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ABSTRACT

As the nervous system develops, neurons often migrate from where they
originate to their functional locations prior to them contributing to the circuits that
drive cognitive and motor function. Within the vertebrate hindbrain, facial
branchiomotor (FBM) neurons migrate caudally from rhombomere 4 (r4) to r6 and
assemble into the circuits that drive facial and jaw movements. While several
components of the Wnt/PCP (Planar Cell Polarity) pathway have been investigated
based on their necessary role in initiating FBM neuron migration, much less is
known regarding the mechanisms that determine directionality. However, our lab
discovered that in mice lacking the Wnt/PCP component Celsr1, many FBM
neurons inappropriately migrate rostrally. Tissue-specific knockouts indicate that
Celsr1 is functioning non-cell autonomously within the ventricular zone rostral to
r4 in order to prevent rostral migration. Intriguingly, Celsr1 and potential
chemoattractant Wntba are expressed in overlapping domains within the rostral
hindbrain. Based on these findings, we hypothesize that under normal
conditions, Celsr1 suppresses Whnt5a activity rostral to r4 to block the

inappropriate rostral migration of FBM neurons.

Therefore, if WNT5A functions as the primary chemoattractive cue lending
to the rostral migration observed among Celsr1 mutants, then rostral migration
should be suppressed in Celsr1; Wnt5a double knockouts. Indeed, FBM neurons
in Celsr1; Wnt5a double knockout embryos never migrate rostrally. Furthermore,
if WNTSA acts as the source of chemoattraction in the rostral hindbrain of Celsr1

knockouts, then rostral migration should observed in wildtype hindbrains with



WNT5A-coated beads placed in r3. We found that FBM neurons migrated rostrally
toward WNT5A beads in >80% of wildtype explants, demonstrating that excess
WNT5A can allow for FBM neurons to overcome the endogenous effects of Celsr1.
Importantly, rostral migration towards beads is significantly reduced in Dvi2
mutants, suggesting that the Wnt5a-mediated chemoattraction of FBM neurons is
dependent on Whtba-DvI2 signaling. Lastly, our model predicts that rostral
migration of FBM neurons should be enhanced in Celsr1 mutants overexpressing
Wntba in r3. As expected, when a Whntb5a gain-of-function allele is used to
overexpress Wntba in r3 of Celsr1 mutants, the proportion of rostrally migrating
FBM neurons is substantially greater than in control mutants, further supporting
the chemoattractive model. These results reveal a novel role for a Wnt/PCP
component regulating neuronal migration through suppressing chemoattraction

(Chapter 3).

In other studies, we used transgenic zebrafish that express various calcium
indicators in order to characterize calcium dynamics and neural activity, as calcium
has been shown to allow for neuron migration as well as circuit establishment
spanning multiple neuronal contexts. Here we show that FBM neurons exhibit
fluctuations in intracellular calcium (Cai) among both cell bodies and neurite
processes during their caudal migration. We also found that beginning at 60 hpf
(hours post fertilization), synchronized patterns of neuronal activity extend to most

hindbrain neurons, as well as caudal-most midbrain neurons (Chapter 4).

Xl



In separate studies, we used a transgenic line expressing nitroreductase in
BM neurons to evaluate the ability of BM neurons to regenerate following
metronidazole-mediated ablation. Surprisingly, BM neurons were not regenerated
even after 1 week of recovery. Moreover, treatments shown to stimulate the
regenerative response in other contexts failed to elicit BM neuron regeneration.
These results suggest that different neuronal populations in zebrafish vary in their

regenerative potential (Chapter 5).

Xl



CHAPTER 1: Introduction

1.1 Cell Migration During Early Development

Migration is the means by which cells move from one location to another.
Many cells must migrate from where they are specified to new locations before
performing a concerted function as part of a tissue/organ system. How cells
acquire the competency to migrate has been extensively studied in the context of
the immune system as well as other mature tissues. Not surprisingly, appropriate
cell migration is also critical for normal development (Horwitz and Webb, 2003).
The earliest form of migration occurs during gastrulation, where cells migrate and
differentiate in order to form the multi-layer body plan comprised of the endoderm,
mesoderm, and ectoderm (Keller and Shook, 2008; Tam and Behringer et al.,
1997). Cells residing within each layer then participate in an extensive and
cooperative migratory event referred to as convergence and extension. During
convergence and extension cells of the mesoderm and ectoderm specifically
migrate and further differentiate to form somites and the neural tube respectively
(Solnica-Krezel, 2005). Subsequently, pluripotent neural crest cells delaminate
from neural tube in order to migrate towards more distal locations (Mayor and
Theveneau, 2013). As neural crest cells initiate migration, they simultaneously
begin expressing various transcription factors and therefore differentiate into
various precursor cells. These precursors also migrate and eventually give rise to
a vast array of tissues including smooth muscle, bone, and various neurons

(Christiansen et al., 2000; Le Douarin and Dupin, 2003; Weston et al., 1970).



Importantly, several sub-cellular processes must occur before any cell has
the capacity to migrate. For example, the concerted collapse and reformation of
actin and microtubule filaments during cytoskeletal rearrangement allows cells to
take on dynamic morphologies that support movement in a particular direction.
While mechanisms of cytoskeletal rearrangement appear to be somewhat
universal among migratory cell types, mechanisms of chemoattraction and cell-cell
adhesion seem to vastly differ and therefore confer specificity among migrating

cells. This is particularly true in the case of neuron migration.

1.2 An Overview of Neuron Migration

During development of the nervous systems, many neurons will migrate
extensively in order to reach their appropriate location among corresponding inputs
and outputs. More specifically, proper neuronal position is achieved by means of
either radial or tangential neuron migration and is generally recognized as a critical
step during the formation of complex circuits. As neurons initiate migration,
filopodia and lamellipodia projections perceive and respond to various attractive
and repulsive cues, which provide spatial and temporal information to ultimately
determining a neurons final destination. These cues typically include different cell
adhesion molecules and/or secreted molecules which are perceived
extracellularly. As neurons interpret attractive signals, actin and microtubule
filaments associate the plasma membrane resulting in extension of one or more
leading processes. Conversely, repulsive signals lead to retraction of said

processes (Lambert de Rouvroit and Goffinet, 2001; Tsai and Gleeson, 2005).



Importantly, the analysis of several neuronal cell types has led to a much more

thorough understanding of how neuron migration is achieved.

1.3 Neuron Migration Within the Cerebral Cortex

Neuron migration has been most prominently studied within the context of
the cerebral cortex where first, neurons of the subplate as well as Retzius (CR)
neurons migrate to an area below the cortical plate and pia, respectively.
Subsequently, glia cells undergo somal translocation away from the pial surface,
towards the ventricular zone, leaving behind an axon which gives rise to individual
cortical columns (Miyata et al., 2001; Noctor et al., 2001).These radially-oriented
glia cells i.e radial glia (RG), then transdifferentiate into projection neurons and
various neuronal precursors. After extensive proliferation, projection neurons as
well as other cell types destined for more superficial layers of the cortex associate
RG cells allowing them to traverse cortical layers before differentiating into other
neurons (Anton et al.,, 1999; Hatten, 1999; Hatten, 2002; Nadarajah and
Parnavelas, 2002). Simultaneously, cortical interneurons as well as Corridor cells,
born within the subpallium layer, migrate from ganglionic eminences perpendicular
to RG cells in order to reach their proper position among cortical columns (Silva et
al., 2019). Once glia-guided migration is complete, RG cells transform into

astrocytes which support the formation of synaptic connections (Hatten, 1999).

Based on the step wise order of migration within the cerebral and cerebellar
cortex, the earliest born neurons are generally found deep within the cortical plate,

whereas neurons born later are found within more superficial layers of the brain.



This gives rise to an “inside-out” arrangement of neurons which is thought to be
critical for normal brain function. (Hatten, 1999; Honda et al., 2003; Pearlman et

al., 1998).

1.3.1 Mechanisms of Radial Neuron Migration

Radial migration or migration along the pial-ventricular axis is the most
commonly utilized mode of migration among all migratory neurons. Appropriately,
radial neuron migration is also most extensively investigated form of neuron
migration and therefore, several studies have led to keen insights into how these
interactions are maintained. For example, the Reelin pathway has been shown to
regulate several aspects of radial migration and is the most well understood and
commonly studied genetic mechanism proven to regulate neuron migration. Reelin
signal transduction has particularly been shown to allow for glia guided radial
migration within the cortex. Here, receptors of Reelin including the Very Low
Density Lipoprotein Receptor (VLDLR) and Apolipoprotein E receptor-2 (ApoER2)
bind REELIN, and activate LIM-Kinase 1 (LIMK1; Hirota and Nakajima, 2017).
LIMK1 prompts the phosphorylation of n-cofilin which is expressed within the lead
processes of migrating neuron and promotes the degradation and reformation of

actin filaments during cytoskeletal rearrangement (Chai et al., 2009).

Reelin signal transduction also results in the phosphorylation of Disabled1
(Dab1) which activates the GTP exchange factor C3G, and GTPase, RAP1. RAP1
then promotes cell adhesion through the activation of various N-cadherins that act

to stabilize the leading process of radially migrating neurons (Chai et al.,,



2009; Franco et al., 2011). N-cadherins as well as Netrins are also required for
proper polarization of filopodial projections (Ju et al. 2013; Stanco et al. 2009;
Gartner et al., 2012). Importantly, while N-cadherins are generally viewed as
attractive cues, Netrins are capable of acting as either attractive or repulsive cues
during neuron migration (Park et al., 2003). The last step of glia-guided radial
migration within the cortex termed terminal translocation, is also dependent on
DAB1 phosphorylation leading to RAP1 activation, however, results in stimulation

of the cell adhesion molecule Integrin a5B61 (Sekine et al., 2012).

In comparison to earlier stages of glia guided radial migration within the
cortex, terminal translocation relies on both N-cadherins as well as Integrin a5f31.
(Sekine et al., 2012; Chai et al., 2009; Franco et al., 2011). Various other integrins
including lfga3, ltgab, ltgb1 are also involved in glia-guided radial migration (Anton
et al. 1999; Belvindrah et al. 2007). Upon reaching more superficial layers of the
cortex, neurons must disassociate radial glia by attenuating N-cadherin-mediated
cell adhesion present between neurons and radial glial scaffolds. This largely
dependent upon Slit/Robo signaling which results in B-CATENIN phosphorylation,
and deactivation of N-cadherin (Rhee et al., 2007). Therefore, SLIT1/2 as well as
are generally viewed as repulsive cues (Zheng et al. 2012) This is in contrast to
SEMA-3A which binds NEUROPILIN-1 to allow for chemo attraction (Chen et al.

2008).

Once glia-guided migration is complete within the cortex, neurons have

been shown to disperse by means of EPHRIN-A5-mediated repulsion (Villar-



Cervino et al. 2013). Acknowledging that radial migration is the far more commonly
utilized mode of migration among all migratory neurons, tangential migration on
the other hand appears to be a more specialized or specific means of achieving

proper position within the nervous system (Marin and Rubenstein, 2003).

1.3.2 Mechanisms of Tangential Neuron Migration

In contrast to radial migration, tangential migration occurs in the plane of
the rostro-caudal and/or medial-lateral axis and is achieved independent of radial
glia. Instead, tangentially migrating olfactory interneurons for example will utilize
adjacent astrocytes as a substrate allowing for their migration (Chazal et al., 2000),
while the tangential migration of cranial motor neurons has been shown to rely on
adjacent or leading neurons in a process referred to as collective cell migration.
Here, “pioneer neurons” of similar identity to that of surrounding neurons first
initiate migration leaving behind a trailing axon. This axon, like RG cells of the
cortex, provides a cellular scaffold which signals to follower neuron to initiate their

migration (Wanner & Prince, 2013; Rebman et al., 2016). Analogous relationships



Figure 1. Radial and Tangential Migration within the Cortex
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Figure 1. Radial and Tangential Migration within the Cortex

A visual representation of neuron migration within the cerebral cortex. Note that
many neurons as well as neuronal precursors will associate radial glia axons in
order to ascend cortical layers. However, neurons that undergo somal
translocation do not require radial glia for migration. Also, note the tangential
migration of cortical interneurons which occurs perpendicular to radial glia allows
for proper position among cortical columns which also occurs independent of radial
glia.



exist within the context of the cerebral and visual cortex as well as in the spinal
cord (Morante-Oria et al., 2003; Deng and Elberger, 2001; Nural et al, 2007).
Therefore, as compared to radial migration that requires glia functioning as cellular
scaffolds, tangentially migrating neurons are thought to utilize more diverse
substrates perhaps suggestive of more context dependent mechanisms of
regulation. Another marked difference between radially and tangentially migrating
neurons is that typically, tangentially migrating neurons will extend multiple
projections or elaborate branches as compared to radially migrating neurons that
will extend one or very few projections (Valiente and Marin, 2010). Much of what
we know regarding tangential neuron migration comes from studies examining the
migration of cortical interneurons as they migrate from the medial ganglionic
eminence (MGE) and subsequently position themselves among cortical columns.
Neurons will also tangentially migrate from the lateral ganglionic eminence (LGE)
in order to give rise to the olfactory bulb (Kriegstein and Noctor, 2004, Marin and

Rubenstein, 2001).

Like radial neuron migration, the tangential migration of interneurons from
the MGE has also been shown to depend upon Reelin signaling functioning
upstream of N-cadherin mediated cell adhesion (Morante-Oria et al., 2003, Jossin
and Cooper 2011). Reelin signaling is also required for the tangential migration of
midbrain dopaminergic (mDA) neurons as well as somatic motor neurons within
the spinal cord (Prakash et al., 2009; Bodea et al., 2014). Cell adhesion, made
possible through Integrin a3B1 (like integrin a5B1 in the case of radial migration)

is also necessary for proper interneuron migration (Stanco et al. 2009; Schmid et



al., 2004). Likewise, Netrin1 is required for both radial and tangential neuron
migration (Stanco et al. 2009). During the tangential migration of interneurons from
the MGE, NETRIN-1 binds its receptor UNC5H3 which triggers repulsion away
from the external granule layer (Alcantara et al., 2000). Similarly, tangentially
migrating striatal neurons are also repelled away from the subventricular zone
upon perception of NETRIN-1 as they migrate from the MGE (Marin and

Rubenstein, 2003).

While Robo signaling is required for interneurons to be repelled away from
the striatum, SLIT, the primary ligand to ROBO appears to be dispensable in this
regard (Andrews et al., 2007; Marin et al. 2003). Interestingly, migrating
interneurons are repelled away from the striatum by means of SEMA-3A and
SEMA-3F. This repulsion is accomplished through SEMA binding its receptors,
NEUROPILIN-1 (NPN1) and NPN2, another marked difference between radial
migration within the cortex and tangential migration from ganglionic eminences
(Marin et al., 2001). Through binding their PLEXIN coreceptors, SEMA-3A and
SEMA-3F also allow for proper “sorting” of cortical and striatal interneurons (Marin
and Rubenstein, 2001). Furthermore, EPHRIN-A3 functioning as a repulsive cue
has been shown to prevent the inappropriate migration of tangentially migrating
interneurons into the striatum through binding its receptor, EPH-A4 (Rudolph et
al., 2010). While the molecules contributing to these processes are largely
conserved between model systems and humans, in many cases it is unclear how

defects in these pathways can result in neurological disorder. Therefore, we must

10



continue to investigate the mechanisms essential to neuron migration, in particular

those affected in neurological disorders.

1.3.3 Neuron Migration Disorders

As a function of the many pathways involved, as well as the numerous
neuronal cell types in existence, deficiencies in neuron migration manifests as a
vast spectrum of developmental disorders characterized by uncontrolled motor
output and/or severe cognitive disability. The critical role for neuron migration is
evident among those affected by neuronal migration disorders (NMDs), a class of
disorders that embody a daunting number of human syndromes of varying severity.
For example, Lissencephaly (LIS) 1 is a gene named after the human condition,
that upon mutation results in a smooth cerebral surface due to a lack of neuron
migration (Copp and Harding, 1999). Appropriately, the word lissencephaly literally
means smooth-brain. Lissencephaly (the condition) along with Paraventricular
Heterotopia, polymicrogyria, Aicardi syndrome, and cortical dysplasia are all
considered NMDs and result in the malformation of multiple brain regions (Copp
and Harding, 1999; Gleeson and Walsh, 2000; Guerrini and Parrini, 2010;
Pearlman et al., 1998). As previously described, several studies have also lead to
a well-supported role for the Reelin pathway during cortical neuron migration.
Appropriately, human mutations in Reelin have been shown to result in epilepsy,
schizophrenia, and autism (Ishii et al., 2016). Fortunately, many neuronal cell
types have emerged as models for investigation into how a mispositioning of

neurons can ultimately result in abnormal circuit output and/or reduced fitness.
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Acknowledging that breathing and feeding are critical to human health and
survival, the underlying circuits responsible for these behaviors have also been the
focus of extensive investigation. The branchiomotor neurons originating in the
vertebrate hindbrain are of extreme clinical significance being that these neurons
innervate the muscles that drive respiratory and feeding behaviors. Based on their
stereotyped migration, the facial branchiomotor (FBM) neurons have specifically
proved to be an efficient model for studies into how deficient migration can
ultimately result in reduced or abnormal behavior (Asante et al., 2021; Allen et al.,

2017; McArthur and Fetcho, 2017).

