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ABSTRACT

I have used the developing neural crest to investigate a mechanism that regulates the
neuronal differentiation of multipotent progenitor cells. During development, neural
crest stem cells undergo lineage restriction and give rise to a unipotential precursor.
These precursors will then differentiate into their determined phenotype, when the
appropriate signals are present. My thesis first establishes the validity of studying
neuronal differentiation in culture by comparing the phenotype of neural crest neurons
differentiated in vitro with the in vivo neuronal fates of the truncal neural crest: dorsal
root ganglion and superior cervical ganglion neurons. Once established, I then examine
the role of calcium transient activity in regulating neuronal differentiation of cultured

neural crest cells.

I first ascertained if neurons differentiated in culture exhibited identical voltage-
dependent calcium current (VDCC) profiles to neurons differentiated in vivo. Using
whole-cell recordings, I determined the VDCC profiles of acutely dissociated dorsal root
ganglion and superior cervical ganglion neurons. I compared these VDCC profiles with
those exhibited by neurons differentiated in culture. Depending on the growth
conditions, neurons differentiated in culture exhibited VDCC profiles that were identical
to either sensory or sympathetic neurons. Once these currents were established, I found
that they were not modifiable by the growth factors used in this study. To further support
the hypothesis that VDCC profiles are indicative of a specific neuronal phenotype, I
showed that growth conditions that supported sensory VDCC profiles also induced the
expression of other sensory markers: capsaicin-sensitivity and Brn 3.0-immunoreactivity.
The results from this study suggested that sensory and sympathetic neuronal lineages

could differentiate in culture.
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Next, I determined if calcium transient activity plays a significant role in regulating
neuronal differentiation of cultured neural crest cells. First, I monitored intracellular
calcium levels in cultured neural crest cells and found that these cells exhibited calcium
transient activity during the period of neurogenesis. I then correlated calcium transient
activity with several neuronal features and found that only young neurons and a
subpopulation of neural crest derived cells exhibited this calcium transient activity. To
determine if calcium transient activity played a role in neuronal development, I blocked
calcium transient activity in culture and observed a reduction in the number of neurons
differentiated. Using lineage-tracing, I found that cells exhibiting calcium transients
could give rise to neurons, while inactive cells did not. Based on these results, I
concluded that calcium transient activity was required for neuronal differentiation of

cultured neural crest.

Finally, I determined the mechanism by which calcium transients are generated. Using
the superfusion of various calcium channel blockers while monitoring intracellular
calcium levels, I found that the IP;R was responsible for the regulated release of
intracellular calcium during calcium transient events. Extracellular calcium modulated
calcium transient activity. Excitable ion channels located in the plasma membrane were
not involved, however. Variations in the intracellular IP, and Ca* levels also are factors
in regulating calcium transient activity. I concluded from this study that the IP;R is
responsible for the increase in intracellular calcium levels during a calcium transient
event and that the pattern of activity is governed by the excitable properties of the

receplor.

The results of my thesis support a model that calcium transient activity, in conjunction

with extrinsic factors, regulates the neuronal differentiation of cultured neural crest cells.
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Introduction

Overview of developmental themes: specification of multipotent cells

During embryogenesis, one cell (the egg) will give rise to a diverse population of cells
that make up an organism. In many tissues, this process involves the initial generation of
stem cells, which are a self-renewing population of cells that retain the ability to produce
all types of progeny in a particular region at any subsequent time during development
(Lillien, 1998; Orkin, 1995). For example, the hematopoietic stem cell can give rise to
the red blood cells, white blood cells and the immunocompetent cells of the circulatory
and immune systems (Gilbert, 1991). Similarly, the central nervous system (CNS)
contains stem cells that give rise to neurons, oligodendrocytes, astrocytes, while the
neural crest stem cells give rise to the neurons and glia of the peripheral nervous system
(PNS) (Gage, 1998; Muijtaba et al., 1998; Stemple and Anderson, 1992; Temple and
Alvarez-Buylla, 1999).

Stem cells become restricted in their developmental potential prior to giving rise to a
single fate (Lillien, 1998). The general agreement is that stem cells do not commit
directly to a single fate, but rather produce multipotent progenitors that are restricted in
their developmental potential to a subset of potential phenotypes (Fig. 1). These lineage-
restricted progenitor cells will then become specified to a single fate, giving rise to a

unipotent precursor cell that can differentiate into the resultant phenotype of that lineage

(Fig. 1).
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Fig. 1. The possible relationships of multipotent progenitor cells, lineage-restricted
cells, and determined cells. The ‘?’ indicates the questionable nature of that
relationship. This model is modified from a review by Lillien (1998).



