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ABSTRACT

During embryonic development, complex events such as cellular proliferation,
differentiation, survival, and guidance of axons are orchestrated and regulated by a variety of
extracellular signals. Receptor tyrosine kinases mediate many of these events with several
playing critical roles in neuronal survival and axonal guidance. It is evident that not all the
receptor tyrosine kinases that play key roles in regulating neuronal development have been
identified. In these studies, we have characterized the spatial-temporal expression profile of
a recently identified receptor tyrosine kinase, anaplastic lymphoma kinase (ALK), in
embryonic chick by means of whole mount in situ hybridization in conjunction with
immunohistochemistry. Our findings reveal that Alk is expressed in sympathetic and dorsal
root ganglia as early as stage 19. In addition, mRNA is expressed from stage 23/24 (E4)
until stage 39 (E13) in discrete motor neuron subsets of chick spinal cord along with a select
group of muscles that are innervated by one of these particular motor neuron clusters. Based
on these findings, we conducted loss-of-function analyses by means of in ovo RNA
interference (RNA1) to determine the role of ALK as it pertains to development of the spinal
cord. Results indicate that ALK is involved in the survival of spinal neurons including motor
neurons and possibly interneurons. Hence, the data presented here identify ALK as a novel
receptor for regulating critical events in the development of the central nervous system and,
potentially, the peripheral nervous system.
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CHAPTER 1

INTRODUCTION

Extracellular signaling is of crucial importance in the nervous system as it regulates
primary developmental events including survival, proliferation, differentiation, migration and
patterning. Perhaps the most well-known and best-characterized signaling molecules in the
nervous system are the neurotrophins. These trophic factors comprise a family of proteins
that mediate growth, differentiation, and survival of different classes of neurons (Kaplan &
Miller, 2000). The complementary components to these growth factors are their receptors,
the Trk tyrosine kinases and the p75 neurotrophin receptor, with Trk receptors belonging to a

superfamily of proteins known as receptor tyrosine kinases (RTKSs).

Receptor Tyrosine Kinases

Over the past decade, cell-to-cell signaling has become an expansive area of study
with the discovery of a wide variety of cell-surface receptors. One such set of receptors that
has become of particular interest is the receptor tyrosine kinase (RTK) superfamily. RTKs
are characterized as membrane spanning receptors possessing an extracellular ligand-binding
domain (ECD) which is usually glycosylated, a hydrophobic transmembrane domain, and an
intracellular domain consisting of a juxtamembrane region, followed by the tyrosine kinase
catalytic domain and a carboxy-terminal region (Hubbard & Till, 2000). The overall
architecture of the tyrosine kinase domain is a bi-lobed structure composed of an amino-

terminal (or upper) lobe, containing a five-stranded f sheet and one o helix, and a carboxy-



terminal (or lower) lobe that is mainly a-helical (Hubbard & Till, 2000). A majority of the
RTKs are monomeric and will dimerize upon binding of ligand (Schlessinger, 2000).
Ligand-induced dimerization facilitates full kinase/receptor activation which occurs in two
steps: 1) enhancement of inherent catalytic activity and 2) subsequent phosphorylation of
tyrosine residues within the receptor’s cytoplasmic domain including the juxtamembrane,
kinase insert, and carboxy-terminus (Hubbard & Till, 2000). Regarding this first step,
enhanced kinase activity is necessary for subsequent phosphorylation of protein substrates
and is controlled through modulation of the catalytic site by means of phosphorylating
residues in the activation loop. At the molecular level, this process begins when ATP binds
to a nucleotide-binding loop in the cleft between the two lobes of the kinase domain. This
loop contains a highly conserved motif, GXGXXG followed by AXK ~20 residues
downstream. The GXGXXG binds to ATP while the invariant lysine residue (K) stabilizes
the substrate-binding cleft by means of electrostatic interactions with a glutamate residue.
ATP is now in position to transfer its y-phosphate to the protein substrate. Normally, there is
an autoinhibition of the catalytic site due to steric interference of the activation loop. In the
case of the insulin receptor, a tyrosine (unphosphorylated) near the beginning of the
activation loop is bound in the active site, hydrogen-bonded to a conserved aspartate and
arginine in the catalytic loop. It appears that this tyrosine competes with neighboring 8
chains and exogenous proteins substrates for the active site thus limiting the kinase activity
of the receptor. When trans-autophosphorylation (phosphorylation from the other receptor
brought in close proximity due to dimerization) of this tyrosine occurs, the p-Tyr residue

leaves the active site and enzymatic activity is restored. As a result, further tyrosines within



the receptor can now be phosphorylated, providing docking sites for modular domains such
as SH2 (Src Homology Region 2) and PTB (Phosphotyrosine Binding) found in adapter
proteins that serve to propagate signal cascades.

Multiple members of the RTK family are expressed in the developing central and
peripheral nervous systems (CNS, PNS) where they regulate such key events as growth, cell
proliferation, differentiation, cell survival, and synaptogenesis (Schlessinger, 2000). In
particular, RTKs play a critical role in promoting the survival of neurons from populations in
which a large number undergo programmed cell death (PCD) during target innervation
(Huang and Reichardt, 2001). Even with the discovery of numerous survival-promoting
neurotrophins, the application of these ligands, individually or in concert, fails to save all
motor neurons (MNs) from death; conversely, removal of specific neurotrophins or the RTKs
through which they signal results in no greater than 40% PCD in MNs not originally intended
to die (Gould and Oppenheim, 2004). This suggests that not all the factors that mediate
motor neuron survival have yet been identified. Thus, further identification of additional

RTKs that play key roles in regulating neuronal development is still needed.

Anaplastic Lymphoma Kinase

Anaplastic lymphoma kinase (ALK) is a recently identified RTK whose function in
vivo remains speculative. ALK was originally identified as an oncogenic manifestation in
anaplastic large cell lymphomas (ALCL) (Shiota et al., 1994). This non-Hodgkin’s
lymphoma has been attributed to a t(2;5) chromosomal translocation resulting in a

nucleophosmin (NPM)-ALK fusion protein, known as p80 and composed of the amino



portion of NPM and the intracellular carboxy portion of ALK, which gives rise to
constitutively activated ALK signaling (Pulford et al., 2004). Identification of normal full-
length human ALK revealed a single-pass transmembrane RTK belonging to the insulin
receptor subfamily (Morris et al., 1997). Previous studies in mice have demonstrated an
expression profile restricted to discrete areas of the developing CNS and PNS (Iwahara et al.,
1997; Morris et al., 1997). In Drosophila, ALK is expressed in the developing CNS and is
also involved in visceral mesoderm differentiation (Lee et al., 2003; Loren et al., 2003; Loren
et al., 2001). ALK has also been identified in C. elegans where it is expressed at low levels
in the nervous system and is proposed to inhibit or destabilize synapse differentiation (Liao et
al., 2004). While these papers do not specifically address the function(s) of ALK, its
conserved expression within the CNS suggests an important role(s) in neural development.
Investigations regarding the physiological function of mammalian ALK have yielded
intriguing yet varied results. Chimeric fusions of ALK were among the first engineering
attempts, in which the extracellular domain (ECD) of ALK was replaced with the IgG 2b Fc
or epidermal growth factor receptor (EGFR) domain, to create a chimeric receptor that could
dimerize and activate ALK signaling (Souttou et al., 2001). In the case of the ALK.Fc
chimera, PC12 cells expressing the fusion protein underwent neurite outgrowth indicating
ALK’s potential involvement in neuronal differentiation (Souttou et al., 2001). Transfection
of the EGFR/ALK hybrid into NIH3T3 cells followed by administration of epidermal growth
factor (EGF) induced cell transformation suggesting a role for ALK in cell proliferation

(Piccinini et al., 2002).



Two growth factors, pleiotrophin (PTN) and midkine (MK), have been identified as
potential ligands for the ALK receptor (Stoica et al., 2001; Stoica et al., 2002). Both factors
are secreted, heparin-binding proteins with PTN 55% homologous to MK. Concerning
chick, Ptn is expressed in dorsal and ventral spinal cord, DRG, and developing hind limb
from stage 23 until at least stage 37 (Nolo et al., 1996; Dreyfus et al., 1998). In Drosophila,
the expression profile of PTN/MK protein family homologs, miplel and miple2,
complements the expression pattern of the Al/k homolog. As previously mentioned,
Drosophila Alk 1s expressed in visceral mesoderm which is in contact with endoderm,
expressing miple2. Alk is also expressed in Drosophila’s CNS, coinciding with high
expression levels of miplel (Englund et al., 2006). Interactions of PTN and MK with ALK
in fibroblast, adrenal carcinoma, neuroblastoma and glioblastoma cell lines stimulated anti-
apoptotic signaling and promoted cell survival (Bowden et al., 2002; Powers et al., 2002;
Stoica et al., 2002). While PTN and MK have a demonstrated affinity for ALK in vitro, they
also bind receptor protein tyrosine phosphatase-C/f3 (RPTP-T/f3) (Maeda et al., 1999; Maeda
et al., 1996) and syndecans (heparin sulfate proteoglycans) (Kojima et al., 1996).
Hypothetically, syndecans may serve as accessory molecules for PTN/MK presentation in
cells adjacent to ALK-bearing cells or allow for PTN and MK to associate with extracellular
matrix. Such interplay is supported by the fact that for the fibroblast growth factor family
initial binding to proteoglycans may be required for presentation to their signal-transducing
receptors (which are also RTKs) (Elenius and Jalkanen, 1994). Motegi and colleagues
(2004) developed an agonist monoclonal antibody against the ECD of human ALK in order

to solely investigate ALK-mediated activity. Their results indicated that ALK transmits both



mitogenic and differentiation signals in SK-N-SH human neuroblastoma cells (Motegi et al.,
2004).

Because of its potential importance, coupled to the extensive characterization of
embryonic spinal cord and PNS, determination of ALK’s function in the developing nervous
system will be extremely insightful. Given the ease of manipulations in ovo, the chick
affords an excellent model system for functional assessment of ALK in vivo. However, a
full-length cDNA for Alk has not been identified and sequenced yet in chick. This makes
functional analyses via loss-of-function and gain-of-function experimentation problematic
since neither dominant negative nor full-length forms of ALK can be cloned and
overexpressed. Still, loss-of-function assays are possible via silencing of gene expression
through ribonucleic acid interference (RNAi). In ovo RNAIi in chick embryos is an
alternative tool that can provide evidence of a gene’s function in vivo without the need for
full-length cloning of a candidate gene (Pekarik et al., 2003). Thus RNAI1 provides a feasible

approach for the evaluation of ALK in chick.

General Organization of the Spinal Cord

Upon its genesis, a layer of rapidly dividing neural stem cells, one cell layer thick and
known as germinal neuroepithelium, comprises the newly formed neural tube. This
progenitor germ layer is mitotically active and yields progeny cells that migrate to form a
second layer surrounding the original neural tube. As more and more cells are added to this
new layer, it becomes increasingly thicker and known as the mantle zone with the germinal

epithelium now called the ventricular zone.



Cells of the mantle zone differentiate into spinal neurons and glia — these neurons
project axons away from the lumen of the cord, creating a third layer, the marginal zone, that
is relatively free of cell bodies. Over time, glial cells ensheath the axons in the marginal
zone with myelin, imparting a whitish color to this area. Thus the axonal marginal layer is
often referred to as the white matter of the spinal cord whereas the mantle zone, containing

darker neuronal cell bodies, is frequently called the gray matter.