Facial Branchiomotor Neuron Migration and the Developing Hindbrain

Native to the vertebrate hindbrain, FBM neurons are specified and migrate
from hindbrain segment, rhombomere 4 (r4) to more caudal rhombomeres. In both
zebrafish and mice, FBM neurons specifically exit cranial nerve VIl to innervate the
abductor and hyoid muscles of the jaw derived from the 1st and 2nd pharyngeal
(branchial) arches (Chandrasekhar, 2004; Guthrie, 2007). FBM neuron migration
in mice largely occurs from embryonic stage E10.5-E13.5 and results in
translocation as far as r6, while in zebrafish, migration largely occurs from 18-36
hours post fertilization (hpf) and results in migration as far as r7 (Chandrasekhar,
2004; Guthrie, 2007). Once FBM neurons migrate from r4 and pass medial to the
nucleus abducens (nVI) in r5, they begin to migrate laterally (Song et al., 2006).
FBM neurons then undergo a radial, glia and Reelin dependent migration to form

2 mature motor nuclei within r6 or r7 (Goffinet, 1984; Ohshima et al., 2002;
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Figure 1.2 The Mouse and Zebrafish Cranial Motor Neuron Circuit
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Figure 1.2 The Mouse and Zebrafish Cranial Motor Neuron Circuit

Organization of cranial motor neurons in both zebrafish and mice. Rhombomeres
are denoted by horizontal dashed lines in schematics and horizontal solid white
lines in florescent images. Florescent images are transgenic animals expressing
GFP in cranial motor neurons under the regulation of the Islet1 promoter
(Islet1:GFP). In schematics, branchiomotor neurons are shown in red, the
somatomotor neurons (SMNSs) in green, the otic and lateral line efferent (VIII, OLe)
neurons in blue, and the visceromotor neurons (VMNSs) in yellow. For clarity,
neuron populations are depicted on only one side of the hindbrain. FP marks the
floor plate region. The nerve exit points of the BMN, VMN, and otic efferent axons
are shown as grey circles. These exit points appear to be more ventral in zebrafish,
although their depicted locations are estimates. OV, otic vesicle.
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Chandrasekhar, 2004). Interestingly, studies in zebrafish show that FBM neuron
migration depends upon a single “pioneer” neuron defined as the first FBM neuron
to initiate migration. As a pioneer neuron begins to migrate, it leaves behind a
trailing axon. “Follower” neurons of similar identity then associate the trailing axon
allowing for their tangential migration to more caudal locations (Wanner & Prince
2013). Subsequently, FBM neurons associate medial longitudinal fasciculus (MLF)
neurons in order to complete their caudal migration (Wanner & Prince 2013;

Rebman et al., 2016).

Importantly, various genes widely recognized as core components of the
Whnt/Planar Cell Polarity (PCP) pathway have been investigated based on their
critical role in initiating FBM neuron migration (Chandrasekhar, 2004; Guthrie,
2007). Several other genes are similarly required for FBM neuron migration, and
upon mutation, result in either partial or complete migration block. This is in
contrast to PCP component Celsr1, which upon mutation results in abnormal

rostral migration (Glasco et al., 2012; Qu et al., 2010).

1.4.1 Celsr1 Mediates Directionality Among Migrating FBM Neurons

In animals deficient for atypical cadherin and PCP component Celsr1, some
FBM neurons inappropriately migrate rostrally into r3 and r2 instead of caudally
(Qu et al., 2010). Interestingly, Celsr1 is expressed during FBM neuron migration
(E10.5-E12.5) within the ventricular zone, directly adjacent and lateral to the floor
plate, spanning the entire rostro-caudal extent of the hindbrain (Qu et al., 2010).

Previously, various Cre lines specific to individual hindbrain domains were used in
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combination with a floxed Celsr1 allele to allow for the tissue-specific knockout of
Celsr1 among differing hindbrain domains. These experiments indicate that Celsr1
does not within FBM neurons but instead functions non-cell autonomously within
the ventricular zone rostral to r4 in order to prevent inappropriate rostral migration

(Glasco et al., 2016).

Furthermore, in order to determine the origin of both rostrally and caudally
migrating neurons in Celsr1 mutants, lipophilic dyes were used to label both
rostrally and caudally migrating neurons. The dye would travel through the axons
of injected cells to where neurons had migrated from and out of the hindbrain
through cranial nerve exit points lateral to each neuron’s original starting position.
In all samples tested, the rostral streams of migrating neurons always occupied
more rostral positions of r4 suggesting that the rostral migration of FBM neurons
in Celsr1 mutants is not due to a random loss of polarity, but is instead due to a
change in local guidance cues (Glasco et al., 2016). Intriguingly, Wnt5a, a putative
chemoattractant, is expressed in a domain that overlaps with the domain of Celsr1
expression and has been proposed to regulate the caudal migration of FBM
neurons (Vivancos et al., 2009). Since Celsr1 does not function within FBM
neurons during migration and is instead required within and rostral to r4, Celsr1
must function non-cell autonomously to regulate FBM neuron migration (Qu et al.,
2010 & Glasco et al., 2016). Also, acknowledging that Wnt ligand binds FRIZZLED
receptors extracellularly, Wnt ligands are also thought to function non-cell
autonomously. Importantly, WNT5A and CELSR1 have not been shown to directly

associate one another in any context.
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1.5 The Canonical and Non-canonical Wnt Signaling Pathway

During canonical Wnt signaling, Wnt ligands are secreted via retrograde
transport. WNT molecules are lipid modified glycoproteins typically 350-400 amino
acids in length (Cadigan and Nusse, 1997). The palmitoylation as well as
glycosylation of WNT molecules through the addition of a lipid and carbohydrate
modification, respectively, in part allows for export/secretion. Prior to export, Wnt
trafficking proteins WNTLESS and PORCUPINE must associate WNT (Yu et al.,
2014; Kurayoshi et al., 2007). Therefore, modulation of WNTLESS and
PORCUPINE activity represents an indirect means of regulating Wnt signaling (Yu
et al., 2014). Once secreted, WNT molecules are perceived by the G-protein
coupled receptor (GPCR) FRIZZLED and at times the coreceptor LRP5/6 which
together associate DISHEVELLED (DVL). Interestingly, knockout of DvI2 has been
shown to rescue the Celsr1 mutant phenotype where FBM neurons migrate
rostrally instead of caudally (Glasco et al.,2012). The palmitoylation of Wnt is also
required for associating Frizzled receptors (Janda et al., 2012; Hosseini et al.,
2019). Cytoplasmic DVL then recruits AXIN1 and the kinases CK1 and GSK3 to
the membrane, which prevents both R-CATENIN phosphorylation and
degradation. As a result, 3-catenin molecules accumulate in the cytoplasm and
subsequently translocate into the nucleus, where they activate TCF/LEF

transcription sites.

In contrast to the canonical Wnt pathway, non-canonical Wnt signaling is

achieved independent of [3-catenin and results in activation of ROCK and JNK
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through the small GTPases RhoA and Rac1 ultimately leading to cytoskeletal
rearrangement and transcriptional activation (Palomer et al 2019). Furthermore,
non-canonical Wnt signaling also results in PKC/PLC activation, and therefore
regulates intracellular calcium concentrations. Interestingly, FRIZZLED3 has been
shown to mediating R-CATENIN phosphorylation and is also capable of stimulating
PKC activation (Umbhauer et al., 2000; Sheldahl et al., 1999). Likewise, Wnt5a is
considered a “non-canonical” Wnt (Sinha et al., 2012; Vivancos et al., 2009; Cheng
et al., 2008) yet has been shown to result in 3-CATENIN activation and is therefore
capable of mediating both canonical and non-canonical Wnt signaling pathways
(Topol et al., 2003; Dissanayake et al., 2007; Mikels and Nusse 2006; Okamoto et

al., 2014)

While WNTS5A has been investigated as a potential chemoattractant
allowing for FBM neuron migration, Wnt5a mutants animals exhibit relatively
normal migration therefore, the role for either canonical or non-canonical Wnt
signaling remains uncertain (Vivancos et al., 2009). Nevertheless, WNT5A has
well demonstrated roles in the nervous system and has been shown to function as
a chemoattractant during commissural axon outgrowth (Lyuksyutova et al., 2003;
Onishi et al., 2013). Whntba has also been shown to function as a chemorepellent
for corticospinal as well as callosal neuron axon outgrowth (Hutchins et al., 2011).
Furthermore Whntba also mediates the migration of macrophages during
inflammation and regulates the migration and metastasis of cancer cells (Ka Toh

and Ka Toh, 2006; Hasan et al., 2017; Kim et al., 2020). Importantly, several genes
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required for Wnt signaling, are also considered core components of the PCP

pathway, and therefore, the two pathways overlap significantly.

1.6 Mechanisms of Planar Cell Polarity (PCP)

During PCP signaling, mutually antagonistic interaction between core PCP
components FRIZZLED and VAN GOGH result in their asymmetric localization
(Davey et al., 2016), through mechanisms that are not entirely clear (Benzing et
al., 2007). Nevertheless, the intracellular PCP components, DISHEVELLED and
DIEGO are thought to promote the asymmetric localization of FRIZZLED and VAN
GOGH-LIKE 2 (VANGLZ2; Feng et al., 2012). Importantly, CELSR molecules on
neighboring cells participate in homophylic interactions and simultaneously bind
core PCP components FRIZZLED and VANGL2 in order to further assist in their
asymmetric localization (Stahley et al., 2021; Bastock et al., 2003; Chen et al.,
2008; Devenport and Fuchs, 2008; Strutt, 2008; Struhl et al., 2012). Appropriately,
knockout of either Frizzled3 or Vangl2 results in a complete FBM neuron migration
block (Vivancos et al., 2009; Glasco et al., 2012). Based on the critical role for
Vangl2 during FBM neuron migration, we know that Wnt signaling, in the absence
of PCP, is not sufficient for FBM neuron migration. During FBM neuron migration,
VANGL2 has been shown to lend to filopodia retraction, whereas FRIZZLED3A
instead acts to stabilize extending projections suggestive of an attractive role for
Whnt signaling (Davey et al., 2016). Frizzled3 as well as Celsr2/3 compound
mutants also exhibit extensive migration defects within the cerebral cortex by
adulthood (Qu et al.,, 2014). Deletion of Celsr2/3 also prevents FBM neuron

migration (Qu et al., 2010). Furthermore, while Celsr1 mutants are characterized
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by a partial reverse of FBM neuron migration, Celsr1 mutant mice also exhibit
microcephaly by adulthood, reminiscent of the human condition (Ravnir et al.,

2009; Boucherie et al., 2018).

Interestingly, while PCP achieved through Frizzled and Vangl2 has been
shown to give rise to the rostral-caudal axis spanning various cell types, the Fat
and Dachsous mechanism of polarity instead gives rise to the medial-lateral axis
(Brzo'ska et al., 2016; Zakaria et al., 2014). Specifically, PCP component Celsr1
is required for rostro caudal patterning of the kidneys and skin (Brzo'ska et al.,
2016; Ravnir et al., 2009). Furthermore, it's been shown that Celsr1 is
downregulated in hepatocellular carcinomas and mantle cell lymphoma (Del
Giudice et al. 2012; Ammerpohl et al. 2012), however, is upregulated in B
lymphocytes of chronic lymphocytic leukemia patients, and thus it is unclear how

Celsr1 may be contribute to cancer and metastases (Kaucka et al. 2013).

1.7  Outline of Thesis

Prior to this work, others have demonstrated that Celsr1 functions to
mediate directionality among migrating FBM neurons, as in Celsr1 mutants, a
portion of FBM neurons inappropriately migrate rostrally instead of caudally
(Glasco et al. 2012; Qu et al., 2010). In addition, WNTS5A has been investigated as
a potential chemoattractant functioning to regulate FBM neuron migration,
however, based on the subtle phenotype observed among Wht5a mutants, this
role remains uncertain. Also, Celsr1 and Wntba expression domains overlap within

the context of the rostral hindbrain. Based on these data, we examined a possible
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role for Celsr1 functioning as a suppressor of Wnt5a-mediated chemoattraction.
We propose that the suppression of Whtba via Celsr1 ensures the exclusively
caudal migration of FBM neurons. We also examine a role for Dv/2 regulating the
Whnt5a-mediated chemoattraction of FBM neurons (Chapter 3).

Also, since calcium-mediated signaling has been shown to regulate
neuronal migration and circuit formation, in separate experiments, we use
transgenic zebrafish that express genetically-encoded calcium indicators,
GCaMP6s or GCaMP6f, to characterize calcium dynamics and neural activity
among FBM neurons as well as other hindbrain neurons (Chapter 4). We also
tested whether the branchiomotor neurons would regenerate following chemo-

genetically induced ablation (Chapter 5).
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Figure 1.3 A potential Mechanism for the Wnt/PCP Pathway During FBM

Neuron Migration
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Figure 1.3 A potential Mechanism for the Wnt/PCP Pathway During FBM
Neuron Migration

As previously described, both Wnt and PCP signaling pathways are required for
(normal) FBM neuron migration. Several lines of evidence support the interactions
depicted. Most notably, recent work has shown that Celsr1 physically interacts with
Frizzled and Vangl2 (in mouse epidermal cells; Stahley et al., 2021). We also
know that Celsr1 does not function within FBM neurons to prevent their rostral
migration and instead functions within the surrounding environment (Qu et al.,
2010; Glasco et al., 2016). Furthermore, Davey et al., 2016 reports that VANGL2
is enriched at the anterior (rostral) side floor plate cells of the hindbrain (Davey et
al., 2016). Lastly, Vivancos et al., 2009, suggests that WNT5A is capable of acting
as a chemoattractant and is broadly expressed caudal to rhombomere 4. ---
Schematics from Feng et al., 2012 &
“http://lwormbook.org/chapters/www_wntsignaling.2/wntsignal.htm!” were adpted
and merged.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Adult Mice

2.1.1. Colony maintenance

Mice used in these studies were maintained using standard protocols
approved by the Animal Care and Use Committee at the University of Missouri.
The mouse colony was housed in the Vivarium of the Bond Life Sciences Center
where a 12- hour day/night cycle, 72 — 73 °C temperature, and a humidity of 30 —
70% was maintained. Mice were kept in conventional housing with at least one
source of housing enrichment. For social enrichment, they were housed in groups
with the exception of designated breeder males which were used for timed

matings.

2.1.2. ID tagging

All mice were ID tagged at weaning age (P21) for the purpose of tracking
and genotyping. Each mouse was restrained by hand, and a small ear tag
(National Band & Tag, catalog number 1005-1, laser etched) was applied using an
ear tag applicator (National Band & Tag, catalog number 1005s1). Ear tags were
soaked in 70% ethanol immediately before use to prevent infection. Moreover, ear
tags were applied midway down the pinna in order to avoid puncturing

cartilaginous tissue.
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2.1.3. Tissue collection and genomic DNA isolation from tail snips

For genotyping purposes, DNA was purified from tail clips of mice at
postnatal day 21 (P21). Each mouse was restrained by hand, and 0.5 cm of the
tail was removed using a clean razor blade. To stop the bleeding, pressure and
Kwik Stop® Styptic Powder with Benzocaine (Fisher, catalog number NC9482281)
was applied to the wound. Tail clips were always collected at P21 and mice were
immediately weaned. Genomic DNA purification was subsequently carried out
using the DNeasy® Blood & Tissue Kit (QIAGEN, catalog number 69504)

according to the manufacturer’s instructions.

2.1.4. Timed matings

For timed matings, male studs were housed individually for breeding. Up to
two female mice were introduced to male breeders in the late afternoon and were
left overnight to allow for mating. Each morning thereafter, females were examined
for copulation plugs as an indication of successful mating (Papaioannou and
Behringer, 2005). Each plugged female was transferred from the male’s cage back
into her original cage and embryo collection was planned according to the
developmental stage desired. Noon on the day plugs were found, embryos were
considered to be E0.5 (Nagy, 2003). Potentially pregnant females were weighed
for several days prior to dissections in order to ensure pregnancy. Females were
euthanized for embryo collection only if they had exhibited at least 20% weight

gain from the plug date.
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2.1.5. Euthanasia

Adult mice were euthanized by asphyxiation in 100% CO2. A cervical
dislocation was then performed to ensure death. For female mice used for embryo
collections, two minutes were sufficient since the freshest embryonic tissue is
required. Mice euthanized for other reasons (e.g. age, colony size reduction) were
left in the CO2 chamber for 5-10 minutes before cervical dislocation. All procedures
performed on live mice were approved by the University of Missouri Animal Care

and Use Committee.

2.2. Embryos

2.2.1. Dissection and staging

Pregnant females were euthanized via CO. asphyxiation and cervical
dislocation as previously described. The mouse was laid on its back and its
abdomen was soaked with 70% ethanol spray to minimize contamination. The
uterus containing the embryos was then removed using standard technique (Nagy,
2003), and was subsequently placed in a 100 mm x 15 mm petri dish containing
ice-cold PBS. After rinsing the intact uterus, it was then transferred to a new dish
containing fresh PBS for dissection. The method of removing embryos from the
uterus was different based upon the age(s) required. For E10.5 and younger, the
uterine swellings were cut individually and the muscular layer was then removed
using forceps (Nagy, 2003). For E11.5 and older, a single incision was made down
the muscular layer using surgical scissors to remove the constricting uterus.

Dissections using scissors at early ages will result in destruction of embryonic
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tissues. Embryos were then removed (Nagy, 2003), and transferred to a dish
containing fresh PBS for staging and hindbrain dissection. The approximate age
of each clutch was already known based on the day of copulation, however, was

confirmed using the Thieler method of staging (Nagy, 2003).

2.2.2. Fixation and storage

The time between sacrificing of the mother and fixation of embryos should
be minimized to ensure consistent results. Embryo tissue fixation (in 4%
paraformaldehyde in PBS) varies depending upon the age of embryos. Embryos
younger than E9.5 should be fixed for a maximum of 5 hours, however older

embryos should be fixed overnight.

