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A NOTE ON NOMENCLATURE

Relevant nomenclature guidelines were taken into account when referring to
genes and gene products throughout this thesis. To unambiguously refer to mouse (Mus
musculus) genes and gene products, and to distinguish these from mammalian
nomenclature, the following conventions were adhered to. Mouse gene names are
italicized and in lower case, whereas gene products are non-italicized and the first letter is
capitalized. Human gene names are italicized and all capitalized, whereas proteins are
non-italicized and all capitalized. In addition, reference may be given to Drosophila genes
and gene products. To differentiate these from mouse and/or human genes and gene
products Drosophila genes are italicized and the protein are non-italicized and in lower

case. Additionally, when referring to both the gene and protein, the protein name is given.

Species Gene (abbreviation) Protein (abbreviation)
Mouse Sox3 Sox3 or mSox3
Human SOX3 SOX3 or hSOX3
Drosophila s0x3 sox3

With reference to the Sox3 knock-out, transgenic and reporter mice, these will be

referred within this thesis as follows:

Mouse Line Nomenclature within thesis

Sox3-null Sox3-null

Sox3-transgenic

(SOX3IRES-eGFP) Extra-Sox3

Sox3-GFP reporter Green-Sox3

With reference to the novel dwarf mouse line described herein, we have given this
mouse line the name Tukkuburko. The name is the Kaurna Aboriginal word referring to
“small mouse”. The Kaurna Indigenous people are the custodians of the greater Adelaide
region and their cultural and heritage beliefs are still important to the living Kaurna people

today.
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ABSTRACT

Congenital dysfunction of the hypothalamic-pituitary (HP) axis occurs in
approximately one birth per 2,200 and is associated with a broad range of common disease
states including impaired growth (short stature), infertility, hypogonadism poor responses
to stress and slow metabolism (Pescovitz and Eugster, 2004). Although, a number of genes
have been linked to diseases of the HP axis, the genetic cause in many patients remains

unknown.

This thesis examines two aspects of HP axis development and function. The first
aim was to identify Sox3 targets by examining gene expression differences between three
mouse lines: Sox3-null (mice lacking Sox3; loss of function), Extra-Sox3 (mice over-
expressing Sox3; gain of function) and wild-type, by genome wide profiling using the
[Mlumina BeadChip microarray platform. The second aim was to characterize the
downstream effects relative to HP development in a novel recessive dwarf mouse model
with pituitary hypoplasia and growth hormone (GH) deficiency, generated by N-ethyl-N-
nitrosourea (ENU) mutagenesis that produces a point mutation in the gene for the enzyme

tryptophanyl-tRNA synthetase (WARS).

The first project (project 1) examined Sox3, the causative gene associated with X-
linked hypopituitarism (XH), in wild-type and transgenic mice. SOX3 is a member of the
SOX (SRY-related HMG box) gene family of transcription factors that is expressed in
progenitor cells of the mouse embryonic central nervous system (CNS) including the
developing and postnatal hypothalamus (Rizzoti et al., 2004). It is the only member of the
SOXB1 subfamily positioned on the X chromosome (Collignon et al., 1996; Stevanovic,
2003). Appropriate dose- and time-dependent expression of Sox3 in the developing
hypothalamus is required for normal neuroendocrine function, particularly related to
growth and growth hormone (GH). Changes associated with a loss-of-function and/or
gain-of-function of Sox3 may contribute to a better understanding of other important
genes, currently not known, involved in XH and/or X-linked mental retardation. At this
point, however, the mechanisms linking SOX3 to its direct targets and their interplay
within other downstream signaling cascades regulating HP axis development remain
unknown. In order to identify Sox3-dependent genes, in mice, I performed microarray
analysis of RNA extracted from embryonic mouse heads at 10.5 days post coitum (dpc) and
compared RNA from wild-type, loss-of-function (Sox3-null) and gain-of-function (Extra-
Sox3) mice. Several emergent candidate genes were further tested by quantitative mRNA

expression analysis (QPCR). One of these was Neurogenin-3 (Ngn3), which showed a 2.5-

xiv



fold decrease (P<0.001) in expression by microarray in Sox3-null (n=6), compared with
wild-type (WT; n=6) mice and 1.8-fold decrease (P<0.001) by qPCR between Sox3-null
(n=6) and WT (n=6) mice. To evaluate the relationship between Ngn3 and Sox3 at a cellular
level immunohistochemistry was performed on 10.5 dpc and 12.5 dpc brains. In WT mice
at 10.5 dpc and 12.5 dpc Ngn3 and Sox3 expression overlapped in a subset of cells across
the ventral-midline of the developing hypothalamus. In addition and in contrast to WT
mice, in Sox3-null mice, there were few Ngn3 positive cells, localized to the arcuate
hypothalamic nucleus. Neurogenin-3 (Ngn3) is a member of the Neurogenin gene family of
proneural basic helix-loop-helix proteins. Although previous data show the importance of
Ngn3 during pancreatic development, there is no information on the mechanisms and
actions of Ngn3 or a relationship between NGN3 action and SOX3 during hypothalamic
development. These results suggest Ngn3 is a downstream target of Sox3 that is

contributing to appropriate development of the hypothalamic-pituitary axis.

The second study (project 2) aimed to characterize and further examine a novel
recessive ENU mouse mutant, called Tukku?, exhibiting HP axis dysfunction resulting in
dwarfism, pituitary hypoplasia and GH deficiency. Adult Tukku mice are 30-40% smaller
than their WT littermates. The primary focus was to characterize the dwarfism phenotype
in relation to the somatotropic axis and to identify the causative gene. The mutation was
identified as a leucine to proline substitution in tryptophanyl-tRNA synthetase (WARS), a
member of the aminoacyl-tRNA synthetase (AARS) enzyme family that link amino acids to
their specific tRNAs. For proper function of this enzyme the specific recognition of
substrates is critical for the fidelity of protein synthesis. The Wars mutation is contained
within the N-terminal WHEP domain, from residue 16-69, and likely causes the disruption
of the alpha helical structure. The N-terminal WHEP domain has only been found in
eukaryote Wars enzyme. Importantly, AARS have been linked to regulating the
noncanonical activity of angiogenesis (Otani et al., 2002; Wakasugi, 2010; Wakasugi and
Schimmel, 1999; Wakasugi et al., 2002b). Along with pituitary hypoplasia, Tukku mice
show a significant reduction in pituitary GH and serum levels of IGF-1, suggesting the
defect leading to pituitary hypoplasia involves brain regions implicated in growth of the
anterior pituitary. The reduction in pituitary GH levels may also involve delivery of GH-
releasing hormone (GHRH) to GH-secreting cells since preliminary data also indicate that
WARS is expressed within blood vessels of the pituitary and hypothalamus. To assess this,
quantitative mRNA expression analysis (QPCR) of GHRH and somatostatin (Sst) was

1 Tukku, meaning ‘small’ in Kaurna Aboriginal language.
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performed. qPCR revealed a decrease in both GHRH and Sst (fold change >2) indicating
that the defect is likely to be within the hypothalamic hypophysial vasculature that extends
and makes a connection with the pituitary. To evaluate the relationship between Wars and
pituitary vasculature, immunohistochemistry was performed on pituitaries at 8-weeks
postnatal. Pituitary sections were co-stained with antibodies against platelet endothelial
cell adhesion molecule (PECAM) + Wars or vascular-endothelial cadherin (VE-Cadherin;
an endothelial specific, transmembrane protein, which clusters at adheren junctions where
it promotes homotypic cell-cell adhesion) + Wars. Wars immunostaining was expressed
within the endothelial cells of the pituitary vasculature, both in the anterior and posterior
pituitary. Both PECAM and Wars appeared co-expressed within the vascular wall. VE-

Cadherin was expressed in vessels together with Wars.

