows the anterior (A), posterior (P), dorsal (D) and ventral (V)
axis in the embryo.
On the right is a schematic of a transverse section of the spinal cord, which is
also a magnified view of the black line segment on the left. This depicts the
dorsal and ventral progenitor domains of the spinal cord. The oval-circles in the
mantle zone are the molecularly-defined populations of spinal neurons. (dp,
dorsal progenitor; p, progenitor; dl, dorsal interneurons; V, ventral interneurons;
MN, motor neurons)

The progenitor domains of the embryonic spinal cord are specified early in
development by the actions of basic helix-loop-helix (bHLH) transcription factors.
These factors are regulated by TGFf signals that emanate from the roof plate
(RP) and Shh signals secreted from the floor plate (FP). In the dorsal spinal

cord, the transduction of TGFf signals (e.g. BMPs) leads to the activation of



proneural bHLH transcription factors, Pax7, Math1, Ngn1/2 and Mash1. Upon
exit from the VZ and entry in the mantle zone (MZ), dorsal interneurons down-
regulate bHLH genes and up-regulate the LIM homeodmain proteins Lhx2/9,
Lhx1/5, Islet1/2 and Lim1/2 (Augsburger et al., 1999; Ben-Arie et al., 1996;
Gowan et al., 2001; Helms and Johnson, 1998; Lee et al., 1998; Liem et al.,
1997; Ma et al.,, 1999). At this stage in development, dI1-6 cells begin to
differentiate into commissural neurons, send out axonal processes, and express
commissural-neuron specific receptors TAG-1, DCC and RIG-1 (Dodd and
Jessell, 1988; Dodd et al., 1988; Sabatier et al., 2004; Serafini et al., 1994;
Wilson et al., 2008).

Upon exit from the VZ, commissural neurons first project their axons
toward the ventral midline, then across the floor plate of the midline, and finally
turn rostrally towards the brain, as illustrated in Figure 1.1. Graded extracellular

cues instruct the commissural axon to navigate in this precise manner.
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Figure 1.2 Schematic representation of axonal trajectory of commissural
neuron

(A) Transverse section of mouse ~E10.5 (rat E12) spinal cord showing the
ventral midline trajectory of commissural axon. Dorsal-ventral gradients of
BMPs, Netrin, and Shh are shown in red, green, and blue, respectively.

(B) Transverse section of mouse ~E11.5 (rat E13) spinal cord depicting midline
crossing and anterior turning of commissural axon. Anterior-posterior Wnt
gradients in the floor plate are depicted in purple.

Early in dl neurogenesis, BMPs derived from the RP instruct precursors to
differentiate into commissural neurons, and repel away from the RP (Augsburger
et al.,, 1999; Butler and Dodd, 2003; Liem et al.,, 1997; Liem et al., 1995).
Commissural axons express TGFp family of receptors on their growth cones,
which allow them to bind BMPs and repel. Commissural cell bodies migrate and
settle in the deep dorsal horn of the spinal cord, but their axons continue to
navigate toward intermediate targets. Axons are then attracted towards the
ventral midline by floor plate (FP) derived cues, Netrin and Shh (Charron et al.,
2003; Kennedy et al., 1994; Serafini et al., 1994) (Figure 1A), cross the midline of

the spinal cord, and become responsive to Wnt derived FP cues (Figure 1B).



Wnt4 and Wnt7b are expressed by the FP in a rostro-caudal gradient and, after
midline crossing, commissural axons follow this graded attraction rostrally

towards the brain (Lyuksyutova et al., 2003; Zou, 2004).

1.2 Wnt-Fzd signaling and commissural axon guidance

Much work has been done to elucidate the mechanisms that underlie the
ability of commissural axons to integrate extracellular cues along the body axis,
and translate them into directional axon growth. It has been demonstrated that
specific ligand-receptor signaling pathways facilitate each of these axon
guidance decisions. Wnt proteins, which are known to serve as anterior-
posterior guidance cues in the spinal cord are secreted by FP cells, attract
commissural axons anteriorly toward the Wnt protein gradient. FP-derived
diffusible Wnts are thought to bind the Frizzled3 (Fzd3) receptor, which is
expressed on the commissural axon and commissural neurons that lack Fzd3
receptors have axons that become randomized and lose their anterior direction
after midline crossing (Lyuksyutova et al., 2003). While, it has been established
that Wnt-Frizzled signaling is required for anterior turning of commissural axons
after they have crossed the midline of the spinal cord, little is known about the
intracellular mechanism downstream of receptor binding.

There are four well-characterized signaling pathways downstream of Wnt-
Frizzled binding: Canonical, Protein Kinase C (PKC)/ calcium, Phosphoinositide

3-kinase/ atypical PKC, and the Planar Cell Polarity (PCP) pathway (Figure 1.2).
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Figure 1.3 Wnt-Fzd3 signaling pathways

Upon binding of the Wnt ligand to the Fzd receptor several pathways can be
activated. All pathways lead to the activation of central downstream signaling
molecule Dishevelled (Dvl). In grey are the molecules specific to each
pathway, and in blue are the morphological events that each has been
implicated in. Membranous components specific to the PCP signaling
pathway are in green.

The canonical pathway requires the Fzd co-receptor, LDL receptor-related
proteins 5 or 6 (LRP5/6), and binding of Wnts leads to the eventual activation f-
catnenin dependent transcription. Studies have shown that the canonical
pathway is not required for anterior guidance of commissural axons since LRP5/6
null mice do not show misguided commissural axons. Similarly, the involvement
of the PKC/Ca2+ pathway in commissural axon guidance has been ruled out, as

PKC inhibitors had no effect on Wnt-dependent turning of commissural axons



(Lyuksyutova et al., 2003; Wolf et al., 2008). However, the binding of Wnt4 to
Fzd3 appears to activate PI3Kinase gamma and PKCzeta-dependent signaling
cascades that direct the commissural growth cone to turn anteriorly toward the
brain (Lyuksyutova et al., 2003; Wolf et al., 2008). The work in this thesis
investigates the fourth pathway and shows a requirement for the PCP pathway in

Whnt-mediated commissural axon guidance.

1.3 Planar cell polarity pathway

Among the known signaling pathways that mediate Wnt functions, PCP
pathway is an appealing candidate for Wnt-mediated axon guidance for several
reasons. First, PCP signaling in other tissues results in a variety of
developmental events involving cell-fate decisions, morphogenesis and
organized cell movements. Second, studies have shown that the PCP pathway
is highly conserved in regulating polarized cellular morphology in a number of
processes, such as Drosophila wing hair cell polarity, directed cell movement
during vertebrate gastrulation, and polarized organization of mammalian
stereocilia of cochlear hair cells (Adler, 2002; Montcouquiol et al., 2006a; Qian et
al., 2007; Seifert and Mlodzik, 2007). Furthermore, in C. elegans, Wnts are
clearly an instructive signal during neuroblast division and activate PCP
components to control spindle orientation (Hardin and King, 2008; Langenhan et
al., 2009). However, the Wnt-PCP pathway has yet to be investigated in the

context of axon guidance during development.



Much of what we know about the PCP signaling pathway and the resulting
tissue morphogenesis derives from studies in Drosophila, where this pathway is
responsible for directing parallel alignment of wing hairs, sensory bristles and
ommatidia. Planar polarity of 700 polarized ommatidia can be seen in the fly
eye, and it is known that the PCP pathway helps to determine the balance
between R3 and R4 photoreceptor fate which later effects rotation and chirality of
the ommatidia containing the eight photoreceptors (Jenny et al., 2003). Also
during fly development, the wing epithelial cells initiate growth of a pre-hair
containing F-actin and microtubules in the distal-most part of the cell, and at
maturity planar polarity of fly wing hairs are observed pointing in a distal
direction. Similarly, the sensory hair bristles on the thorax point uniformly in the
posterior direction (Adler, 2002). However, defects in the PCP pathway lead to
disruptions in these polarized processes (Lee and Adler, 2002) and the resulting

disorganizations are termed PCP phenotypes.
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Figure 1.4 The PCP Signaling Pathway

The PCP pathway is activated by core PCP components which include a GPCR
Frizzled (Fzd), Dishevelled (Dvl), Van Gogh or Strabismus (Vang/Stbm or Vangl),
a Flamingo/starry night (Fmi/Stan or Celsr3), an ankyrin repeat protein Diego
(Dgo) and a Lim domain protein Prickle (Prkl, Pk). These pathway components
have been shown to activate Daam, RhoA and ROK, as well as Rac1, JNK and
Jun during cell remodeling processes.

The mechanism by which planar polarity is established involves the
activation of PCP signaling pathway and several conserved core components:
the seven transmembrane GPCR Frizzled (Fzd), an intracellular Frizzled-binding
protein Dishevelled (Dvl), a four-pass transmembrane protein Van Gogh or
Strabismus (Vang/Stbm or Vangl), an atypical cadherin with 7-pass
transmembrane domains Flamingo/starry night (Fmi/Stan or Celsr3), an ankyrin
repeat protein Diego (Dgo) and a Lim domain protein Prickle (Prkl, Pk) are

among the most prominent (Zallen, 2007), (Figure 1.4). In drosophila and
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xenopus model systems, PCP components have been shown to activate RhoA
and ROK to facilitate actin remodeling that is required for cell morphogenesis
(Fanto et al., 2000; Habas et al., 2001; Strutt et al., 1997; Winter et al., 2001).
Further, it is known that the PCP pathway leads to activation Jun N-terminal
kinase and Jun by phosphorylation, and the modulation of Jun signaling affects
PCP phenotypes (Boutros et al., 1998; Weber et al., 2000).

The PCP pathway has also been characterized in vertebrate convergent
extension during neurulation. Neural tube closure occurs early in development
when the neural plate bends and fuses to form a neural tube that will eventually
give rise to the brain and spinal cord. Cells undergoing convergent extension
drive this morphogenesis and PCP proteins have been shown to be involved in
tissue movement during neural tube closure (Simons and Mlodzik, 2008). In
addition, several mouse lines with altered PCP genes have neural tube defects
including Fzd3/6 null mice, JNK1/2 null mice, Vangl2 mutants, and Dvl mutants
(Sabapathy et al.,, 1999; Wang et al., 2006a; Wang et al., 2006b; Wang and

Nathans, 2007).

The studies in this thesis will show a novel role of the PCP pathway in
commissural axon guidance. Specifically, we show that this pathway is activated
during Wnt-mediated anterior turning of commissural axons toward the brain. In
chapter 2 we present studies of two genetic models of PCP dysfunction, Celsr3
null mice and Vangl2 mutant mice (Loop-tail). Our analysis revealed that

commissural neurons in these mice project along the dorso-ventral axis, but fail
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to find anterior direction along the anterior-posterior body axis, indicating a defect
in Wnt-mediated anterior turning of commissural axons in vivo. In chapter 3 we
show that the spinal cords express the core PCP components at a time and
place that is consistent with a role in commissural axon anterior-posterior
guidance. In addition, we found that expression of PCP components in
dissociated spinal neurons display enhanced growth in the presence of Wnts.
Finally, in chapter 4, we directly explore the mechanism by which the PCP
proteins mediate a Wnt-dependent response. Both Fzd3 and Vangl2 proteins
were found to be modified by phosphorylation, which had differential effects on
Wnt-mediated PCP signaling. We also describe a novel Wnt-mediated feedback
loop in which Dvl1 affects PCP signaling and Fzd3 receptor levels at the
membrane. Taken together, these data provide the first evidence that PCP
components are required for the anterior trajectory of commissural axons during
development, and provide novel insight into both the role of PCP function in axon
guidance, and the variety of functions subserved by this conserved signaling

pathway across different species and developmental timepoints.



CHAPTER 2: ANALSYSIS OF PCP MUTANTS

2.1Dorsal-ventral and anterior-posterior guidance of commissural axons
During development commissural axons make a series of known changes
in trajectory en route to the brain (Figure 2.1). They first project to the ventral
midline of the spinal cord and express the cell surface receptor protein TAG-1.
TAG-1 immuno-reactive axons are termed “pre-crossing” axons because after
crossing the midline these axons down-regulate TAG-1 and up-regulate the cell
surface glycoprotein L1 (Dodd et al.,, 1988). Immunostaining of a transverse
section of the E11.5 mouse or E13 rat spinal cord shows the stereotyped
trajectory of commissural axons along the dorsal-ventral axis of the spinal cord
(Figure 2.1B). TAG-1 and L1 positive misprojections are indicative of dorsal-
ventral commissural axon guidance defects (Matise et al., 1999). After midline
crossing commissural axons turn anteriorly toward the Wnt spinal gradient and
continue grow along the anterior-posterior axis. To visualize this event an open-
book preparation of the spinal cord was injected with Dil at E11.5 (Figure 2.1A).
This technique can used to demonstrate anterior-posterior (A-P) guidance
defects, such as previously reported in commissural axons of Fzd3 knock
embryos (Lyuksyutova et al., 2003). Dil labeling of wildtype spinal cords showed

normal axons that turn rostrally after FP crossing (Figure 2.1C).
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Figure 2.1 Methods to visualize guidance of commissural axons

(A) Schematic of the open-book assay. Spinal cords are dissected from E11.5
mouse embryos (or E13 rat embryos) and cut along the roofplate, then splayed
out flat. Lipophillic dye injected into the commissural cell bodies will diffuse along
the axon membrane and fill in the axonal projections.