Although the mechanisms for lineage restriction are not well understood, factors that
regulate stem cell fate may be either extrinsic or intrinsic. Extrinsic factors either cause
stem cells to commit to a particular lineage or selectively promote the proliferation or
survival of committed cells (Lillien, 1998). For example, the locally restricted
appearance of glial-restricted progenitor cells in the ventral spinal cord is due to the
release of Sonic Hedgehog by the notochord (Pringle et al., 1996). Intrinsic factors, cell
autonomous processes that determine the differentiative potential of a cell, may also
regulate lineage restriction of stem cells. For example, in the nematode, C. elegans, the
determination of blastomere identity is regulated by the asymmetric distribution of
receptors and cellular components (Bowerman, 1995; Sulston et al., 1983). During
development, both extrinsic and intrinsic factors are required for the complex
determination of a cell’s fate. The extent to which both contribute to the fate of a stem

cell 1s not known.

Specification and differentiation of the neural crest

The neural crest is a classic model system of stem cell specification and differentiation
(Horstadius, 1950; Le Douarin, 1982; Weston, 1970). This transient population of
pluripotent stem cells arises from the dorsal aspect of the neural tube at the border
between the prospective epidermis and prospective neural plate of the early embryo
(Selleck and Bronner-Fraser, 1995). As the neural tube closes, neural crest cells migrate
away from the neural tube along characteristic pathways (Bronner-Fraser et al., 1991;
Serbedzija et al., 1990). Neural crest cells migrating from different regions of the neural
tube give rise to distinct phenotypes (for review, (LaBonne and Bronner-Fraser, 1998;
Selleck et al., 1993)). The cranial neural crest cells contribute to the connective tissue

and periocular skeleton of the face, glia, and cranial sensory ganglia. Vagal neural crest



cells give rise to the enteric nervous system and smooth muscle. Truncal neural crest
cells form melanocytes, peripheral sensory and sympathetic ganglia, Schwann cells, and
chromaffin cells. Finally, the sacral neural crest cells contribute to the post-umbilical

levels of the enteric nervous system.

The fate of a neural crest cell in vivo is a subset of that cell’s developmental potential
(LaBonne and Bronner-Fraser, 1998; Le Douarin, 1982; Le Douarin and Dupin, 1993).
Quail-chick chimeric studies have shown that chick neural tube taken from one region
and inserted in a quail embryo in a different region will produce neural crest cells capable
of giving rise to the developmental fates of the new region (Le Douarin, 1982: Le
Douarin e al., 1993). For example, vagal neural crest transplanted caudally can give rise
to sympathetic ganglia, while rostrally transplanted truncal neural crest can give rise to
enteric neurons. While it is clear that neural crest cells are multipotent, they are not
totipotent. Ectomesenchymal derivatives, for example, are specific to the cranial NC.
Neural tubes from lower axial levels, when heterotopically transplanted to the cranial
region, are incapable of producing ectomesenchymal derivatives; Transplantation of

cranial neural crest to lower axial levels produces ectopic cartilage (Le Douarin, 1982).

When do neural crest cells become restricted? Evidence indicates that some restrictions
occur prior to migration (i.e., cranial crest development). In other cases, it has been
shown that post-migratory neural crest cells maintain a degree of multipotency. Back-
transplanting chick embryonic dorsal root ganglia (DRG) into quail embryos prior to the
onset of neural crest migration has shown that embryonic DRG contain both autonomic
and sensory progenitors (Le Douarin, 1982; Le Douarin and Dupin, 1993; Le Douarin et
al., 1993). It was unclear, however, whether the autonomic neurons arising from the
back-transplanted chick DRG came from a neuron that switched identity or from an

undifferentiated cell. To address this, chick/quail chimeric nodose ganglion (chick —



neural crest-derived, quail — placode-derived) were back transplanted into quail. In these
experiments it was found that all neurons from the donor ganglion (placode-derived) died
while the neural crest-derived nonneuronal cells differentiated into neurons (Ayer-Le
Lievre and Le Douarin, 1982). The neurons were generated from a progenitor population
that was quiescent or fated to become glia in the cranial sensory ganglia. From studies
like this, it was concluded that phenotypic fate was plastic, and that the target tissue

stringently selected for the differentiation of specific developmental fates.

Heterochronic transplantation studies have been used to determine the developmental
potential of neural crests that emigrate from the neural tube at different times. Normally,
the first truncal neural crest cells migrate ventrally and give rise to the sympathoadrenal
lineage. Neural crest cells migrating from the same region at a later stage form the dorsal
root ganglia and then the melanocytes of the skin (Selleck er al., 1993). When young
neural tubes were back transplanted into embryos at the advanced stages of neural crest
migration, the transplanted neural crest cells only gave rise to dorsal derivatives, while
older neural tubes back transplanted into younger embryos gave rise to both dorsal and
ventral derivatives (Weston and Bulter, 1966). The results from these experiments
suggested that environmental factors, rather than the age of the cell, influenced the fate of
a neural crest cell. To support this, subsequent studies have shown that back transplanted
neural tubes can give rise to both dorsal and ventral derivatives in older embryos, when
the early migrating neural crest cells are ablated (Baker et al., 1997). These
heterochronic and the preceding heterotopic experiments showed that the neural crest, as

a population, is multipotent.