Overall, the data gathered from these projects highlight important insights into
the identification of Ngn3 as a likely Sox3 target gene (project 1) and have identified a novel
dwarf mouse model with a genetic determinant of HP axis function (project 2). These
results have application to the study of HP axis development, to the study of vascular
development during embryology and postnatally, and to possible avenues of genetic

screen testing and development of new treatments related to GH deficiencies.
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1 Introduction

I. MOLECULAR GENETICS OF THE HYPOTHALAMIC-PITUITARY

AXIS

The developmental programs that guide the formation of the mammalian
endocrine and neuroendocrine organs involve complex regulatory networks, resulting in
highly specialized cells capable of secreting a diverse set of peptide hormones. Cell-specific
peptide hormone expression has proven to be an essential molecular tool in delineating
temporal as well as spatial gene regulatory pathways that govern the development of the

hypothalamic-pituitary (HP) axis.

This chapter focuses on providing an introduction to the molecular regulation of
mammalian pituitary and hypothalamic development and function. Specifically, focusing
on the importance of the transcription factors Sox3 during HP axis development,
hypothalamic control of growth hormone secretion and angiogenesis. It is important to
note that, although the development of the hypothalamus and pituitary is a highly
interdependent process, the pituitary develops in tandem with the specific hypothalamic

nuclei that ultimately regulate homeostatic responses in the mature organism.

A. Vertebrate Hypothalamic Development

The following sections provide a brief overview of the structure, function and the

development of the hypothalamus and formed the introduction of a published review
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1. Introduction

article (Szarek et al., 2010); a copy of the review article may be found in the Publications

section of this thesis.

1. Structure and function of the hypothalamus

The vertebrate hypothalamus is located ventral to the thalamus and dorsal to the
pituitary gland at the mediobasal region of the central nervous system (CNS). It extends
from the optic chiasm (located anteriorly) to the mammillary body (located posteriorly)
and is organized into four distinct rostral-to-caudal regions: preoptic, anterior, tuberal, and
mammillary. It is also divided into three medial-to-lateral areas: periventricular, medial
and lateral. The periventricular hypothalamus contains four distinct cell clusters: the
paraventricular nucleus (PVN), arcuate nucleus (ARC), suprachiasmatic nucleus (SCN),
and the periventricular nucleus (PeVN; Figure 1-1, p.25). The medial hypothalamic zone is
comprised of the medial preoptic nucleus, the anterior hypothalamus (AH), the
dorsomedial nucleus, the ventromedial nucleus (VMN) and the mammillary nuclei. The
lateral hypothalamus consists of the preoptic area (POA) and hypothalamic area.
Throughout the hypothalamus are hypothalamic neurosecretory cells divided into two
populations: the parvicellular and magnocellular neurosecretory systems. The former
consists of neurons controlling the release of specific anterior pituitary neurohormones into
the hypophysial system: thyrotropin-releasing hormone (TRH; located within the medial
part of the medial parvicellular subdivision of the PVN), corticotropin-releasing hormone
(CRH; located within the lateral part of the medial parvicellular subdivision of the PVN),
growth hormone-releasing hormone (GHRH; located within the lateral part of the ARC),
somatostatin (Sst; located within the PeVN), gonadotropin-releasing hormone (GnRH;
located within the medial POA), dopamine (DA; located within the medial part of the ARC
and detected by the enzymatic activity of tyrosine hydroxylase (TH)) and, the recently
discovered gonadotropin-inhibiting hormone (GnIH; located within the dorsomedial
nuclei in rodents; Figure 1-1, p.25). The magnocellular neurosecretory system consists of
neuronal cells secreting the hormones, vasopressin (AVP) and oxytocin (OT) from axons
that project directly into the posterior pituitary (neurohypophysis) and release the peptides
systemically in response to various homeostatic cues (osmotic, cardiovascular and
reproductive). For in-depth information and discussion on the magnocellular

neurosecretory system please refer to (Caqueret et al., 2006).
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Hypothalamus
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Figure 1-1 Illustration of the organization of the hypothalamic nuclei in the mouse brain

Lateral view of the organization of the hypothalamic nuclei. The hypothalamus is organized into distinct zones
containing tight clusters of cell bodies. B. Representation of the neuroendocrine hypophysiotropic factors and
their neuronal projections through the median eminence (ME) and into the adenohypophysis (anterior
pituitary). PVN: paraventricular nucleus; POA: preoptic area; AH: anterior hypothalamus; SCN: supra-
chiasmatic nucleus; SON: supra-optic nucleus; DMN: dorsal-medial nucleus; VMN: Ventro-medial nucleus;
ARC: arcuate nucleus. Figure adapted from and appears in (Szarek et al., 2010).

2. Development of the hypothalamus

The hypothalamus develops from the ventral region of the diencephalon (Figdor
and Stern, 1993) and, in the mouse, its primordium is morphologically evident from
approximately 9.5 days post coitum (dpc; where 0.5 dpc is defined as noon of the day on
which a copulation plug is present). Developmental studies performed in mice, chick and
zebrafish indicate that sonic hedgehog (SHH) signaling plays an important role in the
induction and early patterning of the hypothalamus (Manning et al., 2006; Mathieu et al.,
2002; Szabo et al., 2009). Secretion of SHH from the murine axial mesendoderm, from 7.5
dpc, is essential for correct patterning of the anterior midline neuroaxis. In humans as well
as in mice, mutations in the SHH/Shh gene (and several other components of this
pathway) exhibit holoprosencephaly due to a failure of hypothalamic anlagen induction
and optic field separation (Chiang et al., 1996; Schell-Apacik et al., 2003). Increased SHH
activity leads to ectopic expression of hypothalamic markers in zebrafish, suggesting that

SHH signaling has an instructive, rather than a permissive, role in shaping the
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1. Introduction

hypothalamus (Barth and Wilson, 1995; Hauptmann and Gerster, 1996; Rohr et al., 2001).
Studies in chick embryos have shown that once the hypothalamic primordium is
established, down-regulation of Shh is critical for the progression of ventral cells into
proliferating hypothalamic progenitors, at least within the ventral tubero-mammillary
(Manning et al., 2006). In addition, Shh down-regulation is mediated, to some extent, by
local production of Bone Morphogenetic Proteins (BMPs), which belong to the
transforming growth factor-beta (TGFp) super-family of signaling proteins (Manning et al.,
2006). This antagonism between SHH (ventral gradient morphogen) and BMP (dorsal
gradient morphogen) in the hypothalamus is reminiscent of their opposing actions in
dorsal-ventral patterning of the neural tube. However, this incorporates a temporal aspect
(SHH early - BMP late) that appears necessary for establishing region-specific
transcriptional profiles (Ohyama et al., 2008; Patten and Placzek, 2002). Although axial
secretion of another member of the TGFB super-family, NODAL, is also necessary for
hypothalamic induction, the early lethality of Nodal mutants has precluded detailed
assessment of its role in hypothalamic development in mice (Brennan et al., 2001; Conlon et
al., 1994; Varlet et al., 1997). Genetic studies in zebrafish have shown that the Wnt signaling
pathway is required for specification of the hypothalamic anlagen, its regionalization and
neurogenesis (Kapsimali et al., 2004; Lee et al., 2006). Together, these studies have shown
that hypothalamic induction and pattern formation depends on the activities of major
protein signaling pathways involved in patterning, regional identity and cell fate

determination.