2.2.3. Tissue collection and genomic DNA isolation

For embryos requiring genotyping, a small amount of tissue was collected
during dissection for genomic DNA isolation. To minimize contamination between
samples, clean forceps were used and wiped down with 70% ethanol between
samples. A small amount of tissue — the size of an E12.5 handplate — was collected
into a 1.5-mL microcentrifuge tube containing 500ml of PBS. After all dissections
were complete, the PBS was removed, replaced with 100 pL of lysis buffer, and
incubated at 55 °C for two hours with occasional mixing. DNA was precipitated by
adding 1 yL of glycogen (Roche, catalog number 10901393001) plus 200 uL of
100% ethanol per sample, gently mixed, then stored at -20 °C overnight. The

following day, DNA was pelleted at 14,000 rpm for 5 minutes, washed in 250 pL of
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70% ethanol, air dried at 37 °C, and resuspended in 35 pL of QIAGEN buffer EB
(available in QIAGEN PCR purification kits). If a smaller tissue sample was

recovered, these samples should be suspended in only 15 ml of EB.

Lysis buffer for genomic DNA isolation of hand plates (97.7 mL)

Component Amount  [Stock] [Finall]
Tris-HCI, pH 8.0 5mL 1M 50 mM
EDTA 1 mL 0.5M 5 mM
NaCl 10 mL 1M 100 mM
SDS 2.5mL 20% 0.5%
ddH20 to 4L - -

Mix each of the components in a sterile 100-mL bottle and store at room
temperature. Proteinase K (Sigma P4850, >800 U/mL) is added fresh to each
aliquot during use. To make a 1-mL working aliquot, combine 977 uL of the stock
lysis buffer and 23 pL of proteinase K into a 1.5-mL tube. The working

concentration of proteinase K for digestion is >18.4 U/mL.

2.3. Mouse Lines & Genotyping

2.3.1. Celsr1 KO mutant mouse line

Celsr1 KO mice, were revived from frozen sperm. In Celsr1 KO mice, exons
26 through 29 of the Celsr1 gene are deleted and correspond to transmembrane
domains 5 through 7 (Ravni et al., 2009). Importantly, homozygous Celsr1 KO

mice are smaller, have defects in hair follicle orientation, as well as a kinked or
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curly tail (Ravni et al., 2009). Mice will also spin, perhaps depending on the severity

of improper hair follicle orientation. While ~20% of mutants die in utero, many

survive to adulthood (Ravni et al., 2009).

Genotyping of the Celsr1 KO allele was performed by PCR amplifying the

region between introns 25 and 29 of Celsr1, however, this at times proved

problematic during amplification of the WT allele which would result in a band 3504

bp. This is as compared to the mutant allele which would result in a 596 bp band.

To simplify the genotyping procedure, a third primer was designed, specific to the

deleted introns, and therefore would only anneal in WT samples. This also allowed

for the use of GoTaq Green Master Mix (Promega M7123) and significantly shorted

the time in the thermocycler. PCR conditions are as follows (25 pL reaction):

Component [Stock] [Final]
nuclease-free water -- -
GoTaq Green Master Mix 2X 1X
(Promega M7123)

reverse primer (common) 10 uM 0.5 uM
5-

GGGAAAGAGACTGTTGGTGAGCAGAA

GCC

forward primer (WT Allele) 10 uM 0.5 uM
5-GGACAAAGCTTGGTCCCTGCTCCG

forward primer (mutant allele) 10 uM 0.5 uM

5’-GCGCCTCTGTTGACTTCTGACTGGG

genomic DNA --
(purified via QIAGEN DNeasy Kit)

uL/reaction
7.75

12.5

1.25

1.25

1.25
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Thermocycler conditions: 94 °C, 2 min; [(94 °C, 30 sec), (64 °C, 1 min), (72 °C, 45

sec)] x 40 cycles; 72 °C, 5 min; hold at 4 °C.

The resulting product was analyzed by running 10ml on a 2% agarose gel.

2.3.2. Wnt5a KO mutant mouse line

The Wnt5a KO allele (B6;129S7-Wnt5a™4mc) were purchased from

Jackson Laboratory (Bar Harbor, ME). Animals homozygous for the Wnt5a KO

allele die at birth due to respiratory failure (Yamaguchi et al., 1999). The

genotyping assay outlined below results in a 400-bp band characteristic of the KO

allele while the WT allele is characterized by a 484-bp band. PCR conditions are

as follows (25 pL reaction):

Component

nuclease-free water

GoTaq Green Master Mix
(Promega M7123)

reverse primer (common)
5'- CATCTCAACAAGGGCCTCAT-3

forward primer (WT Allele)

5'- GAGGAGAAGCGCAGTCAA TC-3

forward primer (mutant allele)
5- GCCAGAGGCCACTTGTGTAG-3’

genomic DNA
(purified via QIAGEN DNeasy Kit)

[Stock]

2X

10 pM

10 pM

10 pM

[Finall uL/reaction
-- 7.75
1X 12.5
0.5 uM 1.25
0.5 uM 1.25
0.5 uM 1.25
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Thermocycler conditions: 94 °C, 3 min; [(94 °C, 30 sec), (50 °C, 30 sec), (72 °C, 1
min)] x 35 cycles; 72 °C, 10 min; hold at 4 °C.
The resulting product was analyzed by running the entire reaction on a 2% agarose

gel.

2.3.3. Dishevelled2 KO mutant mouse line

Dvi2 knockout mice (129s;Dvi2im"Awb) were purchased from Jackson
Laboratory (Bar Harbor, ME). Importantly, It was previously shown that 50% of
DviI2 homozygous mutants die due to cardiac defects before or immediately after
birth (Hamblet et al., 2002). Based upon the genotyping assay outlined, the WT
allele is characterized by a 263-bp band, whereas the mutant allele produces a
209-bp band. Heterozygous mice show both 263 bp and 209 bp bands. PCR

conditions are as follows (25 pL reaction):

Component [Stock] [Final] uL/reaction
nuclease-free water - - 7.75
GoTaq Green Master Mix 2X 1X 12.5

(Promega M7123)

forward primer (common) 10 uM 0.5 uM 1.25
5'- GCCAGAGGCCACTTGTGTAG-3’

reverse primer (WT Allele) 10 uM 0.5 uM 1.25
5- CCACCTCCAAATGCTATGCT-3

reverse primer (mutant allele) 10 uM 0.5 uM 1.25
5- GAATCGGTGACACTGCTGAA-3

genomic DNA -- -- 1
(purified via QIAGEN DNeasy Kit)
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Thermocycler conditions: 95 °C, 5 min; [(95 °C, 45 sec), (565 °C, 1 min), (72 °C, 1

min)] x 35 cycles; 72 °C, 2 min; hold at 4 °C.

The resulting PCR product was analyzed by running 10ml on a 2% agarose gel.

2.3.4. Krox20-Cre mouse line

Krox20-Cre mice (Egr2tm2(re)Peh)  were revived from frozen sperm.

Importantly, Krox20-Cre mice were generated by replacing, a portion of exons 1

and exon 2 with nls-Cre. This places Cre under the control of the Krox20 regulatory

elements, however, generates a Krox20 null allele (Voiculescu et al., 2000).

Therefore, it is important to use and maintain heterozygous animals since loss of

Krox20 function prevents the formation of r3 and r5 and is lethal (Schneider-

Meunoury et al., 1993). The Krox20 allele is characterized by a 500-bp band while

the WT is characterized by a 659-bp band. PCR conditions are as follows (25 pL

reaction):
Component
nuclease-free water

GoTaq Green Master Mix
(Promega M7123)

reverse primer (common)
5'- CTTTACACAGCATCGCCAAG-3

forward primer (WT Allele)
5- TTGACCAGATGAACGGAGTG-3’

forward primer (Krox allele)
5- ATCAGGACATAGCGTTGGCT-3

[Stock]

2X

10 pM

10 pM

10 pM

[Finall uL/reaction
-- 7.75
1X 12.5
0.5 uM 1.25
0.5 uM 1.25
0.5 uM 1.25
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genomic DNA -- -- 1
(purified via QIAGEN DNeasy Kit)

Thermocycler conditions: 95 °C, 5 min; [(95 °C, 45 sec), (563 °C, 1 min), (72 °C, 1

min)] x 35 cycles; 72 °C, 2 min; hold at 4 °C.
The resulting PCR product was analyzed by running the entire reaction on a 1%

agarose gel.

2.3.5. Wnt5a GOF mouse line

Wnt5aGOF mice, carrying the conditional Wnt5aGOF allele, were
generated by inserting a floxed Wnt5a expression construct into the ROSA26 locus
(Cha et al., 2014), Crossing to a Cre-driver results in the excision of the flox-stop-
flox allowing for Whntba overexpression in a Cre-dependent manner. Presence of
the Wnt5a®°F transgene is characterized by a 192-bp band along with a 500-bp

band. WT animals exhibit a 330-bp band. PCR conditions are as follows (25 pL

reaction):
Component [Stock] [Final] uL/reaction
nuclease-free water - - 5.75
GoTaq Green Master Mix 2X 1X 12.5

(Promega M7123)

reverse primer (GOF forward) 10 uM 0.5 uM 1.25
5- CACACAGGCATAGAGTGTCTGCT-3’

forward primer (GOF reverse) 10 uM 0.5 uM 1.25
5'- AGAACTTGGAAGACATGGCACCT-3’
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forward primer (ROSA10) 10 uM 0.5 uM 1.25
5- CTCTGCTGCCTCCTGGCTTCT-3

forward primer (ROSA11) 10 uM 0.5 uM 1.25
5- CGAGGCGGATCACAAGCAATA -3

forward primer (ROSA reverse) 10 uM 0.5 uM 1.25
5- GCGAAGAGTTTGTCCTCAACC-3’

genomic DNA -- -- 1
(purified via QIAGEN DNeasy Kit)

Thermocycler conditions: 94 °C, 3 min; [(94 °C, 30 sec), (53 °C, 30 sec), (72 °C,

30 sec)] x 35 cycles; 72 °C, 10 min; hold at 4 °C.

The resulting PCR product was analyzed by running 20ml on a 2% agarose gel.

2.3.6. SE1::GFP mouse line

The SE1::GFP (Tg(Isl1-EGFP)2SIp) transgenic mouse line was revived
from frozen sperm. The original genotyping protocol was modified in order to
reduce the possibility of false positives (which was often an issue when carrying
out gel electrophoresis for this allele). In doing so the number of cycles during PCR
was reduced from 35 to 30. Presence of the GFP transgene is characterized by a
383-bp band (Shirasaki et al., 2006). All other PCR conditions are as follows (25

uL reaction):

Component [Stock] [Final] uL/reaction
nuclease-free water - - 7.75
GoTaq Green Master Mix 2X 1X 12.5

(Promega M7123)
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reverse primer (forward) 10 uM 0.5 uM 1.25
5- CGCACCATCTTCTTCAAGGACGAC

forward primer (revearse) 10 uM 0.5 uM 1.25
5'- AACTCCAGCAGGACCATGTGATCG

genomic DNA -- -- 1
(purified via QIAGEN DNeasy Kit)

Thermocycler conditions: 94 °C, 3 min; [(94 °C, 30 sec), (60 °C, 30 sec), (72 °C, 1

min)] x 30 cycles; 72 °C, 10 min; hold at 4 °C.

The resulting PCR product was analyzed by running 5ml on a 1% agarose gel.

2.4. In Situ Probe Synthesis

2.4.1. Synthesis of labeled RNA

To generate DNA for synthesis of in situ hybridization probes, plasmid
DNAs encoding various genes of interest (cds sequences) were linearized just
downstream of the gene to allow for transcription termination. Subsequently,
linearized plasmid DNA was then purified using a PCR purification kit (QIAGEN,
catalog number 28104). Probe synthesis was carried out using a Digoxigenin or
fluorescein RNA labeling kit (Roche, catalog number 11175025910 or

11685619910) as follows:

Component [Stock] [Final] uL/reaction
nuclease-free water - - 31.8
Transcription buffer 10X 1X 5
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dig (or flu) labeled NTP mix 10X 1X 5

RNAse inhibitor 20 U/uL 0.8 U/uL 2

Linearized template DNA 1 pg/pL 0.02 1.2
Hg/uL

RNA polymerase (T7, SP6, T3) 10 uM 0.5 uM 25

The reaction mixture was then incubated for 2 hours at 37 °C. However,
since the SP6 polymerase is a weak promoter, reactions using this enzyme were
incubated for 3 hours. To precipitate the labelled RNA probe, 1 pyL of 20 pg/uL
glycogen (Roche, catalog number 10901393001), 5 yL of 0.2 M EDTA, 6.3 pL of
4 M LiCl, and 190 uL of 100% ethanol were added, and the sample was allowed
to precipitate overnight at -20 °C. The following day, the RNA was pelleted at
15,000 rpm at 4 °C for 10 minutes, washed with 250 pyL of 70% ethanol, and
resuspended in 30 pL of nuclease-free water. Probes were stored at -20 °C for
short term or -80 °C for several years. Before storage and use, transcript quality

was assessed via RNA gel electrophoresis.

2.4.2. RNA gel electrophoresis

RNA probes were assessed on a denaturing gel to minimize secondary
structure formation and allow for accurate size determination. In a 500-mL conical
flask, 1 g of agarose was dissolved in 84.8 mL of dH20. Inside a fume hood on a
hot plate, 5.2 mL of 37% formaldehyde (Fisher, catalog number BP531) was

added, followed by 10 mL of 10X MOPS and mixed by swirling gently. The gel was
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cast immediately, and after solidifying, the chamber was flooded with 1X MOPS
running buffer. Each lane was loaded with 1-2 uL of RNA probe, 1 pL of 0.1%
ethidium bromide (Fisher, catalog number BP1302), and 17 uL of 2X RNA loading
buffer (supplied with labelling kit). Distinct bands on the gel indicate a high-quality
synthesis (Figure 2.3), whereas a smear indicates a lower quality synthesis or
degradation. Multiple bands due to residual template DNA is normal and will still

produce good in situ results.

2.5. Expression Analysis

2.5.1. Whole mount in situ hybridization

Mouse hindbrain tissue can be effectively processed for whole mount in situ
hybridization provided unique requirements for each age and tissue type are taken
into consideration. E8.5 — 9.5 embryos can be processed whole as long as the
E9.5 embryos have holes poked in brain ventricles and should only be fixed in PFA
for a maximum of 4-5 hours. E10.5 embryos are best processed with the trunks
removed and small holes poked, however, some trapping in the brain ventricles is
unavoidable. For E11.5 and older, thorough dissection of the hindbrain away from
the pial membrane and surrounding tissues is essential for high quality staining.
For embryos E11.5 — 12.5, the removal of the pial membrane can be performed
before or after staining. E10.5 embryos and older were fixed in PFA-DEPC
overnight at 4 °C. The next day, embryos were subjected to 10-minute washes in
25%, 50%, 75% and 100% methanol diluted in PBS-DEPC. After the wash in 100%

methanol, the methanol was replaced and the tissue stored at -20 °C. Strong
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staining can be achieved with embryos stored in methanol for eight months or less,
and up to two years in some cases. All reagents up to and including the post-
hybridization washes at 70 °C should be DEPC treated to avoid RNA degradation.
A clean workspace is necessary to further minimize the possibility of RNAse
contamination. Samples should be constantly rocking during the procedure for best
reagent penetration. Also, 20-mL scintillation vials with a minimum of 5 mL of
solution should be used, with the exception of the hybridization step and antibody

steps.

To begin the in situ hybridization procedure, embryos were bleached in 5:1
methanol:30% hydrogen peroxide at room temperature for 30 minutes. Next, they
were rehydrated via 10-minute washes in 66% and 33% methanol in PBT, followed
by two five-minute washes in PBT. To permeabilize the tissues, embryos were
treated with 20 ug/mL proteinase K in PBT for one minute per embryonic day of
development; for example, an E12.5 hindbrain is treated for 12.5 minutes. After
two five-minute PBT washes, the embryos were re-fixed in 4% PFA/0.25%
glutaraldehyde for 20 minutes, followed by two more five-minute PBT washes.
After transferring the embryos to 2-mL screwcap tubes, samples were washed with
pre-warmed hybridization buffer at 69 °C for 5 minutes, and then incubated with
new buffer for at least two hours at 69 °C, however, longer is preferred. To
hybridize the probe, samples were incubated in diluted probe (diluted to either
1:250 for less sensitive probes or 1:500 for more sensitive probes) in pre-warmed

hybridization buffer overnight with gentle rocking.

38



The next day, the probe solution was removed and stored at -20 °C. Diluted
probes can be reused up to three times. Embryos were then transferred to new
20-mL scintillation vials and incubated twice for 45 minutes each with 2X
SSC/0.1% CHAPS, then 0.2X SSC/0.1 CHAPS for 30 minutes (all 4 washes
should still be kept at 69 °C). Next, samples were brought to room temperature
with two five-minute washes in TBST. To remove any remaining non-hybridized
probe, embryos were incubated in 50 ug/mL RNAse A in TBST for 30 minutes at
37 °C, followed by two five-minute washes in TBST at room temperature. For the
blocking step, samples were incubated in 3 mL of 20% heat-inactivated goat serum
in TBST for at least one hour at 4 °C, however, longer incubations, up to 4 hours
long appeared to result in far less background. The secondary antibody, anti-
digoxygenin or anti-fluorescein conjugated to alkaline phosphatase (Roche,
catalog number 11093274910 or 1426338) was then added directly to the vial at

1:1500 and was incubated overnight at 4 °C.

The next day, unbound antibody was washed away with at least six washes
in TBST at 4 °C, followed by an overnight wash in a larger volume at 4 °C. On the
final day, embryos were washed three times for 30 minutes each with TBST at 4
°C. To create optimal conditions for the alkaline phosphatase enzyme, samples
were washed twice for 15 minutes in AP buffer, and were then transferred to 12-
well tissue culture plates (Falcon 353043). To initiate the color reaction, samples

were incubated in the dark at 37 °C with the substrates NBT (2.34 pg/mL) and
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BCIP (1.75 pg/mL) diluted in AP buffer. A typical color reaction takes three to four
hours, though some probes can take several days at room temperature. Probes
proven to require longer incubations can be accelerated by incubation at 37°C and
NBT/BCIP solutions can be replaced as needed, as they will come out of solution
during longer incubations. Once the color reaction was satisfactory, samples were

washed twice in PBS for 5 minutes, followed by an overnight fixation in 4% PFA.