(B) TAG-1 and L1 are classic markers used to visualize the dorso-ventral
trajectory of commissural axons.

(C) An example of a Dil injected mouse spinal cord, the yellow bar depicts the
location of the floor plate.

2.2 Vangl2 is required for anterior-posterior guidance of commissural
axons in vivo

Previous work showed that Fzd3 is required for proper A-P guidance of
post-crossing commissural axons (Lyuksyutova et al., 2003). Fzd3 is a known
component in multiple Wnt signaling pathways, including PCP signaling. To

address whether PCP signaling is required for A-P guidance of commissural
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axons in vivo, we analyzed mouse mutants with a specific deficiency in PCP
signaling.

A well-known PCP mutant mouse, the loop-tail mouse, has a point
mutation of the Vangl/2 gene (S464N) that renders the protein ineffective and
unstable. To confirm the loss of protein expression, we immunoblotted for Vang|2
protein in spinal lysates from wildtype, heterozygous and Lp/Lp embryos and

found that protein levels were absent in the homozygotes (Figure 2.2).

E14.5 Lp Spinal Cord Lysates
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Figure 2.2 VangI2 protein expression is diminished in the Lp mouse

On the left is a schematic showing the location of the Lp mutation in the Vangl2
protein, which renders it unstable. On the right is an immunoblot of E14.5 spinal
lysates from wildtype, heterozygous and Lp embryos and Vangl2 immuno
reactivity is absent in the Lp lysates.

However, because the loop-tail mouse displays an open neural tube (caused by
secondary convergent extension defects), and because the roof plate is an
essential source of morphogens, we examined the cell patterning and fate
markers in Lp mutants. We found no discernable defects in specification of the
neural tube at E11.5, and the spinal markers in Lp/Lp embryos were similar to

both heterozygote and wildtype embryos. A schematic of the dorsal progenitor
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domains and post-mitotic neurons in the developing spinal cord is shown in
Figure 1.1 and Figure 2.3 (left panel). Pax7, which defines the spinal dorsal
progenitor domains dp3, dp4, dp5, dp6 and part of the ventral progenitor domain
p0, appeared normal in the +/+, Lp/+, and Lp/Lp embryos. Nkx2.2
immunoreactivity for pMN and p3 domains showed no defects in embryos of all
three genotypes (Figure 2.3), and the post-mitotic dorsal interneuron (dl) markers
Lhx1/5 for dI2, dI3, dl4 were unaffected by the open neural tube. Finally, the
immunoreactivity for Iselet1 showing the dI3 and some motor neuron populations

appeared normal (Figure 2.3).
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Figure 2.3 Progenitors and neurons appear normal in the loop-tail (Lp)
embryos

At left is a schematic of a mouse transverse section depicting the neuronal
progenitor domains and neuron types in the spinal cord at E11.5. (dl, dorsal
interneurons; MN, motor neurons; dp, dorsal progenitor; p, progenitor)

Pax7 and Lhx1/5 expression is unchanged in the Lp spinal cords. Transverse
sections of E11.5 Vangl2+/+, Vanlg2+/Lp and the open neural tube Lp/Lp
embryos were immunostained with transcription factors expressed by either
spinal progenitors or neurons. Pax7 expression by the progenitor domains dp3,
dp4, dp5, dp6, pO and p3 did not change in the wildtype, heterozygous or
homozygous embryos. Similarly, Lhx1/5 expression by the post-mitotic neurons
of dl2, dl4, dI6, dI3 and MN showed no gross differences. Vangl2+/+,
Vanlg2+/Lp and the open neural tube Lp/Lp embryo spinal sections
immunostained with Nkx2.2 and Islet1 showed no gross defects in
immunoreactivity. (Red arrow, cell bodies expressing indicates transcription
factors; Yellow arrow, location of the floor plate; White bar, 100um scale)

We next examined the trajectory of commissural axons in transverse

sections using TAG-1 and L1 staining. The diagram of dorso-ventral (D-V)
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trajectory of commissural axons is shown in Figure 2.4A. We used TAG-1
immunoreactivity showed that commissural axons projected with no gross
defects from the dorsal spinal cord to the ventral midline in the +/+, Lp/+, even in
the open neural tube Lp/Lp embryos (Figure 2.4B-D). Furthermore, after
crossing the axons grew within the ventral and lateral funiculis normally, as
shown by L1 staining (Figure 2.4E-G). These results demonstrate that
commissural neurons in the developing spinal cord of the Lp mouse project
without defect in the dorso-ventral direction, but show severe anterior-posterior

guidance defects.

A

Pre.'
crossing

Post-
crossing

Figure 2.4 Dorsal-ventral commissural axonal projections in Lp litter

(A) Schematic of mouse E11.5 transverse section showing commissural axon
trajectory. (B-G) The dorso-ventral trajectory of commissural axons occurs in Lp
spinal cords. TAG-1 immunostaining of E11.5 Vangl2+/+, Vanlg2+/Lp and Lp/Lp
embryos sections showed that commissural axons in all the embryos reach the
midline (B-D). L1 immunostaining of E11.5 Vangl2+/+, Vanlg2+/Lp and Lp/Lp
embryos sections showed normal post-crossing enrichment (E-G). (White arrow,
pre-crossing commissural axons; Yellow arrow, location of the floor plate; White
arrowhead, post-crossing commissural axons; White bar, 100um scale)
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We then analyzed the post-crossing trajectory of commissural axons in the
Lp mouse by open-book Dil injection at E11.5, the time when commissural axons
are beginning their anterior turn (Figure 2.5A). Our analysis and quantification of
Dil injections in the spinal open-book prep revealed that while all commissural
axons crossed the midline, the post-crossing axons in the Lp/Lp embryos
became randomized. The heterozygous and homozygous embryos both
displayed clear anterior-posterior axon guidance defects, as compared to the
wildtype littermates, which primarily turned anteriorly at E11.5 (shown in Figure
6P and quantified in Figure 2.5F). Of the 70 Dil injection sites in 11 Lp/Lp
embryos, 94.6% (+/-SEM 2.92) of the labeled axons showed an aberrant
trajectory (Figure 2.5E). About half of these axons projected anteriorly (up) and
the other half posteriorly (down), suggesting that growth along the longitudinal
axis was intact, but up or down directionality was lost. In the 15 heterozygous
littermates analyzed, 68.2% (+/-SEM 5.14) of axons from the 96 injection sites
showed aberrance, and only 1/3 of the axons turned in the anterior direction

(Figure 2.5B and C).
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Figure 2.5 Anterior-posterior commissural axon guidance defects in the Lp
embryos

(A) Schematic of Dil injected commissural axons in the open-book prep.

(B-E) Vangl2+/Lp and Lp/Lp embryos displayed aberrant A-P guidance. In these
embryos only 31.1% and 5.41% of the Dil injection sites respectively showed
correct commissural axon A-P guidance. Red arrows indicate axons projecting
posteriorly. (F) Quantification of Dil injection sites in Vangl2+/+, Vanlg2+/Lp and
Lp/Lp embryos. 89.2% (SEM+/-3.99%) of wildtype, 31.1% (SEM+/-5.16%) of
heterozygous, and 5.14% (SEM+/-2.93%) of the Lp/Lp embryos showed correct
Dil injection sites. Scale bars represent 100um.

2.3 Celsr3 is required for anterior-posterior guidance of commissural axons
in vivo

To further demonstrate that the PCP signaling pathway is responsible for
proper anterior-posterior guidance of commissural axons, we assessed whether
the third transmembrane component of the PCP signaling pathway, Celsr3, was
required. Similar to the analysis for the loop-tail mouse, we first verified that the

Celsr3 null embryos did not have defects in cell specification or dorso-ventral
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axon guidance. There were no observable differences in the Pax7 and Nkx2.2-

positive spinal progenitor pools in the mutants, and expression of the post-mitotic

markers Lhx1/5 and Islet1 were comparable to the Celsr3 wild type (Figure 2.6).
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Figure 2.6 Progenitors and neurons are specified correctly in Celsr3 null
embryos

On the left is a schematic of the PCP membranous components and a mouse
transverse section depicting the neuronal progenitor domains and neuron types
in the spinal cord at E11.5. Pax7 expression by the progenitor domains did not
change in wildtype, heterozygous or homozygous Celsr3 embryo spinal cords at
E11.5. Lhx1/5 expression remained unaltered in the Celsr3 wildtype,
heterozygous and homozygous null embryos at E11.5. NKx2.2 and Islet1
immunoreactivity in Celsr3+/+, Celsr3+/- and Celsr3 -/- embryos were similar.

(Red arrow, cell bodies expressing indicated transcription factors; Yellow arrow,
location of the floor plate).
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TAG-1 and L1 immunoreactivity suggested normal dorso-ventral
commissural axon trajectory, and no differences were observed in the
homozygous Celsr3 null embryos as compared to the wildtype or heterozygotes
(Figure 2.7). However, Celsr3 null embryos at E11.5 showed severe defects in
anterior-posterior commissural axon guidance, while the wildtype and

heterozygous littermates remained normal.

Figure 2.7 Dorso-ventral trajectories of commissural axons are normal in
Celsr3-/- embryos

(A-C) TAG-1 immunostaining of E11.5 Celsr3+/+, Celsr3+/- and Celsr3-/-
embryos sections showed that commissural axons in all the embryos reach the
midline. (D-F) L1 immunostaining in E11.5 Celsr3+/+, Celsr3+/- and Celsr3-/-
embryo sections (White arrow, pre-crossing commissural axons; Yellow arrow,
location of the floor plate; White arrow head, post-crossing commissural axons;
Scale bar represents 100um).

Examination of open-book Dil injections in Celsr3 +/+ and Celsr3+/-
embryos at E11.5 showed that axons turned in the correct anterior orientation,
90.0% (+/-SEM 10.0%) and 94.6% (+/-SEM 2.34%) of injection sites, respectively

(Figure 2.8A). However, axons in the Celsr3-/- embryos that were randomized
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such that only 6.00% (+/-SEM 3.88%) of Dil injection sites were classified as
normal. In 50 injection sites and 7 embryos, 94% of axons displayed defects in

anterior (up)-posterior (down) direction (Figure 2.8A and B).

B Celsr3 commissural axon guidance
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Figure 2.8 Celsr3 is required for A-P guidance of commissural axons

(A) Commissural axons in Celsr3+/+ and Celsr3+/- embryos showed normal
anterior posterior guidance at E11.5, but Celsr3-/- embryos displayed
randomized axons.

(B) The axonal trajectory in the Celsr3+/+, Celsr3+/- and Celsr3 -/- embryos were
quantified, 90.0% (SEM+/-10.0%), 94.6% (SEM+/-2.34%), and 6.00% (SEM+/-
3.88%) of the injection sites respectively displayed correct anterior trajectory.

2.4 Analysis of trans-heterozygotes to determine a genetic interaction
Taken together, we have shown a requirement for Vangl2 and Celsr3 in
the anterior-posterior (A-P) guidance of commissural axons. The post-crossing
A-P randomization phenotypes were similar to those of the Fzd3 null mice, which
indicating that all three membranous components of the PCP pathway are

required for proper C axon guidance. We next sought to determine if there was a
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genetic interaction between the three PCP components, Fzd3, Vangl2 and
Celsr3. To do so, we examined the A-P trajectory of the trans-heterozygotes of
the following genotypes: Fzd3+/-Celsr3+/-, Fzd3+/-Lp/+, and Celsr3+/-Lp/+.

We first examined Fzd3 and Celsr3 trans-heterozygotes at E11.5 to
determine if loss of one allele of Fzd3 or Celsr3 would be sufficient to cause
aberrant commissural axon guidance. Our analysis of open-book Dil injections
sites revealed no abnormal A-P randomization phenotype of the Fzd3+/-Cels3+/-,

Fzd3+/- or Celsr3+/- embryos (Figure 2.9).
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Figure 2.9 Fzd3+/- Celsr3+/- trans-heterozygotes have commissrual axons
that turn anteriorly
(A) Schematic of the seven transmembrane (7TM) GPCR, Fzd3, and 7TM
atypical cadherin, Celsr3. (B) Fzd3+/-Celsr3+/+, Fzd3+/-, and Celsr3+/- embryos
showed normal anterior-posterior guidance (Yellow line; FP). (C) Quantification
of the injection sites.
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WT, Fzd3+/-Celsr3+/-, Fzd3+/- and Celsr3+/- embryos at E11.5 showed axons
that turned in the correct anterior orientation, 88.8% (SEM+/-2.1), 88.9% (SEM+/-
11.8) in 87.9% (SEM+/-3.00), and 86.0% (SEM+/-2.70) of the injection sites,
respectively.