For an in-depth and comprehensive review of the development of the
hypothalamus and the important signaling and transcription factors please refer to the

review located in the Publications section of this thesis (Szarek et al., 2010).

B. Vertebrate Pituitary Development

The pituitary gland (or hypophysis) is a central endocrine organ that regulates
basic physiological functions, including growth, stress response, reproduction, metabolic
homeostasis, and lactation. Distinct hormone-producing cells located within the anterior
pituitary (or adenohypophysis) arise by extrinsic and intrinsic mechanisms from a common
ectodermal primordium during development. Pituitary gland development has been
studied extensively in the mouse. Although relatively little is known about human
pituitary development, it seems that it mirrors that in rodents (Sheng et al., 1997). The
purpose of this section is to provide an introduction to the integrated signaling and
transcriptional events that affect precursor proliferation, cell lineage commitment, terminal

differentiation and physiological regulation by hypothalamic tropic and pituitary factors.
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1. Introduction
1. Structure and function of the pituitary

The pituitary gland, located beneath the hypothalamus in the sella turcica, is
composed of two anatomically and functionally distinct entities: (1) the adenohypophysis,
derived from the oral ectoderm, and consists of the anterior lobe (or pars distalis), the
intermediate lobe (or pars intermedia), and the pars tuberalis, a structure associated with
the pituitary stalk; and (2) the neurohypophysis (or posterior lobe), of neural origin and is
embryologically and anatomically continuous with the hypothalamus, consists of the
posterior lobe (or pars nervosa) (Figure 1-2 A, p.28). As the primary site of endocrine
action, the anterior pituitary contains at least five distinct cell types characterized by the six
different hormones produced and secreted (Figure 1-2 B, p.28). Corticotropes, secrete
adrenocorticotropic hormone (ACTH), a proteolytic product of pro-opiomelanocortin
(POMC), which regulates metabolic function and the stress response through stimulation
of glucocorticoid synthesis by inducing adrenal gland growth and activity. Thyrotropes,
secrete thyroid-stimulating hormone (TSH) which regulate metabolism. Somatotropes,
secrete growth hormone (GH) which regulate growth. Lactotropes, secrete prolactin (PRL)
which regulate lactation. Gonadotropes secrete luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) which regulate sexual development and function. Intermediate
lobe melanotropes, release a-melanocyte-stimulating hormone (aMSH), a product of the
POMC gene. The adult human pituitary cell population, as determined by
immunohistochemical techniques, consists of 50% of somatotropes, 10-25% lactotropes, 15-
20% corticotropes, 10-15% gonadotropes, and 3-5% thyrotropes (Table 1-1, p.30) (Nussey
and Whitehead, 2001). The anterior and intermediate lobes of the pituitary also contain
non-hormone-secreting glial-like folliculostellate cells that act as functional units of a
dynamically active cell network wiring the entire pituitary gland (Fauquier et al., 2002). In
humans, the intermediate lobe is rudimentary and greatly reduced in structure and
function. Both GH and PRL are composed of a single polypeptide, whereas TSH, LH and
FSH are heterodimeric glycoprotein hormones, composed of a common a-subunit (aGSU)
and distinct hormone-specific f-subunit (TSHB, LHP, FSHf) that confers specificity and
bioactivity. The production and secretion of these respective hormones is under the control
of hypothalamic stimuli. A vascular link, consisting of long portal vessels, allows for
efficient transport of hypothalamic neurosecretory hormones from the median eminence
(located at the base of the hypothalamus) to the anterior/intermediate pituitary gland. In
contrast, the posterior lobe does not contain endocrine cells, but axons of the magnocellular
neurons, from the hypothalamus project directly here and approximately 100,000 axons
form the hypophysial nerve tract (Nussey and Whitehead, 2001). These axons release (in

response to electrical excitation) two major peptide hormones, AVP and OT. AVP and OT
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regulate blood volume homeostasis and reproductive function, respectively. Surrounding
the nerve terminals are modified astrocyte cells known as pituicytes, that appear to have an

important role in the local control of hormone release (Nussey and Whitehead, 2001).

Figure 1-2 Schematic representation of the structure of the pituitary

(A) The normal pituitary is bean-shaped and has multiple components. (1) The neurohypophysis (posterior
lobe) is an extension of the hypothalamus that descends into the sella turcica (saddle-shaped depression in the
sphenoid bone at the base of the skull). Nerve terminals located here secrete hormones that are produced in the
cell bodies of hypothalamic ganglion cells of the infundibulum and are supported by pituicytes (glial cells). (2)
The adenohypophysis (anterior pituitary), derived from the oral ectoderm and ascends as Rathke's pouch
during development, is composed of hormone-secreting epithelial cells, known as adenohypophysial cells.
These cells lose contact with the oral ectoderm where the bone of the sella forms; this region is known as the
anterior lobe (pars distalis). (3) The intermediate lobe (pars intermedia) is composed of epithelial cells from the
posterior limb of Rathke's pouch and is well developed in most mammals, but only rudimentary in humans.
The cell population here is melanotropes. (4) The pars tuberalis, a small rim of the adenohypophysis around the
pituitary stalk, contains mostly gonadotropes. (B) The adenohypophysis is composed of six cell types each
making hormones supported in acini by folliculostellate cells. Corticotropes (blue) make adrenocorticotropin
(also known as adrenal corticotropic hormone (ACTH)), which stimulates the production of glucocorticoid by
the adrenal cortex of the adrenal gland (located on top of the kidney). Somatotropes (orange) synthesize growth
hormone (GH), which regulates bone and muscle growth and helps maintain lean body mass in adults.
Lactotropes (red) produce prolactin (PRL), which acts to inhibit gonadal function and stimulates the production
of breast milk during and after pregnancy. Mammosomatotrope (not shown), bihormonal cells that synthesize
GH and PRL, represent a fluid cell population that differentiates into somatotropes and into lactotropes during
growth phases and pregnancy, respectively. Thyrotropes (yellow) synthesize thyrotropin (or thyroid-
stimulating hormone (TSH)), which stimulates production of thyroid hormone from the thyroid gland.
Gonadotropes (light pink) produce follicle-stimulating hormone (FSH) and luteinizing hormone (LH), which
regulate germ-cell development and sex steroid hormone production in the gonads (ovary in the female; testis
in the male).
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1. Introduction

Table 1-1 Hormone secretions of the anterior lobe of the pituitary gland and their control