Neuronal Specification in the Spinal Cord

Dorsal/Ventral Polarization

Shortly after closure of the neural tube, bone morphogenic protein-4 (BMP-4) and
bone morphogenic protein-7 (BMP-7), both members of the transforming growth factor-f3
(TGF-P) family, are secreted from dorsally adjacent epidermal ectoderm while sonic
hedgehog (Shh) protein has been expressed since the neural fold stage from the ventally-
positioned notochord. These paracrine factors establish secondary signaling centers by
inducing the apical and basal portions of the neuroepithelium to become the roof plate and
floor plate respectively.

The cells of the floor plate now release Shh that diffuses dorsally through the neural
tube and creates a gradient where the concentration of secreted Shh progressively decreases
in regions lying more dorsal to this ventral expression center (Roelink et al., 1995; Briscoe et
al., 1999). Counterpart to the floor plate, induced roof plate cells produce BMP-4 which
initiates a cascade of TGF-P proteins, including BMP-4, BMP-7, BMP-5, dorsalin, and

activin, in adjacent cells (Liem et al., 1997). Similar to Shh emanation from the floor plate, a



concentration gradient is generated as TGF-f factors diffuse from the roof plate; however,
these factors spread ventrally into the neural tube rather than dorsally.

These secondary signaling centers lead to the compartmentalization of progenitor
domains along the dorsal/ventral axis of the ventricular zone by means of transcription factor
expression. For example, in the ventral half of the neural tube, Class I progenitor factors are
repressed by Shh, and Class II progenitor factors are activated by Shh. The graded Shh
diffusion in ventral neural tube results in unique combinations of activated/repressed
transcription factors that identify five progenitor domains: p3, pMN, p2, pl, and p0. VO —
V3 interneurons develop from the p0 — p3 domains, respectively, and motor neurons (MNs)
arise from the pMN domain (Lee and Pfaff, 2001). As postmitotic cells emerge from the
progenitor domains, in both dorsal and ventral halves of the spinal cord, they begin to
express new sets of transcription factors that contribute to the identity of distinct neuronal

subtypes.

Motor Neuron Subtype Identity

Although all motor neurons (MNs) originate from a single progenitor domain in the
ventral neural tube, there exist five orders of distinction for identification of postmitotic
motor neurons and their subtypes. These classifications are based on axonal projection,
spatial orientation within the spinal cord, and/or use of transcription factors as molecular
markers (Jessell, 2000).

First is a generic classification of a spinal neuron as a motor neuron based on axonal

projection outside of the spinal cord (interneurons and their axons are housed entirely within



the confines of the spinal cord). Second is recognition of the class to which a motor neuron
belongs, visceral or somatic, identifiable by target innervation — skeletal muscle for somatic
motor neurons and neuronal or glandular targets for visceral motor neurons. Thirdly, a
division can be made among motor neurons based on columnar organization in which
longitudinal grouping of motor neurons are present at different rostrocaudal levels of the
spinal cord. Motor neurons of the medial motor column (MMC) are present all along the
anterioposterior axis, but motor neurons of the lateral motor column (LMC) are restricted to
limb levels. In addition, there are groups of visceral motor neurons present in the thoracic
and sacral regions known as the sympathetic preganglionic motor column (PMC) or column
of Terni (CT) and parasympathetic PMC or CT, respectively, in chick. Motor neurons from
these columns are positioned more dorsal-medially, near the central canal, and express only
Isl1 (Oppenheim et al., 1982a; Prasad and Hollyday, 1991; Shirasaki and Pfaff, 2002). A
further division of each column (with the exception of the CT) into a medial and lateral
portion constitutes a fourth order of distinction. The medial portion of the MMC is present at
all axial levels, projects axons to axial muscles, and expresses Isll, Isl2, and Lim3
transcription factors as molecular markers. Motor neurons of the lateral MMC, however, are
present only in the thoracic region, extend axons to body wall musculature, and express just
Isll and Isl2 (Shirasaki and Pfaff, 2002). Medial LMC motor neurons innervate ventrally
derived limb muscles and express Isll and Isl2, whereas lateral LMC motor neurons
innervate dorsally derived limb musculature and express Lim1 and Isl2 (Landmesser, 2001;
Shirasaki and Pfaff, 2002). Lastly, motor neurons may be identified as subsets of discrete

spatial clusters, known as motor pools, within the LMC that innervate a specific muscle
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(Hollyday, 1980; Landmesser, 1978). Certain motor pools are identifiable based on motor

neuron expression of particular members of the ETS protein family (Lin et al., 1998).

Interneuron Subtype Identity

Designated as one of two general classifications, commissural or association,
interneurons relay sensory information, coordinate activity at different spinal levels, and
modulate motor neuron activity. Specifically, commissural interneurons extend axons to the
contralateral side of the spinal cord and play an important role in the coordination of
left/right alternation during locomotion. Association interneurons form connecting links
between sensory and motor neurons and/or other association neurons, serving to integrate
sensory input and complete neural circuitry.

Interneurons comprise the majority of neurons in the spinal cord with twelve distinct
subtypes. Eight of these populations are dorsally derived while the remaining four originate
from progenitor domains within the ventral portion of the ventricular zone. Dorsal
progenitor domains are distinguishable from ventral domains by the expression of basic
helix-loop-helix (bHLH) transcription factors opposed to homeodomain (HD) transcription
factors that are characteristically expressed by the latter domains (Zhuang and Sockanathan,
2006).

Dorsal interneurons (dI) are divided into six early born (dI1 — dI6) and two late born
(dIL* and dIL®) subtypes based on birthdate, dorsoventral positioning, and HD protein
expression (Table 1) (Zhuang and Sockanathan, 2006). The dI are further subdivided into

two groupings, Class A (dI1 — dI3) and Class B neurons (dI4 — dI6 and dIL*®).
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Dorsal Interneuron Population HD Protein Expression Profile
dI1 Lh2a/b, Brn3a

dI2 Lim1/2, Brn3a

dI3 Isl1/2, Brn3a

dl4 Lbx1, Lim1/2, Pax2

dI5 Lbx1, Lmx1b, Brn3a

dI6 Lbx1, Lim1/2, Pax2

diLA Lbx1, Lim1/2, Pax2

dIL® Lbx1, Lmx1b, Brn3a

Table 1. Summary of characteristic HD protein expression for dorsal interneuron populations (Helms and Johnson, 2003).

Class A interneurons rely on roof plate-derived signals, such as TGF-f family
members (BMP-4, -5, -7, dorsalin, and activin) and wingless-related mouse mammary tumor
virus integration site proteins (Wntl and Wnt3a), for their development (Zhuang and
Sockanathan, 2006). However, Class B neurons are generated independently of roof plate
signal influence. It has been proposed that retinoic acid may mediate development of Class
B populations since it is required for the generation and specification of VO and V1 ventral
interneurons which neighbor Class B interneurons (Zhuang and Sockanathan, 2006).

Ventral interneurons are divided into four distinct populations (VO — V3) based on
dorsoventral positioning and expression profiles of transcription factors. VO neurons are
identifiable by Evx1 (Moran-Rivard et al., 2001), V1 cells by Enl (Saueressig et al., 1999),

V2 interneurons by Lim3 (Ericson et al., 1997; Sharma et al., 1998; Tanabe et al., 1998) and
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Chx10 (Ericson et al., 1997; Tanabe et al., 1998), and V3 neurons by Sim1 (Ericson et al.,

1997).

Formation and Organization of the Peripheral Nervous System

The vertebrate neural crest is a transient population of precursor cells that generates
many derivatives including neurons, melanocytes, skeletal elements, and glia (Krull, 2001).
Neural crest cells arise in and begin migration from the dorsal neural tube shortly after fusion
of the neural folds and neural tube closure (Ranscht and Bronner-Fraser, 1991).

There are three types of neural crest cells based on body region location including
cranial (cephalic), cardiac, and trunk neural crest. Cranial neural crest differentiate into
cartilage, bone, cranial neurons, glia, and connective tissue of the face. Cardiac neural crest,
which is the caudal region of the cranial neural crest, generate the endothelium of the aortic
arteries and the septum between the aorta and the pulmonary artery. Lastly, trunk neural
crest cells will give rise to neurons, peripheral glia (including myelinating and non-
myelinating Schwann cells, satellite cells, and enteric glia), melanocytes, and chromaffin
cells of the adrenal medulla. Due to the interest in neural crest as it pertains to the eventual
establishment of the peripheral nervous system, further discussion of events will focus on the
trunk neural crest.

Formation and migration of neural crest cells from the neural folds is initiated via
interactions of the neural plate with presumptive epidermis, resulting in exposure of pre-

neural crest cells to BMP-4 and BMP-7 in the presence of Wnt and FGF proteins (LaBonne
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and Bronner-Frasser, 1998). As neural crest delaminate from the neural tube, they undergo
an epithelial-to-mesenchyme transformation; without the expression of certain factors, such
as Slug protein, induced by BMPs, neural crest cells would fail to emigrate from the neural
tube (Nieto et al., 1994).

Neural crest migration occurs in a stereotypic manner along two pathways,
ventromedial and dorsolateral, until their final destination is reached. Once somites mature,
compartmentalizing into the epithelial dermamyotome and the mesenchymal sclerotome,
ventromedial migration and invasion of neural crest cells begin (Krull, 2001). The
ventromedial route passes through the somitic mesoderm, or sclerotome, and dorsolateral
migration takes place between the somites and overlying ectoderm (Krull, 2001). Neural
crest cells along the ventromedial path give rise to neurons, Schwann cells, and chromaffin
cells with those that remain in the sclerotome becoming the dorsal root ganglia (DRG), and
those that continue more ventrally becoming the sympathetic ganglia and the adrenal medulla
(Le Douarin and Teillet, 1974). Interestingly, cells that will populate the sympathetic ganglia
are the first to migrate from the trunk neural tube and travel ventrally until they reach
positions adjacent to the dorsal aorta where the primary sympathetic chain will be
established. Secreted BMP-4, from the dorsal aorta, interacts locally with these cells to
promote their maturation into sympathetic neurons (Reissmann et al., 1996; Schneider at al.,
1999). Once the primary sympathetic ganglia chain has formed on either side of the dorsal
aorta, a dorsolateral migration of these cells (24 hours later) ensues (Tello, 1925; Kirby and
Gilmore, 1976) that will result in formation of the secondary sympathetic chain with a final

position lying immediately ventral to the DRG (Cornbrooks et al., 1997).
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With further regard to migration ventromedially, neural crest cells enter the rostral
half of the sclerotome, but not the caudal, causing neural crest cells to be segmented in the
somitic mesoderm (Rickmann et al., 1985). This phenomenon contributes to the overall
segmental organization of the peripheral nervous system (Goldstein and Kalcheim, 1991).
This restricted entry is a result of the combination of positive guidance cues, located in the
rostral half of the sclerotome, and negative guidance cues, located in the dermamyotome and
caudal portion of the sclerotome. Examples of these guidance cues include: ephrin
interactions with Eph receptors (receptor tyrosine kinase family member) (Wang and
Anderson, 1997; Krull et al., 1997; McLennan and Krull, 2002), Slit2 interactions with
Robo1/2 receptors, Sema3A (Shepherd et al, 1996; Eickholt et al., 1999), peanut agglutinin
(PNA)-binding glycoproteins (Krull et al., 1995), F-spondin (Debby-Brafman et al., 1999),
and neuregulin interactions with the RTK ErbB family (Britsch et al., 1998).