We next examined the Lp trans-heterozygotes. Lp/+ hets already display
A-P randomization, and 2/3 of the commissural population develops aberrant
commissural axons after crossing. However, we asked if removal of either the
Fzd3 or Celsr3 allele would exacerbate this phenotype. Neither the Lp/+Fzd3+/-
nor the Lp/+Celsr3+/- displayed increased randomization after crossing and all

phenocopied their Lp/+ het littermates (Figure 2.10).
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Figure 2.10 Lp/+ trans-heterozygotes show normal A-P guidance of
commissural axons at E11.5

(A) Schematic of the four transmembrane Lp protein, 7TM-GPCR Fzd3, and
atypical cadherin Celsr3. (B) Dil injections of the transhet embryos (Yellow, FP)
(C) Quantification of the injection sites.

Examination of the embryonic trans-heterozygotic spinal cords revealed no
difference in phenotype compared to the single heterozygotes. Although Celsr3
and Fzd3, and Fzd3 and Vangl2 have been shown to physically interact, it is
possible that all three PCP components may be acting independently. At present
we cannot rule out the possibility that these PCP components control different
aspects of axonal guidance. For example, Celsr3, an atypical cadherin molecule
that has been shown to self adhere and facilitate non-autonomous interactions

between neighboring cells (Fanto and McNeill, 2004; Zallen, 2007), could
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potentially be responsible for a non-autonomous mechanism of commissural
axon guidance. In support of this model, we have consistently observed
defasiculated axons after midline crossing in our analysis of Celsr3 null embryos,

suggesting a possible role for Celsr3 in axon-axon fasciculation.

The analysis of the PCP mutant embryos demonstrated that Fzd3, Vangl2
and Celsr3 proteins are required for anterior-posterior guidance of commissural
axons. However, Celsr3 null and Lp tail embryos have axons that traverse
normally across the D-V plane of the spinal cord. It is known that Wnts are
dispensable for the D-V trajectory of commissural axons but are critical for
commissural axon anterior turning. Taken together, we can conclude the
requirement for the Wnt-mediated PCP pathway in A-P guidance of commissural
axons. The following chapters of this thesis explore the mechanistic details of

how PCP components regulate Wnt-mediated axon guidance.
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CHAPTER 3: PCP COMPONENTS IN THE SPINAL
CORD, COMMISSURAL NEURONS AND THE WNT

CONNECTION

3.1 Core PCP components are expressed in commissural neurons when
their axons are making A-P guidance decisions

To test whether the Wnt-PCP pathway is involved in anterior-posterior
guidance of commissural axons, we first analyzed the expression patterns of the
core PCP components in the developing spinal cord using in situ hybridization
(Figure 3.1). We found that all core PCP components (Figure 3.1C-J) are
expressed in commissural neurons at mouse E11.5, a time when their axons are
anteriorly turning. Celsrs1, 2 and 3 are the three vertebrate homologues of
Flamingo. Celsr1 and Celsr2 were expressed in the ventricular zone (data not
shown) whereas Celsr3 transcripts were found selectively in the post-mitotic
mantle zone of the spinal cord (Figure 3.1C) and were particularly abundant in
the areas encompassing commissural neuron cell bodies and regions expressing
the Netrin-1 receptor DCC (Figure 3.11), a marker for commissural neurons
(Keino-Masu et al., 1996). As previously reported, Frizzled3 mRNA was broadly
expressed in the spinal cord, including the mantle zone where commissural
neuron cell bodies reside (Figure 3.1D) (Lyuksyutova et al., 2003). Both Vangl1
and Vangl2 were also expressed broadly in the spinal cord (Figure 3.1E, F).

Prickle2 expression was observed in the commissural neurons as well as in the

28
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ventral spinal cord (Figure 3.1H), whereas Prickle1 was expressed primarily in
the ventrolateral regions of the spinal cord (Fig 3.1G). The Dishevelled genes
were widely expressed in the central nervous system, as previously reported

(Tissir and Goffinet, 2006).

Figure 3.1 PCP signaling components are found in the developing spinal
cord

(A-B) Schematic of the PCP pathway. The membrane components are depicted
in (A) and the intracellular components activated by pathway are in (B)

(C-H) Expression of core PCP transcripts, Celsr3, Fzd3, Vgl1, Vgl2, Prki1 and
Prk2 in the E11.5 mouse spinal section. (l) Expression of the Netrin-1 receptor
DCC at E11.5. Black arrow indicates commissural neuron cell body. (J) In situ
hybridization of Celsr3 sense control probe.

To characterize the expression patterns of the core PCP proteins in the
spinal cord, we performed immunohistochemistry on mouse E11.5 spinal
sections. Commissural axons have a pre-crossing and a post-crossing segment
(green and red segments in Figure 1A, respectively) and a short crossing

segment (yellow in Figure 1A). TAG-1 is expressed on the pre-crossing and
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crossing segments in the spinal cord (Figure 3.2C) and L1 delineates post-
crossing axons or growth cones (Figure 3.2D) (Zou et al., 2000). It has previously
been shown that many proteins involved in directing commissural axons
anteriorly after midline crossing are enriched in the post-crossing regions of the
spinal cord. Accordingly, Celsr3 is broadly expressed in the spinal cord but
enriched in the post-crossing segment (Figure 3.2B), along with Frizzled3 protein

(Figure 3.2C).
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Figure 3.2 PCP components are expressed in commissural axons

(A) Dorsal-ventral schematic view of an E11.5 spinal cord section depicting the
trajectory of the commissural axon (blue line). Green portion of the axon depicts
pre-crossing the axons reaching the ventral midline, the yellow portion depicts
the crossing segment, and the red portion depicts the axon after midline crossing
(B-D) Celsr3 and Fzd3 receptor expression in the E11.5 mouse spinal cord.
Note the up-regulation in the post-crossing region of the spinal cord as denoted
by white arrow. (D-E) Pre-crossing TAG-1 and post-crossing L1 receptor
expression. White arrow denotes commissural axon fibers. (F) Phosphorylated-
JNK (pJNK) staining in the spinal cord shows expression on commissural axons
(short arrow) and enrichment in post-crossing commissural axons (long arrow).
(G-J) Co-immunostaining in the mouse E11.5 spinal cord showing p-JNK
positive axons (red, red arrow) co-express TAG-1 (green, green arrow). P-JNK
enrichment in post crossing segment is shown by long red arrow. Short green
and red arrowheads highlight colocalization. (Black and white scale bars
represent 100um and grey scale bars represent 20um.)

We tested the specificity of these antibodies by immunohistochemistry on E11.5

spinal sections, and by western blotting using samples from wildtype and
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knockout embryos. The post-crossing staining of the antibodies is diminished in
Celsr3 and Frizzled3 homozygous mutants (Figure 3.3A, B and C). Vangl2
protein has previously been shown to also be enriched in the post crossing axons

of the spinal cord (Torban et al., 2007).
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Figure 3.3 Specificity of Celsr3 and Fzd3 antibodies

(A) Post-crossing enrichment of the Celrs3 immunoreactivity is diminished in the
Celsr3-/- embryos. E11.5 spinal sections of Celsr3+/+, Celsr3+/- and Celsr3 -/-
embryos immunostained with the polyclonal antibody generated against the
intracellular carboxyl terminal region of Celsr3 (amino acids 3099 to 3301). (B)
Fzd3 immunoreactivity is reduced in the post-crossing spinal section of E11.5
Fzd3-/- embryos. (C) Fzd3 immunoreactivity in spinal lysates from E11.5 Fzd3
embryos from heterozygous cross. Immunoreactivity is diminished in the
heterozygous lysates and nearly absent from the homozygous lysates.
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One downstream signaling component of the PCP pathway is Jun N-
terminal Kinase (JNK), and PCP signaling activation is often measured by
increased phosphorylation of JNK and/or Jun (Boutros et al., 1998). We found
that the phosphorylated-JNK is present on commissural axons, as shown by co-
immunoreactivity with TAG-1 (Figure 3.2F-J), and is enriched in the post-crossing
segment of the E11.5 spinal cord (Figure 3.2F) in a similar manner to Vang|2,
Celsr3 and Frizzled3 protein expression. Therefore, PCP components are
expressed in the developing spinal cord in the right spatio-temporal pattern
necessary to regulate anterior-posterior guidance of commissural axons.

To test whether PCP signaling components are present in axonal growth
cones, we analyzed their distribution in dissociated commissural neuron cultures.
We cultured dissociated commissural-specific neurons using a previously
established method ((Augsburger et al., 1999)). We found that Celsr3, Fzd3,
Vangl2 and Dvl are all present in dorsal commissural neurons and their growth
cones after 24 hours of culture (Figure 3.4A-D). In addition, we noticed that Fzd3
and Vangl2 were often co-localized in subdomains of the growth cone plasma

membrane or on the tips of growing neurites (Figure 3.4E-H).
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[Ral E13 Dissociated Commissural Neurons ]

Figure 3.4 Dissociated commissural growth cones express PCP proteins
(A-E) Endogenous expression of Celsr3, Fzd3, Vangl2 and Dvl2 in pre-crossing
commissural neurons. All components display punctate and membranous
localization in the commissural growth cone. (E-H) Endogenous Fzd3 and
Vangl2 co-localization in the commissural growth cone

3.2 Vangl2 and Frizzled3 synergistically mediate Wnt-stimulated outgrowth
of commissural axons

To directly test the function of PCP components in Wnt-mediated
outgrowth of commissural axons, we electroporated DNA constructs to express
ectopic EGFP or mCherry fusion proteins of PCP components in dissociated
commissural neurons. To do so we first establish an electroporated commissural
culture system. The spinal cord of E11.5 mouse or E13 rat contains a ventricle
into which plasmid DNA can be introduced (Figure 3.5A). After injecting DNA
intro the ventricle and electroporating the spinal cord, an open-book preparation
was performed, and then the commissural progenitor domains were dissociated

as previously described ((Augsburger et al., 1999), Figure 3.5B). The
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electroporated and dissociated neurons were TAG-1 immuno-reactive,

confirming their commissural identity (Figure 3.5C).
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Figure 3.5 Establishing the electroporated-dissociated commissural
neuron culture system

(A) Schematic of method used. (B) Commissural neurons electroplated with
EGFP grow neurites within 24 hours of plating on Poly D Lysine-laminin coated
coverslips. (C) Electroporated neurons are TAG-1 positive, which confirms their
commissural identity.

Using this method we examined the effects of over-expression of PCP
components on commissural neuron axonal growth.

Fzd3 and Vangl2 over-expression in pre-crossing neurons did not affect
the growth of commissural axons compared to controls (Figure 3.6B, C), and an
average axon length of 55 um was observed (Figure 3.61). Similarly, co-

expression of both Fzd3 and Vangl2 showed no effect on axon length (Figure
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3.6D and I). However, when we cultured the commissural neurons on Wntba-
coated coverslips, we found that the electroporated over-expression of PCP
components significantly enhanced axon length after 24 hours (Figure 3.6F and
G). Neurons expressing Fzd3 or Vangl2 showed an increase in average axon
length in the presence of Wnt5a (77.1um +/-SEM 3.1um and 77.0um +/-SEM
3.8um respectively, Figure 2.61). Moreover, neurons that co-expressed Fzd3 and
Vangl2 in the presence of Wnt5a displayed a synergistic increase in axon length,

with an average length of 125uM after 24 hours of culture (Figure 3.6H and I).
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Figure 3.6 Over-expression of PCP components in pre-crossing
commissural axons shows enhanced growth on Wnts

(A-D) Commissural neurons cultured for 24 hrs after electroporation with either
EGFP, Fzd3-EGFP, Vang2-EGFP or both Fzd3-mCherry and Vangl2-EGFP.
Axon length is quantified in (I), blue bars. (E-H) Commissural neurons
electroporated with EGFP, Fzd3-EGFP, Vang2-EGFP or co-electroporated with
Fzd3-mCherry and Vangl2-EGFP and grown on Wnt5a coated coverslips for 24
hrs. The increased axon lengths are quantified in (I), purple bars. (Q)
Quantification of commissural axons depicted in (I-P). * Denotes P value of
<0.005, ** P value of <0.00005, *** P value of <0.000005.