TSH, thyroid stimulating hormone; ACTH, adrenocorticotropin hormone; LH, luteinizing hormone; FSH,
follicle stimulating hormone; GH, growth hormone. 1Basophils - stain with basic dyes; 2Acidophils - stain with
acidic dyes; (+), stimulatory; (-), inhibitory. Adapted from (Nussey and Whitehead, 2001)

Pituitary Cell ~Hormone % Pituitary Hypothalamic Predominant hypothalamic nucleus of
type cell hormone synthesis
population

Thyrotropel! TSH 3-5% TRH (+) Paraventricular, anterior periventricular
Somatostatin (-)

Corticotropel ~ ACTH 15-20% CRH (+) Paraventricular, supraoptic

Gonadotrope! LHFSH 10-15% GnRH (+) Arcuate

Somatotrope2 ~ GH 40-50% GHRH (+) Arcuate, anterior periventricular
Somatostatin (-)

Lactotrope? Prolactin  10-25% Dopamine (-) Arcuate, paraventricular, unknown
TRH (+)

2. Development of the pituitary

The development of the pituitary gland, a composite organ of dual origin in
vertebrates, is a complex process involving the coordinated spatial and temporal
expression of transcription factors and signaling molecules. Given the fact that all distinct
hormone-producing pituitary cells arise from a common ectodermal primordium, the
patterning, architecture and plasticity is remarkable. During organogenesis the
anterior/intermediate and posterior lobes have distinct embryologic origins. However, in
the mature organ these structures are fused together despite performing different functions
independently of each other. The posterior lobe, of neuroectoderm origin, originates from
the base of the diencephalon as an extension of the infundibulum (Figure 1-3, p.32)
(Kaufman, 1992). The anterior and intermediate lobes arise from an invagination of the roof
of the primitive oral cavity known as Rathke’s pouch (Kaufman, 1992). In humans,
Rathke’s pouch is observed as a distinct structure by the fourth week of gestation
(approximately embryonic day (E) 9 and E11 in mouse and rat development, respectively)
(Dubois et al., 1997; Dubois and Elamraoui, 1995; Ikeda et al., 1988). Through intense
differentiation and proliferation (refer to Section 11.B.3 Early patterning of the pituitary,
p.31), Rathke’s pouch gives rise to the anterior pituitary and the five phenotypically
distinct pituitary cells (Asa et al., 1988). Experiments examining the fate mapping of the
origin of the anterior pituitary cells in mice have demonstrated that the hypophysial or
pituitary placode, one of the six cranial placodes that develops transiently as localized
ectodermal thickenings in the prospective head of the developing embryo, appears at 8.0

dpc. The pituitary placode is located ventrally in the midline of the anterior neural ridge
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and is continuous with the future hypothalamo-infundibular region, located posteriorly in
the rostral region of the neural plate. By 8.5 dpc the neural tube has curved at the cephalic
end and the placode appears as a thickening of the roof of the primitive oral cavity. From
9.0 dpc the placode invaginates dorsally to form a rudimentary Rathke’s pouch, from
which the anterior and intermediate lobes of the pituitary are derived. Development of
Rathke’s pouch begins with the formation of the ‘rudimentary” pouch (Figure 1-3 A and B,
p.32). The rudimentary pouch moves in the caudal direction where it becomes encased by
proliferating mesodermal tissue, thus providing a clear separation of the “definitive” pouch
from the oral membrane (Figure 1-3 C). The definitive pouch pinches off from the
stomodeum at 10.5 dpc. In humans this occurs at seven weeks gestation whereby at 13
weeks gestation the pituitary is morphologically distinct (Ikeda et al., 1988). The
evagination of the neural ectoderm at the base of the developing diencephalon will give
rise to the posterior pituitary. The dorsal side of Rathke’s pouch becomes the intermediate
lobe, whereas the anterior lobe results from the proliferation and differentiation of cells
located on the ventral side (Figure 1-3 D). Between 10.5-12.0 dpc the pouch epithelium
continues to proliferate as it closes and separates from the underlying oral ectoderm at 12.5
dpc. Subsequently, the progenitors of the hormone-secreting cell types proliferate ventrally
from the pouch between 12.5-15.5 dpc to populate what will form the anterior pituitary
lobe. The remnants of the dorsal portion of the pouch will form the intermediate lobe,
whilst the lumen of the pouch remains as the pituitary cleft, separating the intermediate
from the anterior lobe (Rizzoti and Lovell-Badge, 2005; Scully and Rosenfeld, 2002). Within
the developing anterior pituitary, gonadotropes form in the ventral region, thyrotropes
within the central region, whereas somatotropes and lactotropes, both derived from a
common precursor, are found populating the dorsal region (Dasen and Rosenfeld, 1999;
Kioussi et al., 1999). Corticotropes, located on the dorsal anterior lobe side, are also found
loosely scattered within the anterior lobe rostral tip (Dasen et al., 1999; Kioussi et al., 1999).
In mice, an early and transient thyrotrope population is located in the rostral region of the
developing anterior lobe (Lin et al., 1994). The order in which differentiating anterior
pituitary cell types arise during pituitary organogenesis is similar in most mammals

(Dasen and Rosenfeld, 2001; Lin et al., 1994; Rhodes et al., 1994).

3. Early patterning of the pituitary

A brief summary of the signaling molecules and transcription factors implicated in
mammalian pituitary development and their interactions in orchestrating the
differentiation of Rathke’s pouch into various cell types of the anterior and intermediate

pituitary lobes follows. The ontogeny of signaling molecules and selected transcriptional
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factors during mouse pituitary organogenesis are shown in Figure 1-4 (p.35). The signaling
pathways and transcription factors critical for pituitary and hypothalamic development
and function are listed in Table 1-2 (p.36). For an extensive review on the early steps in
pituitary development please refer to the excellent review by Sheng and Westphal (Sheng
and Westphal, 1999) and Zhu et al (Zhu et al., 2007b).

Oral ectoderm Rudimentary pouch Pituitary gland
Rat 85 11 19-5
Mouse 8-0-8-5 95 17
Embryonic

days

Figure 1-3 Schematic representation of the stages of pituitary development in rat and mice

Midsagittal or parasagittal section drawings of the rat embryos illustrating pituitary development. The
corresponding stages in mouse and rat development are indicated. (A) The growth of the preinfundibular
portion of the neural plate and the establishment of the presumptive Rathke’s pouch area. (B) The formation of
a rudimentary pouch. Note the absence of mesoderm between the pouch and the floor of the diencephalon. (C)
The formation of a definitive pouch and the posterior lobe. Note the invasion of neural crest and mesenchymal
tissue, and the separation of the brain and oral cavities. (D) A nascent pituitary gland. Abbreviations: I,
infundibulum; NP, neural plate; N, notochord; PP, pituitary placode; OM, oral membrane; H, heart; F,
forebrain; MB, midbrain; HB, hindbrain; RP, Rathke's pouch; AN, anterior neural pore; O, oral cavity; PL,
posterior lobe; OC, optic chiasm; P, pontine flexure; PO, pons; IL, intermediate lobe; AL, anterior lobe; DI,
diencephalon; SC, sphenoid cartilage. Adapted from (Schwind, 1928; Sheng and Westphal, 1999).