An additional point of interest is that ventromedial precedes dorsolateral migration by
about 24 hours due to the fact that inhibitory factors, such as PNA-binding glycoproteins and
chondroitin-6-sulfate, are expressed on the dorsolateral path (Krull, 2001). Ablation of PNA-
binding glycoproteins and chondroitin-6-sulfate allow premature entrance of cells along the
dorsolateral path. After 24 hours, inhibitors are downregulated, a simultaneous entry of
neural crest cells is observed (Krull, 2001), and cells taking the dorsolateral pathway yield

melanocytes.
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RNA Interference

Silencing of gene expression was first observed over fifteen years ago in plants where
the phenomenon was termed posttranscriptional gene silencing (PTGS) (Napoli et al., 1990;
Smith et al., 1990; van der Krol et al., 1990). Upon further investigation, a 25 nucleotide
RNA species, corresponding to both the sense and antisense sequence of mRNA from
silenced genes, was discovered and found to temporally coincide with the onset of PTGS
(Hamilton and Baulcombe, 1999). The accumulation of these 25-mers suggested an
important role of double-stranded RNA (dsRNA) in triggering PTGS. The term RNA
interference (RNA1) was first coined when dsRNA injection in C. elegans led to silencing of
genes highly homologous to the delivered nucleic acid (Fire et al., 1998) — duplexed RNA
now had been shown to be the potent inducer of gene silencing. Since that time, RNAI has
been observed in additional organisms such as the fungus, Neurospora crassa (where the
phenomenon is known as quelling), Drosophila, fish, avians, and mammals. It has been
proposed that PTGS is evolutionarily conserved as it serves to defend a genome against
molecular parasites such as viruses and transposons while removing abundant but aberrant
nonfunctional mRNAs (Tijsterman et al., 2002).

While the specific molecular mechanisms of RNA1 have yet to be delineated, there
are identifiable factors associated with RNAI that have led to the current model of how RNAi
works. First, dSRNA is enzymatically digested into 21-23 nucleotide fragments known as
short or small interfering RNAs (siRNAs). Cleavage is carried out in an ATP-dependent

fashion by an RNase III family member identified as Dicer. Next, the siRNAs associate with
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an enzyme complex, RNA-induced silencing complex (RISC), which possesses helicase and
endonuclease activity distinct from that of Dicer. Upon unwinding of the siRNA duplex, the
antisense strand guides the complex to the target mRNA by base-pairing with recognizable
complementary sequence. Transcript is then degraded leading to effective silencing of gene
expression.

In an endeavor to circumvent the need of long dsRNA, Tuschl et al. (1999) first
injected short RNA duplexes that mimicked Dicer products in vitro. They and others
demonstrated that it was possible to directly trigger RNA interference through the
introduction of chemically synthesized siRNAs (Caplen et al., 2001; Elbashir et al., 2001).
These efforts have led to the current widespread use of commercially available technologies
for the introduction of siRNA in vitro or in vivo. In addition to direct chemical synthesis of
siRNAs, it also has been shown that short hairpin RNAs (shRNAs) (which are processed by
Dicer to become siRNAs through excision of the intervening loop sequence) induce
sequence-specific gene silencing (Paddison et al., 2002). A distinct advantage of shRNAs is
the ability to endogenously synthesize these molecules in cells transfected with a pol III
expression plasmid containing the hairpin sequence. This vector-based approach offers
longer-term suppression of gene function due to the renewable source of siRNAs. SiRNA
and shRNA-based methodologies have proven even more useful as larger dsSRNA molecules
can result in antiviral responses such as nonspecific RNA degradation (categorized as an off-
target event) (Minks et al., 1979).

The desired use of these RNAI techniques for loss-of-function analyses has led to

areas of study devoted to accurately predicting the efficacy of transcript ablation for
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candidate siRNA and shRNA sequences. Reynolds and colleagues (2004) designed an
algorithm using sequence characteristics of specific residues found to correlate with siRNA
potency. Several additional studies have followed with varying results, making the issue of
which criteria will portend an efficacious siRNA somewhat controversial (Taxman et al.,
2006). While algorithmic prediction remains questionable, thermodynamic properties of
siRNAs appear to play a critical role in determining function and strand retention by the
RNA-induced silencing complex — functional duplexes display a lower internal stability at
the 5 antisense end than nonfunctional duplexes (Khvorova et al., 2003). Still, attempts to
anticipate the best siRNA or shRNA sequence that will be the most potent gene silencer are
not always successful. Currently, the most prudent course of action is to select several
targeting sequences with low internal thermodynamic stability and empirically determine the
knockdown capabilities of each.

The chick is becoming an increasingly preferred vertebrate model in which RNAi-
mediated knockdown studies can be conducted. Several reasons exist for the increasing use
of chick: 1) the relatively low cost of embryos in large numbers, 2) the evolutionary
similarities of birds and mammals, 3) the accessibility to all stages of the embryo, and 4) the
effective introduction of nucleic acid molecules into chick through in ovo electroporation.
Recent studies also demonstrate the effectiveness and success of shRNA plasmids and
chemically synthesized siRNAs regarding functional knockdown of gene transcripts in chick
(Bron et al., 2004; Chesnutt and Niswander, 2004; Rao et al., 2004; Rao and Sockanathan,

2005).
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Thesis Objective

The focus of this thesis concerns the determination of where/when Alk is expressed in
embryonic chick and the elucidation of an in vivo function for the receptor. Based on our
transcriptional profiling via whole-mount in situ hybridization, we utilized techniques in
RNAL1, including in ovo electroporation of shRNA plasmids and siRNAs, to investigate

ALK’s potential involvement in spinal neuron cell survival.
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CHAPTER 2

MATERIALS AND METHODS

In Situ Hybridization

Fertilized White Leghorn chicken eggs were obtained from SPAFAS (Charles River)
and incubated at 37°C on mechanized inclined racks that slowly raise and lower the eggs,
creating a simulated “rocking” motion. Embryos were dissected and staged according to
Hamburger and Hamilton (Hamburger and Hamilton, 1992). Chick embryos from a range of
selected stages, including 19, 22, 23, 24, 25, 35, and 39, were fixed in 4% paraformaldehyde
in 1X phosphate buffered saline, pH 7.4 (PBS), and subjected to whole-mount in situ
hybridization (Nieto et al., 1996; Wilkinson and Nieto, 1993). Briefly, two separate
digoxygenin-labeled antisense riboprobes were generated, one targeting a portion of ALK’s
intracellular domain sequence (~800 n.t. — corresponding to nucleotides 3720-4527 in human
ALK; NCBI accession no. NM_004304) and one targeting a region within the extracellular
domain sequence (~700 n.t. — corresponding to nucleotides 2043-2714 in human ALK; NCBI
accession no. NM 004304). The riboprobe targeting the intracellular portion was derived
from a cloned fragment of A/k cDNA (provided by Dr. Douglas Clary, Sugen) obtained
during a partial library screen using st 35 chick spinal cord. The extracellular domain probe
was synthesized from a cloned fragment of Alk cDNA generated via RT-PCR using total
RNA from st 25 chick spinal cord. Primers were designed using available predicted chicken
ALK sequence from the Ensembl database (www.ensembl.org/Gallus_gallus) (forward 5'-

ACTGGCTGTTCACAACATGTGGTG-3', reverse 5'-GATCTTCCTCCAGTAGCACCT-
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TCCAG-3"). Expression patterns obtained for the two probes were identical, and sense-
control riboprobes yielded no overlapping signal. Embryos were dehydrated in a series of
graded methanol washes for 15 min each (25%, 50%, 75%, and 100% in PBS, pH 7.4,
containing 0.25% Tween-20 (PBST)) and then re-hydrated by performing the methanol
washes in reverse. After 1h incubation in 6% H,O, followed by proteinase K (10 ug/mL)
treatment, CRNA digoxygenin-labeled probes were hybridized in 50% foramide/5X SSC, pH
4.5/50 ug/mL heparin/50 ug/mL yeast tRNA at 70°C overnight. After hybridization,
embryos were washed three times in 50% formamide/5X SSC, pH 4.5/1% SDS for 30 min at
70°C, three times in Tris buffered saline, pH 7.5 (TBS), with 0.25% Tween-20 for 5 min at
room temperature, three times in 50% formamide/2X SSC, pH 4.5, for 30 min at 60°C, and
blocked in 10% normal goat serum (NGS) in TBS, pH 7.5, containing 0.1% Tween-20
(TBST) for 90 min at room temperature. Detection of probe hybridization was achieved
with a-digoxygenin-AP antibody (Roche, Indianapolis, IN; 1 093 274) (1:3000) in 1% NGS
in TBST at 4°C overnight and subsequent incubation with the chromogenic substrate, nitro-
blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) (prepared solution,
Sigma-Aldrich, St. Louis, MO; B-1911). All embryos were then post-fixed in 3.7%

formaldehyde and prepared for either cryosectioning or vibratome slicing.

Immunohistochemistry

Following in situ hybridization (without Proteinase K treatment), embryos were embedded in

either optimal cutting temperature (OCT) compound (Tissue-Tek) when cryosectioning or
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5% agarose/8% sucrose-PBS when vibratome-sectioning and then sectioned (14 um for
cryosections, 100 um for vibratome slices). Stage 25 embryo slide-mounted cryosections
were blocked with 10% NGS in TBS, pH 7.5, for 1h at room temperature and incubated
overnight at 4°C with a-Isll or a-Lim1/2 primary antibody (1:10) in 0.4% Triton-X and 10%
NGS in TBS, pH 7.5. Isl1 monoclonal antibody (Developmental Studies Hybridoma Bank,
University of Iowa, Iowa City, IA; 40-2D6) was raised in mouse against residues 86-175 of
chicken Isll expressed in E. coli. The antibody has been well characterized for its
recognition of the transcription factor in MNs within the medial portion of the lateral motor
column (Tsuchida et al., 1994). Lim1/2 monoclonal antibody (Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA; 4F2) was raised in mouse against
residues 1-360 of rat Lim2 expressed in E. coli. The antibody has been well characterized for
its identification of Lim1 in MNs within the lateral portion of the lateral motor column
(Tsuchida et al., 1994). Slides were rinsed four times in 10% NGS and incubated for 1h at
room temperature with a biotinylated goat anti-mouse IgG secondary antibody (Vector,
Burlingame, CA; BA-9200) (1:600) followed by fluorescein avidin (Vector, Burlingame,
CA; A-2011) (1:600) for 1h at room temperature, rinsed, and mounted in Prolong Anti-fade
(Molecular Probes, Eugene, OR; P-7481). Stage 23 embryo vibratome slices were blocked in
10% NGS for 2h at 4°C and incubated overnight at 4°C with a-Tujl (1:1000) and a-phoso-
histone H3 (1:750) or a-Isl1 (1:10) and a-phospho-histone H3 (1:750) primary antibodies in
0.4% Triton-X and 10% NGS. Tujl monoclonal antibody (Berkeley Antibody Company,
Berkeley, CA; MMS-435P) was raised in mouse against rat microtubules (peptide epitope,

CEAQGPK). It is well characterized for recognition of neuron specific Class III 3-tubulin
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(Lee et al., 1990). H3 polyclonal antibody (Upstate, Charlottesville, VA; 06-570) was raised
in rabbit against an N-terminal peptide (ARKpSTGGKAPRKQL) corresponding to amino
acids 8-21 of chicken histone H3. The antibody has been characterized as a mitosis marker,
recognizing phosphorylated histone H3 (Ritkin et al., 2000). Slices were washed six times in
10% NGS for 10 min and incubated for 2h at room temperature with goat anti-mouse IgG
alexafluor 568 and goat anti-rabbit IgG alexafluor 488 secondary antibodies (Molecular
Probes, Eugene, OR; A-11004 & A-11008, respectively) (1:2000), rinsed, and mounted in
Prolong Anti-fade.