Control neurons expressing EGFP exhibited a much smaller, but still

significant increase in axon growth in response to Wnt5a, with an average length
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of 63.1lum +/-SEM 2.2um (Figure 2I, 2M, 2Q and S3D). We attribute this
increase to the endogenous levels of PCP components in pre-crossing axons
(Figure 2A-H). As a result, our data suggest that these PCP components
mediate Wntba stimulated axon outgrowth, and since Fzd3 and Vangl2
synergistically mediate this Wnt5a-dependent response both of these

components may function in a PCP-like fashion in neuronal growth cones.

3.3 Dvl1 promotes the outgrowth of commissural axons in the absence of
Wnts

Although the over-expression of the PCP surface molecules Fzd3-EGFP
and Vangl2-EGFP alone, or Vangl2-EGFP and Fzd3-mCherry in combination, in
the absence of Wnts had little effect on axon outgrowth as compared to the
controls (Figure 3.6), the over-expression of the immediate downstream PCP
intracellular component, DvI1-EGFP, enhanced commissural axon outgrowth
within 24 hours (Figure 3.7A and B). In addition, the presence of Wnt5a did not
further enhance this increase this axon growth (data not shown). This is
consistent with a previous report that Dvl1 increases the growth of cortical axons

(Zhang et al., 2007b).
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Figure 3.7 DvI1-EGFP promotes axon elongation in the absence of Wnts
(A) DvI1-EGFP promoted axon elongation in the absence of Wnts.

(B) Increase in length was similar to neurons grown on Wnt5a overexpressing
PCP membrane components.

In addition, over-expression of Dvl proteins has been shown to enhance
PCP signaling (Boutros et al., 1998; Li et al., 1999; Yao et al., 2004). Notably,
the increase in axon length achieved by over-expression of Dvl1 in the absence
of Wnts is of a similar magnitude to that observed with Fzd3 or VangI2 in the
presence of Wnts (Figure 2Q), suggesting that Dvl may be a downstream effector

of Frizzled3 and Vangl2.
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CHAPTER 4: MODIFCATION OF PCP COMPONENTS AT

THE PLASMA MEMBRANE EFFECTS PCP SIGNALING

4.1 Dvl1 can be recruited to the cytoplasmic membrane of the growth cone
by Fzd3

It is known that Fzd3 and Vangl2 can both bind to Dvl (Wong et al., 2003);
(Torban et al., 2004a). Because Fzd3 is a cell surface Wnt-binding receptor it
may recruit or stabilize Dvl at the growth cone plasma membrane. To test
whether Fzd3 affects Dvl1 localization we co-expressed both Fzd3-mCherry and
DvI1-EGFP in dissociated commissural neurons. DvI1-EGFP expression alone in
commissural neurons resulted in a punctate vesicular pattern along the neurite
and in the growth cone (Figure 4.1B and E-H). However, upon co-expression
with Fzd3-mCherry, the punctate aggregates completely dispersed and appeared
to localize to the membrane of the commissural axon and growth cone (Figure
4.1C and J-L). This finding is similar to previous studies in other cellular contexts
where Dvl was found recruited to the membrane by Fzds in the drosophila
epithelia (Axelrod et al., 1998). Whereas Fzd3 normally localizes both to the
plasma membrane and internal membrane compartments in the commissural
growth cone, where it is thought to associate with both microtubules and the actin
cytoskeleton (Figure 4.2). Then again, when co-expressed with DvI1-EGFP,
Fzd3-mCherry was found solely localized to the plasma membrane (Figure 4.1C

and K).

41
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Figure 4.1 Fzd3 recruits Dvl1 to the plasma membrane of commissural
axons

(A) Schematic of all three characterized domains in DvI1 including the location of
a K438M mutation that renders the protein PCP signaling defective. (B) Dvl1-
EGFP showed punctate expression pattern in commissural neurons. (C) Dvl1-
EGFP became membranous when co-expressed with Fzd3-mCherry. (D)
However, Dvl1 DEP domain mutant, DvI1(KM)-EGFP, with Fzd3-mCherry did not
result in translocation to the membrane. (E-H) The commissural growth cone
expressing DvI1-EGFP (I-L) both Dv1-EGFP and Fzd3-mCherry or (M-P)
Dv1(KM)-EGFP and Fzd3-mCherry. (MT denotes microtubules outlined by a-
tubulin staining within the growth cones.) Grey scale bars represent 20um and
white scale bars represent Sum.
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Here, we showed that co-expression of Fzd3 and Dvl1 caused both
proteins to localize to the plasma membrane of commissural neurons rather than
intracellular vesicles. It is of interest to note that excess membrane protrusions
were observed along the neurites of neurons co-electroporated with both Fzd3-
mCherry and DvI1-EGFP. This suggests an interaction between Frizzled3-Dvl1
that may enhance axon outgrowth by regulating membrane insertion to the

growth cone (Figure 4.2).

Figure 4.2 Fzd3-mCherry and DvI1-EGFP co-expression in dissociated
commissural neurons

Excess membranous protrusions (yellow arrowhead) resulted from Fzd3-
mCherry and DvI1-EGFP co-electroporation in rat E13 commissural neurons

Fzds and Dvls are known to be required in several other Wnt signaling
pathways. Duvl proteins have three domains: an N-terminal DIX domain that is
required for canonical signaling, a PDZ domain that is responsible for binding

proteins like Fzds, and a C-terminal DEP domain that is necessary for PCP
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phenotypes (Figure 4.1A) (Park et al., 2005);(Wang et al., 2006a). A single
amino acid mutation of Lysine 438 to a Methionine within the DEP domain has
been shown to be essential for PCP signaling activation (Boutros et al., 1998);
(Moriguchi et al., 1999). To test whether the translocation of Dvl1 upon over-
expression of Fzd3 is indeed dependent on PCP signaling, we expressed the
Dvl1(KM) DEP mutant in commissural neurons and asked whether the mutant
Dvi1 could still be targeted to plasma membrane. Our results showed that
Dvl1(KM)-EGFP cannot be recruited to the plasma membrane by Fzd3-mCherry
in commissural neurons (Figure 4.1D and M-P), and did not cause excess
membrane protrusions as observed with the wildtype DvI1-EGFP. Therefore, our
data is consistent with a model that predicts endogenous Fzd3 and DvI1 may
interact in axonal growth cones in a PCP-like fashion, perhaps by stabilizing each
other at the plasma membrane and promoting growth cone membrane protrusion

towards the source of Wnts.

4.2 Dvl1 provides inhibitory feedback to Frizzled3-PCP signaling after
activation by Wnt5a

The localization of Fzd3 and Dvl1 to the growth cone plasma membrane
appears to be essential to promoting further membrane growth. Following our
observation that Fzd3 and Vangl2 synergistically mediate Wnt5a attraction, we
next asked what specific effects Vangl2 might have on Fzd3 at the plasma
membrane. Co-expression of Fzd3-mCherry and DvI1-EGFP in HEK293T cells

resulted in the same excess membrane outgrowth and translocation of both
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molecules to the membrane (Figure 4.3) as we observed in the growth cones of

commissural neurons, suggesting a common function in both cell types.

HEK293T Cells

Figure 4.3 Fzd3-mCherry and DvI1-EGFP co-expression in HEK293T cells
DvI1-EGFP and Fzd3-mCherry when over-expressed in HEK293T cells
translocate to the membrane. However, Dvl1(KM)-EGFP fails to localize to the
membrane upon over expression of Fzd3-mCherry.

Therefore, to understand the biochemical effect how Fzd3 and Dvl1 components
effect modification PCP components and signaling we decided to continue our
studies in this heterologous cell line, as these cells are easier to prepare.

We transfected Fzd3-mCherry alone or Fzd3-mCherry with DvI1-EGFP in
HEK293T cells and added Wnt5a proteins for 15min or 30min. After Wnt5a
treatment, we surface biotinylated the cells and immunoprecipitated (IP) the
surface molecules with strepavidin-conjugated beads to obtain membrane-
localized proteins. These surface fractions were then analyzed on immunoblots.

To verify that only the surface-biotinylated proteins were isolated, we performed
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a no-biotin membrane label control and found that Fzd3-mCherry was absent,
suggesting the immunoprecipitation was specific to surface biotin-labeled
proteins (lane 1 in Figure 4.4B and 4.5B). Two different bands for Fzd3 were
observed, one for phosphorylated Fzd3 and one for non-phosphorylated Fzd3
(Figure 4.4B, lanes 2-4). However, co-transfection of Fzd3-mCherry with Dvl1-
EGFP resulted in only the phosphorylated upper band (Figure 4.4B, lanes 5-7).
It should be noted that this effect was found only in the membrane fraction, and
the total cell fraction did not yield a difference in Fzd3 banding pattern between
the single (Fzd3-mCherry) and double (Fzd3-mCherry and Dvl1-EGFP)

transfected cell lysates.
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Figure 4.4 Wnt5a modulates phospho-Jun in cells expressing Fzd3, but
PCP signaling is down-regulated in a DvI1 and Wnt5a-dependent manner
(A) There was no difference in Fzd3-mCherry modification in total cell lysate
when Fzd3-mCherry (lanes1-4) or both Fzd3-mCherry and DvI1-EGFP (lanes5-7)
were transfected into HEK293T cells and treated with Wnt5a as shown by
immunoblot (IB) with anti-mCherry. The input lysates were also subject to anti-
GAPDH IB to determine relative loading. (B) Fzd3-mCherry was phosphorylated
at the membrane upon over-expression with DvI1-EGFP. Inputs from (A) were
surface biotinylated and immunoprecipitated (IP) with strepavidin beads and 1B
with ant-mCherry (lysates from Lane 1 were not surface biotinylated and
therefore did not IP with the membrane fraction). (C) Phospho-Jun was activated
in a Wnt5a-dependent manner in HEK293T cells expressing Fzd3 mCherry, but
down-regulated in HEK293T cells expressing both Dvl1-EGFP and Fzd3-
mCherry. Transfected cells were treated with either vehicle for 30 minutes (lanes
1,2 and 5), Wnt5a for 15 minutes (lanes 3 and 6), or Wnt5a for 30 minutes (lanes
4 and 7), and lysates were collected and subject to anti-phospho-Jun IB. (D)
Quantification of relative phospho-Jun signal as measured by gel densitometry
analysis with Image J.
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To address how PCP signaling is affected by Fzd3 and Dvl interactions,
we used a classic readout for PCP signaling, the phosphorylation of Jun (Boutros
et al.,, 1998; Li et al.,, 1999; Yao et al.,, 2004). We found that the addition of
Wnt5a at 15 and 30-minute time points resulted in a three fold increase in
phospho-Jun levels in our over expressing cells (Figure 4.4C lanes 3 and 4, and
Figure 4.4D). No differences in total Jun levels were observed (data not shown).
In the absence of Wnts, the co-expression of DvI1-EGFP and Fzd3-mCherry
increased PCP signaling (Figure 4.4C, lane 5) and we observed a two fold
increase in phospho-Jun compared to Fzd3-mCherry (Figure 4.4D, and 4.4C
lanes 5 and 2 respectively). This activation by Dvls has been well documented
(Boutros et al., 1998; Li et al.,, 1999; Yao et al., 2004). The increase in PCP
signaling activity in the absence of Wnts may explain the Wnt-independent
activation of PCP observed in the Drosophila model system (Fanto and McNeill,
2004; Saburi and McNeill, 2005). However, in the presence of Wnts, we
observed Jun phosphorylation to dramatically decrease within 30 minutes, such
that phospho-Jun levels now were comparable to baseline levels of Fzd3-
mCherry alone without Wnts (Figure 4.4C lane 7, quantified in Figure 4.4D). We
also observed a decrease in the surface levels of phospho-Fzd3 (Figure 4.4B
lanes 5-7). To test whether Frizzled3 phosphorylation requires PCP signaling,

we co-transfected Fzd3-mCherry with DvI1(KM)-EGFP (Figure 4.5A, lane 6) and
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found that the Dvl1 DEP domain mutant failed to give rise to phosphorylated

Fzd3 at the membrane (Figure 4.5B).

PCDNA + + + + .- -
Fzd3-mCherry - . . + + +
DVMM-EGFP - + - - + -
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Figure 4.5 Fzd3 phospho-modification is specific to the PCP signaling
pathway

(A-B) Dvl1 DEP domain mutant did not promote phosphorylation of Fzd3-
mCherry at the membrane. Lysates from HEK 293T cells transfected with the
indicated combinations were IB for anti-mCherry, anti-EGFP and anti-GAPDH.
The surface biotinylated fractions were subject to IP, and anti-mCherry IB.

