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Abstract

THE EFFECTS OF NRG1 AND NGF ON NEURAL CREST AND SCHWANN CELL
MIGRATION

By

Martha B Cornejo

Master of Science in Biology

Schwann cells are vital to sustaining the neurons and making myelin in the
Peripheral Nervous System, and play a key role in some neurodegenerative illnesses such
as the Charcot-Marie-Tooth disease. The Schwann cell is derived from a transient
population of cells, the neural crest, in the early stages of embryogenesis of vertebrate
organisms. Understanding the factors influencing NC and SC migration in reaching their
final destinations during development would have fundamental applications to help
neuropathies and degenerative diseases from the Peripheral Nervous System. Here we
have investigated the effect on chemotaxis and chemokinesis that the protein ligands
NRG1 and NGF have on chick Neural Crest cells and mouse Schwann cells. The
findings from this research shows that NRG1 and NGF play a chemoattractant role in the
migratory guidance for the NC and the SC.

ix

Introduction
The NC is a multipotent cell population that migrates extensively during early
development giving rise to a wide range of cell lineages (Bronner, 2012). The NC is
responsible for the formation of glia and non-glia cells, such as SCs and sensory neurons
accordingly, among an array of other cell types for the PNS (Heglind et al., 2005;
Verkhratsky and Butt, 2013). The intricate relationship between glia and neurons traces
back to early in development and remains post development (Achilleos and Trainor,
2012). Neurons depend on the supportive role of glia subtype cells for their maintenance
and functions (Chotard and Salecker, 2004).
The migratory journey on which NCCs embark occurs through a highly orchestrated
chain of events that involve signaling pathways, signaling molecules, and tissue
interactions (Basch et al., 2004). NCCs along their migratory pathways give rise to the
most abundant cell type of the PNS, the SC, also known as peripheral nerve neuroglia
(Armati and Mathey, 2013). Although SCs are usually known for their role in
myelination, this is only one of their many contributions (Armati and Mathey, 2013).
There are many sub-types of SCs recognized due to their importance and multiple
functions in the PNS. Examples include the dorsal root ganglia (DRG) and in the
autonomic ganglia where the gastrointestinal plexus contributes to neural response, repair
and pain sensory spectrum (Armati and Mathey, 2013).
The neural crest cell (NCC), in order to become committed to its fate such as giving
rise to the SC lineage, undergoes gene expression and epigenetic regulation (Fig. 1; Li et
al., 2016). These processes are guided through signaling cascades and neurotrophic
factors that play a role in the migratory patterns the cell follows to reach their final
1

destination (Li et al., 2016). Both the migration of NCCs and the SCs are regulated at the
genetic, molecular, and cellular levels (Basch et al., 2004; Castelnovo et al., 2017). From
the initial motile NCCs that lead to the mature SC, several mechanisms have been
identified for understanding some of the regulatory processes involved on each of these
multifunctional cell types (Simoes-Costa and Bronner, 2013; Basch et al., 2004). Some
commonalities between the NCC and SCs are expected since the latter is a derivative
from the prior; however, it is important to address the formation and migratory cues that
have an effect in both cells.

Formation of the Migratory Neural Crest Cell
The NC is a transient cell population that first emerges during the embryonic
development of vertebrate organisms (Le Douarin, 2004; Baker, 2005). Following
gastrulation, the ectoderm undergoes the process of neurulation from which NCCs are
formed, and along the migration of these NCCs various cell types are derived (Fig. 2;
Lowery and Sive, 2004; Gilbert, 2010; Bronner, 2012). Studies on chick embryo
revealed for the first time the NC as a band on the ectodermal layer between the segment
that would give rise to the presumptive epidermis (dorsal ectoderm), and the neural plate
which invaginates forming the neural tube (NT; future CNS) (Baker and Bronner-Fraser,
1997; Bronner, 2012). Prior to migration, NCCs at the neuroepithelium have no
distinguishing morphology from the other neural epithelial cells at this early stage of the
embryo (Achilleos and Trainor, 2012; Bronner, 2012).
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Premigratory NCCs experience an epithelial-to-mesenchymal transition (EMT) that
will induce their delamination from the neuroepithelium (Bronner, 2012). A combination
of transcriptional inputs as well as epigenetic changes are responsible for the onset that
regulates NC gene expression, and thus leading to the EMT process (Simoes-Costa and
Bronner, 2013). Once NCCs begin EMT, they are morphologically recognizable and are
able to migrate away from the leading edges of the NT (Bronner, 2012). These NC
progenitors are multipotent in that they present characteristics as that of stem cells, but
they become restricted to giving rise only to particular derivatives depending on their
migratory paths and destinations (Le Douarin and Dupin, 2003).
The migrating NCCs start their path by delaminating from the dorsal side of the NT
and make their way towards the somites, traveling on the anterior portion and avoiding
the posterior margins of the somites (Jessen and Mirsky, 1997). Studies on chicken and
mice show specifically that delaminating NCCs in the trunk region migrate in a
ventromedial direction from the dorsal region of the NT, following ventrally through the
rostral sclerotome, they give rise among to other derivatives to the SCs, DRG, and the
sympathetic ganglia (Fig. 3; Krull, 2001; Kasemeier-Kulesa et al., 2005; Gammill and
Roffers-Agarwal, 2010). NCCs of vertebrate organisms undergo the most extensive
migration compared to any other embryonic cell type (Bronner, 2012).

Formation of the Migratory Schwann Cell
The SC is product from a multistep-formation that begins with the NC. First,
Schwann cell precursors (SCPs) are formed from migrating NCCs. Second, immature
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SCs are formed from these precursors. Third, mature SCs (myelinating and nonmyelinating types) form from immature SCs (Jessen and Mirsky, 1997). NCCs give rise
to different lineages on their path as they enter their various stages (Wilson et al., 2004).
NCCs that will become SCs, migrate finding outgrowing neurites and associate with
embryonic nerves, where they give rise to SCPs along these recently developed nerves
(Jessen and Mirsky, 1997; Sakaue and Sieber-Blum, 2015).
Proper SC development needs axonal interaction (Woodhoo and Sommer, 2008).
The first location where NCCs and axons meet is at the anterior parts of the somites that
are aligned along both sides of the NT (Jessen and Mirsky, 1997). NCCs begin
gliogenesis to give rise to SCPs as they migrate (Woodhoo and Sommer, 2008).
Although there is much to understand regarding the intricacies that guide NCCs into
SCPs, multiple studies reveal that SCPs survival depend upon mitogens present in the
extracellular matrix (ECM) (Woodhoo and Sommer, 2008). Furthermore, molecular
markers and signaling responses, mainly from axon and tissue relationships are known to
play fundamental roles in the transition from NCC to SCP (Woodhoo and Sommer,
2008).