a. Signaling molecules

The patterning of the anterior pituitary primordium is directed by complex signals
emanating both from the ventral diencephalon/infundibulum and from Rathke's pouch.
The essential signals for Rathke's pouch development and for the timely and spatially
organized process of pituitary cell type appearance are the same factors involved in
patterning many other organs, namely, members of the growth factor/morphogens
including Shh, FGF, BMP, Notch, and the Wnt families (Dasen and Rosenfeld, 1999). The
role of epidermal growth factor (EGF) signaling in pituitary development, while important
in somatotrope and lactotrope cell lineage development, is much less documented (Zhu et

al., 2007b). Although the expression of the various signaling molecules varies, the essential
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signaling molecules are expressed within the infundibulum, whereas others are located in
the mesenchyme surrounding the pituitary, such as Tgfbi (or Transforming growth factor,
beta-induced) which stimulates vascular endothelial growth factor (VEGF) production by
folliculostellate pituitary cells (Renner et al., 2002) and some in the pouch itself (Brinkmeier
et al., 2009). Thus, the regulation of pituitary development by signaling molecules is

complex.

The maintenance of a balance of signaling pathways is necessary for normal
pituitary growth and morphology. The most critical signaling molecules for pituitary
development are NOGGIN (Davis and Camper, 2007), which is an antagonist of BMP
signaling, transcription factor 7-like 2 (TCF7L2; T-cell specific, HMG-box) (Brinkmeier et
al,, 2003), a protein acting as a transcription factor that influences canonical2 WNT
signaling; and WNT5A, typically acting in the non-canonical pathway (Cha et al., 2004;
Potok et al., 2008). Mutations in any of these signaling molecules can alter the development
of Rathke’s pouch and subsequently affect downstream signals involved in pituitary
development. For example, an excess of BMP signaling in noggin mutant mice is associated
with a reduction in the expression of fibroblast growth factor-10 (Fgf10), alteration in the
SHH signaling domain, and results in Rathke's pouch containing multiple invaginations
(Davis and Camper, 2007). Mice deficient in the Tcf7I2 exhibit expansion of the Fgf10 and
Bmp signaling domains, and exhibit an abnormally large Rathke's pouch and oversized
anterior lobe (Brinkmeier et al., 2007). Additionally, mice deficient in Wnt5a show
expanded Fgf and Bmp signaling domains, with a dysmorphic Rathke’s pouch but not
markedly oversized (Potok et al., 2008). These examples highlight the disruption that can
occur to one signaling pathway and signify the pleiotropic effects on other signaling

pathways. This is a common theme of pituitary development.

Signaling molecules play an important role in the influence of spatial patterns of
pituitary transcription factor expression, which subsequently leads to the emergence of the
specialized hormone-producing pituitary cells. There is compelling evidence suggesting
that alterations in signaling pathways affects the morphology and size of the organ more so
than cell specification (Brinkmeier et al., 2007; Cha et al., 2004; Davis and Camper, 2007).
For example, mouse mutants of noggin, Wntba, and Tcf7I2 are each able to generate the 5
major hormone-producing cells of the anterior lobe despite variations in size and shape of
the organ. The effects of various genetic lesions on pituitary growth and shape has been

reviewed by (Rizzoti and Lovell-Badge, 2005).

2 In general the term canonical conform to orthodox or recognized rules whereas non-canonical does not
behave according to the rules.
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The development of the hypothalamus and pituitary is a highly independent
process. However, signaling events between them generate transcriptional cascades that

provide distinct hormone-secreting profiles of differentiated pituitary cell types.

b. Transcription factors

Numerous transcription factors play important roles during pituitary
development and hormone production. Early-acting genes are not pituitary specific, and
mutations in these genes cause defects in craniofacial development or other structures. For
example, some of the homeobox genes have overlapping functions and multiple roles
during ontogeny and include Pitx1 and Pitx2, Lhx3 and Lhx4 (Charles et al., 2005; Ellsworth
et al., 2008; Gage et al., 1999; Sheng et al., 1997). Mutations in some of these genes result in
apoptosis and/or reduced cell proliferation, ultimately resulting in pituitary hypoplasia
(Charles et al., 2008; Charles et al., 2005; Suh et al., 2002). Furthermore, genes downstream
of some of the above-mentioned genes, such as Nr5al, Pitx2, and Gata2 (all downstream of
Pitx2) are able to result in tissue-specific disruption in mice (Zhao et al.,, 2001a, b).
Specifically, GATA2, which is expressed in the pituitary during development and in adult
gonadotropes and thyrotropes, plays an important role during gonadotrope and
thyrotrope cell fate and TSH production (Charles et al., 2006). Mice with a pituitary-specific
knockout of Gata2 have reduced secretion of gonadotropins basally and compromised

thyrotrope function (Charles et al., 2006).

Homeodomain transcription factors are another important class that play critical
roles during pituitary development. Specifically, Prophet of Pit1 (or Propl) and Poulf1 (also
known as Pitl) are examples. Propl is important for thyrotrope, somatotrope, lactotrope
and gonadotrope development. Whereas, PoulfI is required for thyrotrope, somatotrope,
and lactotrope development. Mutations in the human ortholog of Propl are the most
common known causes of multiple pituitary hormone deficiency in humans (Cogan et al.,
1998; Kelberman and Dattani, 2009; Mody et al., 2002; Wu et al., 1998). In mice, mutations
of Propl and Poulfl show dramatic differences on fetal and neonatal pituitary
development. Propl mutants have poor pituitary vascularization and dysmorphology
likely resulting, in part, from the failure of progenitors to migrate away from the
proliferative zone and undergo differentiation (Ward et al., 2005). Propl is required for
normal N-Cadherin (Cdh2) expression, and changes in expression have been typically
associated with epithelial to mesenchymal transition. Thus, the defect seen in Propl
mutants may result from failure to undergo epithelial to mesenchymal transition (Kikuchi

et al., 2006; Kikuchi et al., 2007). On the contrary, mutations in mouse Pou1fI do not reveal
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any obvious defects in pituitary vascularization or morphology, although the gland in

hypoplastic.
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Figure 1-4 Ontogeny of signaling molecules and selected transcriptional factors during mouse
pituitary organogenesis

The most anterior neural ridge gives rise to primordium of the anterior and intermediate lobes of the pituitary.
The adjacent neural plate develops into endocrine hypothalamus and the posterior lobe of the pituitary gland.
Ventral diencephalon, which expresses BMP4, FGF8/10/18, and Wnt5, makes direct contact with oral ectoderm
and induces the formation of Rathke's pouch. Shh is expressed throughout the oral ectoderm except in the
Rathke's pouch, creating a boundary between two ectodermal domains of Shh-expressing and -non-expressing
cells. The opposing dorsal BMP4/FGF and ventral BMP2/Shh gradients convey proliferative and positional
cues by regulating combinatorial patterns of transcription factor gene expression. Pit1 is induced at €13.5 in the
caudomedial region of the pituitary gland, which ultimately gives rise to somatotropes (S), lactotropes (L), and
thyrotropes (T). Rostral tip thyrotropes (Tr) are Pitl independent. Corticotropes (C) and gonadotropes (G) are
differentiated in the most ventral part of the gland. The dorsal region of the Rathke's pouch becomes the
intermediate lobe, containing melanotropes (M). The infundibulum grows downward and eventually becomes
the posterior lobe (P). A number of transcription factors and cofactors regulating the lineage commitment and
terminal differentiation of distinct cell types are illustrated in a genetic pathway. Adapted from (Scully and
Rosenfeld, 2002; Zhu et al., 2007a).
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Table 1-2 Signal pathways and transcription factors critical for pituitary and hypothalamic
development and function

Hyp, hypothalamus; VD, ventral diencephalon; RP, Rathke's pouch; Tg, transgenic; KO, knockout; DKO,
double knockout. Adapted from (Zhu et al., 2007a). For references to the individual genes please refer to (Zhu
et al., 2007a).