Phosphorylation of Fzds has been shown previously in Xenopus oocytes
and Drosophila eye (Djiane et al., 2005; Yanfeng et al., 2006). Here, we show
for the first time, by analyzing cell surface Frizzled3 protein, a novel Dvl1-
mediated negative feedback loop that shuts down Wnt-Frizzled PCP signaling

upon its activation.

4.3 Vangl2 antagonizes DvI1 and its inhibitory feedback on PCP signaling
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We have shown that Vangl2 and Fzd3 over-expression can synergistically
promote commissural axon length (Chapter 3). To further delineate the role of
Vangl2, we triple transfected Fzd3-mCherry, DvI1-EGFP and 3xFlag-Vangl2 and
treated the cells with Wnt5a for 15 or 30 minutes (Figure 4.6A, lanes 1-3). After
isolating the membrane proteins, we found that co-expression of Vangl2 with
Fzd3-mCherry and DvI1-EGFP resulted in a re-appearance of the non-
phosphorylated Fzd3 band at the membrane (Figure 4.6B, lanes 1-3). 3xFlag-
Vangl2 either prevented complete Dvl1-EGFP-dependent phosphorylation of
Fzd3-mCherry at the membrane or promoted the dephosphorylation of
membrane bound Fzd3-mCherry that initially resulted from Dvl1-EGFP over-
expression. We then assayed the effects on PCP signaling when Wnt5a was
added and found that the presence of Vangl2 consistently attenuated the
decrease of phospho-Jun levels, a negative feedback effect mediated by Dvl1
(Figure 4.6C, lanes 1-3). After normalizing phospho-Jun levels to input and time
zero, the rate of decrease in phospho-Jun levels was plotted as a function of time
in the presence of Wnt5a. We found that Wnt5a-induced decrease of Jun
phosphorylation was recovered in the presence of Vangl2 expression (Figure
4.6D). Therefore, we hypothesize that Vangl2 can prolong PCP signaling
through an antagonistic effect on the Dvl feedback loop.

The Loop-tail mouse, a classic PCP mutant, has a single amino acid
substitution of the Vangl2 protein (S464N) that renders the protein unstable and
nonfunctional (Kibar et al., 2001a; Kibar et al., 2001b; Montcouquiol et al., 2006b;

Torban et al., 2004b). We triple transfected HEK293T cells with 3xFlag-Lp, Fzd3-
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mCherry and DvI1-EGFP, and then treated with Wnt5a, and did not observe the
non-phosphorylated band of Fzd3-mCherry, suggesting that the mutant Vangl2
protein Lp cannot antagonize the phosphorylation of Fzd3 induced by Dvl over-
expression (Figure 4.6B, lane 4-6). To examine how Lp affected PCP signaling,
we again analyzed Jun phosphorylation following Wnt5a-stimulation. We found
that Lp accelerated the down-regulation of phospho-Jun triggered by Wnt5a
(Figure 4.6C, lanes 4-6), such that the signal was eliminated after 30 minutes in

the presence of Wnt5a (Figure 4.6C, lane 6).
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Figure 4.6 Vangl2 antagonizes the effects of Dvl1

(A) 3XFlag-Vangl2 was phosphorylated and Lp mutation S464N in Vangl2 lacks
this modification. Triple transfection of the indicated PCP constructs were lysed
and IB for anti-mCherry, and anti-GAPDH and anti-Flag. (B) Vangl2 promoted
dephosphorylation of Fzd3, while Lp mutant fails to do so. HEK293T cells were
transfected with the indicated three constructs, surface biotinylated, followed by
IP and IB for anti-mCherry. Transfections including Vangl2 resulted in both non-
phosphorylated and phosphorylated Fzd3-mCherry bands while triple
transfections with Lp (3xFlag-Lp; DvI1-EGFP; Fzd3-mCherry) resulted in only the
phospho-Fzd3-mCherry band. Anti-Flag IB blot showed that both 3xFlag-Vangl2
and 3x-Flag-Lp bound to the membrane. (C) Vangl2 prolonged the phospho Jun
signal. HEK293T cells were transfected with the indicated constructs and treated
with Wnt5a. In the presence of 3xFlag-Vangl2, the Dvl1-EGFP-dependent
decrease of phospho-Jun with Wnt5a stimulation was attenuated. However,
3xFlag-Lp was unable to prolong the phospho Jun signal. Rather, Lp promoted
phospho-Jun signal decay in a Wnt5a dependent manner. (D) Quantification and
plotting of phospho-Jun signal after normalizing time zero to the value of 1.

To test whether the inhibition of Fzd3 phosphorylation by Vangl2 at the
plasma membrane depends on its interaction with DvI1, we co-transfected
3xFlag-Vangl2 and Fzd3-mCherry in the absence of DvI1-EGFP (Figure 4.7B,

lane 1-3). Over-expression of 3xFlag-Vangl2 resulted in the presence of only the
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lower, non-phosphorylated Fzd3 band at the membrane (Figure 4.7B, lanes 1-3).
With Fzd3-mCherry alone, we observed both phosphorylated and non-
phosphorylated forms of Fzd3 at the cell surface (Figure 4.4B, lanes 1-4)

indicating that Vangl2 can inhibit Fzd3 phosphorylation in the absence of Dvl.
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Figure 4.7 Vangl2 promotes the dephosphorylated form of Fzd3 at the
membrane

(A) Vangl2 is phosphorylated in the absence of Dvl. In the absence of Dvl1-
EGFP in the transfection Vangl2 still displayed a phospho band. (B) Vangl2 kept
Fzd3 in a dephosphorylated state at the membrane. HEK293T cells were
transfected with the indicated plasmids and subjected to surface phosphorylation
and strepavidin IP. Anti-mCherry IB revealed that Fzd3-Cherry in the presence
of Vangl2 only exists in a non-phospho form (lanes 1-3). However, when co
transfected with only 3xFlag-Lp, both forms of Fzd3-mCherry was observed,
similar to Fzd3-mCherry single transfection.

We also analyzed the membrane preparation from the 3xFlag-Lp and
Fzd3-mCherry co-transfection and found that both forms of Fzd3-mCherry were

present, similar to what was observed with the Fzd3-mCherry alone (Figure 4.4B,
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lanes 4-6). Therefore, the loop-tail mutation appears to render Vangl2 non-
functional, as Lp does not prevent the phosphorylation of Fzd3. Additionally, the
Lp mutation affects the phosphorylation state of Vangl2 itself. In the 3xFlag-
Vangl2 inputs we observed two distinct bands with the anti-Flag immunoblot
(Figure 4.7A, lanes 1-3); however, the upper band was not present following
3xFlag-Lp transfection (Figure 4.7A, lanes 4-6). Phosphorylation of Vangl2 was
not affected by the presence of Dvl, as the input from triple transfections with
DvI1-EGFP, Fzd3-mCherry and Vangl2 or Lp demonstrated identical anti-Flag
band patterns as the transfections lacking Dvl1 (Figure 4.6A and 4.7A, o-Flag
immunoblot). Furthermore, both forms of Vangl2 appeared to localize to the
plasma membrane, as shown by the surface IP and anti-Flag immunoblot (Figure
4.6B).

From the biochemical studies of PCP components in the heterologous
HEK293T cells we found that Dvl1 and Vangl2 regulates the phosphorylation of
Fzd3 at the cell membrane. In addition, phosphorylation of Fzd3 and Wnt5a

addition appear to effect the levels of phospho Jun and PCP signaling.

4.4 JUN/JNK signaling is required for the anterior-posterior guidance of
axons

To determine if inhibition of Jun signaling is important to axon guidance in
vivo, we returned to our classic spinal open-book assay. Phospho-Jun is a
classic readout of JNK activity (Boutros et al., 1998; Jaeschke et al., 2006), and

we found that phospho-JNK was up-regulated in post-crossing regions of the
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commissural axons in vivo (Chapter 3, Figure 3.2). Due to the high levels of
redundancy and their importance for many processes in early development,
analyzing knockout mice of JNK gene families to test whether JNK activity is
required for anterior-posterior (A-P) guidance of commissural axons was
technically not feasible. Therefore, to understand the effect of Jun/JNK signaling
in vivo, we applied JNK inhibitors JNKI-1 and SP600125 in the spinal “open-
book” explant assay at a time when commissural axons are making their anterior
turning decision, rat E13 (Figure 4.8). These inhibitors block all three specific

JNKs (Jun N-terminal Kinases 1-3) that are found in vertebrates.
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Figure 4.8 Activated phospho-JNK is enriched in post-crossing rat E13
spinal cords, and required for anterior-posterior guidance of commissural
axons
(A) Schematic of E13 rat spinal cord open-book and regions used for western
blot analysis (s.c., spinal cord) (B) Western blot analysis of dorsal spinal cord
(D.sc) enriched with pre-crossing axons, ventral spinal cord (V. sc) enriched with
crossing and post-crossing axons, and total spinal cord (T.sc) using anti-JNK
(left) and anti-phosphorylated-JNK (right) antibodies (C-E) Functional inhibition
of JNK and its effects on commissural axon guidance. E13 rat open-book spinal
cords were incubated in vitro for 5-6 hours, then treated with control diluents or a
combination of JNK inhibitors (JNKI-1 and SP600125) for 18 hours. Focal Dil
injection of control (C) and of JNK inhibitor treated spinal cords. (E)
Quantification revealed JNK inhibitor-treated spinal cords resulted in 54.2%
(SEM +/-6.39%) misguidance, compared to only 9.00% (SEM+/-5.57%) with
control.

We first took lysates from the E13 rat spinal cord to confirm an up-
regulation of JNK in the ventral spinal cord enriched in post-crossing axon fibers.

Both activated JNK1 and JNK2 were indeed up-regulated in the ventral spinal
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cord (V.sc) as compared to the dorsal spinal cord (D.sc), (phospho-JNK blot,
Figure 4.8B). Furthermore, inhibiting JNK activity lead to A-P randomization and
misguidance of commissural axons. Approximately 9.00% (+/-SEM 5.57%) of
control axons showed randomized behavior compared to 54.2% (+/-SEM 6.39) of
JNK-inhibited axons (Figure S4D and E). Therefore, the downstream effector of
PCP signaling, phospho-JNK, is required for the A-P guidance of commissural

axons.

Previous studies in Drosophila, Xenopus and mice have demonstrated the
importance of JNK/Jun signaling in PCP phenotypes (Boutros et al., 1998; Fanto
et al., 2000; Li et al., 1999; Strutt et al., 1997; Weber et al., 2000; Yao et al.,
2004). Studies of drosophila photoreceptor cell specification in the ommatidia
showed that modulation of JNK signaling by reduction or over-expression, rather
than its complete removal, leads to PCP phenotypes. Our data support a similar
regulation since reducing JNK signaling with inhibitors caused commissural axon
guidance defects, whereas this process was unaffected in JNK7/2 knock out
mice (data not shown). Although to definitively make this claim requires an
analysis of the triple JNK1/2/3 knock out mice it is clear that modification of PCP
receptors by phosphorylation influence JNK signaling, and maintaining a spatio-
temporal balance in JNK signaling appears to be necessary for commissural

axon guidance.
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CHAPTER 5: CONCLUSIONS, MODELS AND FUTURE

DIRECTIONS

A mounting body of evidence supports a conserved function for Wnt-family
proteins in vertebrate and invertebrate axon guidance (Zou, 2004). We studied
Whnt-directed navigation of spinal commissural neurons and asked how this
extracellular signal is propagated within the growth cone to initiate turning, and
ultimately help establish proper somatosensory function. Our results indicate a
novel and essential role for the planar cell polarity (PCP) pathway, which controls
tissue polarity along the plane of epithelia and directed movement of cells during
convergent extension, in anterior-posterior guidance of spinal cord commissural
axons. Chapters 2 and 3 presented evidence that the core components of PCP
signaling are present in commissural axons in a spatio-temporal pattern that is
consistent with anterior turning of the growth cone, and that the two central PCP
components (Vangl2 and Celsr3) are required for A-P guidance in vivo.
Moreover, we directly show that Wnt proteins promote the growth of commissural
axons through a mechanism involving PCP components at the growth cone tip.

In chapter 3 we used dissociated commissural neuron cultures to show
that Vangl2 and Fzd3 act synergistically to promote Wnt-mediated growth of
axons (Figure 5.1C). We later demonstrate in chapter 4 that Vangl2 and Dvl1
have opposing functions in regulating the phosphorylation state of Fzd3 and the

PCP signaling molecule c-Jun. In Drosophila wing epithelial cells Dvl is normally
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found distally while Vangl2 is found proximally (Simons and Mlodzik, 2008), but
the precise nature of their interaction remains unclear. Our data reveal that
these proteins have opposing roles in Fzd3 phosphorylation and PCP signaling,
as measured by JNK activation. This information will help to provide new
insights regarding the general mechanism of PCP signaling in different
morphogenic process and species.