To prepare for imaging after fixation, embryos were washed twice in PBS
for 5 minutes, followed by 25%, 50%, then 70% glycerol for a minimum of 10
minutes for each, however, slowly transitioning to glycerol reduces shrinkage of
the samples. Samples were then mounted on slides in 70% glycerol and imaged.

Samples stored in glycerol are good for many years if kept at 4 °C.

2.5.2. Two-color whole mount in situ hybridization

Two-color staining, though difficult, can be achieved. The initial steps are
identical to the single-color technique (2.5.1), except that both probes should be
added at the hybridization step. One probe must contain the digoxygenin hapten
and the other must contain the fluorescein hapten. The initial color reaction must
be done with the NBT/BCIP substrates, but can be used to detect either the
digoxygenin or fluorescein probe. For two-color staining, the NBT/BCIP color
reaction was stopped by washing with 0.1% Tween, followed by 0.1 M glycine-HCI
(pH 2.2) for 30 minutes at room temperature in order to deactivate alkaline

phosphatase. It is vital to not fix in PFA at this step. After transferring the embryos
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to new scintillation vials, they were washed twice with TBST at room temperature.
Thereafter, the blocking step, antibody incubation, and post-antibody washes were

performed as in the single-color in situ protocol (2.5.1).

To prepare samples for the second color reaction, samples were moved to
12-well culture plates and washed rapidly, at least three times with Tris-HCI (pH
8.2). The Fast Red substrate was then prepared according to the manufacturer’s
instructions (Sigma, catalog number F4648), using 1 mL per well. Subsequently,
embryos were incubated in the dark at room temperature for as long as necessary,
usually several days. The Fast Red substrate should be replaced up to four times
per day, as it will rapidly come out of solution. Also AP activity with FastRed
substrate persists much slower as compared to AP activity with NBT/BCIP. Once
the desired color intensity was obtained, the samples were then rinsed twice in
PBS for five minutes, followed by an overnight fixation in 4% PFA at 4 °C. The
embryos were brought to 70% glycerol as before and were subsequently imaged.

This is more instructions than a method section

2.6. Hindbrain explant and bead migration assay

2.6.1. Hindbrain Dissection and Culture

Timed matings were set up between mice expressing GFP in branchiomotor
neurons (SE1::GFP). Embryos collected at E11.5. were first screened for the
presence of the GFP transgene. Embryos were kept in ice-cold L-15 media (Gibco,

21083-027, stored at 4°C). Based on the number of GFP-expressing embryos, a
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6 well plate containing 8.0 yum polycarbonate membrane inserts (Corning costar,
3428) was prepared by placing 200 uL laminin (Sigma, L2020, prepared at 0.003
pg/ulin 1X-PBS-DEPC) on each filter. The 6-well plate was then placed in a 37°C,
5% COZ2 incubator for an hour to allow for sufficient coating (Heraeus, Hera Cell

150). Neurobasal mix was prepared and warmed to 37°C.

GFP-expressing embryos were dissected in cold L-15 media. To determine
genotype, hand plates were taken from embryos at the same time that the
hindbrain was removed, however, genotyping was performed only after the scoring
of the chemoattraction/rostral migration phenotype ensuring blinding. After all
hindbrains were dissected, the 6 well plate was removed from the incubator.
Inserts were processed one at a time by removing the insert from the plate, blotting
it on a clean KimWipe to remove excess laminin, and was then placed in a separate
sterile 6-well plate. A Hindbrain explant was placed on each insert and positioned
so that it was as flat as possible. Excess L-15 transferred while placing the explant
was removed by dabbing on a clean kimwipe. After the explants were plated and
excess media removed, 340 pL of fresh Neurobasal mix was added to the
underside of each membrane filter. Once all hindbrain explants were placed on to
filters, 6-well plates contain explants were then place into the 37°C, 5% CO2
incubator for 30 minutes to allow hindbrains to adhere to the filter. After 30 minutes
had elapsed, protein coated or PBS treated beads were placed immediately rostral
to FBM neurons using forceps and a stereomicroscope equipped with

epifluorescence. Because beads dry out very quickly, it was important to keep
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them in a covered dish containing 1X-PBS between explants. Also, as beads dry
out, 0.5ml of PBS should be added to beads as needed. Once beads were
positioned, plates were again place into the 37°C, 5% CO2 incubator for another
30 minutes to allow beads to settle into position before imaging. Explants were

viable for ~48 hours under these conditions.

2.6.2. Preparing Wnt5a-soaked beads

Affi-gel blue gel (Bio-Rad, 153-7301, stored at 4°C) are composed of
agarose beads cross-linked to a blue dye that allows for the specific binding of
proteins. To allow for efficient protein binding, the beads were soaked in WNT5A
protein or 1X-PBS-DEPC for 24 hours before use. To prepare the beads, 200 uL
of beads were centrifuged at 5000 rpm (Eppendorf microfuge, 5424) in 1.5 mL
tubes at room temperature for 2 minutes, the supernatant was discarded, and the
beads were washed in 1X-PBS-DEPC two times. Clean beads were stored in 400
uL 1X-PBS-DEPC at 4°C for up to one week. 25 pL of clean beads were then
placed in a 35mm petri dish, and the 1X-PBS-DEPC was carefully removed. Five
ML of WNTS5A protein (R&D, 645-WN, stored at -80°C), or 1X-PBS-DEPC was then
pipetted onto the beads. The petri dish was then sealed, placed inside of a larger

dish containing 1X-PBS-DEPC, and then stored at 4°C overnight.

2.6.3. Imaging explants and scoring migration phenotype
After the beads were placed on explants, they were incubated at 37°C for

another 30 minutes to allow the tissue to adhere to the filter. Explants were first
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imaged at this time, designated as time zero. Explants were then incubated (37°C,
5% CO2 incubator, Heraeus, Hera Cell 150) and imaged 24 hr and 48 hr later. In
early experiments, images were acquired under brightfield illumination (Olympus
SZX12 stereomicroscope) to observe the health of the tissue and the bead
placement. Images were also acquired under GFP fluorescence to observe the
migration of the FBM neurons. The distribution of FBM neurons at the three time
points was scored by comparing the images to the zero time point image.
Importantly, this was done before genotyping, allowing one to assess
chemoattraction in a blinded fashion. In most cases, FBM neurons migrated up to
and surrounding the most caudally placed beads into r3. Chemoattraction resulting
in rostral migration surpassing 1 bead diameter was considered “strong” migration,
while chemoattraction resulting in rostral migration extending less than one bead

diameter was considered “weak” migration.

2.7. Other Protocols and Methods

2.7.1. Common use solutions

1XPBS (4L)
Component Amount  [Stock] [Finall]
NaCl (M.W. 58.44) 329 100% 136.89mM
KCI (M.W. 74.56) 0.8g 100%  2.68mM
Na2HPO4 « 7 H20 (M.W. 268.07) 640 mL  0.1M 16mM
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NaH2PO4 « H20 (M.W. 137.99) 160 mL 0.1M 4mM

ddH20 to 4L - -

Add enough ddH20 to dissolve solids, then bring up to 4 L with ddH20 in a 4-L

beaker. Aliquot into 4 x 1 L and 8 x 500 mL bottles and autoclave.

4% PFA-PBS (1)

Component Amount [Stock] [Finall]
Paraformaldehyde 41.679g 96% 4%
1X PBS-DEPC to 1L - -

In a fume hood, add the solid paraformaldehyde and approximately 800 mL of 1X
PBS to a 2-L conical flask. Cover the opening of the flask with plastic wrap and stir
with medium heat for 20 minutes or up to an hour to dissolve. Add 6 to 8 drops of
10 N NaOH to clear the solution. Filter the solution though a funnel fitted with filter
paper into a 1-L graduated cylinder, then bring up to 1 L with 1X PBS-DEPC.

Aliquot into 15- or 50-mL tubes and store at -20 °C.

10X TBE (1L)

Component Amount  [Stock] [Final]
Tris base (M.W. 121.14) 108 g 100% 0.88 M
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Boric acid (M.W. 61.83) 559 100% 0.88 M
EDTA, pH 8.0 40 mL 0.5M 0.2M

ddH20 to 1L - -

This reagent does not need to be autoclaved. Dilute to 0.5X — 1X concentration for

use in electrophoresis.

10X MOPS Buffer (1L)

Component Amount  [Stock] [Final]
MOPS (M.W. 209.26) 46.3 g 100% 02M
EDTA « 2 H20 (M.W. 372.24) 3.72¢g 100% 0.01 M
ddH20 to1L - -

Adjust to pH 7.0 before bringing to final volume of 1 L. Autoclave for 20 minutes.

Heat Inactivation of serum

Heat-inactivated serum is desirable for some protocols and applications. To
prepare for heat inactivation, thaw unopened serum at 4 °C. Bring a waterbath to
56 °C. Then, bring the unopened container of serum to 56 °C, swirling every five
minutes to assure even heating. Once thawed, incubate the serum for precisely 30
minutes. Immediately after incubation, place the serum on ice, separate into

aliquots, and store at -20 °C. Multiple freeze-thaw of serum should be avoided.
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Treatment of solutions with diethyl pyrocarbonate (DEPC)

DEPC treatment of solutions is desirable in applications where RNAse
contamination and degradation of RNA is of concern (e.g. in situ hybridization). To
inactivate RNAse, DEPC can be added directly to a previously autoclaved or
freshly made solution. Add 1 mL of 100% DEPC (Sigma, catalog number D-5758)
per 1 L of solution (0.1% final concentration). Shake vigorously, incubate overnight

in a fume hood with loosened caps, then autoclave the following day.

2.7.2. Reagents for whole mount in situ hybridization

To eliminate RNAse contamination during in situ hybridization, use diethyl
pyrocarbonate (DEPC)-treated reagents for all steps up to and including the
hybridization of the riboprobe. After hybridization, either DEPC-treated or

untreated solutions may be used.

PBT (50 mL)
Component Amount [Stock] [Final]
Triton X-100 (in PBS-DEPC) 500 uL 10% 0.1%
PBS-DEPC 455mL - -

Do not autoclave. Make fresh during in situ hybridization procedure.
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Proteinase K Solution (5 mL)

Component Amount [Stock] [Final]
Proteinase K (Sigma P4850) 4 uL 800 U/mL  0.64 U/mL
PBS-DEPC 4.996 mL - -

Do not autoclave. Make fresh during in situ hybridization procedure.

PFA/Glutaraldehyde Solution (5 mL)

Component Amount [Stock] [Final]
Glutaraldehyde (EMD GX015305) 50 uL 25% 0.25%
PFA-DEPC 495mL - -

Do not autoclave. Make fresh during in situ hybridization procedure.

20X SSC (1 L)

Component Amount [Stock] [Finall
NaCl (M.W. 58.44) 175.3g 100% 2.99 mM
sodium citrate 88.2¢g 100% 290 mM
ddH20 to1L - -
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Dissolve solids in approximately 800 mL of ddH20. Adjust to pH 7.0 with 10 N

NaOH, then bring to final volume. Autoclave for 20 minutes.

Hybridization Buffer (50 mL)

Component

Formamide (Fisher BP228)

SSC-DEPC

EDTA-DEPC, pH 8.0

Triton X-100

CHAPS (Sigma C3023)

Heparin (Sigma H3393)

Yeast tRNA (Roche 10109223001)

Blocking reagent (Roche 1096176)

ddH20-DEPC

Amount [Stock]
25 mL 100%
12.5 mL 20X
500 pL 0.5M
500 pL 10%
500 pL 10%
50 pL 50 mg/mL
50 mg -

19 -
to 50 mL -

[Final]

50%

5X

5mM

0.1%

0.1%

100 pg/mL

Prepare this buffer in a 50-mL tube, inverting frequently during preparation.

Incubate in 55 °C water bath to help dissolve. Seal the cap with laboratory film

and store at -20 °C.
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2X SSC/0.1% CHAPS Post-Hybridization Wash (50 mL)

Component Amount  [Stock] [Final]
SSC-DEPC 5mL 20X 2X
CHAPS (Sigma C3023) 50 mg 100% 0.1%
ddH20-DEPC 45 mL - -

Do not autoclave. Prepare this solution at the end of day 1 of the in situ

hybridization procedure, and incubate overnight in the hybridization oven.

0.2X SSC/0.1% CHAPS Post-Hybridization Wash (50 mL)

Component Amount  [Stock] [Final]
SSC-DEPC 500 mL 20X 0.2X
CHAPS (Sigma C3023) 50 mg 100% 0.1%
ddH20-DEPC 495mL - -

Do not autoclave. Prepare this solution at the end of day 1 of the in situ

hybridization procedure, and incubate overnight in the hybridization oven.
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RNAse A Solution (10 mL)

Component Amount  [Stock] [Final]

Ribonuclease A (Sigma R4642) 50 yL 30 50 pyg/mL
mg/mL

TBST 9.950 mL - -

Do not autoclave. Make fresh during in situ hybridization procedure.

TBST (100 mL)

Component Amount  [Stock] [Finall]
Tris-HCI, pH 7.5 5mL T™ 50 mM
NaCl 15 mL 1M 150 mM
KCI 1 mL 1M 1 mM
Triton X-100 (Fisher BP151) 1 mL 100% 1%
ddH20 78 mL - -

Do not autoclave. Make fresh during in situ hybridization procedure.

20% Goat Serum in TBST (10 mL)

Component Amount [Stock] [Final]
Heat inactivated goat serum (Invitrogen 16210, 2 mL 100% 20%

not filtered, heat inactivated at 56 °C)
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TBST 8 mL - -

Do not autoclave. Make fresh during in situ hybridization procedure and store on

ice until use.

Alkaline Phosphatase (AP) Buffer (50 mL)

Component Amount [Stock] [Final]
Tris-HCI, pH 9.5 5mL 1M 100 mM
NaCl 5mL 1M 100 mM
MgCl2 2.5 mL 1M 50 mM
Tween-20 (Sigma P9416) 50 yL 100% 0.1%
ddH20 3745mL - -

Do not autoclave. Make fresh during in situ hybridization procedure.

NBT/BCIP Color Reaction Solution (~5 mL)

Component Amount [Stock] [Final]
NBT (Roche 1383213001) 16.88 yL 100 mg/mL  2.34 pg/mL
BCIP (Roche 1383221001) 17.5 uL 50 mg/mL 1.75 pyg/mL
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AP buffer 5mL - -

Do not autoclave. Make fresh during in situ hybridization procedure.

2.7.3. Reagents for hindbrain explants

Neurobasal Mix (4 mL)

Component Amount [Stock] [Final]
Neurobasal media (4° C) (Invitrogen 3.44 mL 1x 0.85x
12348-017)

GDNF in Neurobasal media (4° C) 400 pL 0.001%  0.00085%
(R&D 212GD)

Antibiotic Antimycotic (AA) (-20° C) 40 uL 100x 1Xx
(Sigma A5955)

GlutaMAX (Room Temperature) 40 pL 100x 1x

(Invitrogen 35050-079)

B-27 (-20° C) (Invitrogen 17504-044) 80 pL 50x 1x

GDNF stock was reconstituted at 10 mg/mL in sterile 1XPBS containing 0.1%
BSA and stored in 5 pL aliquots at -20°C until diluted 1:1000 in neurobasal

media. The dilution could be stored at 4°C for up to one month.
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Chapter 3: Celsr1 Suppresses Wntba-Mediated Chemoattraction to Prevent

Incorrect Rostral Migration of Facial Branchiomotor Neurons

3.1 INTRODUCTION

During vertebrate brain development, many types of differentiating neurons
will migrate considerable distances in order to establish the complex circuits
required for cognitive and motor function. Within the hindbrain, facial
branchiomotor (FBM) neurons, which innervate the facial and jaw muscles,
typically migrate caudally from rhombomere 4 (r4) to form a motor nucleus in r6
(nVII; Chandrasekhar, 2004; Guthrie, 2007; Song, 2007), however, in mice lacking
the atypical cadherin and PCP component Celsr1 (Curtin et al., 2003), some FBM
neurons inappropriately migrate rostrally into r3 and r2 instead of caudally (Qu et
al., 2010). As a PCP gene, Celsr1 is involved in polarizing various tissues during
development (Wansleeben et al., 2011, Chen et al., 2008, Ravni et al., 2009,
Brzoska et al., 2016, Qu et al.,2014). During PCP signaling, CELSR molecules on
neighboring cells participate in homophilic interactions and simultaneously bind
mutually antagonistic PCP components FRIZZLED and VANGL2 to allow for their
asymmetrical localization (Shafer et al., 2011; Kelly et al., 2016; Montcouquiol et
al., 2006 Stahley et al., 2021; Bastock et al., 2003; Struhl et al., 2012). Celsr1 may
also function to regulate assembly of the FRIZZLED-DISHEVELLED complex
required for canonical Wnt signal transduction (Nishimura et al., 2012, Chen et al.,

2008).
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To determine where Celsr1 is functioning within the hindbrain to prevent
inappropriate rostral migration of FBM neurons, several tissue-specific conditional
Celsr1 knockouts were previously generated using a floxed Celsr1 allele in
combination with various Cre drivers. Interestingly, the deletion of Celsr1
exclusively in FBM neurons did not result in rostral migration as seen in Celsr1
knockout embryos, suggesting that Celsr1 is functioning non-cell autonomously to
prevent rostral migration (Qu et al., 2010). Furthermore, inactivation of Celsr1 in
floorplate cells using a Sonic Hedgehog (Shh) -Cre did not result in any rostral
migration. Deletion of Celsr1 exclusively in rhombomere 4 (r4-Cre) generated a
weak rostral migration phenotype. Importantly, inactivation of Celsr? in r3 and r5
(Krox-Cre) or in the ventricular zone of all rhombomeres (Nkx6.2-Cre) both
resulted in extensive rostral migration, and frequently resembled the Celsr1
knockout phenotype. These data strongly suggest that Celsr7 functions within the
ventricular zone, rostral to r4 to suppress the inappropriate rostral migration of
FBM neurons (Glasco et al., 2016). Furthermore, anterograde dye-labeling
experiments suggested that the rostral migration of FBM neurons in Celsr1
mutants is not due to a loss of polarity, but is instead due to the loss of a local

guidance cue (Glasco et al., 2016).