Whole-mount images were captured using Axiovision 3.1 software (Zeiss) in
conjunction with an AxioCam HRC digital video camera (Zeiss). In situ hybridization and
immunohistology sections were photographed using Kodak Elite Chrome 100 (fine grain)
color slide film and a 35 mm camera (Nikon FX-35DX) attached to a Nikon Microphot-FXA
fluorescence scope via the phototube assembly. Digital images of color slides were acquired
using a Nikon Super Coolscan 4000 slide scanner and accompanying Nikon Scan software.
Adobe Photoshop 7.0.1 was utilized to convert whole-mount images to black and white,
uniformly modify image size for each photomicrograph within a figure, and to adjust image

background color to near-white using the selective color adjustment function.

Limb Ablation

One-sided limb ablations were performed on chick hind limb buds at stage 17/18.
Briefly, eggs were placed on their sides and a portion of each shell was cut away to expose

and provide access to the developing embryo. A 5% solution of India ink was injected
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underneath the embryo to help visualize the location of limb buds. Once a hind limb bud had
been identified, a pair of fine-tipped dissection forceps was used to clip and excise the
prospective limb. After the surgical procedure, eggs were sealed with tape, and embryos
were allowed to develop to stage 23/24 followed by in situ hybridization to determine impact

upon Alk expression.

siRNA Design and Synthesis

Candidate target sequences for Alk were identified using the resources of Dharmacon,
Inc. (www.dharmacon.com). 5'-incomplete predicted chick Alk sequence from the Ensembl
database (www.ensembl.org/Gallus_gallus; gene ID: ENSGALG00000009034) was analyzed
with the aid of the “siDESIGN Center” tool. Employing an algorithm designed by Reynolds
et al. (2004), the design tool identified eleven siRNA sequences after BLAST analysis. Two
of the siRNAs scored a “9” out of a possible “10” with the remaining sequences scoring “8.”
One of the target sequences, achieving a “9” and possessing a GC content of 31.6%, was
selected and once again subjected to BLAST searches using GenBank’s nonredundant (nr)
and EST databases to ensure the siRNA’s specificity for Alk. With the identification of no
off-target gene recognition, the candidate siRNA was deemed acceptable. To confirm that
Alk gene silencing was not triggered by unrelated siRNAs, an siRNA targeting the
fluorescent reporter DsRed was used as a negative control (Rao et al., 2004; Rao and
Sockanathan, 2005). RNA duplexes were ordered in 2’ deprotected, annealed, and desalted
form (Option A4) from Dharmacon, Inc. Upon receipt, lyophilized RNA duplexes were

reconstituted in a 1X Universal Buffer (RNase-free and provided by Dharmacon) at a
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concentration of 5 ug/ul, aliquoted, and stored at —20°C. Sequences for the duplexes used
are as follows: siALK: sense 5'-AGAAGGAUGAUACGUUAUAJdTAT-3', antisense 3'-
dTdTUCUUCCUACUAUGCAAUAU-5'; DsRed: sense 5'-CACCGUGAAGCUGAAGGU-

GdTdT-3', antisense 3'-dTATGUGGCACUUCGACUUCCAC-5'.

Construction of sShRNA-expressing Plasmids

SiRNA target sequences for shRNA synthesis were obtained using the Whitehead
Institute for Biomedical Research’s website (http://jura.wi.mit.edu/bioc/siRNA-
ext/home.php). The predicted Ensembl.org chicken Alk sequence was entered into an
analysis program which scans for sequence stretches beginning with “AA” and evaluates the
thermodynamic stability of potential RNA duplexes. Negative values indicate a lower
internal stability at the 5" antisense end, suggesting a potentially more effective RNA duplex.
Two siRNAs with negative thermodynamic values were selected for the construction of two
hairpin vectors. One targets the sequence 5'-AAGGATGATACGTTATATATC-3' (Alkl),
and the other targets the sequence 5'-AAAGAGGATCCAATGCCGTTA-3' (Alk2). These
sequences were subjected to BLAST searches (as previously described), and no off-target
genes were recognized. For the Alkl target, DNA oligonucleotides
(www.sigmagenosys.com), 5'-GGATGATACGTTATATATCTTCAAGAGAGATATATA-
ACGTATCATCCTTTTTT-3" and 5'-AATTAAAAAAGGATGATACGTTATATATCTCT-
CTTGAAGATATATAACGTATCATCCGGCC-3', were annealed and cloned into the RNA
pol III expression vector, pSilencer 1.0-U6 (Ambion, Austin, TX; 7208), predigested with

Apal and EcoRI restriction endonucleases. For the Alk2 target, DNA oligonucleotides
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(Sigma-Genosys) 5'-AGAGGATCCAATGCCGTTATTCAAGAGATAACGGCATTGGAT-
CCTCTTTTTTT-3' and 5'-AATTAAAAAAAGAGGATCCAATGCCGTTATCTCTTGAA-
TAACGGCATTGGATCCTCTGGCC-3" were also annealed and cloned into pSilencer 1.0-
U6. The resultant constructs, pSilencerAlkl and pSilencerAlk2, each have their
oligonucleotide inserts positioned immediately after the mouse U6 promoter. Thus, the RNA
product possesses sense, antisense, and intervening loop sequence allowing for short hairpin

RNA formation.

In Ovo Microinjection and Electroporation

Fertilized white leghorn chicken eggs (CBT Farms, Chestertown, MD) were
incubated at 37°C until Hamburger-Hamilton (HH) stage 16/17 then windowed, sealed with
tape, and incubated another 24 hours before injection. Hairpin plasmids and siRNA solutions
were prepared at a concentration of 2 ug/ul along with 0.1% Fast Green dye for visualization
of solutions during microinjection. The GFP-producing reporter plasmid, pMES, was added
to DNA/RNA solutions at 0.25 ug/ul in order to determine the efficiency of nucleic acid
uptake in cells of the neural tube. This GFP plasmid also was injected alone for use as a
negative control. Plasmids and siRNAs were injected into the lumen of st 22 neural tube via
a drawn-out glass needle. Subsequent electroporation into half of the developing spinal cord
was carried out with a BTX Electro Square Porator ECM 830 (Genetronics, Inc.) set to
deliver 5 x 50 msec pulses of 24 V via a pair of gold-plated electrodes spaced 4 mm apart
(Genetrodes Model 512, Genetronics, Inc.). After electroporation, several drops of 1X

Hank’s Balanced Salt Solution containing penicillin (100 IU/ml)/streptomycin (100 ng/ml)
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(Gibco, Grand Island, NY; 15240-096) were gently placed on the embryo to cool the tissue at
the site of electroporation and to prevent bacterial/mycotic contamination. Eggs were

resealed with tape and returned to 37°C for 2 days until analysis at HH st 28.

Post-injection Analysis for LLoss of Function

48 hours after electroporation, embryos (st 28) strongly expressing GFP were
dissected and fixed in 4% paraformaldehyde in 1X PBS for 5 hours. Embryos were then
processed for whole-mount in situ hybridization (without proteinase K) or embedded in OCT
compound (Tissue-Tek) for cryosectioning. Following whole-mount in situ hybridization
with Alk probe (previously described, see “In situ Hybridization”), embryos were embedded
and cryosectioned. Addition of GFP antibody was necessary to restore signal in whole-
mount hybridized sections since exposure to organic solvents (such as the methanol used for
in situs) destroys the GFP fluorescence. In situ hybridized cryosections (40 um) were slide-
mounted, blocked with 10% NGS in TBS, pH 7.5, for 1 hour at room temperature, and
incubated overnight at 4°C with mouse monoclonal anti-GFP primary antibody (Clontech,
Mountain View, CA; 632375; 1:500) in 0.4% Triton X/10%NGS in TBS, pH 7.5. Slides
were rinsed four times in 10% NGS and incubated for 1 hour at room temperature with a
biotinylated goat anti-mouse IgG secondary antibody (Vector; BA-9200; 1:600), followed by
streptavidin Alexa Fluor 568 (Molecular Probes; S-11226; 1:1000) for 2 hours, washed, and
mounted in Prolong Antifade (Molecular Probes; P-7481).

Directly embedded st 28 embryos were cryosectioned (16 um), slide-mounted and

subjected to terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling
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(TUNEL) assay according to the manufacturer’s instructions (Roche; 12156792910) with the
following changes: the concentration of sodium citrate in permeabilization solution was
increased to 0.1 M, the time and temperature of slide incubation in permeabilization solution
were increased to 30 minutes and 70°C respectively, incubation with TdT enzyme was
increase to 4 hours, and tetramethyl rhodamine (TMR) label signal was amplified with the
use of rabbit anti-TMR primary antibody (Molecular Probes; A-6397; overnight at 4°C;
1:500), followed by goat anti-rabbit IgG Alexa Fluor 568 (Molecular Probes; A-11004; 2
hours at room temperature; 1:2000). The manufacturer-recommended negative controls for
the assay revealed no TUNEL" cells suggesting these changes resulted in no artificial
labeling. Cryosections were also immunostained, separately from TUNEL, using anti-Isl1
(Developmental Studies Hybridoma Bank) as previously described (see
“Immunohistochemistry”) with a change of fluorescein avidin to streptavidin Alexa Fluor
568. Additionally, for several slides, TUNEL assay and Isll immunostaining were combined
— nick end labeling protocols were executed first followed by co-administration of all
primary and secondary antibodies utilized for both procedures with the exception that goat
anti-mouse IgG Alexa Fluor 633 secondary antibody (Molecular Probes; A-21050; 1:2000)
was substituted for the goat anti-mouse biotinylated antibody/streptavidin Alexa Fluor 568
used in Isll staining.

Images were captured using an AxioCam HRC digital video camera (Zeiss) attached
to a Nikon Microphot-FXA fluorescence scope via the phototube assembly. Adobe

Photoshop 7.0.1 was utilized to convert certain images to black and white, uniformly modify
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image size for the photomicrographs within a figure, and adjust brightness/contrast by using

the auto-levels function.

Quantitative Analysis

Three to five embryos were sectioned per experimental condition and subjected to TUNEL
assay. At least 23 sections from each embryo were counted for TUNEL" cells on the
electroporated and non-electroporated sides of the spinal cord. The average ratio of
electroprated:non-electroporated TUNEL" cells was calculated for each embryo, and these
values were used to determine the sample mean ratio and standard deviation for each
condition. Sections from the thoracic region of pSilencerAlk2-injected embryos were scored
in a similar fashion for Isl1* column of Terni motor neurons. To establish statistical

significance, student z-tests were performed and P values calculated using the statistical

software program StatDisk 10.1.0.
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CHAPTER 3

RESULTS OF ALK EXPRESSION PROFILING IN CHICK

Expression of Alk mRNA in the Developing PNS

In the peripheral nervous system, prominent Alk expression is first detected in the
cells of the sympathetic ganglia (SG) at st 19 (Fig. 1A, 1H). Inspection at later stages,
including 22, 23, 24, 35, and 39, reveals the persistence of transcript in the SG with no
obvious weakening of the signal intensity as far along as embryonic day 13 (E13), the latest
stage investigated (Fig. 1B, 1I-1L). In the developing dorsal root ganglia (DRG), the onset
of transcript becomes detectable at st 19 in the dorsal pole region (Fig. 1A, 1D). As
development continues, transcript extends from the dorsal pole to the medial and lateral
perimeter of the DRG and becomes more abundant with maximal expression observed at st
24/25 (Fig. 1A, 1B, 1D-F). By st 35 and beyond, in situ hybridization reveals no discernable
Alk mRNA in the DRG (Fig. 1K, 1L).