Our study introduces a novel inhibitory feedback loop that regulates PCP
signaling and axon growth, and is mediated by Dvl. First, we show that Fzd3 can
recruit DvI1 to the plasma membrane of commissural axon growth cones, and
that overexpressing Dvl1 can promote commissural axon outgrowth independent
of Fzd3, suggesting that Dvl1 is downstream of Fzd3 in this functional pathway

(Figure 5.1B and D).
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Figure 5.1 Schematic of conditions and effect on PCP signaling pathway
(A) In the absence of Wnts there is no effect on cell remodeling as measured by
axonal growth (B) However in the presence of Wnts and PCP membraneous
components we observed increased commissural axon growth. (C) In the
presence of Wnts and both Fzd3 and Vangl2, we observed a synergistic increase
of axon growth. (D) Dvl1 over-expression in the absence of Wnts activated PCP
signaling and axon outgrowth. (E) In the presence of both Wnts and excess Dvl,
Fzd-PCP signaling is inactivated, we propose through internalization of Fzd
complex.

We found through the use of biotinylation that Dvl1 is required for the cell surface
presentation of Fzd3. Remarkably, DvI1 initially promotes the movement of Fzd3
to the membrane but then down-regulates Fzd3 surface levels following Wnt
activation (Figure 5.1E), a function that requires the PCP domain (DEP domain of
Dvl). We report in chapter 4, also for the first time, that Vangl2 can antagonize
the effect of Dvl on Fzd3 and, as a consequence, may prolong the Wnt response
and prevent feedback inhibition of PCP signaling by Dvl. In the loop-tail mouse,

this function of Vangl2 is impaired, resulting in early inactivation of PCP signaling

and randomization of commissural axon after midline crossing (Figure 5.2).
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Figure 5.2 Wnt-PCP signaling in growth cone guidance

(A) Wildtype commissural axons up-regulate PCP components after midline
crossing and activate PCP signaling in a Wnt dependent manner. Vangl2 assists
in prolonging PCP signaling by antagonizing the Dvl1-dependent inactivation of
phosphorylated Fzd3 at the plasma membrane. (B) In the loop-tail mouse
Vangl2 protein is mutated such that the resulting Lp protein is unable to inhibit
Dv1. Therefore, in the presence of Wnts, Dvl inactivates PCP signaling and
axons lose their ability to grow in a directional manner, toward the Wnt gradient.

This Vangl2-dependent increase of PCP signaling may be the mechanism by

which Vangl2 and Fzd3 increase Wnt5a-mediated axon attraction.

Our proposed model, in which Vangl2 and Dvl1 antagonize each other to
regulate Fzd3 function, will rely on evidence to support that Fzd3 phosphorylation

may lead to inactivation of PCP signaling. Indeed, preliminary evidence has
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shown that Xenopus Fzd3 can be phosphorylated on Serine 576 (Yanfeng et al.,
2006). Phosphorylation of Fzd3 was not required for its activity measured when
by neural crest induction, but instead appeared to reduce signaling, since the
unphosphorylatable form of Fzd3 leads to more neural crest induction. Our
model proposes the involvement of a kinase in the phosphorylation of Fzd3.
Indeed, mammalian G-protein couple receptors (GPCR) are phosphorylated by
GPCR-associated protein kinases (GRKs), which are involved in signal
attenuation, internalization or turn over of receptor or new signaling events
(Pitcher et al., 1998).

We have shown that in the presence of Vangl2, Fzd3 at the cell
membrane remains unphosphorylated (chapter 4). To determine how
unphosphorylated Fzd3 affects PCP signaling we can analyze the level of
phospho-Jun in the presence of Vangl2, as an indicator of PCP activity, using the
transfection and treatment conditions described in Figure 4.7. We can predict
elevated PCP signaling (shown as an increase phospho-Jun) because the
presence of Vangl2 should prevent the phosphorylation of Fzd3 and thereby
prevent Wnt-dependent inactivation of PCP signaling. Furthermore, because Lp
protein is unable to promote Fzd3 dephosphorylation, applying the same
experimental conditions with Lp instead of Vangl2 should not produce a decrease
in PCP signaling.

A more direct readout would be to first identify and mutate the
phosphorylation site on Fzd3, and then characterize the mutant in PCP signaling.

There are 41 putative serine and threonine phosphorylation sites on the c-
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terminus of the vertebrate Fzd3 protein (Yanfeng et al., 2006). To accurately
determine the exact phosphorylation site observed on our western blots the Fzd3
phosphorylated band can be excised from the nitrocellulose membrane and
analyzed by mass spectrophotometry. This is a common method that has been
used successfully to identify other phosphorylation sites, including those present
on GPCRs (Wu et al., 2003; Wu and Yates, 2003; Wu et al., 2008). Once
identified, site-directed mutagenesis could be employed to mutate the
modification site to an alanine residue.

While Fzd3 phospho-defective mutant could directly analyze the effect on
PCP signaling and axon outgrowth there are notable caveats to this experiment.
For example, alternative phospho-modification sites have been observed in the
Xenopus Fzd3 protein after one site is mutated (Yanfeng et al., 2006).
Therefore, (to obtain a Fzd3-phospho-defective product) multiple residues in the
Fzd3 may have to be identified and mutated. If made, we can test its effect on
Wnt5a-dependent neurite outgrowth with the prediction that prolonging PCP
signaling should promote commissural axon length.

Another critical experiment for defining the potential importance of
phospho-modification of PCP receptors involves validating this phenomenon in
vivo, as we have only definitively observed Fzd3 and Vangl2 phosphorylation in
vitro. To do so we can obtain spinal cell lysates from E11.5 mouse embryos and
probe for endogenous proteins with Fzd3 and Vangl2 antibodies. Preliminary
studies to validate Fzd3 and Vangl2 antibodies in wildtype and knockout lysates

showed the appearance of a potentially slower migrating phospho-band.
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Because we do not yet have phospho specific antibodies, we could validate that
these are actual phospho modifications rather than ubiquitination, glycosylation
or some other moiety that causes band shifts on a western blot, by treating the
spinal lysates with a protein phosphatase to see if the removal of phosphates will

abolish the putative phospho bands.

Frizzled receptors have been shown to internalize via an interaction
between Dvl, p-arrestin2 and the clathrin adaptor AP-2 during PCP signaling
(Chen et al., 2003; Yu et al.,, 2007). Fzd3 phosphorylation may regulate its
endocytosis, and an asymmetric Wnt signaling event across a growth cone could
conceivably be amplified by Frizzled3 endocytosis. In addition, other signaling
components in the PCP complex, such as Prickle, are direct targets of ubiquitin-
mediated degradation, which may either be or facilitate the downstream effectors
of asymmetric Frizzled3 function (Narimatsu et al., 2009). Nevertheless, a
primary feature of this models that we have yet to establish is whether
phosphorylation of Fzd3 is required for its Wnt mediated endocytosis or if
internalization of Fzd3 from the membrane could be the mechanism through
which we observe a Dvl-dependent shutdown of PCP signaling.

To address these questions, we first need to establish that phosphorylated
Fzd3 is removed from the plasma membrane in a Wnt dependent manner (Figure
5.1E). This could be accomplished by can cotransfecting Fzd3 and Dvl1 into
HEK cells to obtain only phosphorylated from of Fzd3 at the plasma membrane.

We can then apply Wnt5a for several time points from 15min to 1 hour, and
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complete a membrane-IP to determine if membrane bound Fzd3 is decreased.
We can further observe this by immunofluorescence, although the membrane IP
and detection with western blotting is a more sensitive method. Next, to confirm
that it is only phospho Fzd3 that is internalized in a Wnt dependent manner, we
can repeat this experiment with Fzd3 transfection alone. While preliminary data
suggests that only phospho Fzd3 is internalized in a Wnt5a dependent manner
(data not shown), this experiment must be replicated and quantified to be certain.
In addition, to establish that internalization results in loss of PCP signaling, we
repeat these experimental conditions to test phospho-Jun levels.

B-arrestins have already be shown to bind preferentially to phosphorylated
GPCRs and help to mediate their removal from the plasma membrane. For
example, the phosphorylation of Fzd-like receptor smoothened has been shown
to be required for its B-arrestin2-mediated internalization (Chen et al., 2004;
Wilbanks et al., 2004), and phosphorylation of Fzd3 may similarly be required for

its B-arrestin and AP2 mediated endocytosis.

The work in this thesis has provided new mechanistic insights relevant to
both axon guidance and growth cone biology, as well as the role of the PCP
signaling pathway in neuronal development and somatosensory circuit formation.
We have discovered a novel feedback loop in PCP signaling by which growth
cones may convert an extracellular Wnt gradient in the spinal cord into an

intracellular signaling gradient using the PCP components Dvl and Vangl2, and
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phospho modification of PCP receptors. In addition to transducing the signal
generated by Wnt-Fzd binding, Dvl participates in a feedback loop in a temporal
and/or concentration-dependent manner, which can be opposed by Vangl2 at the
cell membrane.

To fully appreciate how interactions between PCP components may
regulate commissural axon guidance decisions requires further investigation, as
specific features of this novel pathway are still unknown. However, our results
suggest two different ways in which Dvl and Vangl2 may interact to initiate
turning of commissural axons anteriorly once they’ve crossed the midline. First,
Dvl may asymmetrically down-regulate the PCP signaling strength on the side of
growth cone that binds more Wnt proteins (nearest the Wnt source), while
Vangl2 may act generally to ensure that PCP signaling is not completely shut
down. Alternatively, Dvl could serve to inhibit PCP signaling (time/concentration-
dependent) while asymmetric activation and localization of Vangl2 in the growth
cone tip signal a critical node for establishing polarization, and initiates turning
via downstream events such as RhoA and phospho-JNK activation (known
effectors of structural/cytoskeletal elements). It is therefore critical to determine if
asymmetric activation of Vangl2 can be observed, and if so, how it is regulated.

In addition to the scenarios described above, it is also possible that Wnt
receptors other than Fzd, or alternative pathways that are activated by Wnt-Fzd
signaling, may be responsible for regulating PCP activity. Finally, direct activity
of Fzd itself (by asymmetric localization) has not been ruled out. At present,

determining precisely how PCP activity introduces asymmetric signaling across
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growth cones, and participates in turning events at the growth cone tip, awaits
progress in both the delineation of additional Wnt/PCP signal transduction
pathways, and advances in imaging techniques to visualize the localization and

dynamic activity of PCP components within the growth cone.



APPENDIX A: MEMBRANE DYNAMICS IN AXON

GUIDANCE

It is known that commissural neurons of the somatosensory system
provide an excellent model system for studying the molecular mechanisms
underlying axon guidance because they make a series of known pathfinding
decisions. As described in Chapter 1 these neurons reside in the deep dorsal
horn of the spinal cord, but project their axons first towards the ventral midline,
then across to the contralateral side of the spinal cord, and finally anteriorly
toward the brain. Interestingly, previous studies have demonstrated preferential
addition of membrane to the tips of growth cones during axon growth (Bray,
1970; Pfenninger and Johnson, 1983). However, it is unknown whether the
membrane of the growth cone contributes to the response of the commissural
axon during turning and subsequent axon extension.

Although there are many studies focused on the intracellular signaling
mechanisms that cause axon growth, attraction and repulsion, no studies have
been dedicated to studying the response of the commissural membrane during
these processes. Nevertheless, much is known about membrane fusion events
during synaptic transmission and synaptogenesis, and we can borrow both tools
and knowledge from these fields in order to study commissural membrane

behavior. We can also use the SNARE (soluble N-ethylmaleimide-sensitive
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factor attachment protein receptors) model of membrane fusion to study
membranous vesicle delivery in commissural axon turning.

We have begun to examine the role of such membrane dynamics in
commissural axon guidance by characterizing the movement of vesicles both in
the presence and absence of attractive cues. Previous studies in our lab have
demonstrated that Wnt proteins serve as anterior-posterior guidance cues in the
spinal cord, attracting commissural axons anteriorly toward the Wnt protein
gradient. Further, we have shown in Appendix B that membraneous vesicles
VAMP2 and VAMP7 colocalize with the Wnt receptor Fzd3. However, it is
unknown how the membrane of the commissural growth cone responds to Wnts,
and whether this is a cause or is a consequence of anterior turning.