Insights in the Formation of Schwann Cells from Precursors Elucidated by Model
Organisms
SCPs have been identified in large nerve trunks (Woodhoo and Sommer, 2008). In
the embryonic mouse E14 and onwards, SCPs differentiate into immature SCs (Woodhoo
and Sommer, 2008). This developmental period includes phenotypic changes where the
overall nerves cytoarchitecture coincides with the time in which axons within peripheral
4

nerves have arrived to their target destination to develop their first synaptic connections
(Woodhoo and Sommer, 2008). The classical cadherin molecule known for its function
in cell-to-cell adhesion, has been identified in SCPs (Takahashi and Osumi, 2005). The
genome of the novel type II classical cadherin found in rat cadherin-19, shows to be
highly similar to human cadherin-19 (Takahashi and Osumi, 2005). Cadherin-19
expression overlaps with that of NCC markers (Sox10 and AP-2P), and persists in SCPs
observed in rats (Takahashi and Osumi, 2005). In vivo experiments show the
cytoarchitecture of SCPs changes as N-cadherin is downregulated (Woodhoo and
Sommer, 2008). Cadherin-19 specifically is strongly expressed in SCPs, however as
their transition into immature SCs takes place, cadherin-19 shows to be down regulated
(Takahashi and Osumi, 2005). Furthermore, the loss of N-cadherin coincides with the
generation of SCs and endoneurial space between these glia cells (Wanner et al., 2006).
These observations suggest that SCP-SCP cell adhesion is possible by N-cadherin
(Takahashi and Osumi, 2005; Wanner et al., 2006).
In vivo experiments on Zebrafish show SCPs are distinguishable from NCCs by the
expression of BFABP, P0 and Cadherin-19 (reviewed in Jessen and Mirsky, 2005). The
NCCs reaching the spinal nerve undergo a two-stage embryonic transition that first
consists of gliogenesis, and secondly maturation of SCPs into immature SCs (Woodhoo
and Sommer, 2008). Although there is still much to be known about the mechanisms
allowing the transition from NCCs to the glia lineage via SCPs, it has been proposed that
gliogenesis occurs by default and as a result of suppressing their neural fate (Woodhoo
and Sommer, 2008). Studies performed on vertebrates have not found transcription
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factors specific to directing peripheral gliogenesis in comparison to the identified
proneural factors known to induce neurogenesis (Woodhoo and Sommer, 2008).
Zebrafish experiments show that axons are responsible in providing cues via NRG1
through ErbB signals to direct SCPs migration (Mahanthappa et al., 1996). Further
research on mice corroborate ErbB importance for SCPs. Studies on ErbB2 knockout
mice result in no SCPs development and aberrant synaptic connections at neuromuscular
junctions (Morris et al., 1999; Woldeyesus et al., 1999). This suggests ErbB2 plays an
important role for SCPs to reach their target and proceed onto SC lineage, thus exhibiting
a supportive role for the final stages of the developing axon of neurons in nerves
(Woodhoo and Sommer, 2008). This axonal-glia relationship is imperative for
differentiating SCPs into their derivative, the imature SCs via axonal signaling (Woodhoo
and Sommer, 2008). Furthermore, the number of these precursor cells has been
suggested to be regulated by axon-derived survival signals, more specifically by NRG1
(Lai, 2005).
Mouse embryos show that the first SCPs form at E9-E10 (Furlan and Adameyko,
2018). SCP express myelinating genes despite their early stage (Furlan et al., 2017).
Follow up experiments on rat sciatic nerves have helped identify the time period
transitioning from SCP to mature SC (Jessen and Mirsky, 1997). SCPs use the peripheral
nerve as a niche, they migrate and proliferate along these nerve fibers reaching distal
regions and populating myelinated nerves such as the sciatic nerve, and nonmyelinated
nerves such as the sympathetic nerves (Heerman et al., 2012). Phenotypic observations
on sciatic nerves between E14 and birth in the absence of neurons show different survival
results (Jessen and Mirsky, 1997). Cell cultures containing no neurons show E14-15 SCs
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die, whereas most cells from E17 nerve cells survive in the same way newborn cells do
(Jessen and Mirsky, 1997). Moreover, readings of the cytoplasmic levels of glia protein
S100 are different at pre and post natal (Jessen and Mirsky, 1997). E15 cells show either
low or undetectable cytoplasmic levels of S100, in contrast to E17 and nerve cells of
newborns showing unambiguously detectable S100 levels (Jessen and Mirsky, 1997;
Albuerne et al., 1998). Some studies have used S100 levels to show SC development
progression up to the stage of immature SCs (Bremer et al., 2010). The embryonic period
between E15 and E17 constitutes the transitioning stage from SCPs into immature cells
(Jessen and Mirsky, 1997). Only at E16, both types of populations, SCPs and immature
SCs coexist simultaneously (Jessen and Mirsky, 1997). SCP transition into immature SC
occurs in an abrupt manner in rat sciatic nerves at E16 (Jessen and Mirsky, 1997).
Immature SCs are readily distinguishable at E17 (mouse E15) to around birth (Jessen and
Mirsky, 1997).
Signals identified to regulate phenotypic changes from SCP into leading SC lineage
in axons include NRG1, entothelins, and Notch signaling pathways. In vivo and in vitro
experiments have shown that the Notch receptors on SCPs allow the expression on the
active segment of the Notch intracellular domain (NICD) to speed up differentiation of
SCPs into mature SCs (Woodhoo and Sommer, 2008). Further support on the importance
of the Notch signaling pathways is observed by experiments showing that disruption on
the Notch receptor causes retardation in the formation of immature SCs from SCPs
(Woodhoo and Sommer, 2008). The Notch signaling acts as a positive regulator in the
maturation of SCPs into their progeny, the SC lineage (Woodhoo and Sommer, 2008).
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Chemotactic Effect and Motility in Cell Migration
During early embryo development, cells respond to signals to undergo various
processes such as cell division, migration, and morphogenesis (Shellard and Mayor,
2016). For cells to migrate, they must identify the direction to follow and be persistent
on following such trajectory; this is accomplished due to a chemotactic effect that cells
can recognize and respond to (Shellard and Mayor, 2016). In cell migration, the concept
of directionality is described as the displacement divided by the length of the total path
the cell migrated (Petrie et al., 2009). The chemotactic effect on a cell to direct migration
along a specific pathway takes place by responding to protein gradients, a concept known
as chemotaxis (Shellard and Mayor, 2016).
A chemotactic effect is caused by chemoattractants, and such can be tested in cell
migration in processes such in embryonic morphogenesis and wound healing (Shellard
and Mayor, 2016). The intracellular mechanisms activated by the receptors make cells
respond to a specific direction in the presence of an external gradient (De Castro, 2003).
Thus, the establishment of a chemoattractant gradient to which cell will respond is
fundamental. The chemotaxis effect is not to be confused with chemokinesis. In
chemokinesis, cell migration is promoted and supported by an external factor, however
there is no effect on directionality for cell movement as it is in chemotaxis, and it is
measured by increase in cell speed that is acceleration (Petrie et al., 2009).
Cells migrate successfully in part, to their intrinsic motility mechanisms and their
capacity to polarize their cell membrane (Petrie et al., 2009). The directional migration
of cells is also achieved by the lamellipodia protrusions of actin-binding proteins that
sustain the orientation from the leading tail (Petrie et al., 2009). Intracellular signals in a
8

polarized cell, allow for protrusions that create a leading edge and a trailing end to take
charge for the cell movement (Petrie et al., 2009). Both the lamellipodia response and
polarized characteristics of cells are responsible for the classic asymmetric morphology
observed during cell motility (Petrie et al., 2009).

The Role of NRG1 and NGF in Neural Crest and Schwann Cell Migration
Understanding the role that NRG1 and NGF proteins have in cell migration, requires
having a basic knowledge of two terms that are used in development: tropic and trophic.
These two words are Greek-derived, where tropic means attraction, while trophic means
nourishment (Nagtegaal et al., 1998). Applying these meanings to a molecular level,
tropic molecules are those which guide, and thus, attributing them with a chemoattraction
role as their function, whereas trophic molecules are those which provide support (Purves
et al., 2001). The tropic role is concisely explained in a medical dictionary (McGrawHill, 2002) as any small molecule which function is to act as a chemical stimulant along a
concentration gradient to attract cells or macrophages, and such definition has been
applied to address various molecules in multiple papers (Tessier-Lavigne and Placzek,
1991; Purves et al., 2001; Kim et al., 2004; Shellard and Mayor, 2016; De Bellard et al.,
2018). Furthermore, as we understand the role of tropic factors as it relates to attraction,
other names are used to describe this very function such as that of chemotactic factors,
chemotropic factors, or chemoattractants (Purves et al., 2001; McGraw-Hill, 2002; De
Castro, 2003). Different studies have been committed to identifying tropic and trophic
factors. For instance, one study investigated neurotropic interaction in the trunk nerves
of rats (Politis and Miller, 1985). They observed a tropic factor (un-named) was
9