In the DRG, Alk+ cells were localized to the dorsal pole and periphery — areas known
to be composed of mitotically active cells (Rifkin et al., 2000; Wakamatsu et al., 1997).
From st 22 to 27, the DRG is spatially organized with an inner core composed primarily of
post-mitotic neurons surrounded by a perimeter of dividing progenitor cells (Rifkin et al.,
2000). To confirm that Alk is expressed by mitotically active cells, in sifu hybridization was

combined with IHC to stain for the mitosis marker, H3, and traditional neuronal markers,
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Figure 1. Analysis of developmental expression of anaplastic lymphoma kinase (Alk) mRNA in chick
peripheral nervous system by whole-mount in situ hybridization. A,B: Transcript is expressed in both
sympathetic ganglia (SG) and dorsal root ganglia (DRG) at stages 19 and 23. C: No signal is detected in stage
23 whole mounts with sense RNA probe as a negative control. D-F: Transverse sections (posthybridization)
reveal Alk expression in the progenitor zones of the DRG at stages 19 (D), 22 (E), and 24 (F). G: Transverse
section (posthybridization) of stage 22 embryo hybridized with sense RNA probe as a negative control. H-L:
Transverse sections (posthybridization) show the presence of Alk in SG during stages 19 (H), 22 (I), 24 (J), 35
(K), and 39 (L). Scale bar: 1 mm in A (applies to A,B); 1.5 mm for C; 65 um for D; 120 um for E-J; 175 um
for K; 350 um for L.
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Tujl and Isll. At st 23, there is no overlap of Alk+ and Tujl+ cells in the DRG core nor is
there apparent co-expression of Isll and Alk in this region either (Fig. 2A, 2B). In contrast,
H3 staining reveals that a majority of Alk+ cells are located in the mitotically active dorsal
pole with several H3+ cells co-expressing Alk (Fig. 2C). There are also Alk+ cells present in
the progenitor zones that are neither H3+ nor Tujl/Isl1+ suggesting that these cells are
possibly preparing to enter the cell cycle, are in S-phase, or are finishing mitosis and have not
yet differentiated.

In the SG, Alk+ cells were distributed throughout the ganglia and co-expressed
markers of both mitotically active and post-mitotic cells (Fig. 2D-F). Given that the SG is
unique in that dividing cells also express markers of post-mitotic neurons (Avivi and
Goldstein, 1999; Rothman et al., 1978), including neurofilament (NF), Tujl, and Isll, the
most parsimonious conclusion is that both neurons and mitotically active sympathetic
precursors express Alk. Expression persists as late as E13 indicating that Alk is clearly

expressed by post-mitotic neurons in both the primary and secondary chain of SG.

Expression of Alk mRNA in the Developing Spinal Cord

In the spinal column of chordates, MNs can be divided into two classes, those of the
medial motor column (MMC) and those of the lateral motor column (LMC). The MMC is
further divided into a medial portion that is present at all anterioposterior levels of the spinal
cord and a lateral portion that is present only at thoracic levels. MNs of the medial MMC

extend axons to axial muscles while those from the lateral MMC project axons to body wall
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Figure 2. Anaplastic lymphoma kinase (Alk) mRNA is expressed in mitotically active cells of the dorsal root
ganglia (DRG) and sympathetic ganglia (SG). Stage 23 embryos were vibratome-sectioned after whole-mount
in situ hybridization with Alk probe and immunostained with a-Tujl or a-Isll and a-H3. Alk = dark purple,
Tujl and Isll = red, H3 = green. A,B: In the DRG, Alk is restricted to the progenitor zone (white arrow), with
no transcript present in the core (black arrow). C: Multiple cells in the dorsal pole are Alk+ and coexpress
phosphohistone H3 (arrowhead). D-F: In the SG, most Alk+ cells coexpress Tujl (D) and H3 (F), with fewer
also expressing Isll (E). Pseudocoloration of confocal images was performed in Adobe Photoshop 7.0.1 to
depict dual signals better. Scale bar: 30 um in A (applies to A-F).

muscles (William et al., 2003). The LMC also can be subdivided into medial and lateral
subgroups, both of which are present only at limb (brachial and lumbar) levels of the spinal
cord. Medial LMC MNs innervate ventrally derived limb muscles while lateral LMC MNs
innervate dorsally derived limb musculature (Landmesser, 2001). To determine which
divisions of MNs, if any, were expressing Alk during spinal cord development, transverse
sections from embryos (st 24, 35 & 39) subjected to whole-mount in situ were collected (Fig.

31-X) with select sections subsequently immunostained to identify MMC and LMC neurons
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Figure 3. Alk is dynamically expressed temporally and spatially in the spinal cord. A: Transcript is restricted
to brachial and lumbar regions of the spinal cord at stage 25. B: Higher magnification of lumbar region from A.
C: Expression of Alk mRNA is detected throughout the spinal cord at stage 35. D: Higher magnification of
spinal cord from C. E: No discernible expression is detected in stage 25 whole mounts with sense RNA probe as
a negative control. F-H: Alk expression is waning in brachial (F), thoracic (G), and lumbar (H) regions of the
spinal cord at stage 39. I-L: Transverse vibratome sections (posthybridization) through the rostral brachial
portion of the spinal cord reveal the presence of Alk at stages 24 (I) and 35 (J,K), but by stage 39 (L) transcript
is virtually gone. M,N: “Break” in expression where LMC is devoid of transcript, creating a rostral and caudal
separation. O—Q: Vibratome sections through the caudal brachial portion of the spinal cord reveal Alk mRNA at
stages 24 (O) and 35 (P, Q). R-T: Thoracic sections demonstrate that Alk is strongly expressed in spinal cord at
stage 35 (R,S) but has greatly diminished by stage 39 (T). U-X: Alk expression in the lumbar level of the spinal
cord at stages 24 (U) and 35 (V,W), with its virtual disappearance at stage 39 (X). LMC, lateral motor column;
MMC, medial motor column; SC, spinal cord; SG, sympathetic ganglia. LMC and MMC were identified and
demarcated based on position in the ventral portion of the spinal cord, with medial (m) and lateral (1) halves
representing an estimate of where separation occurs. K, N, Q, S, and W are higher magnification views of J, M,
P, R, and V respectively. Scale bar: 1 mm in A; 450 m for B; 1.7 mm for C; 1.3 mm for D,E; 1.5 mm for F-H;
100 um for 1,O,U; 160 um for J,L.M,P,R,T,V,X; 80 um for K,N,Q,S,W.

based on specific transcription factor (Isl1 & Lim1) expression (Fig. 4).

Nascent Alk expression is first detected in the chick spinal cord at st 23/24 with
definitive expression occurring at st 24/25. At these early stages, transcript is restricted to
the brachial and lumbar levels of the spinal cord with an interruption or “break™ (devoid of
transcript) within the mid-brachial region, creating a rostral and caudal component of Alk
expression at the brachial level (Fig. 3A, 3B, 31, 30, 3U). Expression occurs in the lateral
edge of the ventral horn corresponding to MNs of the LMC found only at limb levels (Fig.
31, 30, 3U). Figure 4 confirms that these Alk+ cells express characteristic markers of LMC
MNs. At st 25, the LMC is separating into a medial and lateral half with the former’s MNs
expressing Isll and the latter’s expressing Liml (Shirasaki and Pfaff, 2002).
Immunohistochemical staining with a-Isl1 (Fig. 4B) and a-Lim1/2 (Fig. 4E) indicates that
the Alk+ cells (Fig. 4A, 4D) are located in the prospective medial division of the LMC with
the majority of them co-expressing Isll (Fig. 4C, 4F).

At st 35, expression is no longer restricted to limb regions, and Alk mRNA 1is detected
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Figure 4. Alk is expressed by discrete subpopulations of motor neurons. A,B: Stage 25 embryo from Alk
whole-mount in situ hybridization (dark purple) was cryosectioned and then immunostained for Isl1 (green). C:
Alk and Isll staining are shown overlaid as a composite. D,E: Stage 25 embryo from Alk whole-mount in situ
hybridization (dark purple) was cryosectioned and then immunostained for Lim1/2 (green). F: Alk and Lim1/2
staining are shown overlaid as a composite. Medial motor column (MMC) and lateral motor column (LMC)
have been demarcated. The MMC and medial half of the LMC are known to express Isll; however, the lateral
half of the LMC does not. Conversely, the lateral LMC expresses Lim1, whereas the MMC and medial LMC do
not. Positional identification of Alk and motor column markers indicates that Alk is limited to cells of the LMC.
Composite images were created in Adobe Photoshop 7.0.1. Scale bar: 50 um in A (applies to A-F).

in MMC neurons at every level of the spinal cord (Fig. 3C, 3D, 3J, 3K, 3M, 3N, 3P-S, 3V,
3W) with the lateral MMC staining strongly at thoracic levels (Fig. 3S). It is worth
mentioning that while Alk expression was not investigated thoroughly in cervical and sacral
regions, Alk transcript throughout the MMC at these levels was diffusely and uniformly
expressed (data not shown). Additionally, Alk is expressed by LMC MNs at brachial and

lumbar levels, and the “break™ in expression, seen in the st 24/25 brachial region, still
remains (Fig. 3K, 3N, 3Q, 3W). There are also additional areas where transcript is expressed
more uniformly in the spinal cord dorsal to the MMC and LMC (Fig. 3J, 3P, 3V). Based on

their location, it is likely that dorsal interneurons and possibly V2 or V1 interneurons are
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expressing Alk, but further identification using specific interneuron markers would be needed
for confirmation. By stage 39, transcript signal diminishes throughout the spinal cord with
expression in the brachial and lumbar regions virtually non-existent (Fig. 3F-3H, 3L, 3T,
3X). Figure 5 summarizes the spatial-temporal expression of Alk in the embryonic spinal

cord, sympathetic ganglia, and dorsal root ganglia.
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Figure 5. Spatial-temporal overview of anaplastic lymphoma kinase (Alk) mRNA expression in developing
chick nervous system. A: Spatial schematic of Alk expression (shading) with emphasis on location of transcript
during investigated time points. B: Temporal schematic of Alk expression (bars), with emphasis on span of
transcript duration in the embryonic PNS and spinal cord. Solid bar ends denote the definitive identification of a
start point regarding Alk expression. Diffuse bar ends denote that a definitive start or end point was not
identified from the time points analyzed in this investigation. Depth of shading within the bars is a reflection of
the intensity of Alk expression. SC, spinal cord; MMC, medial motor column; LMC, lateral motor column;
DRG, dorsal root ganglia; SG, sympathetic ganglia.
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Alk Expression in Hind L.imb and Body Wall Musculature

In the course of whole-mount in situ hybridization, Alk expression was detected in st
35 hind limb and body wall muscles. Within the musculature of the thigh and shank, Alk
transcript is present in the iliotibialis cranialis (Fig. 6A), iliotibialis lateralis (Fig. 6B),
caudofemoralis (Fig. 6C), fibularis longus (Fig. 6D), and gastrocnemius externus (Fig. 6D);
identification of hind limb muscles based on findings of Kardon (1998). Expression was also
observed in the intercostals of the body wall (Fig. 6E). It is of interest to note that the
intercostals are the target muscles that are innervated by MNs from the lateral MMC which
also expresses Alk mRNA (Fig. 3S); Sharma et al. (2000). Whether or not the
aforementioned thigh and shank muscles are targets innervated by Alk+ MNs of the lumbar

LMC remains to be determined.