NOTE:
This table is included on pages 36-37 of the print copy
of the thesis held in the University of Adelaide Library.
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C. The Hypothalamo-Pituitary Axis

1.  Anatomical and functional connections

The pituitary gland (composed of the anterior and posterior lobes) is positioned
below the brain in a midline pocket, or fossa, of the sphenoid bone, known as the sella
turcica (Figure 1-5, p.39). The pituitary, whilst located outside the blood-brain barrier,
maintains the anatomical and functional connections with the brain. The posterior lobe is
embryologically and anatomically continuous with the hypothalamus, located in the basal
part of the forebrain surrounding the third ventricle. Anatomically, the vertebrate
hypothalamus is situated directly above the pituitary and consists of two distinct neuronal
populations: the magnocellular and parvocellular neurons (Figure 1-6, p.40). The neuronal
populations were described in Section 11 Molecular Genetics of the Hypothalamic-Pituitary

Axis (p.23).

It is important to note that the HP axis consists of numerous vessels that help to
define the relationship between these two structures. The blood supply of the
hypothalamus and pituitary is discussed in the preceding section (refer to Section 11.C.2

Blood supply of the hypothalamo-pituitary axis, p.38).

2. Blood supply of the hypothalamo-pituitary axis

The blood supply to the HP axis is complex but defines the functional relationship
between the hypothalamus and anterior pituitary. Any interruption to the blood supply
will impair hypothalamic control of anterior pituitary secretions. The hypothalamus
receives its blood supply from the Circle of Willis (a circle of arteries supplying blood to
the brain) whilst the anterior and posterior pituitary lobes receive arterial blood from the
inferior and superior hypophysial arteries, respectively (Figure 1-7, p.41 and in Appendices
Figure A 1, p.230). The capillary plexus of the inferior hypophysial artery drains into the
dural sinus although some of these capillaries in the neural stalk form “short” portal veins
that drain into the anterior pituitary gland (Nussey and Whitehead, 2001). This constitutes
only a small fraction of the circulation of the anterior lobe, which is one of the most
extensively vascularized mammalian tissues. The major portion of the circulation arises
from the ‘long” portal veins that are formed from the capillary network of the superior
hypophysial arteries; these provide blood to the nerve endings of the neurosecretory cells
in the median eminence. Thus, hypothalamic releasing and inhibiting hormones are
released into these hypophysial portal veins, through which they are transported to the
endocrine cells of the anterior pituitary. It is here that these portal veins form a secondary

capillary network into which anterior pituitary hormones are secreted. The capillaries in
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the hypophysial portal system are fenestrated and thereby improve hormone delivery to
the adenohypophysial cells. The venous channels from the anterior pituitary gland drain
into the cavernous sinuses whereby they turn into the superior and inferior petrosal

sinuses and into the jugular vein (Nussey and Whitehead, 2001).

Choroid plexus of
third ventricle———  Thalamus

Fornix
Corpus callosum
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Pineal
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Nature Reviews | Cancer

Figure 1-5 Anatomical location of the hypothalamus and pituitary in humans

Sagittal section through the midline showing the pituitary gland within the diaphragma sella (a fold that
encases the pituitary), situated immediately posterior to the sphenoid sinus. The pituitary gland is the 'master’
hormonal gland — comprising an anterior and posterior lobel — and is located at the base of the
hypothalamus in the brain. A horizontal cross-section reveals three distinct anatomical areas — the central
mucoid wedge and two lateral wings — within the anterior pituitary, and each hormone-secreting cell
population is differentially distributed throughout the anterior pituitary. Adapted from (Heaney and Melmed,
2004).
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Figure 1-6 The hypothalamic-pituitary axis

Hormone synthesis and secretion from the pituitary gland are regulated by a series of peptide hormones
released from hypothalamic neurons. The magnocellular neurosecretory system includes neurons in
paraventricular hypothalamus (PVN) and supraoptic nucleus (SON) that synthesize oxytocin (OT) and arginine
vasopressin (AVP) and release them from axonal terminals in the posterior lobe (P). Hormone synthesis and
secretion in the anterior lobe of pituitary (A) are regulated by releasing factors produced by the parvocellular
neurons and released into the portal vascular system. Corticotropin releasing hormone (CRH) and thyrotropin
releasing hormone (TRH) are synthesized by neurons in the PVN. Growth hormone releasing hormone
(GHRH) is synthesized by neurons of the arcuate nucleus (ARN) and the adjacent ventromedial nucleus.

Somatostatin (SS) is mainly synthesized by neurons in anterior periventricular nucleus (aPV). The parvocellular

neurons project to the medial eminence where they release hormones that are transported to the anterior

pituitary by the portal vascular system. Adapted from (Zhu et al., 2007a).
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Figure 1-7 Diagrammatic representation of the blood supply and venous drainage of the
hypothalamo-pituitary axis

(A) The anterior and posterior pituitary lobes receive blood from the inferior and superior hypophysial arteries.
(B) Vasculature connection between the hypothalamus and pituitary. Abbreviations: ACTH,
adrenocorticotropin; TSH, thyroid stimulating hormone; LH, luteinizing hormone, FSH, follicular stimulating
hormone; GH, growth hormone; PRL, prolactin; ADH, antidiuretic hormone; OCT, oxytocin. Figure A adapted
from (Nussey and Whitehead, 2001) and B from (Melmed, 2010).

3. Angiogenesis

The vascular system plays an important role ensuring that a sufficient supply of
nutrients and oxygen is supplied from circulating blood to cells. There are two different
mechanisms of vessel formation (Figure 1-8, p.42): vasculogenesis (or de-novo vessel
formation), which involves differentiation of precursor stem cells to endothelial cells, and
angiogenesis, the formation of new vessels that arise from preexisting capillaries (Risau,
1997). Vasculogenesis results in the formation of a primitive vascular network that
undergoes expansion and remodeling via angiogenesis into a more mature vasculature.
This vasculature comprises of large branching vessels and smaller capillaries. During
embryonic development vessels initially form via vasculogenesis and later via
angiogenesis, whereas new vessels in the adult predominantly arise via angiogenesis. The
regulation of vasculogenesis and angiogenesis involves a delicate balance of pro- and anti-

angiogenic factors (Hanahan and Folkman, 1996).
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NOTE:
This figure is included on page 42 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 1-8 Vasculogenesis and angiogenesis

Vasculogenesis involves the formation of hemangioblastic blood islands and the construction of capillary
networks from them. Angiogenesis involves the formation of new blood vessels by remodeling and building on
older ones. Angiogenesis finishes the circulatory connections begun by vasculogenesis and builds arteries and
veins from the capillaries. In this diagram, the major paracrine factors involved in each step are shown boxed,
and their receptors (on the vessel-forming cells) are shown beneath them. Adapted from (Gilbert, 2000).