produced by distal stumps of transected sciatic nerves, and concluded there was a
possible link between hypertrophic reactive astrocytes and the production of a
neurotropic factor (Politis and Miller, 1985). By the assessment of this study on rats, and
others that have used the chick, fruit flies, and roundworms to name a few, they have
observed tropic and trophic factors work via target-derived signals (Purves et al., 2001).
The trophic function however, has a broader meaning as it is associated with growth,
maturation and maintenance (Nagtegaal et al., 1998; Bittner and Martyn, 2013).
Particularly in discussing the development of the nervous system, several molecules are
explored regarding the growth and migration of various cell types, for which the term
trophic is usually extended to refer to enhancing neuronal growth, survival, and
differentiation (Nagtegaal et al., 1998). A vast number of trophic factors such as the
neurotrophins have been found, however the identification of tropic factors is of a lesser
number by comparison. The neurotrophin family members are the NGF, brain-derived
neurotrophic factor (BDNF), neurotrophin 3 (NT3), and neurotrophin 4 (NT4), they are
similar in sequence and structure; another two neurotrophins exist, but they are only
found in zebrafish (Hallbook, 1999; Sanes, 2012). Furthermore, the term neurotrophin
can be used as a synonym for neurotrophic factor as stated by the United States National
Library of Medicine’s medical subject headings.
The neurotrophic factors are an extended family of proteins with various roles,
mainly consisting of inducing the survival, development, and function of neurons
(Hempstead, 2006; Reichardt, 2006). Neurotrophic factors are usually released by target
cells or postsynaptic neurons; their main function is to mediate information to the soma
of neurons and form connections with their targets (Castren, 2013). Neurotrophic
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proteins belong to a class of growth factors which are primarily proteins or steroid
hormones; they provide a wide range of functions for the central and peripheral nervous
systems both in development and post-development (Allen and Dawbarn, 2006). Growth
factors are usually categorized as a subset of the cytokines, they are considered as
diffusible signaling proteins secreted by neighboring cells, distant tissues, glands, and by
some tumor cells (Aaronson, 1991; Fiore et al., 2009; Takamitsu, 2013). The binding
ability of a growth factor depends on external factors such as that of the extracellular
matrices (ECM), ECM degradation, and the growth factor concentration in order to have
an effect by which the target cell exhibits a response (Lu et al., 2011; Schultz and
Wysocki, 2009). The functions of neurotrophic factors, as shown from in vivo and in
vitro studies, go beyond neuronal survival; for instance, BDNF, NT3, and glia cellderived neurotrophic factor (GDNF) stimulate the expression of NRG1 in motor neurons
(Loeb and Fischback, 1997; Loeb et al., 2002). Furthermore, when applied locally, NGF,
BDNF, NT3, and GDNF signal neurons and their axons for a fast release of NRG1 (Esper
and Loeb, 2004)
NRG1 is a pleiotropic growth factor that acts by binding to its cognate receptor
tyrosine kinases of the ErbB family (Britsch et al., 1998; Mostaid et al., 2017). The
epidermal growth factor (EGF) family of receptor tyrosine kinases (RTKs) also known as
the ErbB family, ErbBs, or HER receptors play fundamental regulatory roles in cell
migration, survival, and proliferation (Wieduwilt and Moasser, 2008). Data on
biochemical and genetic analysis have identified the functional neuregulin receptors:
ErbB3/ErbB2 or ErbB4/ErbB2 heterodimers (Plowman et al., 1993; Carraway and
Cantley, 1994; Sliwkowski et al., 1994; Tzahar et al., 1994: Beerli et al., 1995; Horan et
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al., 1995; Riese et al., 1995; Wallasch et al., 1995). The NRG1 gene presents multiple
isoforms of the EGF-like growth and differentiation factors, also known as heregulin,
GGF, NDF, ARIA, or SMDF (Holmes et al., 1992; Wen et al., 1992; Falls et al, 1993;
Marchionni et al., 1993; Ho et al. 1995). Due to NRG1 expression in neurons, and of its
receptors in cells such as the SC, NRG1 is rendered an important communicator for
neuron-neuron as well as for neuron-glia interactions (Esper et al, 2006).
NGF was the first identified neurotrophic factor, it was discovered in the 1950’s by
Rita Levi-Montalcini and Stanley Cohen; this work was clearly a milestone for advancing
the work in cell biology (Aloe, 2004; Freeman et al., 2004; Esper et al., 2006). This
discovery set the first example for trophic molecules that even when chemically different,
they can serve the same purpose (Aloe, 2004). NGF as its name implies is a growth
factor and is one of the members in the neurotrophin family (Gotz et al., 1994). This
neurotrophin is known to interact with two classes of receptors: the tropomyosine
receptor kinase A (TrkA), and low-affinity NGF receptor p75NTR (LNGFR/p75NTR,),
both of which are associated with neurodegenerative disorders (Wiesmann et al., 1999;
Lee et al., 2001; Nykjaer et al., 2004; Tuszynski and Blesch, 2004; Giudice, 2010). It has
been observed that NGF plays important roles in the neurons of the DRG such as
shortening their action potential duration, and by increasing the expression of
neuropeptides associated with these neurons (Lee et al., 1998). NGF is found essentially
outside the central nervous system, as a critical protein involved in the growth,
maintenance, proliferation, and survival of sympathetic and sensory neurons (Freeman et
al., 2004). Furthermore, due to studies on the sympathetic ganglia of chick embryos that
show an increased acceleration of maturation process, it has been suggested that NGF
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induce metabolic changes in gene expression, as well as chemotactic effects on
sympathetic nerve fibers (Levi-Montalcini and Angeletti, 1968; Thoenen and Barde,
1980).
Thus, by definition and according to most literature, NRG1 and NGF are considered
growth factors. This present study however, brings new light to the concepts of NRG1
and NGF as also tropic factors for NC and SC migration.

A. NRG1 Effects in the Migration of Neural Crest and Schwann Cells
It has been suggested that NRG1 can be a chemoattractant for NCCs, but there has
not been overwhelming evidence of this with the exception of two recent studies (De
Bellard, 2018; Saito et al., 2012). Here, this present study provides corroborating data as
well for the role of NRG1 as a chemoattractant for NCCs.
For years, NRG1 has been known to regulate SC myelination, proliferation, and
migration through ErbB2/3 receptors (Newbern and Birchmeier, 2010). One paper
proposed that NRG1 can directly increase SC motility (Mahanthappa et al., 1996), and
we had also shown that NRG1 plays chemoattractive and chemokinetic roles for SCPs
(Cornejo et al., 2010).

B. NGF Effects in the Migration of Neural Crest and Schwann Cells
Until recently, NGF has not been shown to play any role on NCCs development.
Nevertheless, NGF is a potent regulator for SCs peripheral myelination, but it has not
13

been shown to exert a tropic effect on SC migration. However, NGF is a well known
chemoattractant and chimokinetic molecule for SCPs (Chan et al., 2004; Cornejo et al.,
2010). In this present study, the data suggests the novel role of NGF as a chemoattractant
for SCs.