Synaptobrevn/VAMP2 and VAMP7/TI-VAMP  (tetanus neurotoxin
insensitive VAMP) are presynaptic proteins that can be used as markers of
membranous vesicles (Bark and Wilson, 1994; Martinez-Arca et al., 2000a).
VAMP2 is a four transmembrane vesicle protein used to faithfully label
presynaptic terminals (Gandhi and Stevens, 2003; Matteoli et al., 2004;
Schweizer and Ryan, 2006). Synaptobrevin/VAMP2 is also a vesicular SNARE
that interacts with membrane-localized target SNAREs such as SNAP25 and
Syntaxin1. VAMP2 containing vesicles are targeted to the plasma membrane for
neurotransmitter secretion (Gerst, 1999). VAMP2 knockout studies show a 10
fold loss in spontaneous membrane fusion events in hippocampal neurons;
however, these results also show that this v-SNARE is not absolutely required for

synaptic fusion, possibly because of redundancy by other VAMPS (Schoch et al.,
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2001). VAMP2 was also shown not to be required for neurite outgrowth.
Treatments with tetanus neurotoxin or botulinum toxin B inhibit VAMP2 and
neurotransmitter release, but do not effect neurite outgrowth (Osen-Sand et al.,
1996). However, unlike VAMP2, VAMP7 is a tetanus neurotoxin-insensitive
VAMP (TI-VAMP) that is involved in neurite outgrowth in hippocampal and PC12
cells (Coco et al., 1999; Martinez-Arca et al., 2000b). VAMP7 has an additional
N-terminal region of 120 amino acids, which is analogous to the extensions found
on syntaxins, the membrane-localized t-SNAREs (Fernandez et al., 1998).
VAMP7’s unique properties, especially its role implicated in neuritogenesis, make
it a promising marker to study the dynamics of the commissural membrane.
These VAMP proteins have been characterized during synaptogensis or in
post-natal neurons. To determine if they are present earlier in development,
more specifically during commissural axon anterior turning, rat E13, we
immunostained dissociated rat commissural neurons for endogenous VAMP2

and VAMPY7 (Figure A1).
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Endogenous VAMPSs in rat
E13 commissural neurons

Figure A1 Endoenous VAMP2 and VAMP7
The growth cones of commissural axon express VAMP2 and VAMP7 in their
classic punctate and vesicular pattern. White bar represents Sum

To determine if there is a correlation between membrane localization and
axon turning, these candidate markers of membranous vesicles were imaged in
commissural axons. The fluorescent fusion proteins, VAMP2-EGFP and
VAMP7-mCherry was made and tracked in dissociated commissural neuron
using time-lapse microscopy. From our initial observations, VAMP2 and VAMP7
appear to have distinct localization patterns within the growth cone. VAMP7
vesicles appear to preferentially move in a out of a single filopodium, while

VAMP2 vesicles appear to distributed ubiquitously (Figure A2).
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T=7.5min

VAMP2-EGFP VAMP7-mCherry VAMP2-EGFP

Figure A2 VAMP7 and VAMP2 fusion proteins in commissural neurites
After 24 hrs commissural axons are just extending out their neuritic process.
VAMP7-mCherry vesicles appear to localize to a specific stable filopodium during
this process. VAMP2-EGFP appears to move ubiquitously throughout the cell.

VAMP7 and VAMP2 could have different roles in specifying membrane
addition. For example VAMP7 may specify the direction of growth or turning by
moving in and peripheral domain of growth cone, while VAMP2 is responsible for
bulk membrane movement across the central domain of the growth cone.
Nevertheless, when we imaged the above neurons for 30 minutes we observed a
slow but distinct expansion in the membrane around the single filopodium (Figure

A3).
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T=22.5 min

T=7.5 min T=15 min

T=7.5 min T=15 min

Figure A3 Time-lapse image sequence of commissural axon expressing
VAMP7-mCherry and VAMP2-EGFP

Images were collected every 15 seconds for 30 minutes. (A) Depicts 4 frames
from the time-lapse image sequence of this commissural neurite expressing both
fusion proteins (B) VAMP2-EGFP distribution outlines the neuron as well as the
filopodium that appears to have membrane added to it in the 30 minute time
period. (White arrow denotes the growing filopodium) (C) VAMP7-mCherry
distribution appears to be more linear toward the expanding filopodium. This
filopodium appears also to be stable during 30 minutes of imaging.
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It is know that F-actin filaments dominate the filopodial structures in the
peripheral domain of the growth cone, whereas microtubules consisting of
alpha/beta tubulin dimers are present in the growth cone’s central domain, and
enriched in the axon shaft (Dent and Gertler, 2003; Gordon-Weeks, 2004).
Moreover, asymmetric actin delivery, and synthesis has been implicated in
orchestrating the turning response of the growth cone (Leung et al., 2006; Yao et
al., 2006). Therefore, VAMP7 movement in and out of single filopodium in the
peripheral domain of the growth cone (Figure A3) may be coupled with the
already existing asymmetric actin.

However, drug treatments of neurons in culture have shown that
microtubules are required for insertion of vesicles into the plasma membrane.
After focal application of nocodazole, a drug that promotes microtubule
disassembly, labeled somatic vesicles normally en route to the distal axon were
no longer detected at the axon tip. Different drugs that effect microtubule stability,
taxol and vinblastine, prevented insertion of new membrane into the distal axon,
showing that the dynamic instability of microtubules was required (Zakharenko
and Popov, 1998, 2000). By contrast, treatment with cytochalasin, a drug that
inhibits actin polymerization, had no apparent effect on the delivery of vesicles to
the growth cone, or their addition into the plasma membrane (Zakharenko and
Popov, 1998, 2000). Nevertheless, it was shown that vesicles are localized to
actin rich filopodial structures, and that the presence and movement of VAMP2

labeled vesicles in these actin-rich protrusions was shown to be dependent on
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both actin and microtubule filaments (Sabo and McAllister, 2003). Thus, the
importance of cytoskeletal networks for the movement of membrane has been
established; however, precisely which cytoskeletal tracks these vesicles are
tethered to, and how they are transported during growth cone turning has yet to
be elucidated.

There is recent evidence to suggest that stable filopodia are necessary for
neurite outgrowth. F-actin and microtubules found in filopodia are also
fundamental for axon growth and guidance (Dent and Gertler, 2003).
Furthermore, Ena/VASP proteins regulate actin by preventing actin filament
capping and mice that lack these proteins lack major axon tracts and also have
cortical neurons that are unable to form neurites in culture (Dent et al., 2007).
The study of these Ena/VASP mutant mice revealed that the lack of neurites
were due to the absence of stable filopodia. This study also showed that
filopodia are necessary but are not sufficient to promote neuritogenesis, rather
neurite formation also requires stable microtubule extension into the filopodium.
Interestingly, our observation of VAMP7 vesicles into a single filopodia appears
to follow these requirements for neuritogenesis. We know theses vesicles are
trafficked on microtubules (Sabo & McAllister, 2003) and during our imaging
session we observed the expansion of the filopodia into a larger neurite.

A stable filopodia also appears to be a requirement for VAMP7 delivery
into the filopodium. We imaged a non-stable filopodia and noticed that once the
VAMP7-mCherry vesicles exit the filopodium, the filopodium retracts. We also

saw the vesicles redistribute within the growth cone followed by a shift in the
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membrane, which argues that VAMP7 could control the direction of growth cone

movement in axon outgrowth. (Figure A4)

T=25 min

T=35 min T=55 min

Figure A4 VAMP2-EGFP and VAMP7-mCherry in a non-stable filopodia
(A-B) VAMPT7-mcherry vesicles are seen protruding into the filopodium, while
VAMP2-EGFP vesicles show ubiquitous movement. White arrow denotes the
filopodium (C) VAMY vesicles are also seen exploring into the central domain of
growth cone, more notably the areas marked by an asterisk. (D-F) VAMP7-
mCherry continually moves away from the filopodium and we begin to filopodial
retraction. We also see an expansion of membrane on the opposite site of the
growth cone.

In addition to a filopodial shift, VAMP2-EGFP and VAMP7-mCherry

appeared to shift the neuritic membrane to the other tip of the growth cone
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marked by an asterisk in Figure A4. This observation may be a hallmark of
continued directional growth for we know that neurite outgrowth and expansion of
the plasmalemma occurs by addition of membranes to the tips of the neurite
(Bray, 1970; Craig et al., 1995; Dai and Sheetz, 1995). This is also a mechanism
that can be employed during axon turning because turning of a growth cone is a
type of directional growth. In addition, there is evidence for asymmetric
membrane fusion to the axonal growth cone upon generation of asymmetric
calcium signals (Tojima et al., 2007). During axon turning, a similar asymmetry
in the expansion of the membrane may occur when one side of the growth cone
is presented with a guidance cue. Furthermore, it is plausible that this lopsided
membrane delivery, which also includes the movement of functional molecules
such as channels and receptors, polarizes the axon to turn in the direction of the
attractant. Here we show for the first time that VAMP7 moves asymmetrically to
a single filopodium. Given that VAMP7 colocalizes with Fzd3 puncta, it may be
plausible that VAMP7 vesicles may carry Fzd3 asymmetrically in the growth
cone. However more imaging experiments with Fzd3 fluorescent fusion proteins
have to be completed to test this hypothesis.

From time-lapse imaging of VAMP2 and VAMP7 we can help to map the
vesicular dynamics in the commissural neuron with respect to its filopodia,
lamellipodia and axon shaft. We know that the growth cone is made up of
microtubule and actin networks (Kalil and Dent, 2005) and these cytoskeletal
elements were shown to be required for membrane insertion and the movement

of vesicles in the growth cone (Buck and Zheng, 2002; Sabo and McAllister,
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2003; Zakharenko and Popov, 1998). Also, for future studies by observing the
changes in the membrane localization upon stimulation with an attractive cue, we
can determine if these vesicles respond in a directional manner. Studies in DRG
neurons have shown asymmetric localization of FM dye loaded vesicles when
labeled cells were stimulated with NGF on one side of the growth cone
(Zakharenko and Popov, 1998, 2000) and vesicles in the commissural neurons
could respond similarly when presented with the Wnt guidance cue.

In addition, preliminaries studies showed that commissural filopodial and
lamellipodial movements can be visualized by confocal microscopy in the spinal
open-book assay (data not shown). Therefore, the imaging studies in spinal
open-book assay will help to elucidate the general growth cone behavior of these
neurons as they traverse the spinal matrix. During synaptogenesis, dendritic
filopodia search for potential targets and are stabilized upon contacting the
proper cell adhesion molecules from presynaptic cells (Matteoli et al., 2004).
Similarly, for anteriorly turning growth cones, the filopodia on the proximal side of
the floor plate may be sampling for Wnt guidance cues, while the distal side of
the growth cone may show very little filopodial protrusion. Filopodia in the spinal
cord may have very specific patterns of behavior as the growth cone traverses
the spinal cord; and their movement may also stem from preferential growth

toward attractants.
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APPENDIX B: FZD3 TRAFFICKING AND ARF6 GTPASE

Wnt proteins are known to serve as anterior-posterior guidance cues in
the spinal cord, attracting commissural axons anteriorly toward the Wnt protein
gradient. While the mechanism by which this gradient induces the growth cone to
turn is unknown, it is tempting to speculate that establishing polarity involves
redistribution of Fzd receptor to favor growth towards the Wnt gradient. To
understand how commissural axons establish polarity and turn anteriorly in
response to Wnt we have been examining the role of the Fzd-PCP pathway in
commissural axon guidance and are currently determining how the PCP
receptor, Fzd3, is delivered to the growth cone membrane.

Fzd-PCP pathway is a conserved mechanism that polarizes cells in a
planar array. PCP molecules become asymmetrically localized along specific
tissue axes to provide polarized signaling to an epithelium (Fanto and McNeill,
2004). For example, in the drosophila wing, PCP core components are
distributed asymmetrically along the proximal-distal axis; Fzd is localized distally
while the tetra-spanning PCP receptor Vangl is found proximally. This
polarization leads to the growth of an actin rich pre-hair on the distal cell
boundary, thereby leading to a global uniform array of fly wing hairs that point
distally (Adler, 2002; Shulman et al.,, 1998; Strutt, 2002). Similarly, PCP
asymmetry has been found in the murine epithelia. Vestibular and auditory hair

bundle organization, in particular, the orientation of the kinocilium and stereocilia
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in the mouse inner ear are determined by asymmetric spatial distribution Fzd and
Vangl (Montcouquiol et al., 2006b; Wang et al., 2006b). However, little is known
about the spatial distribution of Fzd and Vangl in the growth cone of a neuron
during turning.

The growth cone is a motile structure that senses and responds to the
extracellular environment and this feature enables axons to grow to the correct
intermediate targets during development, often over great distance. This is in
part because the growth cone membrane contains many receptors that may
interact with the extracellular matrix and detect small changes in the
concentration of guidance cues. A fundamental question in axon guidance is
whether or not asymmetric deposition of receptors at the growth cone tip in
response to a guidance cue is a crucial intracellular event in turning. To this end,
Fzd3 receptor movement has been visualized in the dissociated commissural

neurons using time-lapse microscopy (Figure B1).
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Figure B1 Time-lapse microscopy with commissural neurons expressing
Fzd3-mcherry and EGFP

(A) This DIC-fluorescent image merge shows the location of the axons relative to
the Wnt source indicated by the asterisk. The DIC image shows the location of
the micropipet containing WntS5a. (B-D) Images were collected every 15
seconds for 15 minutes, these images show the neurons at the indicated time
points. Within the first 2.5 minutes, Fzd3-mCherry puncta can be seen directly
moving toward the Wnt source. The puncta are indicated by white arrows.