Importantly, the suposed chemoattractant, Whntba, is expressed rostral to
r4, directly adjacent to the floorplate/midline. However, caudal to r4, Wntba is
expressed in a broad fashion with areas of greater expression found more laterally
(Fig.3.1). It is unclear whether Celsr1 and Wnt5a are co-expressed. Interestingly,

Whntb5a has been shown to regulate the migration of several non-neuronal cell types
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(Ka Toh and Ka Toh, 2007; Hasan et al., 2017; Kim et al., 2020), as well as the
axon out-growth/pathfinding of commissural neurons (Lyuksyutova et al., 2003;
Onishi et al., 2013). Based on the expression of Wnt5a within the hindbrain and its
known chemotactic roles, others have embedded beads treated with WNTS5A
protein into the hindbrains of mouse embryos cultured ex vivo in order to provoke
the ectopic migration of FBM neurons (Vivancos et al., 2009). While this would
suggest that Wntba is indeed capable of acting as a chemoattractive cue, Wntba
knockout animals exhibit relatively normal caudal migration, and thus the role for
Whntb5a during the caudal migration of FBM neurons remains uncertain (Vivancos

et al., 2009).

Instead, we propose that the rostral migration of FBM neurons in Celsr1
mutants could be dependent on Wnhtba-mediated chemoattraction i.e. Celsr1 acts
to suppress Whntba in r3 of the hindbrain to prevent the inappropriate rostral
migration of FBM neurons (Fig. 3.1). To investigate Wnt5a as the sole source of
chemoattraction acting to entice the rostral migration of FBM neurons in Celsr1
mutants, we evaluated the extent of rostral migration in Celsr1; Wntba double
mutants as well as Celsr1 mutants with increased Whntba expression in hindbrain

segment r3 (Celsr1K0/KO; Wnt5aCCF).

Furthermore, the downstream regulator of Wnt signalling, Dishevelled2
(Dvi2), is expressed throughout the hinbrain and in contrast to Celsr1 mutants,
Celsr1; DvI2 double mutants do not exhibit inappropriate rostral migration (Glasco

et al., 2012). Based on this, we asked whether Dv/2 function is required for the
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Whntba-mediated chemoattraction of FBM neurons. To examine a possible role for
Dvi2 regulating Whnt5a-mediated chemoattraction, we evaluated the apparent
chemoatttraction of FBM neurons in response to agarose beads treated with

WNT5A protein, in a DvI2-deficient background.

3.2 RESULTS

3.2.1 Celsr1 is Expressed in a Complementary Domain with respect to FBM

Neurons and Whntba

To provide further insight into how Celsr1 is functioning to regulate FBM
neuron migration, its expression was examined relative to migrating FBM neurons
and the area of Whnt5a expression. Importantly, it appears that Celsr1 is expressed
within the peri-ventricular zone from E10.5-E12.5, adjacent and lateral to the floor
plate, spanning the entire rostro-caudal extent of the hindbrain. At E11.5, Celsr1
is expressed within the ventricular zone, spanning all rostro-caudal levels of the
hindbrain, however, only in an area immediately dorsal to the floor plate (Qu et al.,

2010; Fig. 3.1).

Importantly, Celsr1 is not expressed (Fig. 3.1) nor does it function within
FBM neurons, suggesting that Celsr1 is functioning non-cell autonomously (Qu et
al., 2010). Wntba also exhibits a restricted expression pattern at E11.5, with a
rostro-medial domain extending up to the r3-r4 boundary, and a more broad
expression domain evident from the r4-r5 boundary. Therefore, Celsr1 and Wntba
expression domains overlap within r3 and r2 (Fig. 3.1C-E). Importantly, even

though the rostral Wnt5a domain extends up to and abuts the rostral most FBM
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neurons in r4 (Fig. 3.1), these neurons never migrate into r3 of wildtype embryos
(Qu et al., 2010). Also, Wntba expression does not appear to be affected in Celsr1

mutants (Glasco et al., 2016).

3.2.2 Rostral Migration Phenotype is Rescued in Celsr1; Wnt5a Double Mutants

We propose that the putative chemoattraction of FBM neurons near the r3-
r4 boundary (and therefore, the rostral source of Whnt5a) is normally suppressed
by Celsr1 (Glasco et al., 2016) (Fig. 3.1). However, in Celsr1 knockouts, this
suppression is relieved, resulting in FBM neurons migrating into r3 and r2 (Fig.
3.1). Furthermore, if Whntba is functioning as the primary chemotactic cue acting to
entice the inappropriate rostral migration observed in Celsr1 mutants, and Celsr1
normally acts to suppress Whntba in the WT hindbrain preventing chemoattraction,
then knockout of Wntba in addition to Celsr1 should result in rescue of the rostral
migration phenotype. Our model predicts that the rostral migration seen in Celsr1
single mutants would not occur in Celsr1; Wnt5a double mutants because the

rostral source of Wnt5a has been removed (Fig. 3.1).

But first, to examine how individual genetic backgrounds combined with
Celsr1 and Wnt5a mutation lends to penetrance and expressivity of the rostral
migration phenotype, a thorough analysis of both Celsr1 and Wntba single mutants
was performed. Here, embryos were processed via in situ hybridization using
digoxygenin-labelled Tbx20 probe. Because in Celsr1 mutants, left and right
hemispheres often exhibit varying amounts of rostral migration, we speculate that

the two sides/populations are to some extent regulated independently of one
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Figure 3.1 Celsr1 and Wnt5a Expression Domains Overlap within the Rostral
Hindbrain
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Figure 3.1 Celsr1 and Wnt5a Expression Domains Overlap within the Rostral
Hindbrain

(A, B) Dorsal views of hindbrains processed for two-color in situ hybridization.
Transcription factor, Tbx20 (red) is expressed within and marks FBM neurons
(arrowheads in A, B) as well as the trigeminal motor neurons in r2 (asterisks). (A)
Celsr1 is expressed medially along the entire rostrocaudal extent of the hindbrain
(black arrows). (B) Wnt5a expression (white arrows) is absent in r4, extends
medially up to the r3/r4 boundary and is evident in a broad domain in the caudal
hindbrain from the r4/r5 boundary. (C) Schematic of Celsr1 and Whntba expression
patterns in a wildtype hindbrain and working model for regulating FBM
directionality. Broken line arrows denote the birth of FBM neurons in r4, caudal
migration into r5 and r6, and subsequent dorsolateral migration within r6. In r3,
Celsr1 suppresses Whntba function and prevents the rostral migration of FBM
neurons into r3, resulting exclusively in caudal migration (hatched “down” arrow).
(D) In a Celsr1 knockout (KO), loss of Celsr1 expression (function) relieves
suppression of Wntba function, leading to rostral migration of some FBM neurons
(“up” arrows) toward the WNT5A chemoattractant in the rostral hindbrain. A large
number of FBM neurons migrates caudally as in wildtype (“down” arrows). Scale
bar (in B) for A-B, 400 pym.
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another. For this reason, each side was scored separately. Consistent with
previous observations, no rostral migration was observed among Whnt5a KO/KO
embryos (Vivancos et al., 2009), however, in Celsr1 KO/KO animals, extensive
rostral migration was evident. This was true for 86% (43/50) of all Celsr1 mutant
hemispheres scored, while only 7% (2/28) of Celsr1 +/KO exhibited any amount of

rostral migration (Fig. 3.2).

To test our model and determine whether or not Celsr1 does indeed act to
suppress Whntb5a chemoattraction within the rostral hindbrain, Celsr1+/KO;
Wntb5a+/KO double heterozygous mice were mated. Resulting E12.5 embryos
harvested from timed pregnant females were genotyped and subsequently
processed for Tbx20 in situs. In doing so, expected genotypes were recovered in
roughly Mendelian ratios, with a slight overrepresentation of double mutants, which
often exhibited open neural tubes characteristic of Wnt/PCP mutants like Looptail
(Vangl2-/-) (Curtin et al., 2003; Glasco et al., 2012). As anticipated, FBM neurons
migrated rostrally into r3 and r2 in Celsr1KO/KO; Wnt5a+/+ embryos obtained from
these crosses (Fig. 3.3) just as they had in Celsr1KO/KO embryos obtained from
single heterozygote matings (Fig. 3.2). Consistent with the single mutant analysis,
Celsr1 mutation alone, resulted in rostral migration in 87.5% of all hemispheres

scored.

Also consistent with the single mutant analysis, FBM neurons never
migrated rostrally in Wnt5aKO/KO embryos obtained from double heterozygote

crosses (Fig. 3.3) suggesting that introducing either Celsr1 or Wnt5a mutant alleles
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to the other alleles genetic background does not greatly exacerbate or in any way
contribute to rostral migration. Interestingly, reducing the amount of Whntba
expression by removing one wildtype allele reduced the incidence of rostral
migration in Celsr1KO/KO; Wnt5a+/KO embryos as compared to Celsr1 mutant
embryos(Fig. 3.3). CelsriKO/KO; Wnt5aKO/+ embryos exhibited only an
Intermediate amount of rostral migration where only 64 % all hemispheres exhibited
some degree of rostral migration, suggesting that chemoattraction towards Wntba
is to some degree a dosage dependent process. Finally, eliminating Wnt5a activity
nearly suppressed all inappropriate rostral migration in CelsriKO/KO;
Wnt5aKO/KO embryos (Fig. 3.3) as predicted by our model (Fig. 3.1). Importantly,
Celsr1KO/KO; Whntba KO/KO double mutant animals showed rostral migration in
only 8% (2/26) of all hemispheres examined suggesting that Whtba is in fact acting
as the primary chemotactic cue enticing the inappropriate rostral migration

observed in Celsr1 mutants.

3.2.3 Celsr1; Wnt5a Double Mutants Display Craniorachischisis-like Phenotype

Importantly, all Celsr1; Wntba double mutants evaluated appeared to
exhibit an open hindbrain resembling the human condition, Craniorachischisis.
Therefore, the suppression of rostral migration in double mutants may reflect the
inability of FBM neurons to migrate into r3 due to potential defects within the
hindbrain. To ensure that hindbrain structure and neural specification were not
adversely affected as a result of both Celsr1 and Whntba deletion, the expression

of efferent neuron marker Gata3 and rhombomere marker Egr2/Krox20 was
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evaluated. We found that Gata3 and Egr2/Krox20 were both expressed relatively
normally in r3 of double mutant hindbrains (Fig. 3.4) ruling out non-specific causes
for the loss of rostral migration, further supporting that idea that WNT5A is indeed
functioning as the chemoattractant responsible for the rostral migration phenotype

observed among Celsr1KO/KO embryos.

3.2.4 Chemoattraction Toward Wnt5a Treated Beads is Reduced in DvI2 Mutants

As previously discussed, Celsr1 mutants also deficient for DvI2 do not exhibit
rostral migration as compared to Celsr1 mutant animals (Glasco et al., 2012).
Importantly, DvI2 is a downstream component of the canonical Wnt pathway,
therefore we hypothesized that if Whtba is indeed functioning to attract FBM
neurons into the rostral midbrain of Celsr1 mutants, then animals deficient for Dv/2
should exhibit reduced response to beads treated with WNT5A protein. Moreover,
if Wntba signaling is achieved via DvI2 signal transduction then we would expect
reduced Whtba-mediated chemoattraction among Dv/2 mutant animals. To test
this, we placed beads coated with recombinant WNT5A in the rostral hindbrains of
control and Dv/2 mutant explants cultured ex vivo and assessed the extent of
rostral migration through observing GFP expression within FBM neurons
(SE1:GFP). Based on the lack of consistent landmarks in these samples, explants
were scored by comparing an image taken 24hrs after bead placement to an image
taken only minutes after bead placement. Chemoattraction resulting in migration
equal to 1 bead diameter or less was scored as “weak” attraction while migration

greater than 1 bead diameter was scored as “strong” attraction.
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Figure 3.2 FBM Migration Phenotypes in Celsr1 and Wnt5a Single Mutants.
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Figure 3.2 FBM Migration Phenotypes in Celsr1 and Wntba Single Mutants.

(A-F) Dorsal views of E12.5 hindbrains processed for Tbx20 in situ hybridization.
Tbx20 staining marks FBM neurons and trigeminal neurons (asterisk). For all
samples, the extent of rostral migration was scored and subsequently quantified
(G). While varying numbers of FBM neurons migrated rostrally in nearly all Celsr1
mutants (C), these neurons never migrated rostrally in Wnt5a mutants (F). Rostral
migration was scored separately for the left and right sides of the hindbrain due to
variable expressivity of the phenotype. Number of embryo sides in parentheses
(2X the number of embryos). Scale bar (in A) for A-F, 400 pym.
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Figure 3.3 Rostral Migration Phenotype in Celsr1 mutants is Rescued upon

Knockout of Wnt5a
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Figure 3.3 Rostral Migration Phenotype in Celsr1 mutants is Rescued upon
Knockout of Wnt5a

(A-D) Schematics of our working model of how Celsr1 and Whntba function to
regulate FBM neuron migration in different genetic conditions. The model predicts
that FBM neurons will not exhibit any rostral migration defects in Celsr1; Wntba
double mutants (D). (E-H) Dorsal views of E12.5 hindbrains processed for Tbx20
in situs. (E) Thx20 is expressed in FBM neurons spanning r4 to r6, and the
trigeminal motor neurons (asterisk). (F) In Wntba mutants, all FBM neurons
migrate caudally into r5 and r6. (G) in Celsr1 mutants, a large number of FBM
neurons migrates rostrally into r3 and r2 (arrowheads). (H), As predicted, rostral
migration is suppressed in double mutants. (l), Quantification of rostral migration
phenotypes. The migration phenotypes on the left and right sides of the hindbrain
were scored as independent data points because the rostral migration defect in
Celsr1 mutants varied in severity between the two sides. Number of embryo sides
in parentheses (double the number of embryos). The differences between
genotypes were tested using Student’s t-test. Rostral migration defects were less
prevalent in Celsr1 mutants carrying one copy of Wntba compared to those with
two copies. Scale bar (in H) for E-H, 400 pym.
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Figure 3.4 Rhombomere 3 Develops Normally in Celsr1; Wnt5a Double

Mutant Embryos
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Figure 3.4 Rhombomere 3 Develops Normally in Celsr1; Wnt5a Double
Mutant Embryos

(A-F) Dorsal views of E11.5 hindbrains processed for Gata3 in situs (A-C) and E8.5
embryos processed for Egr2 in situs (D-F). The expression patterns of both genes
in various hindbrain, especially r3, were similar between wildtype, double
heterozygous and double embryos. Numbers of embryos examined are indicated.
Scale bars: (in B) for A-C, 400 pm; (in E) for D-F, 50 pym.
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Similar to previous observations (Vivancos et al., 2009), chemoattraction of
FBM neurons from r4 toward the WNT5A beads was typically observed within 24
hours in the case of wildtype explants (Fig. 3.5 C,D), while PBS-coated beads
elicited no effect (Fig. 3.5 A,B). In wildtype explants treated with Wntba, over 83%
of all wildtype explants exhibited some degree of attraction towards WNTS5A-
treated beads. This is in contrast to the wildtype explants where only 14% of all
samples showed chemoattraction toward beads treated with PBS. Importantly,
while the percentage of Dvi2 mutant explants exhibiting rostral migration as a
function of Whntb5a-mediated chemoattraction was significantly reduced as
compared to wildtype explants, a large portion (71%) of all Dvi2 mutant explants
still exhibited some degree of chemoattraction towards WNT5A-treated beads
(Fig. 3.5 F, G). The partial reduction in rostral migration observed among Dv/2
mutant explants may reflect functional redundancy with Dv/1 and DvI3, which are
also expressed in E11.5 hindbrains (Wang et al., 2006). Furthermore, based on
the extent of migration observed, i.e. scores assigned, an index value was
calculated (Fig. 3.5 H). A 90% increase in chemoattraction was observed among
wildtype explants treated with WNT5A as compared to wildtype explants treated
with control beads (Fig. 3.5 H). As compared to wildtype explants, Dv/2 knockout
animals exhibited a 22% reduction in the chemoattractive response to WNT5A.
These data suggest that WNT5A chemoattraction is partially dependent on DVL2

function.
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Figure 3.5 Dvi2 Mutant FBM Neurons Exhibit Reduced Attraction Towards
WNT5A-Treated Beads

Dvi2+* Dvi2+*

Dv/[2KO/KO

24 hr

@ Strong attraction
O Weak attraction
B No attraction

G ** (p<0.01)
I 1
*% (p < 0.01) * (p~0.07)
r
(7)
100
2
= 80
S 0
£ ®
X o
oo o
® e
c —
o O 40
S
w e
o\o 20
0
Migration Index | 0.14+0.14 1.47+0.13 114 +0.19
Dvi2 genotype +? +? KO/KO
Beads PBS WNT5A WNT5A

71



Figure 3.5 Dvi2 Mutant FBM Neurons Exhibit Reduced Attraction Towards
WNT5A-Treated Beads

(A-F) Dorsal views of E11.5 hindbrain explants from SE1::GFP transgenic embryos
of the indicated genotypes immediately (0 hr; A, C, E) or 24 hours (B, D, F) after
the placement of Wnt5a- or PBS-treated beads. (A, B) PBS-treated beads placed
in r3 did not elicit any effect in the GFP-expressing FBM neurons in r4. (C, D)
Within 24 hours of placing WNT5A -treated beads in r3 in a wildtype explant, a
large number of FBM neurons (arrowheads) had migrated rostrally 2-3 bead
diameters from the r3/r4 boundary (Strong attraction). (E, F) In a DvI2 mutant
explant, a small number of FBM neurons have breached the r3/r4 boundary by 24
hours, and an even smaller number has migrated rostrally less than a bead
diameter (Weak attraction). (G), Quantification of phenotypes. Number of explants
in parentheses. Student’s t-test indicates that the difference in attraction to WNT5A
beads between wildtype and Dv/2 mutants is bordering on significance (*). Scale
bar (in A) for A-F, 600 pm.
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3.2.5 Celsr1 Mutant Phenotype is Exacerbated Upon Overexpression of Wntba

Acknowledging the ability of FBM neurons to overcome the suppressive
effects of Celsr1 as a result of embedding WNTS5A-coated beads is fundamentally
a gain-of-function (GOF) phenotype/experiment, we predicted that the in vivo
overexpression of Wntba within the rostral hindbrain would mimic the effects of the
bead experiments, but more importantly enhance the rostral migration of FBM
neurons seen in CelsrTKO/KO embryos (Fig. 3.7). Moreover, if WNT5A is the
primary chemotactic cue acting to entice rostral migration in Celsr1 mutants, and
Celsr1 normally acts to suppress WntS5a in the WT hindbrain preventing
chemoattraction, then overexpression of WNT5A in addition to Celsr1 knockout
should exacerbate the rostral migration phenotype observed in Celsr1 single

mutants.