Relevance of NRG1 and NGF with Diseases that Involve Neural Crest and Schwann
Cells
As the NCCs give rise to different cell types including cells of the PNSs, the factors
involved with this cell type and its derivatives, can also be associated with multiple
diseases, as a consequence of dysregulation of NCCs such as in their behavior during
migration and differentiation (Takahashi et al., 2013). For example the trunk NCCs that
give rise to the melanocytes in the skin that synthesize melanin, have been associated
with the skin cancer melanoma (Le Douarin and Kalcheim, 1999). The melanin pigment
is synthesized, stored, and transported by the melanosome organelles of the melanocytes,
once melanosomes mature they are passed to the outer tips of dendrites to be transferred
into other skin cells such as the keratinocytes (Wasmeier et al., 2008; Ando et al., 2011).
In the similar fashion by which NCCs leave the NT and start to migrate upon EMT, it is
believed that in a likely manner, melanoma cells undergo a similar EMT-like event in
which they initiate stages of metastasis to dissociate from neighboring keratinocytes and
spread throughout the body (Kulesa et al., 2013, Kasemeier-Kulesa et al., 2017). Studies
from cultures containing the human melanoma cell line C8161 transplanted into chick
embryos, identified NGF as the signal within the tissue responsible for the upregulation
of the marker for melanosome formation (Mart-1) in the trunk of the DRG (Kasemeier14

Kulesa et al., 2017). Therefore, targeting the NGF signaling could be a novel approach to
reprogram this melanoma (Kasemeier-Kulesa et al., 2017).
The NRG1-erbB ligand-receptor signaling interactions are necessary for a normal
PNS both in development and post-development (Esper et al., 2006). Studies have shown
that embryo mice with ErbB3 knockout do not survive (Erickson et al., 1997). Another
study shows that mutations on ErbB2, ErbB3, or NRG1 genes cause severe hypoplasia of
the primary sympathetic ganglion as a consequence for disrupting the role of NCCs with
the ErbB receptors for cell migration (Britsch et al., 1998). This study suggest that the
mutations on ErbBs affected the proper signals with NCCs which are necessary for the
differentiation of the sympathetic ganglia and as a result the synthesis of catecholamines
is disrupted contributing to embryo lethality (Britsch et al., 1998). Furthermore, various
cell types express ErbB receptors, including muscle, skin, and SCs which myelinate the
peripheral axons (Calaora et al., 2001; Gerecke et al., 2001; Moscoso et al., 1995; Negro
et al., 2004; Pinkas-Kramarski et al., 1997; Zhu et al., 1995). Peripheral neuropathy, a
common and usually painful condition has its implication on myelinated and nonmyelinated axons, for which the role of the NRG1 signaling is an important one to
understand as a possible treatment (Esper et al., 2006). It has been observed that as a
response to nerve damage and loss of axonal contact, the production of NRG1 levels
changes, and such event has been suggested to occur in order to promote SC proliferation
at the autocrine level (Carroll et al., 1997; Oka et al., 2000). Thus, understanding NRG1
signaling mechanisms can potentially be used as treatment for some peripheral
neuropathies.

15

The problems affecting communication between SCs and axons are a common
denominator in different types of Charcot-Marie-Toot (CMT) diseases (Martini, 2001;
Maier et al., 2002). The Charcot-Marie-Tooth type 1A (CMT1A) is a type of hereditary
demyelinating neuropathy, also known as hereditary motor and sensory neuropathies
(HMSN), and is one of several disorders that affect the PNS (Maier et al., 2002; Nobbio
et al., 2004). This subtype of CMT is caused by increased PMP22 gene dosage or
missense point mutations that affect the PMP22 gene (Maier et al., 2002). Observations
on rat and mouse models have shown that alterations in the PMP22 gene mimic multiple
aspects as that of human conditions; particularly mutated proteins on organisms with
CMT1A showed to affect either SCs or neurons, and thus altering SC-neuron interactions
(Maier et al, 2002). Another subtype, the Charcot-Marie-Tooth 2B peripheral sensory
neuropathy (CMT2B) is characterized as a debilitating autosomal dominant, caused by
missense point mutations (L129F, K157N, N161T/I, V162M) in Rab7 GTPase (Liu and
Wu, 2017). Patients presenting this disease lose pain sensation, in many cases requiring
of amputation (Liu and Wu, 2017). This type of CMT shows that NGF signaling is
vulnerable to premature degradation, and thus diminishing both NGF trafficking and
signaling (Liu and Wu, 2017). Also in diabetic neuropathy, believed to be multifactorial,
shows to lead to ischemic damage to neurons and SCs, partly due to increased oxidative
stress (Fukunaga et al, 2004; Sekido et al., 2004; Lehmann and Hoke, 2010). In vitro
studies show that SCs under stress have a decreased production of NGF (Suzuki et al.,
2004).
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Therefore, identifying the signaling molecules (e.g., NGF) that are expressed by SCs
as well as in other cells pertaining to the PNS, would play a role in the pathology of
inflammatory conditions, as well as that of hereditary neuropathies, such as CMT, and be
applied as a therapeutic approach (Lehmann and Hoke., 2010).
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Materials and Methods
Imaging Capture and Materials
Images acquisition was possible using a Zeiss Axio Vert 35M microscope with a 5x
objective, and Axio Vision imaging software connected to an AxioCam digital camera
unless otherwise stated. Two forms of recombinant human heregulin1 EGF domain were
used for this study obtained from R & D Systems: alpha (α) and betta (β). These
recombinants will be referred as NRG1-α, and NRG1-β. Proteins used were diluted to 20
ng/ml or 200 ng/ml depending on the cell type. Human fibronectin (FN) was used as a
substrate coat at 10 µg/ml DMEM unless stated otherwise.

Cell and Tissue Cultures
This study investigated both NCCs and SCs. Trunk NCCs were obtained from chick
embryos. The SCs with the myelin gene were mouse derived and immortalized, thus
resulting in the SW10 neuronal S100 calcium-binding protein which were obtained from
the ATCC company. The NCCs and SW10 were cultured following different protocols.
NCCs studied were obtained from avian neural tube explants (NTs), from the rostralmost side of the trunk of chick embryos at stages HH14-17 (Hamburger and Hamilton,
1951). Egg incubation was set at 37o-38o C, placed in a standard chick incubator by
G.Q.F. manufacturing company. Upon dissection, NTs were immersed in a chick ringer
solution. After removal of extraembryonic remains, NTs were then treated in a dispase
(0.24 U/ml DMEM) solution for 1 to 1.5 hours incubated at 37o, and 5% carbon dioxide
(CO2) in order to facilitate dissociate non-neural tissue. Following treatment, NTs are
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transferred into Leibovitz’s (L15) medium to sustain physiological pH levels (Leibovitz,
1963), and thus completely isolate NTs from any remaining non-neuronal tissue. Isolated
NTs were placed in new L15 media and cut into smaller segments measuring
approximately 1-3 somites long, and proceed with cell culturing following protocol
explained below. Explants were handled with stainless steel tungsten needles and a
variety of fine forceps. The segmented NTs were plated with prepared DMEM. NCCs
delaminated from NTs after one night of incubation under prior stated conditions. Every
experiment with NCCs, were obtained from newly NTs.
SW10 immortalized cell type was obtained from ATTC company. SW10 were
plated reaching confluency usually every three days. Once a SW10 cell culture dish
reached approximately 95% confluency, about a fifth of the cell dish (depending on
confluency) would be transferred into a new petri dish, and was brought up to ten mL of
prepared medium and placed for incubation following protocol explained prior. Every
three months a new immortalized SW10 cell line was used to maintain cell purity.
Both NCCs and SW10 cell lines were sustained in DMEM prepared using LGlutamine, Streptomycin, Penicillin, and 8% fetal bovine serum (FBS) (the serum and all
the prepared medium components were obtained from Omega Scientific) incubating them
at temperature of 37o, and 5% CO2 conditions unless otherwise specified.