The fluorescent fusion protein, Fzd3-mCherry was tracked in the presence of
Wnt guidance molecules to determine if the receptor is delivered asymmetrically
to the growth cone membrane. Preliminary data suggests that Fzd3 is trafficked

in the direction of the Wnt Ligand. In addition, when longer time-lapse movies
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were taken of commissural neurons, we could visualize the growth cone turning

toward the source of the Wnt gradient (Figure B2).

Figure B2 Response of dissociated commissural neurons exposed to
Wnt5a gradient via picospritizing

Commissural neurons expressing Fzd3-mCherry and EGFP were subjected
to a Wnt gradient and imaged by time-lapse microscopy for 30 minutes. The
Wnt gradient is shown in blue, and 2 Hz of 5ug/mL Wnt5a was applied at
10psi for 25ms. Images were collected every 15 seconds.

After 8.25 minutes (495s) of exposure to the Wnt5a source we began to observe
an initial turning of the growth cone. After 29.5 minutes (1770s), the growth cone
had completely shifted toward the Wnt source. These initial experiments show
that Fzd3-mCherry moves in the growth cone toward the direction of ligand and

this appears sufficient to promote turning of the growth cone.
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How is Fzd3 trafficked within the growth cone? To determine the
mechanism of Fzd3 trafficking to the plasma membrane we chose to look at
candidate trafficking proteins to determine if they colocalized with Fzd3 puncta.
Small GTPase are molecules that help sort and traffic cargo to different
compartments of the cell, among the best characterized are Rab and Arf
GTPases. Rab4 and Rab5 are GTPases known to traffic proteins to early
endosomes. Rab11 traffics proteins to late and recycling endosomes. Rab8 has
been shown to promote cargo delivery to the plasma membrane. Where as Arf6
is a GTPase that has been shown to move cargo in several directions, including
from recycling endosomes back to the plasma membrane (Schwartz et al., 2007;
Somsel Rodman and Wandinger-Ness, 2000; Stenmark, 2009). We found that
Fzd3-mCherry did not colocalize with Rab4-GFP, Rab8-GFP, or Rab11-GFP
when cotransfected into HEK293T cells. However, Fzd3-Cherry did colocalize
with Arf6-GFP and the SNARE proteins VAMP2 and VAMP7 (Figure B3). (The

relationship of VAMP2 and VAMPY7 is discussed in further detail in Appendix A)
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Frizzled3-GFP

Frizzled3-GFP

Rab11-GFP

Figure B3 Candidate GTPase screen using co-transfection strategy in HEK
cells

The indicated fusion constructs below were cotransfected into HEK293T cells to
determine which molecules help traffic Fzd3. We found Fzd3 colocalizes with
Arf6, VAMP2 and VAMP7. Red arrows indicate the location of mCherry fusion
proteins. Green arrows indicate the location of the GFP fusion proteins. Yellow
arrows indicated colocalized mCherry and GFP fusion proteins. (A-C) Fzd3-
mCherry and Arf-GFP (D-F) VAMP2-mCherry and Fzd3-GFP (G-lI) VAMP7-
mCherry and Fzd3-GFP (J-L) Fzd3-mCherry and Rab4-GFP (M-N) Fzd3-
mCherry and Rab11-GFP

The candidate screen in HEK293T cells via co-transfection of fusion constructs

indicated ARF6-GFP colocalizes Fzd3-mCherry puncta. Next we sought to
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confirm this colocalization in commissural neurons by coelectroporation. They
did indeed colocalize in commissural neurons and were both found at the

plasma-membrane when over expressed (Figure B4).

Tubulin

Figure B4 Arf6-GFP and Fzd3-mCherry colocalize in the growth cone
Arf6-GFP and Fzd3-mCherry puncta are found associated together in the central
domain and filopodia of rat E13 commissural growth cone.

Arfé is an ideal candidate for trafficking Fzd3 during the growth cone
turning decision. Arf6 is known to be required when immense membrane
addition is needed, such as during spermatocyte cytokinesis and during
membrane re-spreading of mouse embryonic fibroblast (Balasubramanian et al.,
2007; Dyer et al., 2007). In both cases, Arf6 helps recruit endosomal membrane
stores in the time of drastic cell shape change. In a similar sense, upon
encountering a Wnt guidance cue, Arf6 may help recruit Fzd3 and membrane
stores to the growth cone tip to facilitate axon growth and membrane addition.

To test the affect of activating Arf6é in commissural axon growth we used
an available inhibitor of Arf6-GAP, QS-11, in our Fzd3 electroporated
commissural culture. Arf6-GAP promotes Arf6-GTP hydrolysis to the inactive

Arf6-GDP bound form (Donaldson and Honda, 2005). The compound QS-11
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has been shown to inhibit Arf6-GAP and increase levels of activated Arf6-GTP
(Zhang et al., 2007a). We electroporated commissural neurons with Fzd3-EGFP
and grew them in the presence of QS-11 and found that the inhibitor markedly

enhance axon elongation of Fzd3 expressing neurites (Figure B5)

¢
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Figure B5 Treatment with QS-11 promotes commissural axon growth

(A-C) Commissural neurons expressing Fzd3-EGFP were incubated with the
following concentration of the Arf6-GAP inhibitor QS-11, OuM (A), 0.5uM (B) and
2um (C) for 24 hours. They were then fixed and immunostained for EGFP,
tubulin and actin. (D) The axons incubated with QS-11 showed an enhanced
growth in axon length.

In the presence of QS-11 there is a dose-dependent increase in axon length of
Fzd3-EGFP expressing neurites, such that incubation with 2uMQS-11 for 24hrs
resulted in a 200% increase in commissural neurite length (Figure B5D).

Nevertheless, we need to confirm that the presence of QS-11 indeed promoted
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the activation of Arf6-GTP in our commissural culture by assaying for the
increase levels of this activated form via western blot analysis.

To study if QS-11 affects commissural axons in a more in vivo context we
cultured our open-book spinal cords in the presence of QS-11. Open-book
incubation at lower concentrations of QS-11 (0.5uM, 1uM, 2uM or 10uM) showed
no effect on the anterior turning of commissural axons. All Dil injection sites
quantified revealed ~80% correct turning, which is equivalent to the DMSO
control in rat E14 open-books. However, incubation with the high 50uM
concentration of QS-11 revealed Dil injection sites that consistently showed an
increase in accurate anterior turning (Figure B5). All of the 17 injection sites
quantified turned correctly. In addition, the axons treated with 50uM QS-11

appeared more fasiculated and healthier than the DMSO controls (Figure B6).
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Figure B6 24 hour QS-11 treatment of E13 open-books

The left panel shows a depth coded view of the E14 rat Dil injection sites. The
axons treated with 50uM QS-11 appear more thick and fasiculated. Further, the
presence of QS-11 corrected the 20% error rate that occurs with the rate ex-vivo
explant.

From the evidence on neurite outgrowth and in the open-book assay, QS-
11 and by extension Arf6 GTPase, appears to enhance commissural axon
outgrowth. Since Arf6 colocalizes with Fzd3 puncta and since an increase in
Arfé appears to enhance the anterior turning of commissural axons (a process
that is known to be Wnt-Fzd dependent), we would like to explore the relationship
of Fzd3 and Arf6 further in our model system of commissural axon guidance.

We know that GTPases confer directionality to membrane traffic; they act
as molecular switches during the traffic events of budding, transport, tethering
and fusion (Grosshans et al., 2006; Novick et al., 2006). Preliminary work
presented in this thesis shows that Fzd3 co-localized with Arf6 GTPase but not

early or late endosomal GTPases. Arf6 is a small GTPase that regulates post-
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endocytic recycling, exocytosis and cytoskeletal reorganization (D'Souza-
Schorey and Chavrier, 2006; Prigent et al., 2003), and was shown to be critical in
returning lipid rafts to the cell periphery during cell re-spreading after detachment
(Balasubramanian et al., 2007). Therefore, it is possible that Arf6 acts as a
molecular switch that delivers Fzd3 to the cell membrane during growth cone
turning. To test this hypothesis, we need to further image and track the
movement of Fzd3-mCherry and Arf6-GFP in commissural neurons during
transport to the growth cone. Dominant negative Arf6, Arf6(T27N), can be used
to further examine its role effecting shuttling Fzd3 to the plasma membrane.
Arf6(T27N) has been shown to block cell spreading by effecting lipid raft traffic
(Balasubramanian et al., 2007; Radhakrishna et al., 1999; Song et al., 1998), and
it may in a similar manner block Fzd3 delivery to the cell surface. In parallel, it
would be of interest to test the functional requirement for Arf6 is commissural
axon guidance by down-regulating Arf6é via siRNA to see if this known down

effects the Fzd dependent anterior turning decision in vivo.
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APPENDIX C: MATERIALS AND METHODS

In situ hybridization

Mouse E11.5 embryos were fixed overnight at 4C in 4% DEPC treated
PFA and in situ hybridization and completed as previously described
(Lyuksyutova et al., 2003), using digoxigenin-labeled riboprobes (Roche). All
specific probes were obtained by RT-PCR from E11.5 mouse mRNA and

subcloned into TOPO Il vector (Invitrogen).

Dil axon labeling

To visualize anterior posterior projection of commissural axons Dil labeling
was used in the spinal open book preparation. Mouse open-book assay and Dil
injections were completed as previously described (Zou et al.,, 2000);

(Lyuksyutova et al., 2003);(Wolf et al., 2008).

Immunohistochemistry

E11.5 mouse embryos of all wildtype, heterozygous, knock out and mutant
embryos were fixed in 4% PFA and immunostaining of spinal cord sections were
performed as described previously (Lyuksyutova et al., 2003). The following
primary antibodies were used: o-TAG-1 (Developmental Hybridoma), o-L1
(Developmental Hybridoma), a-Frizzled3 (Wang et al, J. Neurosci, 2006), -

phospho-JNK (Cell Signaling), a-Vangl2 (Santa Cruz), DvI2 (Santa Cruz), Pax7
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(Developmental Hybridoma), Lhx1/5 (Developmental Hybridoma), a-tubulin
(Sigma), DAPI (Sigma), Phalloidin-488 (Invitrogen), o-EGFP (Invitrogen).

Confocal images were taken with Zeiss LSM510.

Electroporated commissural culture

Electroporations of rat E13 spinal cords were completed as previously
described (Wolf et al., 2008). Neurons were dissociated from these spinal preps
and grown as previously described (Augsburger et al., 1999). After 24 hours of
growth they were fixed with 2% PFA at 37C for 15 min and immunostained as
described (Wolf et al., 2008). The axons lengths were quantified with Zeiss
LSM510 software and data were analyzed with an unpaired two-tailed t test for

each electroporation condition.

Surface biotinylation and immunoprecipitation

48 hours after transfection with the indicated constructs into HEK293T
cells (FuGene, Roche), followed by a bath application of Wnt5a (R&D Systems),
surface proteins were subsequently labeled with biotin (Pierce). The cell lysates
were collect over a period of 45 minutes on ice in the following lysis buffer:
20mM Tris pH7.6, 150mM NaCl, 1% Triton, 0.1%SDS, 2.5mM EDTA, 2.5mM
EGTA, protease Inhibitors (Roche). For the membrane immunoprecipitation,
600ug of protein extracts were incubated and retrieved with strepavidin-coated
sepharose beads (Pierce). The following primary antibodies were used for the

immunoblot: a-Frizzled3 (Wang et al, J. Neurosci, 2006), a-Vangl2 (Santa Cruz),
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a-mCherry (Clonetech), a-JNK (Cell Signaling), a-phospho-JNK (Cell Signaling),

a-Flag (Sigma), a-GAPDH (Chemicon)

Animals, mouse lines and breeding

Embryos from E13 stage Sprague Dawley pregnant rats (Charles River)
were collected. CD-1 mice (Jackson Laboratories) were staged and collected at
mouse E11.5 and E14.5. Loop-tail mutant mice (LPT/Le stock, Jackson
Laboratories) were provided by A.Wynshaw-Boris (UCSF, San Francisco,
Maryland). Celsr3 mutant mice were described previously (Tissir et al., 2005).
Fzd3 mutant mice generated by J. Nathans (J.H.U. School of Medicine,

Baltimore, Maryland; (Wang et al., 2002); (Lyuksyutova et al., 2003).
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