Lineage analysis has determined that individual neural crest cells are multipotent. In vivo
studies, using injected fluorescent dextrans, have found that single neural crest cells could

produce diverse derivatives, including dorsal root ganglia, autonomic ganglia, and



melanocytes (Baker et al., 1997; Bronner-Fraser et al., 1980; Collazo et al., 1993;
Serbedzija er al., 1989). Clonal studies done in vitro have shown that neural crest cells
are heterogeneous with respect to their developmental potential with 80% of the clones
containing 2-6 distinct cells types while the rest are restricted to a single fate (Baroffio ez
al., 1988; Bronner-Fraser ef al., 1980; Henion and Weston, 1997; Ito er al., 1993; Sieber-
Blum and Cohen, 1980). Based on these studies, the neural crest is comprised of a

heterogeneous population of multipotent progehitor cells.

This heterogeneity in the developmental potential of neural crest cells has led
investigators to suggest that neural crest cells are a stem cell population that undergoes
lineage restriction prior to commitment to a specific lineage (LaBonne and Bronner-
Fraser, 1998; Stemple and Anderson, 1992; Weston, 1991). Several studies have shown
that the neural crest exhibits characteristics of a stem cell population (Lillien, 1998; Rao
and Anderson, 1997; Stemple and Anderson, 1992). Furthermore, there are isolated
populations of neural crest stem cells that persist into the late gestation of the embryo
(Morrison et al., 1999). However, most neural crest cells become restricted in their
developmental potential, losing the more ventral fates first (Henion and Weston, 1997;
Weston, 1991). Several studies have shown that neurogenic potential is lost with time in
vivo and in vitro (Henion and Weston, 1997; Marusich, 1993; Vogel et al., 1992). Tt is
unclear, if neuronal progenitors die or they have become nonresponsive to differentiative

signals.

Neuronal development: determination

The transition from an undifferentiated cell to a fully differentiated neuron comprises two

steps: determination and differentiation. During the process of determination, an



undifferentiated cell will commit to a specific neuronal lineage. Once committed, the
undifferentiated cell becomes a neuronal precursor. This precursor will then differentiate

into a neuron.

The first stage in neuronal development is the establishment of a neuronal fate. Several
genes have been discovered in Drosophila that endow cells with the competence to adopt
a neuronal fate. These genes are designated proneural (Brunet and Ghysen, 1999;
Chitnis, 1999; Jan and Jan, 1994). Two such genes are the achaete-scute complex and
atonal, each of which specifies separate neuronal fates. Homologues of these genes have
been identified in mammals. For the achaete-scute complex, there is a mammalian
achaete-scute homologue, Mash-1 (Lo et al., 1991). For atonal, there are the neurogenins
(Sommer et al., 1996). Mash-1 is a marker for autonomic neuronal progenitors and is
required for their development (Anderson, 1994; Guillemot et al., 1993). In Mash-1
knockout experiments, these populations are absent. Furthermore, Mash-1 is required for
the regulation of transcription factors responsible for subsequent autonomic
differentiation (Hirsch ez al., 1998; Itoh et al., 1997; Torii et al., 1999). Many of these
downstream transcription factors must be expressed in the presence of Mash-1 for proper
neuronal differentiation to occur. For example, forced expression of Phox-2a in the
absence of Mash-1 does not result in a neuronal phenotype (Hirsch er al., 1998; Lo et al.,
1998). However, in neural crest, stem cells can be induced to differentiate into
autonomic neurons in the absence of Mash-1 by forcing the expression of Phox-2a and
elevating cAMP and/or intracellular calcium levels (Le et al., 1999). The neurogenins
are required for the development of the cranial sensory ganglia and are expressed in the
sensory neurons of the peripheral nervous system (Blader et al., 1997; Fode et al., 1998;
Maetal., 1999; Ma er al., 1996; Ma et al., 1998; Perez et al., 1999; Sommer et al.,
1996).