ELISA Well Assays: Neural Crest and SW10 Cells Migration
Enzyme-linked immunosorbent assay (ELISA) wells were used to study migration
on NCCs and SW10 cells. Four reference points were marked with a fine point ink
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underneath-outer side of each well. Next, the sterilization process began by exposing
wells under ultraviolet (UV) light for 10 minutes. After wells were sterilized, each well
was added a diluted protein droplet.
Proteins were diluted for NRG1-α at both 20 ng/ml and 200 ng/ml, and NGF at 200
ng/ml for NCCs, whereas NRG1-β was tested only at 20 ng/ml for SW10 cells. NGF
usually refers to the only component of the 7S complex that is functional, the 2.5S (26kDa beta subunit of the protein that is biologically active) which allows it to act as a
signaling molecule, while its counterparts seem to protect the 2.5S from proteolytic
cleavage (Bax et al., 1997; Thoenen and Barde, 1980). Either bovine serum albumin
(BSA at 20 ng/mL) or calcium and magnesium free - phosphate buffered saline (CMFPBS) were used as controls. Each well is loaded with 1 µl of the protein or control,
which is dropped approximately in the middle of four reference marks. The microscope
was calibrated prior imaging acquisition of the protein droplets. Images were first
captured immediately after loading protein and control droplets. Second set of images
were taken for NCC migration after cells are stained, whereas the second set of images
for SW10 migration are acquired immediately after the fixed time set per experiment.
Wells containing the droplets were kept at 4o C overnight in a humidified petri dish.
ELISA assays for both NC and SW10 cells were carried out independent from each other.
In order to prepare loading of NTs or SW10 cells, ELISA wells were rinsed first
twice with CMF-PBS to remove excess protein, and then coated for one hour with FN at
10 µg/ml DMEM for both NTs (for delaminating of NCCs) and SW10 (except for one
SW10 experiment with FN at 1 ug/ml). After one hour of coating wells with FN, the
wells were loaded with 2.5% FBS medium containing either NTs or SW10.
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ELISA wells used to test NCCs migration were loaded with one to four NT segments
aiming to be placed each within the coated region alongside to the droplet’s edge per
well. The four ink marks done prior, underneath-outer side of the well, serve as reference
for imaging the droplet inside of the well allowing for four visually accessible regions to
place each segmented NT. This method allows to observe cell migration at the end of the
last step of experiment. NTs were left for 17-20 hours overnight in the incubator
allowing cells to delaminate and migrate.
ELISA wells used to test SW10 cells, were loaded with 150 µl of cell solution at a
cell density ranging approximately 13,500 – 16,500 cells per well (9 - 11 x 104 cells per
ml). SW10 cell migration was observed at both 5 and 23 hours of incubation, and one at
28 hours with NRG1-β (20 ng/mL)
Cell cultures for NCCs are fixed using 4% paraformaldehyde (PFA) and stained with
either Hemacolor Sol. 3 or Hematoxylin. A second set of images of stained cells are
matched for comparison with the primary set to observe migratory patterns using as
reference of the protein border and ink marks alienated for both set of images -at initial
protein and control droplet loads, and after cell migration. Conversely, SW10 cells are
not stained; they are imaged immediately after a fixed time of incubation at either 5 or 23
hours.
Quantification of both NC and SW10 cell densities were obtained by drawing circles
inside and outside the protein boarder. NCCs were quantified drawing circles measuring
100 μm in diameter in randomly selected places avoiding two potential influential factors,
the overlapping from each set of circles, and the immediate cell density delaminating
from the NT. For NTs, only NCCs halos that reached both sides of the boarder were
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accounted for. SW10 were quantified by drawing circles measuring 200 μm in diameter,
in randomly selected places avoiding overlapping between circles. Calculations for cell
quantification were performed in terms of ratios. An average count of the ratio was
calculated for all the circle sets, that is all the circles inside the protein boarder region,
and the circles outside the boarder; these numbers were used for statistical data analysis.

Two-reservoir Modified Zigmond Chamber Assay
The chemoatractive response from SW10 cells was tested by using a two-reservoir
modified Zigmond chamber chemotaxis assay. The Zigmond bridge has a width of 2
mm, with one reservoir at each side of the bridge (two reservoirs total). Each reservoir
has a capacity of 160 µl. The sterilization process for the entire Zigmond chamber prior
every experiment consists of four steps. First, chamber is submerged and left in initially
hot moderately soapy water for about 12-24 hours. Second, is rinsed thoroughly with tap
water, and left submerged in tap water for about 12-24 hours. Third, it is rinsed
thoroughly with twice-distilled water, and left submerged in twice-distilled water for
about 12-24 hours. Zigmond chamber is dried out by placing it for one hour under
ventilation and then placed in a closed container restricted from movement. Fourth and
last sterilization step takes place on the day of experiment with the Zigmond chamber
being exposed to UV light for about 10 minutes. On experiment day, after chamber has
been exposed to UV light, it is ready for cell and reservoir loads.
Coverslips to be used for cell culture are disinfected on the day of cell load with 70%
ethanol, and sterilized for 10 minutes under UV light. The center of the coverslip is
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coated for 30 minutes with 50 µl of FN. SW10 cells were cultured on four different
coverslips that have already been coated with FN. The initial cell solution densities range
approximately 10 – 12 x 104 cells per mL, aliquoting only 50 μl (5,000 cells – 6,000
cells) of this cell solution per coated coverslip. All loaded coverslips were placed in the
incubator at 37o for one hour. During this time prepared medium would also be warmed
up separately in the incubator at 37o, and after 1hr, 150 - 200 µl of prepared warm
medium would be added to each coverslip and left incubating overnight for about 18 to
22 hours prior experiment. Several factors are contributors for the cell density
distribution variants between coverslips since cell solution is directly applied to the
completely flat surface area of the coverslip, unlike well deposits such is the case for
ELISA. The spread of the total cell solution and resultant cell attachment depend upon
several factors in reference to the mechanics on how cells are loaded, such as height from
where the descending solution is dropped, force and velocity applied to the micropipette
to release cell solution, and angle of orientation upon release to name a few. Usually cell
loads formed larger surface area loads than others, thus affecting number of cell number
ratio per surface area between coverslips of equal amounts of cell solution. Thus, the day
of the experiment, the coverslips with the best cell densities are used.
Once the coverslip with the best SW10 cell density is selected, the cells that are more
evenly distributed for measuring cell migration, are placed upside-down over the
Zigmond facing the bridge and near the reservoir of interest, treatment or control. The
coverslip is mounted at its edges upon a layer of vaseline that forms a rectangle around
the section that surrounds overall both reservoirs and middle bridge. The reservoir with
No FBS and NRG1-β treatments are loaded in that order for the experiments testing
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NRG1-β attraction. Upon each load the corresponding reservoir loading entrance/exist is
completely sealed with vaseline. The loaded Zigmond chamber is placed in the incubator
for 1 hour to allow for gradient formation prior filming cell migration.
One movie is obtained at a time as allowed for the available equipment. Each
movie is filmed for three hours with images taken at every 90 second-interval and at a
temperature varying between 26 oC and 28 oC, and filming one to three movies on a given
day. The order of the filming of treatments varied between experiment days. Image J
software was used for cell tracking with their under their Plugins option (Manual
Tracking and Chemotaxis and Migration Tools vl.01). Most of the cell tracking was done
blindly. In order to account for occasional coverslip sliding, non-moving specks were
identified on the cell migration filmings, and their coordinates were used to either
subtract or add as needed from the average net movement along the x-axis. The tracking
information using Image J is able to calculate both Euclidean (net) distance, that is the
displacement, and total migrated distance per every tracked cell, which in turn was used
to derivate other parameters such as velocity.