Limb-derived Cues and the Regulation of Alk

The onset of Alk expression in the spinal cord (st 23/24) overlaps temporally with the
expression of ETS family genes. Lin et al. (1998) demonstrated that ETS transcription
factors are potentially involved in the development of selective sensory-motor circuits in the
spinal cord and that signals from the limb control the expression of Ets genes. Because of the
temporal coincidence of Alk and Ets gene expression, we were curious if Alk was also
regulated by limb-derived cues and if ALK or ETS factors might regulate the expression of

each other. To test this, we ablated one hind limb from embryos at st 17/18 and allowed
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Figure 6. Alk is expressed by subsets of hind limb and body wall muscles. Stage 35 whole-mount in situ
hybridization reveals Alk mRNA in the iliotibialis cranialis (A; arrowhead), iliotibialis lateralis (B; arrowhead),
caudofemoralis (C; arrowheads), fibularis longus (D; black arrowhead), gastrocnemius externus (white
arrowhead), and intercostals (E; arrowheads). F: No transcript was detected in stage 35 whole-mount with sense
RNA probe as a negative control. Scale bar: 1 mm in A (applies to A—C,E); 750 wm for D; 1.3 mm for F.

to develop until st 23/24. The embryos were then hybridized with Alk antisense probe to
determine whether limb cues were required for Alk expression. Unlike Ets genes, Alk
mRNA is still present in the CNS and PNS at levels comparable to the control (intact) side of
ablated embryos after limb removal (data not shown). These results provide evidence that

Alk expression is not under the control of signals produced by the limb. Based on these data,

it is also unlikely that there is an influence on E?s gene expression by ALK or vice versa.
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CHAPTER 4

RESULTS OF ALK KNOCKDOWN IN CHICK SPINAL CORD

Targeted Silencing of Anaplastic Lymphoma Kinase in Chick Spinal Cord

Based on the results from Alk expression profiling, it was decided that functional
analysis of Alk in vivo would focus on the receptor’s role in spinal cord development. We
constructed plasmids expressing short hairpin RNAs (pSilencerAlkl and pSilencerAlk2),
each targeting a distinctly different sequence of chicken Alk (Fig. 7). Additionally, a
commercially synthesized siRNA duplex (siALK) was obtained in order to knockdown
endogenous levels of Alk expression. Thus two separate RNAi methodologies were
employed to assess the effects of Alk gene silencing in chick.

Using parallel sets of embryos, each of the three treatments was injected separately
into the lumen of st 22 neural tube and electroporated (Fig. 8) — a plasmid expressing GFP
(pPMES) was also co-injected in order to identify the electroporated hemisphere and to
determine electroporation efficiency. To evaluate whether observed Alk silencing was target
specific or a result of any siRNA or simply a consequence of electroporation with nucleic
acid, another set of embryos were electroporated with siRNA targeting the non-endogenous
fluorescent reporter DsRed or with pMES only.

Both pSilencerAlkl and pSilencerAlk2, as well as siALK, reduced expression of Alk
transcript in the electroporated half of st 28 spinal cord (determined by in situ hybridization

for Alk) with pSilencerAlk?2 yielding the lowest apparent mRNA levels (Fig. 9A, B, D-G).
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5'—AGAGGATCCAATGCCGTTA}TTCAAGAGATAACGGCATTGGAT CCTCTITT TTT-3’
3’-CCGGTCTCCTAGGTTACGGC AATAAGTTCTCT ATTGCCGTAACCTA GGAGAAAAAAATTAA-5S

sense region loop antisense region

U

RNA Pol III recognizes U6 promoter and initiates transcription of insert, yielding shRNA:

sense strand C
5-AGAGGAUCC AAUGCCGUUAY '@p loop
3’-UCUCC UAGGUUACGGCAAUVYHVD

antisense strand

Figure 7. Schematic representation of shRNA plasmid construction. Template DNA, containing sense, loop,
and antisense sequence, was inserted into Ambion’s pSilencerl.0-U6 vector. Subsequent transcription via the
U6 promoter and RNA Polymerase III yields RNA capable of hairpin and duplex formation. MCS, multiple
cloning site; Amp, ampicillin resistance.

Microinjection at st. 22

/_\ (+)
/“ ©
—

Electroporation - 24V, 5 pulses

Ectopic DNA expression in electroporated
hemisphere of spinal cord at st. 28

Figure 8. Cartoon diagram of microinjection and electroporation of nucleic acid in chick neural tube at st 22.
A drawn-out glass needle was used to inject plasmid DNA or siRNA solution (teal) into the lumen of the tube.
Five pulses of 24V were administered with the use of gold-plated electrodes in order to drive the nucleic acid of
choice into cells of the neural tube. Two days later at st 28, cells of the electroporated hemisphere were

inspected for reduced transcript levels and any phenotypic changes as compared to the control or non-
electroporated side.
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However, levels of Alk expression remained unchanged after transfection with either pMES
vector alone (Fig. 9C) or DsRed siRNA (Fig. 9H). These data demonstrate that effective,

target-specific knockdown of Alk transcript was achieved.

Alk mRNA

%

.

3
v
A
-

siALK siRNA + pMES pSilencerAlk2 + pMES pSilencerAlkl + pMES

DsRe(i siRNA—injected-‘control

Figure 9. Knockdown of Alk transcript in spinal cord is target-specific. Right side of the spinal cord is
electroporated as indicated by expression of GFP (A, D, F). Alk mRNA expression after electroporation of
pSilencerAlk1 (A, B), pSilencerAlk2 (D, E), and siALK siRNA (F, G) in st 28 embryos. Each treatment results
in decreased levels of Alk mRNA on the electroporated side. Embryos electroporated with pMES only (C) or
DsRed siRNA (H) show no loss of Alk transcript in electroporated side (right) versus non-electroporated side
(left). Scale bar = 130 wm in A (applies to A, D, F); 95 um for B, C, E, G, H.
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Increased Cell Death in Developing Spinal Cord after Alk Knockdown

In the chick spinal cord, programmed cell death (PCD) of motor neurons begins at
approximately st 26/27 and ends at roughly st 38 (Gould and Oppenheim, 2004; Okado and
Oppenheim, 1984). Because Alk is prominently expressed in motor neurons during the
entire period of PCD, an analysis of how Alk gene silencing impacts cell death seemed
warranted.

To establish that electroporation and/or the introduction of foreign DNA/RNA into
cells was not generating a non-specific cytotoxic effect, control pMES-injected and DsRed-
injected embryos were cryosectioned and assayed for cell death by means of terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) (Fig. 10A-C and
Fig. 11A-C). The number of dead cells was roughly equal in both hemispheres of the spinal
cord resulting in a ratio of electroporated TUNEL+ cells:non-electroporated TUNEL+ cells
approximately equal to 1 for both sets of embryos (Fig. 10J and Fig. 11G). More than likely,
this suggests that no cytotoxicity was caused by electroporation of any nucleic acid since one
would expect a roughly equal number of apoptotic cells in both halves of a normally
developing spinal cord. However, when embryos electroporated with pSilencerAlkl,
pSilencerAlk2, or siALK (all co-electroporated with pMES) were cryosectioned and
subjected to TUNEL staining, increased cell death was observed on the electroporated side in
comparison to the non-electroporated side (Fig. 10D-I and Fig. 11D-F). Normalized against
negative controls, ratios of electroporated:non-electroporated TUNEL+ cells revealed a 1.3-

fold, 2-fold, and 2.7-fold increase in cell death on the electroporated side for embryos treated
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Figure 10. Alk-specific hairpin constructs lead to increased cell death in chick spinal cord. A-C:
Transverse cryosection from st 28 pMES only-injected embryo expressing GFP on electroporated side (A) and
stained for TUNEL (B, C). C is a higher magnification of electroporated side in B. D-F: Transverse cryosection
from st 28 pSilencerAlkl-injected embryo expressing GFP on electroporated side (D) and stained for TUNEL
(E, F). Fis a higher magnification of electroporated side in E. G-I: Transverse cryosection from pSilencerAlk2-
injected embryo expressing GFP on electroporated side (G) and stained for TUNEL (H, I). I is a higher
magnification of electroporated side in H. J: Ratios of electroporated:non-electroporated TUNEL+ cells (mean
= std. dev.) for pMES-treated (n = 3), pSilencerAlk1-treated (n = 5), and pSilencerAlk2-treated (n = 5) embryos
(* P =0.0011; ** P < 0.0001). Arrowheads denote examples of nuclei with intense fluorescence and
morphologies characteristic of apoptotic bodies that were counted, whereas larger, more diffusely staining
artifacts (arrows) were not. Scale bar = 100 um in A (applies to A, B, D, E, G, H); 50 um for C, F, L.

with siALK, pSilencerAlk1, and pSilencerAlk2 respectively (Fig. 10J and Fig. 11G). Cell
death in the control-injected embryos was limited primarily to the ventral portion of the cord
(Fig. 10B and Fig. 11B). With silencing treatments, cell death was observed in areas where
Alk 1s known to be expressed, meaning both ventral and dorsal regions of the cord exhibited
increased cell death when compared to controls (Fig. 10E, H and Fig. 11E). However, there
was no formal distinction with regard to subcategorizing dorsal versus ventral TUNEL+ cells
because any meaningful separation and classification would require a combinatorial approach
of TUNEL and immunostaining for interneuron and motor neuron populations in order to

accurately identify the subtype of dying cells.

Identification of Phenotypic Changes in Specific Neuronal Populations

To identify with greater certainty increased cell death in specific neurons that
corresponded topographically to motor neurons, we observed cell populations expressing the
molecular marker Isll for phenotypic changes upon Alk knockdown. Isll immunostaining
identifies motor neurons from the LMC, MMC, and column of Terni (CT) (Shirasaki and
Pfaff, 2002; William et al., 2003). Because Isl1+ cells were too numerous and densely

layered for accurate counting in the LMC and MMC, a more direct approach of combined
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Figure 11. Pre-synthesized Alk-specific siRNA leads to increased cell death in chick spinal cord. A-C:
Transverse cryosection from st 28 DsRed-injected embryo expressing GFP on electroporated side (A) and
stained for TUNEL (B, C). C is a higher magnification of electroporated side in B. D-F: Transverse cryosection
from st 28 siALK-injected embryo expressing GFP on electroporated side (D) and stained for TUNEL (E, F). F
is a higher magnification of electroporated side in E. G: Ratios of electroporated:non-electroporated TUNEL+
cells (mean =+ std. dev.) for DsRed-treated (n = 3) and siALK-treated (n = 4) embryos (* P < 0.02). Arrowheads
denote examples of nuclei with intense fluorescence and morphologies characteristic of apoptotic bodies that
were counted, whereas larger, more diffusely staining artifacts (arrows) were not. Scale bar = 100 um in A
(applies to A, B, D, E); 50 um for C, F.

TUNEL and Isll staining was used to identify regions where increased cell death was

observed after Alk silencing.
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Co-staining revealed that increased cell death in the electroporated side of ventral
cord occurs in LMC and MMC motor neurons (Fig. 12). Additional Isll staining in the
thoracic region identified a significant decrease in the number of Isl1+ CT motor neurons,
topographically overlapping with the same region exhibiting increased cell death in TUNEL-
stained thoracic sections from the same embryos (data not shown), in pSilencerAlk2-
electroporated embryos when compared to pMES only-electroporated embryos (Fig. 13).
Because no expansion of Isl1+ cells into foreign areas was observed and Alk is not expressed
in CT motor neuron progenitors as they leave the ventricular zone to mature (st 24), the
decrease is not likely attributable to an influence of Al/k on columnar organization/cell
migration or motor neuron differentiation. The approximately 60% decrease in CT cells on
the electroporated side (Fig. 13E-G) suggests that sympathetic preganglionic motor neurons
are likely among the more dorsal-medially located cells experiencing premature death in

thoracic spinal cord of pSilencerAlk2-treated embryos.