The expression of a proneural gene, however, is not sufficient for a cell to differentiate
into a neuron. Other signals, extrinsic and intrinsic, are required for neuronal
differentiation to begin. For example, the activity of Mash-1 requires the presence of a
growth factor, bone morphogenic protein-2 (BMP-2). BMP-2 induces the onset of Mash-
I expression (Shah ef al., 1996). Subsequent expression of Mash-1 makes the cell
competent to respond to further BMP-2 signaling, inducing autonomic neuronal
differentiation (Lo et al., 1997). Exposure to BMP-2 alone is insufficient to initiate overt
neuronal differentiation. In addition to Mash-1 and BMP-2, other conditions must be met
before sympathetic neurogenesis occurs. Several studies, for example, have shown that
neural crest cells need to be cultured at high cellular density for sympathetic neuronal
differentiation to occur (Adler and Black, 1985; Anderson et al., 1997; Freidin et al.,
1993; Morrison et al., 1999). It is not clear what cell density is doing. One possible
effect of culturing neural crest cells at high density is that it raises intracellular calcium
levels. Elevated intracellular calcium levels have been shown to effect the expression of
several autonomic characteristics, including tyrosine hydroxylase, dopamine beta
hydroxylase expression and cellular morphology (Kim et al., 1995; Lo et al., 1999;
Wakade er al., 1995). Therefore, it has been suggested that both extrinsic signalling
(BMP-2) and intrinsic signalling (intracellular calcium) are required for autonomic

neuronal differentiation (Lo ef al., 1999).

Calcium signalling in development

Intracellular calcium plays a variety of important roles in regulating embryonic
development. During fertilization, for example, calcium release in response to sperm
entry regulates the release of cortical granules, which create the physical barrier to

polyspermy. (Sardet et al., 1998; Whitaker and Swann, 1993). Calcium oscillations are



required for progression through the cell cycle (Berridge, 1995; Poenie et al., 1985;
Sardet et al., 1998; Whitaker and Patel, 1990). In zebrafish, the outer embryonic layer,
beginning at the 32-cell stage, exhibits synchronized calcium transient activity as it
differentiates into the enveloping layer (Reinhard et al., 1995). Understanding how this

molecule is regulated will provide insight as to the role of calcium in development.

Calcium homeostasis

Ca™ is a ubiquitous 2™ messenger, responsible for regulating a wide range of cellular
processes. However, prolonged elevations in intracellular Ca?* will induce irreversible
damage to all cells (Berridge, 1997b). Therefore, cells maintain their resting calcium
concentration below 100 nM, much lower than extracellular levels (mM) (Carafoli,
1987). This large electrochemical gradient creates a driving force such that calcium entry
into the cell is rapid. When both the intracellular calcium concentration ([Ca*],) and the
activation of Ca**-dependent effectors are at low levels, a cell can respond quickly to

swings in [Ca®™), (Pozzan et al., 1994).

A cell exerts tight control over intracellular Ca* levels through a complex regulation of
calcium influx and efflux parameters across select cellular membranes (Berridge, 1997b).
Calcium channels located in the plasma membrane regulate calcium exchange between
the cytoplasm and the extracellular space. The cell also sequesters calcium intracellularly
in the endoplasmic reticulum (ER) and the mitochondria. The ER exhibits regulative
control over calcium crossing its membrane, while the mitochondria is a high-capacity
calcium sink that passively sequesters calcium in response to a robust rise in intracetlular
calcium levels. The cytosol also has a significant calcium buffering capacity (up to 99%
of the free Ca®"), which affects both the rate at which Ca* rises and the diffusion of

intracellular Ca** (Pozzan et al., 1994).



The cell utilizes several proteins to regulate calcium influx and efflux across the plasma
membrane. Calcium efflux is primarily regulated by the plasma membrane Ca>* ATPase
and Na*/Ca™ exchanger, both which are activated by elevated intracellular calcium levels
to maintain resting calcium levels (Carafoli and Stauffer, 1994). Ca influx across the
plasma membrane is mediated by voltage-dependent, ligand-gated, and store-operated
calcium channels. Voltage-dependent calcium channels (VDCC) regulate calcium influx
by opening in response to a membrane depolarization. Although very fast, the
characteristic rise and fall in intracellular calcium in response to VDCC activation
depends on the calcium channel type expressed. Ligand-gated calcium channels (LGCC)
open in response to a ligand, and therefore are comparatively slower than the VDCC.
Store-operated calcium channels (SOCC) are a special class of LGCC that open in

response to a ligand released by a calcium-depleted ER.

The ER is the primary source for regulated release of intracellular calcium for the cell.
The ER sequesters Ca™ through the action of a Ca?* ATPase that is different from the one
located on the plasma membrane (Carafoli, 1987). Two classes of receptor-operated
channels regulate the release of ER intracellular calcium stores: inositol 1,4,5-
triphosphate receptor (IP;R) and ryanodine (RyR) (Ehrlich and Bezprozvanny, 1994).
Three isoforms of the RyR have been discovered, and they are expressed in skeletal
muscle and Purkinje cells of the cerebellum (RyR1); cardiac muscle (RyR2); and in the
CNS (RyR3) (McPherson and Campbell, 1993; Ogawa, 1994; Sorrentino and Volpe,
1993). Calcium and cADP-ribose are agonists for this receptor (Sitsapesan et al., 1995).
IP;R family is comprised of three isoforms that are selectively distributed to all cell
types: neuronal (type 1 and 3) and the rest (type 2) (Danoff and Ross, 1994; Nakanishi et
al., 1996; Sharp et al., 1993; Sharp et al., 1999). Cells may express more than one

receptor subtype and even form heterotetrameric receptor-operated channels comprised

10



of two IP;R isoforms (Miyakawa et al., 1999; Monkawa et al., 1995). Unlike the
activation of the RyR, the IP;R has two co-agonists, calcium and IP,. Furthermore, IP,R
activity is modulated endogenously by a complex arrangement of kinase activities (Iino,

1996; Joseph, 1996).