Firstly, vasculogenesis occurs with the involvement of three growth factors (as
shown in Figure 1-8). The first important protein is the basic fibroblast growth factor
(bFGF) FGF2. FGF2 is required for the generation of hemangioblasts (a multipotent cell,
common precursor to hematopoietic and endothelial cells) from the splanchnic mesoderm
(Gilbert, 2000). The second significant protein is vascular endothelial growth factor (VEGF).
VEGF enables the differentiation of angioblasts, which are formed from hemangioblasts,
and their multiplication to form endothelial tubes. The role of VEGEF is discussed in greater
detail below (see Section 4 Importance of VEGF and VE-Cadherin, p.43). The third protein
is angiopoietin-1 (Angl) which mediates the interaction between the endothelial cells and
the pericytes—smooth muscle-like cells they recruit to cover them (Gilbert, 2000).
Mutations of either Angl or its receptor, in mice, have resulted in the malformation of
blood vessels and deficiency in the smooth muscles that usually surround them (Davis and
Reed, 1996; Vikkula et al., 1996). Secondly, angiogenesis is also induced by the growth
factors VEGF and bFGF, as well as platelet-derived growth factor (PDGF; which is
necessary for the recruitment of pericyte cells that contribute to the flexibility of the
capillary) (Lindahl et al., 1997), chemokines and others factors (as shown in Figure 1-8,

p-42). VEGF acts on newly formed capillaries and causes loosening and degradation of the
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extracellular matrix at certain points. This region contains exposed endothelial cells that are
able to proliferate and sprout, ultimately forming a new vessel (Figure 1-9, p.44). FGF’s
play an important role whereby they alter the adhesiveness of the extracellular matrix
(ECM) regulating endothelial-cell growth and differentiation during vessel formation. The
loosening of the ECM may also allow capillary fusion that leads to formation of wider
vessels, such as arteries and veins. Finally, the developed capillary network forms and is
stabilized by TGF-B; which strengthens the ECM) and PDGEF. The entire blood vessel
formation process typically lasts several days or weeks and is tightly regulated by a variety
of circulating and sequestered inhibitors that can suppress vascular endothelial

proliferation (Adair et al., 1990) .

4. Importance of VEGF and VE-Cadherin in vascular development

VEGF is an angiogenic factor that plays an important role during blood vessel
formation. A summary of the role and functions of VEGF are shown in Table 1-3 (p.46).
Furthermore, the expression of VEGF and its receptors has been shown to be restricted to
the vasculature during embryogenesis, indicating that these molecules play an important
function during vascular development (Breier et al., 1995). In contrast, in adult tissue the
gene expression of VEGF is quite minimal, except for in the adult kidney, where it is likely
helping to maintain vasculature (Dvorak et al., 1995; Ferrara and Keyt, 1997). The
expression of VEGF can be induced in various cell types such as during tumorigenesis
(Baritaki et al., 2007; Oka et al., 2007; Plate and Risau, 1995; Soufla et al., 2006; Sun et al.,
2005; Waldner et al., 2010) and wound healing (Ferraro et al., 2009; Ferte et al., 2009; Frank
et al., 1995) implicating the VEGF-VEGF receptor gene family in pathological
neovascularization (the formation of new blood vessels, i.e. capillary in-growth and
endothelial proliferation in unusual sites, a finding typical of so-called ‘angiogenic
diseases’, which include angiogenesis in tumor growth, diabetic retinopathy,

hemangiomas, arthritis, psoriasis (Segen, 2006)).
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Figure 1-9 Angiogenesis

(A) Schematic representation of the basement membrane (BM) in blood vessels. In the vasculature, the vascular
BM interacts directly with the pericytes, which are on the outside, and the endothelial cells, which line the
inside of the vessel. (B) Angiogenesis is associated with degradation and reformation of the vascular basement
membrane (VBM). In response to growth factors and matrix metalloproteinases (MMPs), the VMB undergoes
degradative and structural changes. This transition from mature VBM to provisional matrix promotes the
proliferation and migration of vascular endothelial cells. Growth factors, such as vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF) and platelet-derived growth factor (PDGF), are released
from the BM, and are also produced by fibroblasts and immune cells. This induces formation of an
intermediate, and then a new (mature) VBM. Together with the vascular endothelial cells and pericytes, the
VBM mediates formation of a new blood vessel. The degraded VBM during this process has a crucial role in
regulating angiogenesis.
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Table 1-3 Important role and functions of VEGF during blood vessel formation
Information extracted and tabulated from (Carmeliet, 2000b).

NOTE:
This table is included on page 46 of the print copy of
the thesis held in the University of Adelaide Library.

Targeted inactivation of one VEGF allele results in haploinsufficiency and
associated embryonic lethality, at around E9 in mice, due to abnormality in blood vessel
development (Carmeliet et al., 1996). In contrast, conditional inactivation of the VEGF gene
results in postnatal vascular impairment during development and endothelial survival that
leads to an increase in death, stunted body growth, and impaired organ development

(Gerber et al., 1999).

Vascular endothelial-cadherin (VE-Cadherin) belongs to the cadherin family of
major cell adhesion molecules (CAMs) responsible for Ca2+-dependent cell-cell adhesion
in vertebrate tissues (Alberts et al., 2002; Hynes, 1992). VE-Cadherin is the only member of
the cadherin family to be found at endothelial junctions (Lampugnani et al., 1992) and its
interactions are made via its cytoplasmic tail (containing three proteins of the armadillo
family called B-catenin and plakoglobin, which both act to anchor cadherins to the cortical
actin cytoskeleton (Gumbiner, 1996)). VE-Cadherin is activated when VEGF binds to its
cognate receptor (Figure 1-10, p.49). Importantly, VE-Cadherin may play an essential role
in implicating cell differentiation, growth, as well as migration (Dejana, 1996, 1997). In the
mouse, the expression of VE-Cadherin has been localized to hemangioblasts from E7.5
onwards (Breier et al., 1996) and, thereafter, constitutively in all endothelial cells. Mice
lacking a functional VE-Cadherin gene, or containing a mutant VE-Cadherin gene that
lacks the B-catenin-binding cytoplasmic tail, or that does not express detectable VE-

Cadherin levels, did not survive beyond E9.5 due to vascular insufficiency (Carmeliet et al.,
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1999). A closer examination of wild-type and mutant mice has revealed that angioblasts
were able to differentiate into endothelial cells and assemble into primitive vessels in the
embryo and yolk sac, between E8.25-85. Accordingly, these results suggested that
vasculogenesis was able to occur without VE-Cadherin. However, a closer look at E8.5
embryos revealed that certain vessels had few or even no lumen whilst others were dilated.
Interestingly, in mutant embryo yolk sac endothelial cells, channels were seen
disconnecting from their vascular branches. These vascular disconnection defects were
more severe in mutant VE-Cadherin embryos between E8.75-E9.0 (a point when the wild-
type primitive vascular is sprouting via angiogenesis and is remodeled into a vasculature
network). Hence, normal functioning of VE-Cadherin essential for vasculogenesis,
however it does play an important role in angiogenesis (i.e. the expansion, maturation,

branching, and remodeling of vasculature).
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NOTE:
This figure is included on page 48 of the print copy of
the thesis held in the University of Adelaide Library.
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Figure 1-10 The VEGF:VE-Cadherin Pathway