General Statistics
Chemotaxis assays with ELISA were examined by designating a well as a replicate.
The cell density from the outside of the boarder is part of a function from the density in
the inside of the boarder, the coated region. Log transformation was performed to
normalize NCCs data, and an x-y scatterplot was obtained through this transformation
meeting the assumption for normal distribution evaluated using the Shapiro Wilk test.
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Homoscedasticity assumption was met for NCCs using Levene’s test. Data was analyzed
using one-way analysis of variance (ANOVA), and the post hoc Tukey honest significant
difference (HSD) test.
The limited number of experiments with ELISA for SW10 prevented to perform a
formal statistical analysis. The percent ratios between the experimental observations were
considered instead.
SW10 cell attraction data obtained from modified Zigmond chamber assays was
analyzed on untransformed data. This data met the assumptions for distributional
normality and homoscedasticity evaluated using the Shapiro Wilk test along with
observing an x-y scatterplot, and the Levene’s test accordingly. Data was analyzed using
one-way ANOVA.
Software programs used for the different data analysis models include Microsoft
Excel, SPSS, and Image J.
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Results
Trunk NCCs Undergo Attraction to NRG1α and NGF in Coated Wells of the ELISA
Assay
We tested NRG1α at both 20 ng/ml and 200 ng/ml, and NGF at 200 ng/ml proteins
as an immobilized ligand, by coating the center of ELISA wells to observe whether trunk
NCCs show preferences to them. Embryonic chicken NTs were gently placed in each
well with a 2.5% FBS medium. ELISA wells containing NTs at or close to the border of
the protein coated region were left incubating overnight to allow NCCs to delaminate and
migrate. The data was obtained by comparing images of the protein droplets boundaries
of the cell densities between controls and experimental groups.
We quantified the preferred migration by counting cells in/out the borders per every
well. These results show the cell density immediately leaving the NTs on both
experimental and control were abundant. However, the densities on the outermost halo
region were the cells that showed more clearly a migratory preference towards the
experimental proteins (Figs. 5, 6, and 7). The halos on wells with the control PBS
droplets were more uniformed all around (Fig.4).
Trunk NCCs migration patterns further away from the immediate wall of the NT
showed a migrating preference to both strengths of NRG1α, and NGF. Visual difference
was more marked in some replicates than in others. Nevertheless, the post hoc statistical
analysis using Tukey HSD test showed overall a significant difference for the
experimental NRG1α and NGF proteins compared to PBS controls (p < .001 and 95%
confidence interval). This means that overall, during a time lapse of 17 to 20 hours
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NCCs preferred to remain or redirect themselves towards the NRG1α and NGF coated
regions. NCCs in the controls showed no migratory direction preference between the
PBS coated region and the rest of the well floor other than their natural migration of
parting away from the NT (Graph 1).
These results support the migration patterns of NCCs in a film recorded for 18 hours
by Chris Walheim (not shown). Delaminating NCCs from NT do not migrate as much
when crossing the NRG1α region.

SW10 Undergo Attraction to NRG1β in Coated Wells of the ELISA Assay
NRG1β at 20 ng/ml was tested as an immobilized ligand by placing a droplet as a
binding coat in the center of ELISA wells, and using BSA 20 ng/ml as control to observe
whether SW10 cells experience an attraction to the experimental protein. SW10 cells
were loaded into the ELISA wells, and their migratory patterns were recorded for
different time intervals and at different FN concentrations. Collectively, four experiments
were analyzed: those at 5 hours, and 23 hours were coated with FN at 10 µg/ml, and only
one at 28 hours was coated with FN at 1 µg/ml. These results have no replicates (except
for NRG1β at 23 hours). Thus, no formal statistical analysis for these data is possible.
However, the observations obtained show that there were more SW10 cells remaining
within NRG1β than outside of its border at both different FN concentrations (1 µg/ml and
10 µg/ml), for all three different migration times (5, 23, and 28 hours, the latter not
shown in the graph) in comparison to the controls.
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SW10 cell densities for the experimental NRG1β protein were approximately the
same across the different migration times: 5, 23, and 28 hours. NRG1β showed an
attraction approximately between 57% and 62%, at its lowest and highest accordingly
(Fig. 9), compared to controls at approximately 48% to 49% cell attraction (Fig. 8; graph
2). ELISA wells with SW10 cells cultured for 28 hours showed 61.2 % attraction to
NRG1β (data not shown on graph).

NRG1β and NGF Effects on SW10 Cells in a Modified Zigmond Chamber
SW10 cells cultured in a coverslip and mounted on the bridge of a modified
Zigmond chamber show higher percent ratio of attraction for NRG1β and NGF (200
ng/ml), however this data did not meet the significant statistical value. The modified
Zigmond chamber used for these experiments consists of a bridge with one reservoir at
each side of the bridge, thus two reservoirs per chamber. In order to test whether SW10
undergo attraction for these proteins, one experiment on a modified Zigmond chamber
was considered a replicate. The designated nomenclature is as follows: the symbol of (-)
is designated to show absence of the protein that is containing only media without FBS,
where the control is - / -, and reservoirs with protein state the protein by name, either
NRG1β or NGF.
The data was tested for homogeneity of variances, using the Levene’s test, followed
by ANOVA (Graph 3). The statistical results detected no significant differences between
the treatment groups (p > .05 with a 95% confidence interval). The data resulted with
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SW10 attraction to NRG1β by an average of 57.8%, and to NGF by an average of 57.3%.
Whereas for controls SW10 were attracted to positive control by 56.7%, and to negative
control by 50.4% averages.
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Discussion
The cues guiding the highly motile NCC, and its glia derivative, the SC, continue to
being discovered by studying the cellular and molecular mechanisms that influence their
migratory pathways. The factors that govern the routes of the NCC early in embryo
development have been initially attributed to contact inhibition locomotion (CIL),
permissive substrates, and repellents, whereas for SC migration only the latter two apply
under these premises (Carmona-Fontaine et al., 2008; Isaacman-Beck et al., 2015).
However, the various routes NCCs and SCs take to reach their different targets are not
complete or fully explained by these factors, thus identifying the signaling molecules that
guide their migratory patterns are the core of this study. The two proteins of molecular
interest in this study are NRG1 and NGF. The findings presented here show that NRG1
and NGF are chemoattractant molecules for trunk NCC and SC.

1. The Neural Crest Cells
The Somites Role in Neural Crest Migration
The migration of trunk NC has been attributed to cell-to-cell interactions and
molecular signals (Kuriyama and Mayor, 2008; Gammill and Roffers-Agarwal, 2010). In
the initial NC migration, somites have been observed to be a source for molecular
signaling providing permissive substrates, as well as positive, or inhibitory activities that
aid the path for trunk NC to follow (Bronner-Fraser and Stern, 1991; Kalcheim and
Teillet, 1989). Various ECM factors restricted within the somites are also necessary
during NC migration in vivo and in vitro (Gammill and Roffers-Agarwal, 2010). As
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somites mature, NCCs reach the somites that have dissociated into the dermomyotome
and sclerotome (Gammill and Roffers-Agarwal, 2010). Myotome releasing basal lamina,
and the sclerotome releasing FN and laminin substrates have been shown to explain in
part trunk NC migration by promoting motility, but not specifically as guiding factors
(Krull, 2001; Gammill and Roffers-Agarwal, 2010). Thus, these substrates do not
account as sufficient evidence for positive guided migration to occur without other
requirements (Martins-Green and Erickson, 1986; Krull, 2001; Gammill and RoffersAgarwal, 2010).

Chemorepellents
Previous studies on chick show that Eph/ephrin signal NC migration through the
somites (Gammill and Roffers-Agarwal, 2010). Eph/ephrin signaling, rather than as a
guiding cue, it has been considered to contribute in the cell-to-cell interactions of trunk
NC in the caudal sclerotome responding to repellent cues (Kasemeier-Kulesa et al.,
2005). One feature of the trunk NC is due to their cell-to-cell filopodial contact
interactions which account for the chain migration pattern they exhibit, and if such
interactions are disrupted, they lose their direction causing them to wander in the
sclerotome (Kasemeier-Kulesa et al., 2005; Krull et al., 1995). The Eph receptors and
their Ephrin ligands sustain cell interactions between the NC and sclerotomal cells via
inhibitory effects, by mediating repulsive response at cell-contact (Xu et al., 2000).
Ephrin-B1 specifically, interacts with the protein connexin43 which allows for
semaphorin repulsions associated with NCCs; furthermore, connexin43 activity is
affected when Eph/ephring signaling is disturbed (Xu et al., 2006). Although this
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information helps explain the importance of substrates in the initial and short range
migratory journey of the NC, and the role Eph/ephrins signaling play in cell-to-cell
interactions, the question for long range migration still needs further exploring.