Types of calcium signals and transduction specificity

Ca™ signals can be either elementary or global events. Elementary events are highly
localized increases in intracellular Ca** levels that contribute to the resting [Ca*],, local
activation of Ca**-dependent processes, and the activation of global events (Bootman and
Berridge, 1995). Because of the degree of localization, transient increases in [Ca*'], can
have opposing effects within the same cell. For example, Ca*™ entry can relax a coronary
smooth muscle by activating a Ca™-dependent K* channel to hyperpolarize the membrane
or it can contract the muscle by releasing Ca** from the sarcoplasmic reticulum (Berridge,

1997b).

Global calcium events are initiated by the coordinated activation of elementary events
(Berridge, 1997b). These global events are usually in the form of a baseline spike or
wave (Thomas et al., 1996). Baseline spikes are characterized by transient increases in
[Ca®]; that rise rapidly from the baseline [Ca*"], and recover over a slower time course.
Calcium waves are symmetrical oscillations that generally occur at a higher frequency
than the baseline spikes. For both events, release from ER calcium stores is responsible
for the primary rise in intracellular calcium levels. Little is known about how calcium
waves are regulated (Gu et al., 1994). For calcium spikes, however, studies have shown
that both the IP;R and RyR can contribute to the generation of the global event. Agonist
availability and receptor modulation determines the frequency of the calcium spikes.

Several studies have shown the IP,R capable of generating complex patterns of calcium

11



spike events. Factors known to regulate IP,R activity are intracellular calcium and IP,
levels; phosphorylation state; and IP,R isoform expression (Cardy et al., 1997; Hagar et
al., 1998; Joseph, 1996; Lievremont ef al., 1996; Toescu, 1995; Wojcikiewicz and Luo,

1998).

Global calcium events can regulate distinct cellular processes. Calcium waves have been
shown to regulate the cytoskeletal architecture in growth cones and early phases of
fertilization (Callamaras ef al., 1998; Gu et al., 1994; Sardet et al., 1998). Calcium
spikes can differentially activate gene expression based on the amplitude, duration and
frequency of the calcium spike, as well as subcellular localization of the calcium transient
event (Bading et al., 1997; Dolmetsch et al., 1997; Fields et al., 1997; Gallin and
Greenberg, 1995; Ginty, 1997; Hardingham et al., 1998). For example, in neurons,
elevations in cytoplasmic calcium activated genes associated with the serum-response
element, while an increase in nuclear calcium levels activated genes associated with the
cAMP response element (Hardingham er al., 1997). In DRG neurons, the frequency of
calcium spikes regulated the activation of CREB and MAPK to regulate gene expression
(Fieber and Adams, 1991; Fields ez al., 1997). The mechanism by which calcium spikes
are decoded by the cell is unclear. Recent studies have looked at the role of calmodulin
dependent-protein kinases in decoding calcium signals (De Koninck and Schulman,
1998; Schulman and Hanson, 1993; Schulman et al., 1992). These large calcium-binding
protein complexes are regulated by the phosphorylation state of the complex, which is
established by the intracellular calcium levels. The kinetics of autophosphorylation and
dephosphorylation may give a cell a short-term “calcium” memory by which to base the
regulation of downstream transcriptional events (Dolmetsch et al., 1997; Dolmetsch er

al., 1998).

12



Neuronal development: differentiation

Neuronal differentiation results in a change in cellular morphology, proliferative state,
and expression of various cellular proteins. Almost all neurons become postmitotic prior
to the expression of neuronal markers. The exception is sympathetic neurons, which
express several neuronal characteristics prior to becoming postmitotic (Rohrer and
Thonen, 1987). Once postmitotic, neurons begin to express features that are unique to
their particular phenotype, e.g., ion channels and neurotransmitters, as well as features

that are common to all, i.e., panneuronal characteristics.