To generate embryos with increased Whtba expression in the rostral
hindbrain (Wnt5aGOF), we employed a Wntba loxP-STOP allele inserted into the
ROSAZ26 locus (Cha et al., 2014) combined with an Egr2:Cre driver (Voiculescu et
al., 2000), which resulted in robust ectopic Wnt5a expression throughout r3 and r5
(Fig. 3.6). Based on the rostral migration observed in these samples (Fig. 3.7), it
was often difficult to identify the r3/4 boundary. In order to infer the position of the
putative r3/4 boundary, the distance between the trigeminal and rhombomere 4
was measured in wildtype and Celsr1 +/KO control samples. Subsequently, a
cumulative average (104mm) was calculated and later applied to both Celsr1

KO/KO embryos as well as embryos possessing the Wnt5a GOF allele. (Fig. 3.9).
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Here, we largely assume that hindbrain size (as a proxy for convergence and
extension) remains unaffected regardless of Celsr1 knockout or Wnt5a over
expression. To confirm this assumption, measurements of length and width were
taken as depicted in (Fig. 3.8). While it was evident that the over expression of
Whntb5a within r3 and r5 generally resulted in more extensive rostral migration,
especially when combined with the Celsr1 mutation, Celsr1 mutation alone
resulted in rostral migration that extended further (Fig. 3.7 I). As a result, our
previous means to quantify rostral migration would have resulted in a severe under
representation of rostral migration specifically for Celsr1 KO/KO; Wnt5a GOF

embryos (Fig. 3.7 I).

In order to more accurately and precisely measure the amount of rostral
migration, Tbx20 staining specific to the FBM neurons was outlined using FIJI
software. The outlined population of FBM neurons was then subdivided into 2
regions of interest by applying the average width of r3 (previously calculated;
specifying the r3/4 boundary). By subsequently exporting measurements of area
and pixel intensity the percentage of signal contributed by the rostrally migrating
FBM neurons was calculated (Fig. 3.9). Both wildtype and Celsr1 +/KO embryos
with normal Wnt5a expression did not exhibit any signs of rostral migration,
however a statistically significant amount of rostral migration was observed in both
wildtype and Celsr1 +/KO animals with increased Wntba expression. In Celsri+/+;
Wnt5a GOF samples, approximately 11% of all the signal specific to the FBM
neurons was found rostral to the putative r3/4 boundary, while a comparable 12%

was observed in the case of Celsr1 KO/+; Wnt5a GOF samples (Fig. 3.7 G, H). In
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the case of Celsr1 KO/KO mutant animals, 17% of all signal specific to the FBM
neurons was found rostral to the putative r3/4 boundary (Fig. 3.7, F). Finally, a
tremendous amount of rostral migration was observed among Celsr1KO/KO;
Wnt5aGOF embryos. Wnt5a over expression among Celsr1 mutants resulted in
extensive rostral migration, where ~34% of the Tbx20 signal was found rostral to
the putative r3/4 boundary. This was a significant increase and nearly double the

percentage of Tbx20 signal found in Celsr1 mutants (Fig. 3.7, J).

3.2.6 Neural Specification is Unaffected Upon Over-Expression of Wnba in r3 and

r5

To verify that neural specification was not adversely affected as a result of
increased Whntba expression within r3 and r5, the expression of efferent neuron
marker, Gata3 was evaluated among Wnt5a®°F embryos. While slight differences
in the amount of Gata3 transcript were observed, perhaps as a function of
differences in age, the overall pattern of Gata3 expression appeared relatively
unchanged suggesting that neural specification was largely un-affect as a result of
Whntba over-expression (Fig. 3.10). Taken together, these data support a novel role
for Celsr1 functioning to prevent Whnt5a-mediated chemoattraction of FBM

neurons.
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Figure 3.6 Wnt5a Over-Expression in Egr2-Cre; Wnt5a+/GOF Animals
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Figure 3.6 Wntba Over-Expression in Egr2-Cre; Wnt5a+/GOF Animals
In an Egr2-Cre; Wnt5a+/GOF hindbrain, overexpression of Wntba is evident in r3

(black arrow) and r5 (white arrow), and r3 is shorter than r4 along the rostrocaudal
axis Scale bar, 400 uym.
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Figure 3.7 The Celsr1 Rostral Migration Phenotype is Exacerbated upon
Over-Expression of Wnt5a
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Figure 3.7 The Celsr1 Rostral Migration Phenotype is Exacerbated upon
Over-Expression of Wnt5a

(A-D) Schematics of our working model of how Celsr1 and Whntba function to
regulate FBM neuron migration. The model predicts that rostral migration of FBM
neurons into r3 (hatched “up” arrow) seen in Celsr1 mutants (B) will be enhanced
by Whnt5a overexpression in r3 (C). (D-1) Dorsal views of E12.5 hindbrains
processed for Thx20 in situs. (D, G) Following ectopic expression of Whntba in r3
in a Celsr1** embryo (G), some FBM neurons (arrowheads) are located in
(migrating to) r3. (E, H) Wnt5a overexpression in a Celsr1*X% embryo (H) results
in a large number of FBM neurons located in r3 (arrowheads) compared to a
control embryo (E). (F, ) Wnt5a overexpression in a Celsr1X9%0 embryo (1) results
in a sharp increase in the number of FBM neurons migrating into r3 (arrowheads)
compared to a Celsr1 mutant embryo (F). (J) Quantification of rostral migration
enhancement phenotypes. For each Celsr1 genotype, the differences between
Whntba expression conditions were compared using Student’s t-test and found to
be significant (**, £<0.01) in all cases. Scale bar (in D) for D-I, 400 ym.
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Figure 3.8 Hindbrain Size and Rhombomere Dimensions in Wnt5a®°F
Embryos
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Figure 3.8 Hindbrain Size and Rhombomere Dimensions in Wnt5a®°F
Embryos

(A) Dorsal views of E12.5 hindbrains processed for Tbx20 in situs. Length and
width were defined as shown, using as landmarks the outlined edges of the
trigeminal motor nuclei in r2 (circled, asterisk) and the caudal edge of the stream
of migrating FBM neurons in r6. The boundaries of r3 and r4 were defined for
control embryos from the location of the Tbx20-expressing trigeminal and FBM
neurons and used to establish the corresponding boundaries (and rhombomere
lengths) in Wnt5a®°F embryos. (B) Hindbrain dimensions were relatively constant
across all genotypes and Whntba expression.
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Figure 3.9 Quantifying Rostral Migration of FBM Neurons in Wnt5a®°F
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Figure 3.9 Quantifying Rostral Migration of FBM Neurons in Wnt5a®°F
Embryos

(A-D) Dorsal views of E12.5 hindbrains processed for Tbx20 in situs. Using the
caudal margin of the trigeminal motor nuclei (asterisks), the putative r3/4 boundary
was drawn using the average length of r3 calculated from control embryos. This
enabled demarcation of the Tbx20-expressing migratory streams into regions of
interest (ROl 1-4). (A’-D’) Using Fiji, the areas and intensities in these ROIs were
measured and plotted as a function of the total Tbx20 signal for each side of the
hindbrain. These measurements were used to calculate the fraction of total Tbx20
signal found rostral to the r3-r4 boundary shown in Figure 3.9. Scale bar (in A) for
A-D, 400 ym.
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Figure 3.10 Neuronal Specification is Unaffected Upon Over-Expression of
Wnb5a
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Figure 3.10 Neuronal Specification is Unaffected Upon Over-Expression of
Wn5a

Dorsal views of E11.5 hindbrains processed for Gata3 in situ. The expression

patterns of Gata3 was similar regardless of Whnt5a over-expression (or Celsr1
knockout). Scale bar: 400 pm
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3.3 DISCUSSION

3.3.1 Wntb5a Mediated Chemoattraction is Dependent on Dvi2 function

Through the outlined experiments, we examined a chemo-attractive role for
Whntba, by placing agarose beads treated with recombinant WNT5A into the rostral
hindbrain of DvI2 mutant explants cultured ex vivo. Interestingly, as compared to
wildtype animals, a partial yet statistically significant loss of Wnt5a-mediated
chemoattraction was observed as a result of Dv/2 deletion. However, many FBM
neurons still migrated towards the WNT5A-treated beads regardless of Dvi2
deletion. Importantly, while transduction of both Wnt and PCP signals rely on Dvl
function, it is unclear how or to what degree Dv/2 contributes to these pathways in
the context of FBM neuron migration. Perhaps cell polarity is more substantially
affected as a result of DvI2 deletion, rather than a cell’s ability to perceive and
respond to Wnt chemoattractant. Another, more direct explanation for this is that
Dvl1 and DvI3 are also expressed within E11.5 hindbrains, and therefore, the
partial reduction of rostral migration observed in Dv/2 mutant explants could
perhaps be due to redundant roles for Dv/2 orthologs (Wang et al., 2006). Taken
together, our explant-bead studies suggested that Wnt5a-mediated
chemoattraction of FBM neurons is dependent on Dvl signaling. While Wnt5a has
been shown to allow for chemoattraction in other contexts (Lyuksyutova et al.,
2003; Onishi et al., 2013), the chemoattraction of neurons during migration is so

far a unique role for Wntba.
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3.3.2 Celsr1 is as a Potent Suppressor of Wnt5a Chemoattraction Within the

Rostral Hindbrain

Importantly, Celsr1 function is not required within FBM neurons to prevent
their rostral migration (Qu et al.,, 2010), and is Instead, functioning non-cell
autonomously within the ventricular zone rostral to r4 (Glasco et al., 2016).
Anterograde Dye fill experiments previously suggest that the rostral migration of
FBM neurons in Celsr1 mutants is due to the loss of a local guidance cue rather
than a loss of polarity (Glasco et al., 2016). Intriguingly, although putative
chemoattractant, WNT5A, is expressed within r3, FBM neuron never migrate
rostrally in wildtype animals. Based on these data, we proposed that the putative
chemoattraction of FBM neurons toward the rostral source of Wntba in r3 is
normally suppressed by Celsr1, and upon Celsr1 deletion, this suppression is
alleviated, resulting in migration into r3 and r2. We therefore predicted that if Wnt5a
is functioning as the primary chemotactic cue acting to entice the inappropriate
rostral migration observed in Celsr1 mutants, and Celsr1 normally acts to suppress
Wntba in the WT hindbrain preventing chemoattraction, then knocking out Wntba
in addition to Celsr1 should rescue the rostral migration phenotype, while the over
expression of Wnt5a within the r3 should result in increased rostral migration.

Through the outlined experiments, we can confirmed these predictions.

Our data indeed suggests that Celsr1 suppresses the chemoattractive
effects of Whtba to ensure that FBM neurons exclusively migrate caudally out of

r4. Here, we show that knockout Wnt5a in addition to Celsr1 resulted in a 10-fold
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reduction in the number of hemispheres exhibiting rostral migration, while over-
expressing Wntba in r3 of Celsr1 mutants instead resulted in a dramatic increase
in rostral migration. More specifically, the over-expression of Wnt5a among Celsr1
mutants resulted in a statistically significant increase, and over twice as much
rostral migration when compared to Celsr1 mutants without the gain-of-function
allele. Consistent with our model, over expression of Whtba in r3 of WT and
Celsr1+/KO animals also resulted in subtle rostral migration. Interestingly, Celsr1
mutation alone resulted in rostral migration that extended much further than Celsr1
mutation with Wntba over-expression. This is likely because r3 is an ample source
of WNT5A chemoattractant in the case of gain-of-function embryos. However,
caudally migrating neurons did not preferentially accumulate in r5 of Wnt5aGOF
embryos as one might expect. Additionally, there was a marked reduction in the
size of the caudal migratory streams in Celsr1KO/KO; Wnt5aGOF embryos, likely
due to the substantial increase in the number of FBM neurons that had instead
migrated rostrally. Taken together, these experiments establish a novel role for
Celsr1 acting as a suppressor of WNT5a-mediated chemoattraction, allowing for
proper FBM neuron migration. However, our data do not provide further insight into
whether WNT5A also functions as a chemoattractant during caudal migration,
since we did not observe pronounced effects on the caudal migratory streams of
FBM neurons in either of our LOF or GOF conditions. Therefore, in order to
understand how proper FBM neuron migration is achieved, we must continue to
investigate both the mechanism critical to caudal migration in addition to those

necessary for suppressing rostral migration.
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3.4 Concluding Remarks and Future Directions

While previous studies using hindbrain explants and protein coated beads
suggest that WNT5A may function as a chemoattractant to guide FBM neurons
caudally, the Wnt5a knockout phenotype is subtle, and therefore, its role during
caudal migration remains unclear (Vivancos et al., 2009). Through the outlined
experiments, we examined a possible role for Wntba functioning through Dv/2
during FBM neuron migration. By placing agarose beads treated with recombinant
WNT5A into the rostral hindbrain of Dv/2 mutant explants cultured ex vivo we
showed show that as compared to wildtype animals, a partial yet statistically
significant loss of Wnhtba-mediated chemoattraction was observed, suggesting that

signal transduction via Dvi2 may be involved in Wnt5a-mediated chemoattraction.

We further propose that chemoattraction of FBM neurons toward the rostral
source of Wntba is normally suppressed by Celsr1, and upon Celsr1 deletion, this
suppression is alleviated resulting in migration into r3 and r2. In support of this, we
show that knockout of Whntba, in addition to Celsr1 results in a substantial reduction
in the total number of hemispheres exhibiting rostral migration, while the over-
expression of Wnt5a in r3 of Celsr1 mutants instead resulted in a substantial
increase in rostral migration as compared to Celsr1 mutants without the gain-of-
function allele. Here we investigate Wnt5a as the sole source of chemoattraction
acting to entice the rostral migration of FBM neurons seen in Celsr1 mutant

animals. Our data demonstrate that Celsr1 is indeed suppressing the
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chemoattractive effects of WNTSA ensuring that FBM neurons exclusively migrate

caudally out of r4, however, how this is achieved mechanistically remains unclear.

Possible Mechanisms Underlying the Celsr1-Mediated Suppression of Wntb5a

Identifying the molecules that interact with CELSR1 is an initial step in
determining the mechanisms of how suppression of Whntba-mediated
chemoattraction occurs among FBM neurons. Because CELSR1 has not been
shown to associate WNTS5A in any context, WNTS5A function is likely being
regulated through indirect mechanisms. Importantly, others have shown that
homophilic interactions between CELSR1 molecules in part allows for the
asymmetrical localization of core PCP components Frizzled and Vang/2 (Usui et
al., 1999; Nishimura et al., 2012; Chen et al., 2008; Stahley et al., 2021). This
asymmetric localization is what imparts “polarity” to a cell, distinguishing one side
of the cell from the other while simultaneously determining where (i.e. at what side

of the cell) WNT perception by FRIZZLED is possible.

Importantly, it was recently reported that VANGLZ2 is enriched at the anterior
(rostral) side floor plate cells of the hindbrain, while FRIZZLED is instead localized
to the posterior (caudal) side (Davey et al., 2016; Davey et al., 2017). Based on
this, through mechanisms previously described in chapter 1, Wnt signal
transduction could perhaps result in activation of B-CATENIN functioning upstream
of N-cadherins near areas of FRIZZLED localization, therefore lending to cell

adhesion preferentially towards the caudal side of cells. Consistent with this, the
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deletion of N-cadherin, cdh2 has been shown to result in FBM neuron migration

defects.

Furthermore, others have demonstrated that PLK-1, which binds the DVL-
complex (Lee et al., 2020), is capable of phosphorylating the endocytic motif of
CELSR1 allowing for the trans-internalization of FRIZZLED from neighboring cells
(Shrestha et al., 2015; Heck and Devenport, 2017). The internalization of
FRIZZLED receptors may represent a second mechanism by which Celsr1 may

regulate Wnt signaling during FBM neuron migration.