Neural Crest Migration Directed by Molecular Signals

NCCs migration past the somites is believed to occur by ErbB2 and -3/Neuregulin,
and CXCR4/CXCL12 signaling (Kulesa and Gammill, 2010). Neuregulin signaling is
crucial for NCCs ventral migration beyond the DRG, sensory differentiation, and in
aiding NCCs condensation into sympathetic ganglia (Britisch et al., 1998). CXCL12,
also known as stromal cell-derived factor-1 (SDF-1), draws NCCs ventrolaterally too, but
it has not been identified to be a chemoattractant for the segmental NC (Gammill and
Roffers-Agarwal, 2010). NRG1 has been suspected to attract trunk NC, but there has not
been overwhelming evidence to support this. This study provides evidence that
corroborates NRG1 chemottractant role for NCCs (Kulesa and Gammill, 2010).

NRG1α and NGF Guide the Direction of Trunk Neural Crest Cells

I tested NRG1α and NGF on ELISA wells to observe if trunk NCCs from NT
explants are attracted to these proteins. The time-lapse images from before and after
delaminating NCCs demonstrate the preference of the cells for NRG1α and NGF coated
regions compared to controls. NRG1α was tested at two different concentrations 20
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ng/ml and 200 ng/ml, and higher cell densities were found on both strengths of NRG1 α
compared to controls. In both cases NCCs were attracted, meaning that even at low
concentrations trunk NCCs are highly sensitive to NRG1α. The percent number of cells
(70.9 %) found inside NGF coated regions fall within the percent margin of those
observed in NRG1s (68.1 % at 200 ng/ml, and at 73.3 % at 20 ng/ml). This suggests that
migrating trunk NCCs have a strong preference to NRG1 and NGF proteins.

In these experiments I tried to simulate the ECM environment in which NCCs
navigate to test NRG1 and NGF as substrate solutions rather than soluble proteins, since
it is suspected that most morphogens are presented as bound molecules to ECM. My
results were done in the presence of the permissive FN substrate. From my observations,
NCCs migrating response was not due to the presence of the FN coat, as this was on the
entire well floor, but due to a chemoattracting effect by the NRG1α and NGF proteins.

Thus, the quantified data from in vitro observations show with statistical significance
that NRG1α and NGF presented as substrates are chemoattractants for trunk NCCs. This
data provides novel and strong evidence that both proteins have a positive guiding effect
on NCCs, and shed light to the role they may play in NC migration in vivo.
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2. The Schwann Cells

Schwann Cell Migration Directed by Molecular Signals

SCPs are known to migrate extensively to reach their targets aided by a high
coordinated level of signaling molecules (Bhattacharyya et al., 1994; Cornejo et al.,
2010). Some findings on SCPs or SCs have detected effects from NRG1 isoform III via
ErbB signaling on zebrafish studies in vivo, and in rat studies in vitro for cell migration
(Kettenmann and Ransom, 2013; Heermann and Schwab, 2013). It also has been reported
that the migration of the myelinating SC stimulated by ErbB2/NRG1 is also mediated by
the FN integrin receptor α5β1 (Wakatsuki, et al., 2014). Another molecule identified to
enhance SC migration is Neurotrophin 3 (NT3), via the Rho GTPases Rac 1 and Cdc42
(Yamauchi et al., 2004). Finally, NGF has been found to play more than one role for
SCs. Previous in vivo and in vitro observations show that NGF receptor is expressed in
the cell surface of SCs (DiStefano and Johnson, 1987), leading to the hypothesis that
NGF is “shed” by SCs to turn over this protein (DiStefano and Johnson, 1987). A second
suggestion has been that NGF is synthesized by SCs or by its targets, NGF-dependent
neurons, thus serving as a mechanism to regulate NGF (DiStefano and Johnson, 1987).
Third, NGF has been suggested to play an analogous role as that of laminin and FN, thus
serving as a substrate molecule (DiStefano and Johnson, 1987). Based on the in vitro
data here, I suggest that NRG1 and NGF are a chemoattractants for SCs.
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Schwann Cells Response to NRG1β in ELISA Wells

The immortalized SW10 cell line was used to test whether SCs prefer NRG1β in
vitro. One of the two assays I used was ELISA to observe if NRG1β attract SW10. The
analyzed results were primarily using 10 µm/ml of FN, and one experiment using 1
µm/ml of FN to coat the ELISA wells. The analyzed data from these few experiments
showed SCs in the higher concentration of FN to be attracted to NRG1β (59.5 % to 60.0
%), and those at lower concentration of FN were attracted to NRG1β as well (61.2 %),
compared to controls (48.6 % - 49 %). These findings mean that FN did not affect the
response of SCs to NRG1β.
Because the small number of ELISA assays for SW10 attraction to NRG1β (N=3 at
higher FN concentration, and N=1 at lower FN concentration) are limited in replication, I
cannot provide a definite conclusion. Nevertheless, findings from other lab members
(Blanca Ortega and Thu Duong), using the agarose spot assay show that NRG1β and
NGF significantly attract SW10. Under the light of their findings, I would hypothesize
that if these ELISA experiments were repeated with multiple replicates, the results would
show a significant difference of SW10 cells being attracted to NRG1β.

Schwann Cells Show Preference for NRG1β and NGF in the Modified Zigmond
Chamber

The second type of assay used to test SC attraction was the modified Zigmond
chamber. Although the statistical analysis obtained from this data did not reveal a
35

significant value among the treatments, the percent ratios showed higher average number
of SW10 cells migrating towards NRG1β (57.78 %) and NGF (57.26 %), compared to
controls (50.4 %). These results suggest that SW10 cells have a preference for migrating
towards NRG1β and NGF. In determining the issues that might have altered or weaken
the response of SW10 cells, one main factor is directly dependent on establishing a
gradient that is detected by the cells since the modified Zigmond chamber is a chemotaxis
gradient based assay. Moreover, the environmental conditions for this assay might not
have been ideal such as constant temperature, in addition to other factors related to the
experimental process (addressed in more detail on next section) must be considered as
potential explanations of the resulting data, and which are not mathematically integrated
as part of this statistical analysis. Nevertheless, this data is based on replicated
experiments and shows consistency. I would hypothesize that if the experiments were
repeated under a more controlled environment and improving the set-up of concerning
factors, these can have an effect on the cells’ response and thus, the resulting data would
show a positive significant statistical value.

Assessment of Potential Issues Affecting Schwann Cells Response

Ideally, the experimental environment would offer the same conditions as that of the
organism of study. In practice however, duplicating such environment presents a
challenging task during experimental conditions. Several factors that play a crucial role
on cell response include the setting up of the modified Zigmond chamber, establishing a
gradient, and sustaining it at a constant rate and biological desired temperature and CO2
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levels. First, these Zigmonds require a highly skilled hand and a mastering of the
technique since such play critical roles in the entire process. This includes visually and
manually: 1) determining the cells orientation that will go over the bridge, 2) estimating
the vertical and horizontal distances that determine how close the cells will be from both
the bridge and the gradient, and how far apart the walls will be from the reservoirs, 3)
sealing of the chamber and its conducts. The other three factors are change of
temperature, lack of atmospheric CO2, and establishing a stable protein gradient
accessible to the cells. The SW10 cell line is known to sustain its regulatory mechanisms
at temperatures between 33oC and 37oC (Hai et al., 2002), and in the presence of CO2
(Pattison et al., 2000). Both change in temperature and lack of CO2 would change a
stable pH environment. A sustainable pH 7 level allows a mammalian cell to carry out its
metabolic functions. A change in temperature and or CO2 levels disrupts pH levels
which can alter the cell’s responsiveness. The setup conditions for each of the three-hour
films of SW10 in the presence of experimental treatments were between 26 oC and 28 oC,
and in the absence of atmospheric CO2. The effects of these conditions variants need to
be considered when interpreting the results.