The process by which a neuronal precursor differentiates into a specific neuronal
phenotype is unclear. One model is that neuronal precursors are not determined at birth,
and that environmental influences specify neuronal identity as the neuron differentiates.
Another model is that neuronal precursors are committed to a particular lineage. As with
most models, it is a combination of both that explains how neuronal precursors give rise
to specific neuronal phenotypes. Nonmodifiable traits are thought to be established early
in neurogenesis, predetermined by the expression of specific proneural genes.
Modifiable traits are acquired during the differentiation process and may be regulated by
transcription factors activated after the onset of neuronal differentiation. For example,
Mashl expression regulates the differentiation of the panneuronal markers in
differentiating autonomic neurons, while the transcription factor Phox2A regulates the
expression of several sympathetic traits, e.g., tyrosine hydroxylase, dopamine 3
hydroxylase and c-RET (Groves et al., 1995; Hirsch et al., 1998; Lo et al., 1999; Lo et

al., 1998).
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Although studies have shown that proneural genes regulate several panneuronal
characteristics, e.g., NCAM and neurofilament expression, proneural regulation of
phenotype-specific characteristics has not been established. A phenotypic trait that may
result from the commitment to a specific neuronal phenotype is the establishment of ion
channels. Ion channels are acquired early in neurogenesis, and the maturation of these
conductances is a cell autonomous process (Henderson and Spitzer, 1986). Neural crest-
derived neurons acquire cation currents within the first 24 hours after the onset of
neurogenesis with little change in the current density as they mature (Bader et al., 1983;
Nerbonne and Gurney, 1989; Spitzer, 1994a; Spitzer, 1994b). Furthermore, neurons
acquire ion channels in a phenotype-specific manner. For example, chick sensory and
autonomic neurons express ion channels in a temporal pattern that is unique for the
particular class of neuron (Gottmann e al., 1988). At maturity, peripheral sensory and
autonomic neurons exhibit an array of ion channels that are significantly different from
each other (Mintz et al., 1992). Experiments need to be done to determine if neurons
establish distinct arrays of ion channels éarly in development, and if this property is

plastic.

Questions addressed in this thesis

The overall theme of my thesis is to understand the process of neuronal differentiation in
the neural crest. [ have focused on two areas: commitment to a neuronal phenotype and
the requirements for neurogenesis. We know that the trunk neural crest gives rise to
peripheral sensory and sympathetic neurons, both of which express distinct ion channel
repertoires. Do neural crest neurons, differentiated in culture, express ion channel
repertoires similar to neurons differentiating in vivo? If so, do ion channel repertoires

indicate a commitment to a specific neuronal phenotype? Answers to these questions
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will help in understanding when commitment to a specific neuronal phenotype occurs and
confirm the validity of studying neural crest neuronal differentiation in culture. I have
also focused on the role of calcium transient activity in regulating neuronal
differentiation. There is evidence that calcium transients play significant roles during the
development of a variety of cell types. Do neural crest cells exhibit calcium transients in
culture? Are these calcium transients required for neuronal differentiation? What is the
underlying mechanism responsible for the generation of these calcium transients? Many
studies have identified extrinsic factors that regulate neuronal differentiation. Few

studies, however, have explored intrinsic processes.

15



Materials and Methods

Cell culture

Neural crest cultures

Details of the culture system have been described elsewhere (Matsumoto, 19944).
Briefly, neural tubes from somite level 10 to the more posterior unsegmented somitic
mesoderm were dissected from embryonic day 9.5-10 Swiss-Webster mouse embryos.
Cleaned neural tubes were placed onto an air-dried collagen substrate. Crest cells were
allowed to migrate from the neural tubes for 18-24 hours. The tubes were then removed
using a sharpened surgical knife. The cultures were washed twice and fed 1.5 mls of our

standard culture medium (see below). The cultures were fed every 3-4 days.

The culture medium consisted of L-15 medium (Flow) modified for a 5% CO,
atmosphere (Mains and Patterson, 1973). For the first 24 hours of plating, this basal
medium was supplemented with 2.5% (v/v) rat serum (Harlan), penicillin/streptomycin
(100 U/ml; 100 pg/ml; Gibco), and 2 mM glutamine (Gibco) and 1% rat embryo extract.
24 hours after plating, the rat embryo extract was replaced with one or more of the
following growth factors: human recombinant leukemia inhibitory factor (R & D
systems), mouse recombinant leukemia inhibitory factor (R & D systems), nerve growth
factor (Sigma), rat recombinant ciliary neurotrophic factor (a gift from Rae Nishi,

OHSU), glial derived neurotrophic factor (Amgen), neurotrophin-3 (R & D), and bone
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morphogenic protein-2 (Genetics Institute). The final concentration for all growth factors

was 10 ng/ml, except for nerve growth factor, which was used at 100 ng/ml.