Finally, as a cell adhesion molecule, we cannot rule out the possibility that
under normal conditions, CELSR1 may be exerting a physical force on FBM
neurons that simply cannot be overcome by endogenous Whntba expression/
chemoattraction. Both cell adhesion and PCP achieved through Celsrfunction has
been shown to rely on homophylic interactions (CELSR molecules either bind
themselves and/or like- molecules). However, we've previously demonstrate that
Celsr1 does not function within FBM neurons (Qu et al., 2010), and is therefore
functioning non-cell autonomously. Based on this, CELSR1 is likely binding one if
not both of its next closest genetic relatives, CELSR2 or CELSRS3. Interestingly,
Celsr2 and 3, are also expressed within the hindbrain during FBM neuron migration
and together, regulate the caudal migration of FBM neurons. Interestingly, slight
rostral migration is observed among Celsr2 mutants. Also, Celsr2 is required for
the Celsr1 KO rostral migration phenotype, indicating that Celsr2 is epistatic to

Celsr1. Furthermore, Celsr3 has been shown to function cell-autonomously to
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regulate caudal FBM neuron migration (Qu et al., 2010). These experiments and

results are summarized in (Table 3.1).

Based on these data, perhaps CELSRZ2, intrinsic to FBM neurons,
associates CELSR3 on neighboring cells to allow for caudal migration (or migration
in general), while CELSR2, in association with CELSR1, acts suppress rostral
migration. CELSR1 may also be associating CELSR3 within FBM neurons in order
to suppress rostral migration. To determine how CELSR molecules may be
cooperating to allow for FBM neuron migration, caudal or rostral, one must
systematically delete individual CELSR molecules either within FBM neurons or
their environment, not both as in standard genetic mutants. Identifying these
interaction along with those described previously will ultimately provide insight into

how suppression of Wnt5a chemoattraction is achieved among FBM neurons.
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Table 3.1) A Summary of Celsr Mutants Investigated (prior to this study)

Cell Autonomous Non - Cell Autonomous Caudal Rostral

Genotype: Celsr1 Celsr2 Celsr3 Celsr1 Celsr2 Celsr3 Migration? | Migration?
WT . NM
Celsr1 KO KO . o+
Celsr1-isl1 KO b NM
Celsr1-r3/5 KO e+ T+

Celsr2 KO KO 4+ +

Celsr3 KO KO R NM
g:::ggﬁ = KO NM NM
Celsr2/3 KO KO KO KO NM NM
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Table 3.1.) A Summary of Celsr Mutants Investigated (prior to this study)

A tabulated summary of the conclusions made based upon Qu et al., 2010 and
Glasco et al., 2016. NM denotes “no migration”
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CHAPTER 4: Characterizing Calcium Dynamics Intrinsic to Migrating FBM

Neurons and the Zebrafish Hindbrain

4.1 INTRODUCTION

In the developing nervous system, many types of neurons migrate in
stereotyped patterns to form the circuits vital for survival or proper function. During
neuron migration, calcium release from intracellular stores and uptake from the
extracellular matrix mediate calcium-dependent mechanisms allowing for
migration. More specifically, intracellular calcium (Ca;) concentrations are elevated
as a result of either membrane depolarization or flux from mitochondria and the
endoplasmic reticulum during perception of neurotransmitters and neurotrophic
factors (Zheng et al., 2007; Raffaello et al. 2016). Subcellular, calcium-dependent
processes required for neuronal migration include cell adhesion and cytoskeletal

rearrangement.

Here, differentially expressed calcium-dependent molecules in addition to
regulators of Cai localize to determine both when and where calcium is able to
function as a second messenger. Moreover, local fluctuations in Ca; result in the
heterogeneous activation of calcium-dependent processes, while global elevations
otherwise result in ubiquitous activation. Therefore, calcium’s role as a second
messenger is limited to the spatial as well as temporal properties of Ca; itself
making the role of Ca; particularly context dependent. In the context of the
cerebellar cortex, its been demonstrated that the frequency of Ca; dynamics (i.e.

fluctuations in intracellular calcium) observed among migrating granule neurons
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positively correlate with rates of displacement (Kumada and Komuro, 2004).
Furthermore, it has been shown that Ca; dynamics are indeed necessary for
migration and that the corresponding loss of Ca; dynamics is sufficient for
pausing/termination (Bortone & Polleux, 2009). Likewise, suppressing Cai
dynamics among tangentially migrating cortical interneurons through the ectopic
expression of the hyperpolarizing inward rectifying potassium channel, Kir2.1, has
been shown to result in a 20% increase in the amount of time spent stationary
(Bortone & Polleux, 2009). Overexpression of Kir2.1 among radially migrating
interneurons also appears to perturb migration (Garcia et al., 2011). Moreover,
upon reaching their destination, both radially as well as tangentially migrating
neurons have been shown to up-regulate the potassium/chloride cotransporter,
KCC2, to attenuate Cai dynamics triggering the loss of migration (Yamada et al.,
2004, Bortone & Polleux, 2009. Pharmaceutical studies have also demonstrated
that Cai dynamics allowing for neuron migration are primarily driven by N and L-
type voltage-sensitive calcium channel currents (Kumada and Komuro, 2004;
Bortone & Polleux, 2009; Darcy and Isaacson, 2009).These and other studies

suggest that Cai has a conserved role in regulating neuron migration.

While calcium’s role during neuron migration has been extensively
investigated in the forebrain and midbrain, its potential roles in the hindbrain have
not been examined. Importantly, facial branchiomotor (FBM) neurons, native to
hindbrain, have received considerable attention based on their characteristic
tangential migration from hindbrain compartment r4 to more caudal compartments

ré and r7. In zebrafish, FBM neurons begin their rostro-caudal migration ~18 hours
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post fertilization (hpf) and terminate by ~36 hpf (Chandrasekhar et al., 2004). Once
this migration is completed, axons of FBM neurons specifically exit cranial nerve
VII to innervate the abductor and hyoid muscles of the jaw derived from the 1st

and 2nd pharyngeal (branchial) arches (Tanaka et al., 2007)

Interestingly, ex vivo studies in mice demonstrate that at (E) 9.5, and later,
many hindbrain neurons, including FBM neurons, undergo spontaneous and
synchronized fluctuations in Ca; (Gust et. al. 2003). They later show that
spontaneous events are dependent on f-type calcium channel, gap junctions, as
well as the serotonergic raphe (Hunt et al., 2005; Hunt et al., 2006; Watari et al.,
2014). They further demonstrate that release of serotonin from the serotonergic
raphe initiates the spontaneous depolarization of adjacent neurons (Watari et al.,
2014). By E11.5, these spontaneous events propagate throughout the entire
hindbrain and result in elevated Ca; lasting several minutes per event (Bosma et
al., 2017). By E14.5, neurons of the hindbrain hyperpolarize and no longer undergo
spontaneous events (Hunt et al., 2006). These spontaneous events largely
coincide with the migration of FBM neurons (Chandrasekhar et al., 2004), and
therefore, we hypothesized that Ca; dynamics may be specifically regulating FBM
neuron migration. Interestingly, experiments in chick indicate that spontaneous
activity among FBM neurons is indeed required for the proper formation of
individual FBM neuron nuclei (Monteque et al, 2017), however, FBM neurons do
not migrate in chicken as they do in mice or zebrafish, and thus the role for Cai

dynamics during migration remains unclear.
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To better understand calcium’s role during migration and circuit
establishment, we generated a transgenic zebrafish line that expresses the
optimized calcium indicator, GCaMP6s, exclusively in cranial motor neurons
(Tg(zCREST1:GCaMPé6s)). By characterizing the spatial as well as temporal
features associated with Ca; dynamics intrinsic to migrating FBM neurons, we
show that zebrafish facial branchiomotor (FBM) neurons also exhibit fluctuations
in Ca; during their tangential migration. These Ca;dynamics result in either local or
global fluctuations in Ca; among cell bodies, filopodia, and trailing axons, and as
compared to the spontaneous activity observed in mice, these events appear to

be asynchronous (Bosma et al., 2017).

Based on this apparent difference, we wondered whether or not
synchronized dynamics ever arise rise among FBM and surrounding neurons.
Therefore, we utilized a separate transgenic line which expresses nuclear localized
GCaMP6f in all post-mitotic neurons (Tg(Elavi3:H2B-GCaMP6f, McArthur et al.
2017). Here we show that between the ages of 60-72hpf, synchronized Ca;
dynamics indeed propagate throughout the hindbrain and similarly result in
increased Ca;spanning many different neuron types. Importantly, while this largely
occurs after FBM neuron migration is completed, we believe that these Ca;
dynamics could be involved in other aspects of branchiomotor circuit establishment

and function.
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4.2 MATERIALS AND METHODS

4.2.1 Generating Transqenic Zebrafish for Observations of Ca; Among FBM

Neurons

We generated the transgenic line Tg(zCREST:GCaMP6s), expressing
GCaMPé6s in branchiomotor neurons using the Tol2-mediated, transposon-based
method of transgenesis. The Tol2 kit was kindly provided by the Kristen Kwan and
Chi-Bin Chien Labs, University of Utah (Kwan et al., 2007). The GCaMP6s
containing middle-entry vector, pPENTR-GCaMP6s, was kindly provided by the
Solnica-Krezel lab (Washington University). We used the pSE-zCREST, pENTR-
GCaMPé6s, p3E-poly(A) and pDestTol2CG2 in a multiple cloning LR reaction
(Kwan et al.,, 2007) in order to generate the final Tol2 vector (Fig. 4.1).
Subsequently, 75 pg of zCREST-GCaMP6s-Poly(A) along with with 25 pg of Tol2
transposase mMRNA was injected into 1-cell stage zebrafish zygotes to allow for
incorporation into the genome. Injected zygotes obtained from wildtype, non-
transgenic fish were then screened at 24-36 hpf for GFP expression in the heart
(cmcl2-GFP; as an indicator of effective transgenesis, since GCaMP6s expression
in branchiomotor neurons often appeared very faint). These fish were raised to
adulthood and were outcrossed to generate F1 progeny. Resulting offspring were
also screened in order to determine affective germline transmission of the

ZCREST:GCaMP6s transgene.
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Figure 4.1 Tol2-Mediated Recombination for Generating
tg(zCREST:GCaMP6s) Transgenic Zebrafish
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Figure 4.1 Tol2-Mediated Recombination for Generating
tg(zCREST:GCaMP6s) Transgenic Zebrafish

A schematic illustrating the tol2-mediated recombination of the pSE-zCREST,

pENTR-GCaMP6s, p3E-poly(A) and pDestTol2CG2 carried-out in order to
generate the tg(zCREST:GCaMP6s) transgenic zebrafish line
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4.2.2 Quantification of Ca; dynamics During migration

Tg(zCREST1:GCaMP6s) zebrafish embryos specifically expressing
GCaMP&6s in branchiomotor neurons were injected with 35pg of a-bungarotoxin
mMRNA at the single cell stage to prevent spontaneous coiling/twitching (Swinburne
et al., 2015, Saint-Amant and Drapeau, 1998). The following day, embryos at 19,
21, and 24 hours post fertilization (hpf) were mounted using 0.2% agarose
dissolved in E3 embryo medium. After allowing the agarose to gel, to prevent
desiccation and simultaneously buffer changes in CO2, HEPES buffered E3 was
added such that the embedded sample was entirely submerged. Mounted embryos
were then subjected to time-lapse imaging for a total duration of 10 minutes using
an TCP SP8 confocal microscope. Images were to be acquired at a frequency of
1 Hz. Time-lapse movies were then imported to ImageJ. Subsequently, various
regions of interest were specified in order to quantify Ca; dynamics among the cell
bodies, projections, and axons of individual FBM neurons. Representative traces
of individual regions of interest will then be exported to Excel to normalize and
adjust for background as previously described (McArthur et al., 2017). In doing so,
the background-corrected traces were used to calculate properties of individual
events. Such properties included interval, duration, frequency, velocity, and

relative fold-change in florescence.

4.2.3 Quantification of Ca; dynamics During Larval Stages

In an effort to identify and characterize FBM neuron Cai dynamics during

larval stages, Tg(zCREST1:mRFP::HuC:GCaMP6f-H2B) zebrafish larva that
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express GCaMP6f in the nucleus of all post-mitotis neurons, were treated with
Phenylthiourea (PTU) by 24 hpf to prevent pigmentation and were later injected
with 4.6ng of a-bungarotoxin protein between the ages of 60-72hpf to
immobilize/paralyze larvae. a-bungarotoxin was carefully injected into the
paracardial region, rostral to the dorsal aorta so as to allow for direct uptake into
the circulatory system. Immediately following a successful injection, the heart
would stop or slow, then resume after a few seconds. After a 3 hours of recovery
period, larva were mounted using 0.2% agarose dissolved in E3 embryo medium.
After allowing the agarose to gel, in order to prevent desiccation and
simultaneously buffer changes in CO2, HEPES buffered E3 was added such that
the embedded larva was entirely submerged. Once mounted/embedded, embryos
were then subjected to time-lapse imaging for a total duration of 10 minutes using

an TCP SP8 confocal microscope.

Images were to be acquired at a frequency of 1 Hz and were always
acquired at the same dorsal-ventral level/position as the FBM neurons (based
upon the area of mRFP expression). Subsequently, time-lapse movies were
imported into Imaged and various regions of interest were specified as before.
Representative traces based upon individual regions of interest were then
exported into Excel in order to normalize and adjust for background as previously
described (McArthur et al., 2017). In doing so, the background-corrected traces

were generated.
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4.3 RESULTS

4.3.1 Calcium Dynamics During FBM Neuron Migration

During neuron migration, differentially expressed calcium dependent
molecules in addition to regulators of Ca; localize to determine both when and
where calcium is able to function as a second messenger. Based on this, calcium’s
role is limited to the spatio-temporal properties of Ca; itself, and therefore, it is
essential we characterize Cai dynamics in migrating FBM neurons. Our analysis
indicates that upon initiating migration, FBM neurons experience Ca; dynamics
involving FBM neuron cell bodies in addition to dynamics that propagate along the
length of trailing axons and filopodia projections (Fig. 4.2). Interestingly, Cai
dynamics involving FBM neuron cell bodies, while global and robust in nature,
seem to exhibit a wide range of amplitudes and durations as seen in table 4.1. We
noted that neurons situated within r4 (n=12) on average exhibited more than a 2-
fold greater amplitude as compared to neurons of r5 (n=10), however, showed a

28% lesser amplitude as compared to neurons situated within r6 (n=4).

While our current sample size is limited, this trend was consistent between
ages of 20, 22, and 24 hpf. Interestingly, seemingly distinct Ca; dynamics were
shown to propagate along the length of FBM neuron axons. Through the careful
observation of time-lapse movies, it was clear that these particular Ca; dynamics
predominantly originate from axon termini near hindbrain exit points in r4 and
propagate retrograde. Interestingly, it is known that FBM neuron axons pause at

hindbrain exit points before pathfinding towards the jaw (~28hpf; Higashijima et al.,
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2000). At times, Ca; dynamics were also observed at seemingly random points
along FBM neuron axons, however, in contrast to those originating at hindbrain
exit points, these Cai dynamics propagate anterograde. For example, a robust
event can be seen in (Fig. 4.2 C). This particular event lasted ~11 seconds and
propagated anterograde at a velocity of 6.67 mm/s. Lastly, Ca; dynamics occurring
along filopodia occur least often as compared to dynamics involving either cell
bodies or axons. In all instances observed thus far (n=2), filopodia protrusions
experiencing Ca; dynamics consistently project laterally. To identify addition trends
perhaps influential to FBM neuron migration, we must continue to characterize Cai

dynamics among migrating FBM neurons.
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Figure 4.2 FBM Neurons Exhibit a Variety of Cai Dynamics During Migration
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Figure 4.2 FBM Neurons Exhibit a Variety of Cai Dynamics During Migration

A shematic of FBM neurons migration (A) as well as representative snapshots of
a 19 hpf tg(zCREST1:GCaMP6s) zebrafish embryo exhibiting Ca; dynamics (white
arrowheads) among FBM neuron filopodia (B), trailing axons (C), and cell bodies
(D). Scale bar = 30 mm; OV, otic vesicle)
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Table 4.1 Quantification of the Calcium Dynamics Observed

Among FBM Neuron Cell Bodies

20 hpf 22 hpf 24 hpf
(n=3) (n=7) (n=3)
, 0.07 0.02 0.07
# of active cells / total =75 (n=165) (n=124)
frequency among active _ _ _
cells (Events/Min.) 0.12 (n=5) 0.15(n=4) 0.16 (n=9)
frequency among total 0.008 0.004 0.011
(Events/Min.) (n=75) (n=165) (n=165)
mean duration (Sec.) 27 (n=6) 22 (n=6) 22 (n=14)
f duration (S 15-57 13-33 9-35
range of duration (Sec.) (n=6) (n=6) (n=14)
mean amp. (AF/F) 1.15 (n=6) 1.56 (n=6) (r?=7131)
0.49-2.30 0.32-2.87 0.32-2.29
range of amp. (AF/F) (n=6) (n=6) (n=14)
mean amp. r4 (AF/F) 1.33(n=4) 1.91 (n=3) 0.77 (n=5)
mean amp. r5 (AF/F) 0.8 (n=2) 0.32(n=2) 0.55 (n=6)
mean amp. r6 (AF/F) / 2.87 (n=1) 1.15(n=3)
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Table 4.1 Quantification of the Calcium Dynamics Observed Among FBM
Neuron Cell Bodies

In an effort to identify relevant patterns, various features including frequency,
amplitude, and duration were calculated based upon the Calcium dynamics
observed among FBM neuron cell bodies.
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4.3.2 Synchronous Neural Activity Within the Hindbrain (Post-Migration)

Using a transgenic zebrafish line expressing GCaMP6f in all differentiated
neurons Tg(zCREST1:mRFP::HuC:GCaMP6f-H2B), we detected synchronized
patterns of neuronal activity that extend to most hindbrain neurons (including
BMNSs) in addition to many neurons found within the caudal midbrain. These
patterns seemed to appear ~60hpf, after migration, and it is unclear how long or if
they persist beyond this developmental stage. Regardless, neurons were shown
to experience elevated Cai concentrations that would at times last over a minute
long. Furthermore, elevations were repetitive and predictable based on their
duration and interval. Interestingly, however, this activity was a rare occurrence,
as most larva would not exhibit any signs of synchronized activity. The rarity of this
observation might suggest that this is a very short developmental occurrence or is
perhaps temporally variable. Alternatively, unfavorable physiological conditions
could prevent Ca; dynamics from consistently occurring. Contrary to this, the
synchronous activity observed may also be an artifact related to poor health. In
fact, others have used the drug pentylenetetrazole to elicit spontaneous and

synchronous activity in a zebrafish seizure model (Liu and baraban 2019).
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Figure 4.3 FBM Neurons Participate in Synchronized and Prolonged Ca;
Dynamics
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Figure 4.3 FBM Neurons Participate in Synchronized and Prolonged Ca;
Dynamics

Snapshots of the synchronized activity where prolonged elevations in Ca; extend
to many hindbrain neurons, including FBM neurons (heat maps). The top panel is
a snapshot between events, while the lower panel is a snapshot during an event.
The bottom plot is the corresponding time trace with indicated regions of interest
(ROI). Individual traces were off-set to better illustrate the synchronized nature of
these events since units are arbitrary.
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4.4 DISCUSSION

4.4.1 Possible (Genetic) Requlators of Ca,Involved in FBM Neuron Migration

Although the role of Ca; remains uncertain in the context of FBM neuron
migration, several genes, unique in their capacity to direct FBM neuron migration,
have been investigated as regulators of Ca; in other contexts. Furthermore, it is
unclear which calcium dependent molecules are required for FBM neuron and the
extent to which calcium regulates these molecules. To identify potential regulators
of Ca; dynamics functioning during FBM neuron migration, we must investigate
genes that upon mutation, result in FBM neuron migration deficits, that have also

been shown to function upstream of calcium in other contexts.