The Zigmond chambers are known for their instability (Muinonen-Martin, et al.,
2010). The height of the vaseline wall might have been higher than preferable which
could have compromised the accessibility to the protein gradients. Although the
ANOVA analysis did not detect significant differences, if the environmental factors of
temperature, CO2, and gradient were to be adjusted in a controlled environment, the
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results could indicate an even higher number of SW10 cells responding to the attraction
for NRG1β and NGF, and thus further supporting the prior observed positive percent
ratios.

Conclusions

Based on these in vitro findings, the formulated hypothesis that NRG1 and NGF are
chemoattractants for both the NC and SC was supported. Although only the observations
for NCCs were statistically significant, this study shows clear indication that SCs too
have a preference for NRG1 and NGF. The work from other lab members with SCs
using the Agarose Spot, plus a chemoattraction assay using gradient, Boyden Chamber
assays, corroborate these suggestions; their results let them to conclude with strong
evidence supporting that not only both NRG1 and NGF are chemoattractants for SCs, but
that NGF is a stronger chemoattractant for SC compared to NRG1. Thus, collectively my
data and that of my lab members shed light by identifying NGF as a protein that attracts
the trunk NC and the SC, while corroborating with our in vitro studies that NRG1 also is
a chemoattractant for both cells as suggested in recent studies. Further research
following up with in vivo studies that arrive to the same conclusions would strongly
support my observations.
Although NCC were tested for NRG1α, and SC for NRG1β, I hypothesize that both
cell types are responsive to either isoform of NRG1 given that these two molecules are
nearly identical, only differing by one exon (Brown et al., 2004). NRG1α and β bind to
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ErbB2 and 3 receptors, the same receptors expressed by NCCs and SCs (Britsch, 1998;
Newbern et al., 2011). The EGF-like core domains α or β are bioactive NRG isoforms
that suffice to activate the ErbB receptor-tyrosine kinases (Barrenschee et al., 2015).
Thus, as NCCs and SCs express the ErbB receptors 2 and 3, to which NRG1 alpha and
beta isotopes bind to, the selection for using NRG1α for NC, and NRG1β for SC will not
affect my conclusions.

While our findings contribute to lay a foundation to uncovering proteins involved in
the migration of two cells, there is far more studying needed to continue moving forward.
Future work can be dedicated to answer related questions: What are the signals that allow
NC and SC stop migrating? Are there other signals involved in trunk NCC and SC
migration? What are the intracellular components that signal NCCs and SCs to respond
to different type of substrates? Can we find ways to manipulate these cells for different
medical treatments or improve the ones in existence related to the PNS and/or related
degenerative diseases? Are there any specific genes that can be identified to elucidate
any of the above questions? The technological advancements we have in this century are
more specific and offer more options to investigate some of the questions scientists have
been wondering for decades.

This work and all the knowledge obtained to our present time provide solid ground
for future studies. The more understanding of the intricacies that guide the formation of
the developing embryo can potentially be applicable in advancing science and
regenerative medicine.
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Appendix A

Figure 1. Molecular markers and regulators for the Schwann cell development
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Figure 3. Trunk neural crest migrating pathways
Neural crest cells first delaminate from the dorsal NT. Trunk NCCs travel two pathways:
ventromedially (dark red) and dorsolaterally (black). Trunk NCCs from the ventromedial
continue migrating through the rostral half of the sclerotome, repelling the caudal half of the
somitic sclerotome. The other trunk NCCs travel dorsolaterally between the somites and the
ectodermal layer. DM, dermomyotome; NT, neural tube, No, notochord; Ao, aorta; Sc,
sclerotome; R, rostral; C, caudal; Ec, ectoderm.
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Figure 4. NT with delaminating trunk NCCs cultured with 2.5% FBS medium in ELISA
wells coated with PBS
The treatment droplet served as a coat in the middle of the well, where the droplet was delineated
at its boundary line. The black marks on the corners, upper right, and lower left were done
underneath ELISA well for treatment droplets and positioning of the NT. The circles measure 100
μm in diameter, used to quantify the number of cells inside and outside the droplet boundary line.
Reference line on lower right corner measures 100 μm.

53

Figure 5. NT with delaminating trunk NCCs cultured with with 2.5% FBS medium in
ELISA wells coated with at NRG1α at 20 ng/ml
NCCs show preference for the NRG1α coated region (p ≤ .001, and 95% confidence interval).
The treatment droplet serves as a coat in the middle of the well, where the droplet was delineated
at their boundary line. The black marks on the corners, upper right, and lower left were done
underneath ELISA well for treatment droplets and positioning of the NT. The circles measure 100
μm in diameter, used to quantify the number of cells inside and outside the droplet boundary line.
Reference line on lower right corner measures 100 μm.
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Figure 6. Neural tube with delaminating trunk NCCs cultured with 200 ng/ml NRG1α with
2.5% FBS medium in an ELISA well
The treatment droplet served as a coat in the middle of the well, where the droplet was delineated
at its boundary line. The NCCs halo of the NT migrate in greater density towards the region
coated with NRG1α (p ≤ .001, and 95% confidence interval). Reference line on lower right corner
measures 100 μm.
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Figure 7. NT with delaminating trunk Neural Crest Cells (NCCs) cultured with 2.5% FBS
medium in ELISA wells coated with NGF at 200 ng/ml
NCCs show preference for the NRG1α coated region (p ≤ .001, and 95% confidence interval).
The treatment droplet was carefully set as a coat in the middle of the well, and its border was
delineated as a boundary line. The circles measure 100 μm in diameter, used to quantify the
number of cells inside and outside the droplet boundary line and obtained a mean ratio for cell
attraction. Reference line on lower right corner measures 100 μm.
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Figure 8. SW10 cells spread uniformly in ELISA wells coated with BSA
The average number of cells in the circles inside in comparison with the number of cells in the
circles outside the droplet boundary show no preference when coated with BSA which was used
as a control. SW10 were cultured overnight in 2.5% FBS. The circles measure 200 μm in
diameter. Reference line on lower right corner measures 100 μm.

57

Figure 9. SW10 cells in ELISA wells coated with NRG1β at 20 ng/ml
The average number of cells in the circles inside the droplet boundary are higher than the number
of cells in the circles outside of it. SW10 were cultured overnight in 2.5% FBS. The circles
measure 200 μm in diameter. Reference line on lower right corner measures 100 μm.
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Appendix B

Graph 1. Trunk NCCs exhibit a significant attraction towards NRG1α, and NGF in ELISA
assay
NCCs delaminating from cultured NTs in a 2.5% FBS medium were examined during a period of
17 to 20 hours. Every experiment, labeled as N, had ≥ 2 replicates. ELISA wells were coated
with NRG1α at both 20 ng/ml and 200 ng/ml, and NGF at 200 ng/ml, and PBS as control. The
average of NCCs from log transformed data (transformation not shown in graph) tested with
ANOVA and the Tukey HSD post hoc detected significant differences between the controls and
the treatments (p <.001, with 95% confidence interval). SEM error bars.
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Graph 2. SW10 cells response attraction to NRG1β and BSA in ELISA wells
Cells cultured with 2.5% FBS medium for a lapse of 5 and 23 hours show higher cell densities in
NRG1β coated regions in comparison to controls (BSA). No replication of experiments except for
NRG1β at 23 hours.
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Graph 3. SW10 cells average migration observed in a modified Zigmond chamber
The experimental treatments NRG1β and NGF although with higher cell densities (both at 200
ng/ml) show no statistical significance to controls (p >.05). Tested using ANOVA. Side reference
shows top view of the modified Zigmond chamber with its two corresponding reservoirs and
representative cells on the bridge area with protein gradient from the right reservoir.
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