Dorsal root ganglia and superior cervical ganglia cultures

DRG and SCG were removed from newborn mice. The ganglia were cleaned and
incubated at 37 °C for 20 minutes in calcium- and magnesium-free Hanks balanced salt
solution (HBSS; Gibco) with collagenase (1 mg/ml; Worthington) and dispase (4 mg/ml;
Bochringer Mannheim). The cells were triturated 25 times using a fire-polished pasteur
pipette. L-15 with 10% fetal calf serum (Gibco) was added to the cell-enzyme
suspension to inactivate the enzymes. The cells were pelleted by centrifugation,
resuspended in the same culture medium as neural crest cultures (see above), and then
plated at a density of approximately 1000 neurons/cm” on a collagen matrix. For cultures
used within 24-48 hours, the medium contained 100 ng/ml NGF, while long-term cultures

(10-14 days) were supplemented with either hLIF or mLIF.

Embryonic dorsal root ganglia cultures

DRG were removed from embryonic day 12 mouse embryos. The ganglia were
incubated at 37 °C for 5 minutes in trypsin/EDTA (ICN). L-15 with 10% fetal calf serum
was added to the cell-enzyme suspension to inactivate the trypsin. The ganglia were
pelleted, then resuspended in the same culture medium as the neural crest cultures. The
neurons were dissociated by gentle trituration (approx. 25x) in growth medium. The
dissociated cells were plated at an approximate density of 1000 neurons/ cm” on a

collagen matrix.
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Physiology

Electrophysiological recordings

Whole-cell recordings were used to analyze the calcium currents as described by (Hamill
et al., 1981). Cultured neurons were placed into a recording chamber containing a bath
solution of (in mM; Sigma): 140 NaCl, 5.4 KCl, 0.18 MgCl,, and 2.93 CaCl,, 2.6 HCOs,
0.56 H,PO,, adjusted to pH 7.3 with 150 NaOH (Furshpan et al., 1986). The internal
solution was composed of (in mM; Sigma): 140 Cesium-methanesulfonate, 4.5 MgCl,, 9
HEPES, and 9 EGTA (adjusted to pH 7.3 using 140 CsOH). To promote stability of the
currents, 4 mM Mg-ATP (Sigma) and 0.3 mM GTP (Sigma) was added as well as an
ATP-regenerating system which included 14 mM phosphocreatine (Sigma) and 50 U/ml
creatine phosphokinase (Sigma) (Mintz et al, 1992). The patch pipettes were made from
100 ul micropipettes (VWR) using a two-step puller (Narishige) with resistances of 2-4
Mohms. Whole-cell recordings were performed using an Axopatch 1-D patch clamp
amplifier (Axon Instruments). Series resistance compensation was accomplished using a
series resistance compensation circuit. Data were discarded if the current trace showed
signs of series resistance problems such as a slow tail current. Compensations were also
made for linear leak and capacitive currents by subtraction of an appropriately scaled
current elicited by a 10 mV hyperpolarization. Corrections were made to the command
potential for the liquid junction potential between the internal solution and the bath
solution, in which the pipette current was zeroed before seal formation. pCLAMP
software (Axon instruments) was used to generate voltage clamp protocols. IGOR Pro
(Wavemetrics) was used for data analysis. Following attainment of the whole-cell
configuration, the external bath solution was changed to a recording solution containing

(in mM): 130 NaCl, 2.5 KCl, 1 MgCl,, 10 HEPES, 8 glucose, 5 BaCl,, 50 TEA-CI
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(Sigma), and 500 nM TTX (Sigma) (adjusted to pH 7.3 with 150 NaOH). Neurons were
clamped at a holding potential of -90 mV and then stepped to 0 mV, once every 10
seconds. The currents elicited were filtered at 5 kHz (low-pass Bessel filter), digitally
sampled at 1 ms intervals (p0CLAMP), and stored on a laboratory computer (Unisoft).
Once a stable recording was attained, the bath solution was switched to the same solution
plus 10 uM nimodopine (Sigma), to block L-type currents; this block was reversed by
washing in recording solution. To block N-type currents, recording solution plus 5 uM
w—conotoxin GVIA (Sigma) was administered via a puffer pipette. The ®-conotoxin
GVIA puffer was then removed and replaced by a puffer pipette containing recording
solution plus 50 nM @-Agatoxin-IVA (a gift from Pfizer), to block P-type current. We
then followed this with 3 mM CoCl, (Sigma) to determine total calcium current. The
toxins were suspended in recording solution containing 1 mg/ml cytochrome C
(Boehringer Mannheim). All experiments were performed at room temperature. L-type
currents were determined as the difference in the peak deflections of currents recorded in
recording solution and currents recorded in the presence of nimodopine. N-type currents
were determined as the difference in the peak deflections of currents recorded in
recording solution (following reversal from nimodopine wash) and currents recorded in
the presence of ®-conotoxin GVIA. P-type currents were determined as the difference in
the peak deflections of currents recorded in the presence of w-conotoxin GVIA and

currents recorded in the presence of w-agatoxin-IVA.