Figure 12. Alk silencing induces premature cell death in somatic motor neurons. A-C: Transverse
cryosection from st 28 pSilencerAlkl-injected embryo expressing GFP on electroporated side (A) and stained
for TUNEL (B) and Isl1 (C). TUNEL+ cells are localized within medial and lateral motor columns with several
dying cells still expressing Isll (pink nuclei). Arrowheads and arrows are reference markers identifying the
same nuclei in B and C. MMC, medial motor column; LMC,, medial portion of the lateral motor column.
Scale bar = 60 um for A and B; 30 um for C.
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Figure 13. Isli+ thoracic column of Terni motor neurons fail to survive after Alk knockdown. A-C:
Transverse cryosection from st 28 pMES-injected embryo expressing GFP on electroporated side (A) and
stained for Isll (B, C). C is a higher magnification of columns in B; the bracket encompasses the area occupied
by preganglionic motor neurons. D-F: Transverse cryosection from st 28 pSilencerAlk2-injected embryo
expressing GFP on electroporated side (D) and stained for Isll (E, F). F is a higher magnification of columns in
E; arrowhead denotes the conspicuous lack of Isll+ neurons on the electroporated side. G: Ratios of
electroporated:non-electroporated Isl1+ cells (mean =+ std. dev.) for pMES-treated (n = 2) and pSilencerAlk2-
treated (n = 3) embryos (* P = 0.0009). CT, column of Terni. Scale bar = 100 um in A (applies to A, B, D, E);
50 wm for C, F.
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CHAPTER 5

DISCUSSION

Pertaining to the initial phase of this thesis work, the first in-depth characterization of
Alk expression in the developing spinal cord and peripheral nervous system is reported. This
analysis identified three CNS and PNS neural structures which express Alk in a temporally
dynamic pattern that correlates with key developmental events in each neural component.
Given the ease of conducting gain and loss of function experiments in the chick, this
expression profile provides the necessary foundation for determining ALK’s function during

development of MNs, SG, and DRG in vivo.

Alk Expression in the Sympathetic Ganglia is Robust and Temporally Extensive

First detected at st 19 (~E3), Alk in the SG has an intense and sustained expression
lasting at least through st 39 (E13), the latest time-point examined. Thus the course of Alk
expression in the SG encompasses the periods of proliferation, differentiation, and PCD in
addition to the formation of both the primary and secondary chain of sympathetic ganglia.
According to Rothman et al. (1978), proliferation takes place from E2-3 to E21 with fewer
and fewer cells dividing as time progresses. Our findings show that at E4 a majority of Alk+
cells are mitotically active, co-expressing phosphohistone H3. Because traditional
differentiation markers like Tujl and Isll can be expressed in cells that are still mitotically
active in the SG, attempts to identify differentiated, post-mitotic A/k+ neurons in st 23 SG

proved to be ambiguous. However, it has been determined that virtually all SG neurons have
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exited the cell cycle between E8 and E12 (Smet et al., 1986). Additionally, pyknotic neurons
are found throughout development, but cell death is most prominent from E7 to E18 (Smet et
al., 1986). Since Alk mRNA is transcribed during these developmentally significant times,
ALK most likely participates in the genesis, maturation, and/or survival of sympathetic
neurons. Thus, elucidating ALK’s function during SG development will expand our
understanding of the extracellular signals that regulate SG development which heretofore

have focused primarily on the neurotrophins.

Restricted Expression of Alk in the DRG to Mitotically Active Progenitors

Hamburger et al. (1981) identified a region of small, immature cells that are
mitotically active in the medial and dorsolateral perimeters of the DRG, from which, he
proposed, the second wave of neurons is derived. These peripheral zones of proliferating
progenitors are separate from the core that contains the first wave of early-differentiating
post-mitotic neurons. Results from this study show that Alk expression is confined to the
proliferative margins (rather than the interior neural core) from st 19 to 25 and is non-
detectable by st 35. Within the progenitor zones, there are mitotically active Alk+ cells in
addition to Alk+ cells that are neither dividing nor differentiated. These data suggest that
ALK may be involved in regulating the proliferation of progenitor cells or their exit from the
cell cycle in preparation for differentiation. In addition or alternatively, Alk might promote
the survival of DRG progenitor cells. Since Alk is not expressed in the inner neural core of
the DRG nor is it expressed during the period of PCD of post-mitotic neurons (Carr and

Simpson, 1978; Hamburger et al., 1981), ALK is not a candidate receptor for mediating
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function in post-mitotic neurons. Thus, this is the first RTK identified to be expressed
exclusively in DRG progenitor cells. Given our lack of understanding of the signals that
regulate the mitogenesis, differentiation, or survival of DRG progenitor cells, further
investigation of ALK’s function in the DRG will be insightful.

Alk mRNA is Differentially Expressed in Motor Neuron Subsets
and in Muscle Subsets of the Hind Limb and Body Wall

This study demonstrates that Alk is expressed by discrete subpopulations of MNs.
Collectives of Alk-expressing MNs are confined to the MMC and LMC of the developing
spinal cord; although, Alk is first detected in only the LMC at st 23/24 with expression in the
MMC following later in development. This temporal difference in expression is possibly
explained by the differing birthdates of MNs in the LMC and MMC. The majority of
brachial and lumbar LMC are born by st 22, whereas most of the MMC neurons are
generated by st 24 (Hollyday and Hamburger, 1977; Prasad and Hollyday, 1991). Due to this
time lag between the genesis of LMC and MMC MN:s, a corresponding lag in the onset of
Alk expression between these two groups would be expected.

Sectioning through E8.5-9 spinal cord at various axial levels reveals specific clusters
of Alk+ cells within the LMC and MMC that change position upon progression through a
particular column. Each spatial cluster, known as a motor pool, is a subdivision of MNs that
collectively innervate a specific muscle (Hollyday, 1980; Landmesser, 1978). While several
muscles, including the iliotibialis cranialis, iliotibialis lateralis, caudofemoralis, fibularis

longus, and gastrocnemius externus, also expressed Alk, further study will be required to
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determine if they are innervated by the lumbar motor pools that also express Alk. In the
thorax, MNs from the lateral half of the MMC in addition to their target musculature, the
intercostals, both express Alk mRNA. Thus, ALK could participate in a matching
mechanism to insure correct target innervation. One such mechanism could involve the
guidance of axons and myotubes, via ALK and interactions with its ligand, to a common
point where nerve and target are proximally “matched.”

Additionally, Alk expression in MNs overlaps temporally with the period of PCD
from E5-E12, peaking at E8 (Okado and Oppenheim, 1984; Gould and Oppenheim, 2004).
Furthermore, Alk expression coincides temporally with the establishment of columnar
organization, but not columnar identity which has been determined prior to Alk expression
(Okado and Oppenheim, 1984; Sockanathan et al., 2003; Tsuchida et al., 1994). It is also
worth noting that Alk is expressed during the period of synapse formation (st 28-36) (Fredette
and Ranscht, 1994). Therefore, if ALK is involved in synaptogenesis, it most likely does not
have the role of destabilizing or inhibiting synapse differentiation, as is proposed by Liao et
al. (2004) in C. elegans, since one would then anticipate a reduction in mRNA expression
over this time period so that synapse stabilization could occur.

PCD in spinal motor neurons is profound, leading to the elimination of 50% of the
MNss that are generated (Oppenheim, 1991). It is clear from the rich body of literature on
MN cell death that not all MN survival can be mediated by currently identified neurotrophic
factors. Thus, there may be as yet unidentified ligand/receptor interactions that regulate MN

survival.
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Because of its noticeable transcript expression in MNs during the peak of PCD, the
second phase of investigation focused on ALK’s in vivo role regarding spinal cord
development — specifically, its involvement in neuronal survival. Through use of RNA
interference, Alk gene silencing was achieved in chick spinal cord. Subsequent analyses
revealed that Alk knockdown leads to increased cell death with somatic and visceral motor

neurons among the targeted cells.

Similar Phenotypic Changes Observed with Use of Different RNAi Methodologies

These studies utilized two separate method of RNAI, in ovo electroporation of
shRNA plasmid and electroporation of chemically synthesized siRNA, in an attempt to
corroborate, by different means, any observed phenotypic changes. In addition, an added
level of validation was achieved with injection and electroporation of two different ShARNA
plasmids, targeting separate sequence sites of chicken Alk. All three treatments, the siRNA
and two hairpin constructs, resulted in a target-specific decrease of Alk transcript, leading to
increased cell death in areas of chick spinal cord known to express Alk.

While all yielded similar general changes, there were varying degrees of effectiveness
among the treatments. For example, shRNA plasmids seemed more potent silencers of Alk
since lower levels of transcript and more cell death were observed than with siALK siRNA.
This phenomenon may be attributable to the fact that pre-synthesized siRNA is introduced
into cells as a concentrated bolus, and over time the limited supply of RNA duplexes are
processed and broken down without replacement. It is plausible that two days after

electroporation, their quantity and, thusly, potency has begun to diminish. Short hairpin
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RNAs, however, are continually expressed from plasmids so their quantity is not as limited
and knockdown is sustained. Even between the two shRNAs there appears to be greater
efficacy of pSilencerAlk2 over pSilencerAlkl. In this instance, pSilencerAlk2 may have
sequence characteristics that yield more effective shRNAs, or the electroporation efficiency
may have been slightly greater for pSilencerAlk2-treated embryos, transfecting more cells
than in embryos electroporated with pSilencerAlkl. Despite differences in treatment
potency, these data demonstrate a similarly reproduced increase in cell death using two

different RNA interference tactics.

ALK Promotes Cell Survival of Somatic and Visceral Motor Neurons

Our loss-of-function analyses reveal that premature cell death occurs within specific
populations of motor neurons where the presence of Alk mRNA has been characterized.
Motor neurons from the LMC, MMC, and thoracic CT were identified and demonstrated
conspicuous signs of increased premature cell death caused by Alk silencing. Hence, these
data suggest that ALK influences the survival of both somatic and visceral motor neurons,
although the degree of impact may differ between the two.

All neurotrophins (except nerve growth factor), chicken muscle extract (CMX), and
other factors such as choline acetyltransferase development factor (CDF) are potent survival
factors for somatic motor neurons (Oppenheim et al., 1988; McManaman et al., 1990; Huang
and Reichardt, 2001). By comparison, there are fewer factors identified that promote the
survival of visceral motor neurons, including nerve growth factor (NGF) (Oppenheim et al.,

1982b) and possibly fibroblast growth factor 1 and 2 (FGF1 and FGF2) (Teng et al., 1998;
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Teng et al., 1999). Thus with a smaller repertoire of growth factors and receptors through
which they signal as “backups,” there may be a greater reliance upon ALK and binding of its
ligand for promotion of visceral motor neuron survival — possibly explaining the dramatic
decrease in Isl1+ CT motor neurons upon Alk knockdown. Since cell death can be induced
before the time of PCD in the preganglionic motor neurons (E7 — E10) (Oppenheim et al.,
1982a), while their axons have already extended to targets at st 28, ALK may help to keep
these neurons alive until later stages when ligand becomes limited and competitive binding
begins. This series of potential events provides one possible explanation to an important
question: How does ALK promote cell survival?