Importantly, several molecules involved in the planar cell polarity (PCP)
pathway and have been shown to function as regulators of Ca; and are indeed
required for FBM neuron migration. For instance, core PCP component fzd3a
belongs to a class of G-protein coupled receptors that in other contexts functions
through the non-canonical/calcium dependent WNT pathway to regulate PLC
and/or PKC activity and therefore, calcium release from the endoplasmic reticulum
(Sheldahl et al., 1999). Here, two different types of ER calcium channels mediate
calcium release, inositol trisphosphate (IP3) receptors and ryanodine receptors.
Interestingly, FRIZZLED3A is specifically thought to play a stabilizing role in
extending filopodia, while antagonistic VANGL?2 localizes to retracting filopodia
(Davey et al., 2016). Based on this, Frizzled is a promising candidate for analysis.

Likewise, Receptor tyrosine kinase, PTK7 has also been implicated in Wnt
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signaling, allows for activation of the PLC/PKC pathway and is similarly required

for FBM neuron migration (Alfandari et al., 2010; Glasco et al., 2012).

Calcium dependent cell adhesion molecules, CDH2 and CELSR2/3, are
also required for FBM neuron migration (Wanner & Prince 2013; Qu et al, 2010)
and interestingly, previous experiments demonstrate that the over-expression of
either cadherin or celsr extracellular domains result in increased Ca; dynamics
among other neuron types through a feed-back loop mechanism (Sheng et al.
2013, Shima et al., 2007, Halbach et al., 1992). Based on this finding, one would
expect reduced activity among FBM neurons in cdh2 or Celsr2/3 mutants, which
could be an underlying cause for the lack of migration observed. Taken together,
cdh2 or Celsr2/3 may also represent promising candidate genes for future

observation.

4.4.2 Possible (Cellular) Requlators of Ca;Involved in FBM Neuron Migration

As previously discussed, others have shown that radial glial fibers within the
cerebral cortex function as a scaffold to guide radially migrating neurons through
cortical layers. Recent studies show that Ca; dynamics propagate along the length
of radial glia fibers to initiate cell intrinsic Ca; dynamics in adjacent granular
neurons allowing for their translocation through cortical layers (Rash et al., 2019).
Interestingly, it was previously shown that FBM neuron migration from r4 to r5 is
dependent on “pioneer” FBM axons (the first FBM neurons to migrate and extend
axons) suggesting that pioneer neurons signal to “follower” neurons to initiate their

migration (Wanner and Prince 2013). Importantly, others also demonstrate that the

114



association between pioneer neurons and follower neurons requires the calcium
dependent cell adhesion molecules CDH2 (Rebman et al., 2016). Likewise, FBM
neuron migration from r5 to r6 is dependent on axons of the medial longitudinal
fasciculus (MLF) that project both parallel and adjacent to migrating FBM neurons
(Wanner and Prince 2013). While the mechanisms maintaining these interactions
remain largely unknown, we speculate that pioneer FBM neurons and/or MLF
neurons may signal to follower FBM neurons through calcium mediated signals to
regulate their caudal migration analogous to how radial glia regulate Ca; dynamics/
migration in adjacent granular neurons (Rash et al., 2019). However, to test this
prediction we must continue to investigate Cai dynamics within migrating FBM

neurons and surrounding cells.

4.4.3 Potential Inputs Requlating Neural Activity of FBM Neurons in the Zebrafish

Larva

As discussed, synchronizes patterns of neural activity propagate throughout
the zebrafish hindbrain and result in elevated Cajamong FBM neurons as well as
many other neurons. In mice, seemingly analogous patterns of neural activity are
initiated by the Serotonergic Raphe (Bosma et al.,, 2017). Based on this, the
serotonergic raphe may represent a conserved regulator of Ca; allowing for the
establishment of various circuits (Watari et al., 2013; Bosma et al.,2017).
Interestingly, the serotonergic raphe, is involved in the breathing circuit, and has
been shown to innervate several brain regions, yet a direct association between

FBM neuron and the serotonergic raphe has not been shown
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(Gaspar and Lillesaar, 2012). Similarly, the visual, olfactory, gustatory, and
hypothalamic systems are also thought of as essential inputs to branchiomotor
neurons, however, direct connections between these systems and FBM neurons

has also not been demonstrated.

4.5 Concluding Remarks and Future Directions

To directly demonstrate a role for Calcium in the context of FBM neuron
migration or development of the hindbrain, Cai dynamics must be suppressed.
Early experiments aimed at understanding the role of calcium in neurons were
largely carried out using ex vivo techniques and utilized harsh channel blockers
delivered by means of invasive injections and/or bath application. Acknowledging
this, several innovative tools including Channelrhodopsin and the inward rectifying
potassium channels, Kir2.1, are now being used in order to mis-regulate Cai
(Wiegert et al., 2017). These tools used in combination with in vivo models are

now allowing for unprecedented insights into the role of calcium.

While optogenetic tools termed “opsins” are among the most widely utilized
means of manipulating Ca;in neurons, it remains unclear how said tools behave
prior to circuit establishment. For instance, the genetic tools halorhodopsin and
archearhodopsin have been widely utilized based on their ability to silence neural
activity, however, said tools prove unreliable in silencing what is generally thought
of as “spontaneous” activity (i.e. activity that is not a result of synaptic
transmission) and in fact, these tools can even increase patterns of activity

(Wiegert et al., 2016). Contrary to this, the inward rectifying potassium channel,
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Kir2.1, has been repeatedly shown to hyperpolarize and therefore, suppress neural
activity, including spontaneous forms of activity, spanning a wide variety of
biological applications (Bortone and Polleux, 2009, Garcia et al., 2011, Plazas et
al., 2013). For example, Plazas et al. 2013 reports a 46% reduction in the total
number of primary spinal motor neurons exhibiting Ca; dynamics as a result of
expression of Kir2.1. Additionally, as compared to channelrhodopsin, Kir2.1 is
constitutively active and thus does not require additional manipulation (Wiegert et
al., 2017). For this reason, Kir2.1 is preferred over other genetic means of silencing
activity. To determine the role of calcium in the context of FBM neuron migration
and circuit establishment, the consequences of expressing Kir2.1 must be
assessed among FBM neurons. Furthermore, to our benefit, organisms have
evolved various toxins specific in targeting particular calcium channels, which
directly regulate Cai. These toxins include the genetically encoded snail toxin,
MVIIA, and spider toxin, AgolVA, which have been shown to specifically bind and
inhibit N-type and P/Q-type calcium channels respectively (Auer et. al., 2010).
While these toxins may provide a means of misregulating Ca;, they would also
allow us discern the endogenous calcium channels involved in FBM neuron Ca;
dynamics. Acknowledging that expression of these constructs may prove fatal by

adulthood, said constructs must either be sparsely and/or transiently expressed.
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Chapter 5: Evaluating Regeneration of Branchiomotor Neurons Following
Ablation

5.1 INTRODUCTION

Nerve damage as a result of injury, infection, or disease is a common
medical condition among humans. Based on their tremendous capacity for
regeneration, the zebrafish model system has served as the gold standard for
investigation into the mechanisms underlying regeneration. To date, many
different neurons have been demonstrated to regenerate following trauma and/or
ablation. Neuron regeneration has been most predominantly studied in the context
of the peripheral nervous system through the regeneration of axons and/or growth
cones. During axon regeneration, newly established growth cones must correctly
interpret guidance cues in order to re-innervate the appropriate target tissues in a
process known as target-specific regeneration (Bolivar et al., 2020; Madison et al.,

2009).

Interestingly, it has been demonstrated that the target-specific regeneration
of the Vagus nerve (cranial nerve nX) is regulated by mechanisms separate from
those regulating the initial innervation of pharyngeal arches during development
(Isabella et. al., 2021). Others have also shown that the ectopic expression of
various neurogenic factors such as NeuroD1 following spinal cord injury is
sufficient for the reprogramming/conversion of glial cells into neurons (Milichko and
Dyachuk, 2020; Puls et al., 2020). In comparison to regeneration within the
peripheral nervous system, regeneration within the central nervous system is

thought to be much more restricted and/or context dependent. An example of

118



where regeneration has been observed within the central nervous system comes
from the retina, where damage results in the de-differentiation and proliferation of
Muller glia. Subsequently Muller glia re-differentiate into many new neurons,
bipolar and amacrine cells, as well as cone photoreceptors (Wu et al., 2001; Yurco
& Cameron, 2005; Fausett & Goldman, 2006; Raymond et al., 2006; Bernardos et
al., 2007; Fimbel et al., 2007). Interestingly, others have shown that suppressing
the innate immune system can accelerate photoreceptor regeneration within the
retina (White et al., 2017). Because many neuron types are not able regenerate
following injury/ablation, the regenerative capacity of specific neurons must be

individually determined.

Fortunately, several tools for the physical, chemical, and genetic ablation of
cells have emerged as useful strategies for determining whether a particular cell
type is able to regenerate. (Curado et al., 2007; McGuire et al., 2004). Means of
physical ablation via lasers or surgery enables both temporal and spatial control,
however, this is labor-intensive, lacks specificity, and in some cases can be difficult
to replicate (Gahtan and Baier, 2004; Yang et al., 2004). Furthermore, methods of
chemical ablation can have toxic, non-specific effects on surrounding tissue, which
may lend to confounding results. In contrast, genetically-mediated ablation is
achieved through the expression of either toxin-producing enzymes or receptor-
specific toxins that upon activation result in targeted cell death. The enzyme
Nitroreductase (NTR) combined with the non-toxic prodrug Metronidazole (MTZ)
has been used as a genetic tool for the ablation of various cell types spanning

several contexts (Ariga et al., 2010; Chen et al., 2011; Zhao et al., 2009). Using
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this system over others allows for spatial as well as temporal control during
ablation. Here, NTR expressed in cells targeted for ablation convert MTZ into a
cytotoxic DNA cross-linking agent that induces cell death via apoptosis (Knox et
al., 1988; Curado et al., 2008). Using the NTR-MTZ method of ablation, we
specifically ablated branchiomotor neurons during larval stages beginning 48
hours post fertilization (hpf). Here we evaluate the regenerative capacity of
branchiomotor neurons using the chemo-genetic tool, NTR-MTZ. We also examine
whether or not suppression of the immune system is capable of enhancing

regeneration in zebrafish branchiomotor neurons.

5.2 MATERIALS & METHODS

NTR-MTZ Mediated Ablation of Branchiomotor Neurons

In order to specifically ablate branchiomotor neurons and subsequently assess
regeneration, Tg(zCREST:NTR-mCherry::isl1:gfp) zebrafish larvae were first
treated with 0.2 mM Phenylthiourea (PTU; dissolved in DMSO) at 24 hours post
fertilization (hpf) in order to inhibit the development of melanocytes, therefore
preventing pigmentation. PTU should be replaced every 2-3 days to continuously
block pigmentation. The following day, beginning 48 hpf, larvae were treated with
10mM MTZ by dissolving 41.1mg MTZ in ~24 ml E3 media (without methylene
blue, supplemented with 0.2 mM PTU). To track the ablation/regeneration of
branchiomotor neurons over time, single larva were transferred in 750mL of E3, to
individual wells already containing 6ml of E3 + 10mM MTZ. Once larva were placed
in individual wells, 3.75ml E3 + 10mM MTZ was removed from each well, then 3ml

was replaced. Next, 2ml E3 + 10mM MTZ was removed from each well, then 2mi
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was added back. After 24 hours of incubation, E3 + 10mM MTZ was removed and
replaced with E3 without MTZ. E3 was again replaced at least 4 additional times
to ensure that MTZ was entirely removed. To determine the extent of ablation
following MTZ treatment, larva were moved to E3 containing 0.016% tricaine. Once
immobilized, larva were moved to a petri dish and were embedded in a small
droplet of 0.3% agarose supplemented with 0.016% tricaine. Once mounted,
enough E3 was added to agarose droplets to entirely submerge sample and
therefore, prevent desiccation. Images were acquired using a Leica M205 stereo
microscope. After images were acquired for the 1 day(s) post ablation (dpa) time-
point, larva were carefully removed from agarose droplets using forceps. To assist
in the removal of larva, additional E3 media was added. Larva were then
transferred back to 6 well plates containing exactly 6ml of E3 media + PTU. To
suppress the immune system and possible accelerate regeneration as previously
demonstrated, Dimethazone-P (DEX-P) was used (White et al., 2017). For DEX-P
treatment groups, 30ul of either 0.5mM DEX-P was added to wells already
containing 6ml of E3 to obtain a final concentration of 2.5mM. DEX-P + E3 solution,
was replaced daily and 30ml of paramecia culture was also added each time media
was replaced. Dex-P treatment began the day following ablation, immediately after
acquiring the 1dpa time point/image. Larva were mounted and imaged a second
time in order to acquire the 7dpa time-point. Images were then evaluated by

comparing 1dpa and 7dpa.
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Figure 5.1 Schematic of MTZ Treatment and Imaging Protocol
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Figure 5.1 Schematic of MTZ Treatment Protocol

Tg(zRCEST:Ntr-mCherry) zebrafish were treated with MTZ for 24 hours beginning
at 48 hpf. The next day (1 dpa) larva were imaged in order to assess ablation. 6
days later (7 dpa) larva were re-imaged in order to assess possible regeneration.
Dex-P treatment began the day following ablation, immediately after acquiring the
1dpa time point/image.
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5.3 RESULTS & DISCUSSION

Branchiomotor Neurons Fail to Regenerate Following NTR-MTZ Mediated

Ablation

Unfortunately, while ablation was consistently observed among all NTR
expressing individuals treated with MTZ (n = 92), no signs of regeneration were
ever observed. Furthermore, suppression of the innate immune system by treating
with Dexamethazone-P immediately after MTZ treatment did not enhance the
regenerative capacity of branchiomotor neurons as had been observed in the

retina (n=18; White et al., 2017).

As another means of screening for larva that exhibit signs of regeneration,
a mortality assay was implemented under the assumption that sufficiently ablated
individuals would likely starve due to an inability to eat, unless regeneration had
occurred. Therefore, we assessed the mortality of ablated larva as compared to
control treated animals knowing that if any ablated individuals had survived as long
as controls, this could perhaps be some indication of regeneration. However, all

ablated individuals had died off sooner than control animals.

Regardless, there are several possible explanations for the lack of
regeneration observed. Importantly, while considered component of the peripheral
nervous system, branchiomotor neurons are physically situated within the central
nervous system, which may be a determining factor in whether or not a particular

neural population has the ability/capacity to regenerate. Regeneration of neurons
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within the central nervous system is thought to be limited by the formation of glial
scars where proliferating glia release various molecules to inhibit Schwann cells
that would otherwise express various neurogenic factors conducive to
regeneration (Yiu et al., 2006; Bradbury et al., 2006; Bregman et al., 1995). These
factors include myelin-associated inhibitors (MAIls) and the chondroitin sulfate
proteoglycans (CSPGs; Huebner and Strittmatter, 2009). An alternative
explanation for the lack of regeneration observed comes from Grohmann et al.,
who demonstrated that the NTR/MTZ method of ablation can have harmful effects
on neighboring cells, as dying cells eventually release toxic by-products of MTZ
metabolism (Grohmann et al., 2009). To determine whether or not branchiomotor
neurons are in fact incapable of regenerating following whole-cell ablation,

alternative means of ablation must be implemented.
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Figure 5.2 Evaluating Branchiomotor Neuron Ablation Following MTZ
Treatment Ablation
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Figure 5.2 Evaluating Branchiomotor Neuron Ablation Following MTZ
Treatment Ablation

Representative florescent images of Tg(Ntr-mCherry) zebrafish larva, either
control treated, MTZ abated, or MTZ ablated supplemented with Dex-P. Dex-P
treatment began the day following ablation, immediately after acquiring the 1dpa
time point/image. Scale bar = 100 mm
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Figure 5.3 Mortality Assay for Identifying Individuals Exhibiting
Regeneration
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Figure 5.3 Mortality Assay for Identifying Individuals Exhibiting
Regeneration

The mortality of ablated and control larva was evaluated. Here we assume that
survivorship of ablated individuals, comparable to that of control treated animals
could perhaps be some indication of regeneration. However, all ablated individuals
had died off earlier than control animals (the source of comparison).
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