Calcium imaging

Neural crest cultures were loaded in the dark with the Ca** indicator dye, Oregon-Green
1,2-bis-(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid - 1 (OGB; Molecular
Probes). To do this, neural crest cultures were incubated (room temperature) for at least

30 minutes in our basic calcium recording solution (CaRec) plus 2 uM of the
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acetoxymethyl ester form (membrane permeable) of OGB (OGB-AM). The cultures
were then washed with CaRec for 10 minutes prior to imaging. The composition of
CaRec is as follows (in mM): 160 NaCl, 3 KCI, 10 Dextrose, 10 Hepes, 0.8 MgCl, and 5
CaCl,. OGB-AM was dissolved in DMSO plus 0.2% pluronic to make 2 mM aliquots.
The OGB-AM stock solution was diluted 1:1000 in CaRec for loading neural crest

cultures.

To image intracellular calcium in cultured neural crest cells, the OGB-loaded culture was
placed on the stage of an inverted light microscope (Nikon Diaphot 200) and
continuously perfused with CaRec at room temperature (21-25 °C). Illumination was
provided with a Hg Lamp. A dichroic cube in the path of the light provided an excitation
wavelength of 488 nm and collected emissions of wavelengths longer than 515 nm. The
llumination iniensity was reduced using a series of neutral density filters (ND4, ND2,
and either ND 0.3 or 0.6) to reduce photobleaching and photodynamic damage to the
cells. Images were acquired using an intensified (Hamamatsu) CCD camera (Cohu)
controlled by a PowerPC 7100 (Macintosh) computer running Cytos image acquisition
software (ASI, Eugene). Images were acquired every 3 seconds with each image
consisting of an average of 8 frames. The exposures were computer-regulated by rotating
a filter wheel (Lambda 10, Sutter instruments) from a closed position to a second position
containing either an ND 0.3 or 0.6 neural density filter and then back to the closed
position. The fluorescence micrographs were digitized, and relative changes in [Ca™],
were determined for selected cells using data analysis software (IGOR, Wavemetrics) on
a Macintosh computer. The data are expressed as the % change in fluorescence
(fluorescence(t)-baseline fluorescence) over baseline fluorescence (% AF/F,). The
baseline fluorescence was defined as the average of five minimum-level images for each
trial. Events were counted if transient elevations in [Ca®*], exceeded 50% of baseline

fluorescence. Calcium transient duration was estimated by measuring the time from the
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initial deviation from baseline to return. Unless specified, calcium spiking frequency is

expressed as events/hour. Average values are expressed as mean + SEM,

To determine the effects of pharmacological blockers on calcium transient activity, we
first monitored calcium transient activity in normal CaRec for 30 minutes to establish a
baseline of activity. Next, we monitored calcium transient activity for 30 minutes in
CaRec plus blocker. The percentage of active cells and the extent of calcium spiking
frequency in these cells were compared using Student t-test to test for significance. In
selected experiments, we washed out the blocker with normal CaRec and observed the
degree of reversibility. Unless otherwise noted, all chemicals used in this thesis were
purchased from Sigma. In most cases, preparation of a superfusion medium containing a
chemical was done so by dissolving the chemical directly into normal CaRec. In cases
where chemical solubiiity was a concern, we disselved the chemical first in DMSO,
foliowed by a 1:1000 dilution into normal CaRec. In some experiments, the
concentration of the chemical used would have significantly increased the osmolarity of
the recording medium if dissolved directly. For those experiments, the medium was

prepared by exchanging equimolar concentrations of the chemical used for NaCl.

Histochemistry

Antibodies
Rabbit anti-Brn 3.0 was a generous gift from Dr. Eric Turner. Mouse anti-Hu (mAB

16A11) was obtained from the Monoclonal Antibody Facility at the University of

Oregon. Rabbit anti-neuron specific enolase was purchased from Incstar.
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Immunocytochemistry

Standard immunocytochemical protocols used were described previously (Matsumoto,
1994a). Briefly, cultures were washed in phosphate buffered saline (PBS) and fixed for
20 minutes at room temperature in 4% (w/v) paraformaldehyde (Sigma). After fixation,
the cells were washed in PBS. Following a 1 hr incubation with a blocking buffer (PBS,
0.1% triton X (Sigma), 5% goat serum (Gibco)), the cultures were incubated with a
primary antibody at room temperature for 24 hours. Unbound primary antibody was
removed by washing 4 times for 5-minute periods in blocking buffer. Primary antibodies
were visualized using either fluorescent or biotinylated secondary antibodies. For
fluorescence microscopy, the primary-labeled culture was incubated with the secondary
antibody (Molecular Probes) for 40 minutes at 37 °C. Biotinylated secondary antisera
were applied for 1 hour and then visualized following the instructions supplied by the
Vectastain ABC kit (Vector laboratories). The cultures were viewed on an inverted
microscope (Nikon Diaphot) with appropriate filters. Cells were scored as positive if the
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