It is thought that during development an excess of presumptive neurons are generated
and then compete for limited trophic factors in local or more distant surrounding areas — as
neurons extend their axons, trophic factors available in sufficient quantities signal through
their receptor, allowing a cell to survive, while a cell receiving inadequate amounts of trophic
factor cannot generate a signal cascade and dies (known as the Neurotrophic Hypothesis).
Support for this current view can be observed in the developing spinal cord where 50% of
motor neurons generated undergo temporally and spatially specific cell death (Oppenheim
1991). Motor neuron dependence on target-derived trophic factors during development has
been well established, with loss of trophic support leading to death in these cells (Li et al.,
2001; Newbern et al., 2005). Studies have shown that, in motor neurons, trophic factors
prevent apoptosis by signaling through the phosphoinositide-3-kinase (PI3K) pathway and
sometimes by way of the extracellular signal-related kinase 1/2 (ERK1/2) pathway (Huang

and Reichardt, 2001; Newbern et al., 2005). PI3K activation allows anti-apoptotic Bcl-2
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family members to interfere with the generation of a caspase cascade that would result in
apoptosis. Activation of the ERK pathway leads to phosphorylation of CREB (cAMP-related
enhancer binding protein) which in turn regulates genes whose products are essential for
prolonged neurotrophin-dependent survival of neurons (Huang and Reichardt, 2001).
ERK1/2 signaling also appears to circumvent cell death by means of Bcl-2 family proteins,
but the exact mechanisms are not clear. Since ALK dimerization and signaling via PTN has
been shown to initiate signal cascades through the PI3K and ERK1/2 pathways, resulting in
cell survival (Bai et al., 2000; Bowden et al., 2002), and Alk and Ptn have overlapping
expression profiles in chick, it is entirely plausible that ALK and its ligand propagate a direct
signal for survival in motor neurons.

In addition to the aforementioned scenario, recent studies suggest that electrical
excitation, perhaps from activity of nascent synapses, and depolarization by means of
acetylcholine receptor activation can increase neuron survival (Pugh and Margiotta, 2000;
Moulder et al., 2003). Thus, establishment of stable synapses appears to contribute to
neuronal survival and RTKs, including MuSK and ErbB receptors, are known to be involved
with synapse formation (Moore et al., 2001). This raises the possibility that ALK is
necessary for synaptogenesis and cell death is consequential in motor neurons unable to
generate synapses due to Alk silencing.

Furthermore, it is possible that ALK contributes to guidance of axons since its
reported ligand, pleiotrophin, has been observed in developing axon tracts (Silos-Santiago et
al., 1996). Other RTKs, such as the members of the Eph receptor family, are known to

influence guidance and show a similar expression profile to Alk, being expressed in motor
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columns and corresponding target musculature (Kilpatrick et al., 1996; Iwamasa et al., 1999).
If involved with axonal guidance, Alk knockdown could interfere with correct pathfinding so
that axons are unable to reach the proper targets. Without finding the correct targets, axons
would potentially be deprived of trophic support and/or the ability to form synapses,
indirectly resulting in cell death.

Additionally, it is of importance to address the likely identity of more dorsally located
cells undergoing death that are not motor neurons. Based on their position and the fact that
glial progenitors, including oligodendrocyte and astrocyte precursors, are restricted to the
neuroepithelium during the time of analysis (st 28) (Agius et al., 2004; Braquart-Varnier et
al., 2004; Pringle et al., 1998), interneurons are the most logical candidates for the remaining
unidentified cells. Interneurons are relatively resistant to induced cell death following
removal of targets (MaKay and Oppenheim, 1991); therefore, should immunostaining with
specific transcription factor markers identify the unknown dying cells as interneurons, their
death can be considered ALK-dependent rather than an after effect caused by concurrent

motor neuron death.

Future Direction

In this era of stem cell and tissue regeneration research, identification of
ligand/receptor interactions involved in tissue development is of critical importance. The
discovery of the receptor tyrosine kinase, anaplastic lymphoma kinase, and its putative
ligand, pleiotrophin, promises to be of monumental significance. Our studies indicate that

ALK contributes to the development of the central and peripheral nervous systems,
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particularly the spinal cord where ALK promotes motor neuron survival. Thus,
administration of pleiotrophin after spinal cord injury, possibly in concert with the
introduction of neural stem cells at the site of trauma, may prove to be of therapeutic value
one day. However, before that day arrives, there remains further study to assess ALK’s
potential importance.

In the course of future studies, the findings of the experiments presented here need to
be corroborated with gain-of-function analyses. Such investigations will require the isolation
and sequencing of a full-length chick Alk cDNA with subsequent cloning into an expression
vector so that receptor will be overexpressed yielding increased ALK activity in cells of the
spinal cord. If characterization of a full-length cDNA proves too difficult, then a plasmid
encoding a chimeric receptor composed of the intracellular portion of ALK (for which the
cDNA sequence is known) fused to the extracellular domain of CD8a could be constructed,
producing constitutive signaling through the ALK intracellular domains since the chimera
would dimerize autonomously in a ligand-independent fashion. Two days after injection and
electroporation into st 22 chick neural tube, the effects of the full-length or chimeric
construct would be analyzed by TUNEL assay. If the gain of function is successful and ALK
is truly involved with promoting neuronal cell survival, the expected result would be
decreased cell death in comparison to the non-electroporated side.

Furthermore, it is of particular interest to investigate whether cell survival is an
indirect result of ALK’s potential role in axonal guidance or synaptogenesis. For this
determination, the U6 promoter and hairpin insert from either pSilencerAlkl or 2 could be

excised and subcloned into a GFP-expressing reporter plasmid such as pMES or pCAGGS.
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This strategy allows for direct labeling of axons in motor neurons where Alk transcript is
silenced. Any adverse effects of Alk knockdown on axonal guidance should be visible since
axons will be expressing GFP. In comparison to negative controls, pathfinding of axons to
targets can be assessed for any abnormalities. In addition, the same embryos can be
immunostained for a-bungarotoxin (a-BTX) (present at forming synapses). If Alk silencing
affects axonal guidance or synaptogenesis negatively, innervation of inappropriate target(s)
or decreased a-BTX staining at neuromuscular junctions in the electroporated side of
embryos may be observed. These phenotypic changes would suggest that ALK’s promotion
of cell survival is an indirect consequence of its primary role.

Lastly, it is necessary to determine the functional role of ALK in DRG and SG
development through loss and gain-of-function analyses. RNAi-mediated knockdown can be
achieved in ovo with injection and electroporation of pSilencerAlkl, pSilencerAlk2, or
siALK siRNA into st 10 neural tube. At this stage, neural crest cells have not yet
delaminated from the neural tube; therefore, cells giving rise to the DRG and SG are
efficiently transfected upon electroporation. In addition, overexpression of either the full-
length or chimeric ALK (previously described) in ovo is accomplished by injection and
electroporation of construct DNA into st 10 chick neural tube. Two or three days after
electroporation, phenotypic changes can be identified and analyzed to assess the impact of
Alk knockdown or overexpression and to subsequently determine ALK’s role in vivo in

dorsal root and sympathetic ganglia.
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CHAPTER 6

CONCLUSIONS

This thesis has provided an in-depth expression profile for chick that reveals Alk
mRNA is prominently and distinctly expressed in DRG, SG, spinal cord, and musculature.
The period of Alk expression coincides with key biological events such as cellular
proliferation, neuronal differentiation, programmed cell death, and motor neuron innervation
of muscles, indicating ALK’s potential role in numerous major developmental processes. Of
particular interest are the findings that Alk mRNA 1s present in chick spinal motor neurons
during the entire period of programmed cell death, suggesting a potential role for this
receptor tyrosine kinase in motor neuron survival. Recent investigations indeed show that
Alk knockdown by means of in ovo RNAI results in premature neuronal cell death. Thus,
this thesis also provides ALK with its first identified function in vivo in the developing
nervous system. Future experiments will allow for the elucidation of additional roles for

ALK in the peripheral nervous system, specifically the dorsal root and sympathetic ganglia.
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Observations
Antibody Stage | Observed Slide Staining — Transverse Sections (14 um
Used
PI 25 No Staining
4817 25 Ubiquitous punctate staining in mitotic & postmitotic cells
4841 25 Axial muscles, margins of SC, inner core (not perimeter) of DRG
DAKO 25 No signal in DRG or SC, possible signal in SG
PI1 35 Possibly stains DRG neurons and SG neurons
DAKO 35 Stains motor neurons and DRG
4817 35 Stains filamentous protein in all cells
4841 35 No staining of DRG, faint staining of MNs, stains muscle
PI 36 Stains SG and DRG (large diameter) neurons, no SC staining
DAKO 36 No signal in DRG or SC
4817 36 Stains DRG, SG, & MNs (no punctate staining)
4841 36 No DRG staining, weak in SG, punctate stain in SC & muscle stain
PI1 38 Stains DRG, SG & SC diffusely, but greater than background
DAKO 38 Stains DRG, SG — strongly; MNs - weakly
4817 38 Strong staining of DRG and SG (not on axons)
4841 38 No DRG/SG staining; punctate staining all over — strong in muscle
Zymed 24 Stains DRG axons, MNs, and SG
Zymed 35 Stains ventral portion of SC, DRG (axons and some cells), SG
(axons coursing through, but cell bodies aren’t stained, intercostal
muscles

PI = Pre-immune IgG

4817 = Our rabbit polyclonal a-ALK antibody #1 (rabbit anti-chick)”

4841 = Our rabbit polyclonal a-ALK antibody #2 (rabbit anti-chick)”

DAKO = Mouse monoclonal a-ALK antibody from Dako Cytochemical (mouse anti-human)”*
Zymed = Rabbit polyclonal o-ALK antibody from Zymed Laboratories (rabbit anti-human)*”
DRG = Dorsal Root Ganglia

SG = Sympathetic Ganglia

SC = Spinal Cord

MNs = Motor Neurons

* - chick polypeptide sequence, corresponding to a.a. 1386-1509 in human ALK, was recombinantly expressed
in E. coli, purified and used to immunize two different rabbits (#4817 & #4841)

** - human polypeptide sequence, a.a. 1359-1460 from human ALK - possessing ~70% identity and ~85%
homology to chick ALK, was recombinantly expressed and used to immunize mice

**% - human polypeptide sequence, a.a. 1366-1468 from human ALK — possessing ~65% identity and ~83%
homology to chick ALK, was recombinantly expressed and used to immunize rabbits

Since none of the antibodies provided a staining profile that was a definitive match to in situ hybridization
profiling for transcript, in addition to possible recognition by pre-immune IgG, we concluded our results were
too ambiguous to warrant further IHC experiments. Presently, use of these antibodies for IHC staining has been
placed on hold, however, it may be prudent to further investigate use of certain antibodies that appeared to
recognize specific neuron subpopulations more consistently (e.g. 4841 or Zymed pAb for MN staining).
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STATISTICAL DATA
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Statistical Analysis: Student’s t-test (one-tailed) — using StatDisk 10.1.0

Ratio of TUNEL+ Cells in spinal cord - # in Electroporated Half:# in Non-electro. Half

Treatment n Sample mean | Standard dev. | P value for claim:
exp. > control

pMES 3 1.136 0.110

pSilencerAlkl |5 2.31 0.376 0.0011

pSilencerAlk2 |5 3.068 0.345 0.0000

Ratio of TUNEL+ Cells in spinal cord - # in Electroporated Half:# in Non-electro. Half

Treatment n Sample mean Standard dev. P value for claim:
exp. > control

DsRed siRNA | 3 1.0477 0.160

siIALK siRNA | 4 1.36 0.138 0.0196

Ratio of Isl+ CT MNs in spinal cord - # in Electroporated Half:# in Non-electro. Half

Treatment n Sample mean Standard dev. P value for claim:
exp. < control

pMES 2 0.997 0.034

pSilencerAlk2 |3 0.376 0.075 0.0009