VEGFR-2 associates with VE-Cadherin, and when activated by VEGF, this receptor dimerizes causing the
sequential activation of Vav2, Rac and PAK, through Src. This results in the serine phosphorylation of a
conserved motif in the cytoplasmic tail of VE-Cadherin (SVR 665-667) by PAK, which is likely coordinated with
the tyrosine phosphorylation of the VE-Cadherin-catenin complexes (dashed arrow) by Src. Serine-
phosphorylated VE-Cadherin recruits B-arrestin, which promotes the consequent internalization of VE-
Cadherin into clathrin-coated pits. Interestingly, the SVR motif is adjacent to the p120-binding region, which is
conserved among all classical cadherins, thus raising the possibility that the association/dissociation of p120
with VE-Cadherin may regulate the status of phosphorylation of the SVR motif within the VE-Cadherin ICD
and/or its interaction with p-arrestin. Tyrosine phosphorylation of VE-Cadherin and its associated molecules
may be coordinated with the Src-dependent activation of Vav2 and Rac to regulate the dynamic disassembly
and reassembly of adheren junctions. This process leads to the disassembly of endothelial-cell junctions,
resulting in the enhanced permeability of the blood-vessel wall. Endosomal VE-Cadherin may be recycled to
the cell surface, thus participating in the dynamic reorganization of adherens junctions during vessel
remodeling. Furthermore, transactivation of VEGFR2 causes activation of two signaling cascades that are
important for movement and vascular remodeling: first, activation of Src-family tyrosine kinases, the adaptor
protein CrklII and CAS (Crk-associated substrate); and second, activation of PI3K-Alpha (Phosphatidylinositol
3-Kinase-Alpha), Akt Pathway and eNOS (endothelial Nitric Oxide Synthase), and the formation of NO (Nitric
Oxide). In endothelial cells the predominant VEGFR2 that mediates eNOS phosphorylation is Flk1/KDR (Fetal
Liver Kinase-1/Kinase-insert Domain-containing Receptor) leading to phosphorylation and stimulation of the
PI3K-Akt1-eNOS pathway. VEGF receptor Flk1/KDR localizes to caveolae, while EDG1 receptor exists in both
non-caveolae and caveolae membranes. After stimulation EDGI translocates and concentrates in caveolae.
Upon G-Alphal protein-mediated activation of PLC (Phospholipase-C), intracellular Ca2+ levels increase and
Ca2+ complexes with Calm (Calmodulin). The Ca2+/Calm complex then activates eNOS. Simultaneously,
Ca2+ and Src family kinase-dependent transactivation of Flk1/KDR occurs, which stimulates Src family kinase
and PI3K causing Aktl and eNOS to be phosphorylated and activated. Schematic is a composite from two
figures adapted from (Gavard and Gutkind, 2006) and Qiagen GeneGlobe Pathways
(www.qgiagen.com/ geneglobe/pathwayview.aspx?pathwaylD=199).
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IL. SOX FAMILY OF TRANSCRIPTION FACTORS

A. The SOX Family

The male sex determination gene Sry (sex-determining region of Y chromosome)
was the first Sox (SRY-related HMG box) gene family member identified (Sinclair et al.,
1990). Sox proteins contain a 79-amino acid HMG box domain that is responsible for
sequence-specific DNA binding (Gubbay et al., 1990; Wright et al., 1993). Approximately 30
Sox genes have been identified, including 20 that are present in both the mouse and the
human genome (Kiefer, 2007). Sox proteins have greater than 50% identity with the
founding member Sry and are divided into eight subgroups (A-H) (Table 1-4, p.51 and
Figure 1-12, p.52), based on phylogenetic analysis of HMG box regions. All Sox proteins are
expressed during embryogenesis, and are involved in cellular differentiation, germ layer
formation as well as organ development (Pevny and Lovell-Badge, 1997; Wegner, 1999).
Members within each subgroup show highly restricted tissue specificity, with at least 12
members being expressed in the nervous system (Wegner, 1999). The B group is further
divided into two subgroups: SoxBl proteins (Sox1, 2, 3) containing transcriptional
activation domains and SoxB2 proteins (Sox14, 21) containing repressor domains (Bowles
et al., 2000). SoxB1 subfamily transcription factors are predominantly expressed within the
early developing embryo, developing testis, and nervous system, and are vital for cell fate
determination and cell differentiation during mouse development (Table 1-5, p.54), as
shown by dominant negative and knockout mouse studies (Pevny and Lovell-Badge, 1997;

Wegner, 1999).

B. The SOXB1 Subgroup

Sox1, Sox2 and Sox3 are assigned to the SoxB1 subgroup and share >95% HMG
sequence homology (Figure 1-11, p.52). They are predominantly co-expressed in
proliferating neural progenitors and stem cells of the embryonic CNS and function as
transcriptional activators (Bylund et al., 2003). Members of the SoxB1l subgroup show
considerable overlap in their expression patterns, and appear to be functionally redundant

(Figure 1-12, p.55).
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Table 1-4 SOX family of proteins

1. Introduction

Abbreviations: CNS - central nervous system, ICM - Inner Cell Mass, PNS - Peripheral Nervous system.
(Lefebvre et al., 2007; Pevny and Lovell-Badge, 1997)

Group Gene Chromosome  Expressed domain Functions
A Sry Y Genital ridge and testis Male sex determination
Bl Sox1 3 Embryonic CNS, lens Forebr.am development, ?hrorpatln
architecture, neuron migration
Sox2 ICM, primitive ectoderm, CNS, CNS d.e velopment, neu.ron fate
3 : commitment, embryonic organ
PNS, embryonic gut, endoderm
development
Sox3 . Specify stem cell identity,
X Embryonic CNS, gonads gonadogenesis, CNS development
Neurogenesis - counteracts Sox1-3
B2 Sox14 9 Midbrain, Skeletal muscle activity to promote neuron
differentiation
Neurogenesis - counteracts Sox1-3
Sox21 14 embryonic CNS activity to promote neuron
differentiation
c Sox4 13 Embryonic heart and spinal cord, )
adult pre-B and pre-T cells
Sox11 12 Embryonic CNS, post-mitotic Organ development - lung, stomach,
neurons pancreas, spleen, eye and skeleton
Sox12 2 Fetal Testis -
D Sox5 6 Adult testis Skeletogenesis, ne.zural crest
development, gliogenesis
Sox6 7 Embryonic CNS, adult testis Cardla.C condgcnon, skeletc.)ge?nesm,
gliogenesis, erythropoiesis
Sox13 1 Kidney, Ovary, Pancreas Lymphopoiesis
Cliogenesis, Testis development Cell fate commitment and maturation,
E Sox8 17 & Lo P ! CNS development, formation of
osteogenesis, neural crest
neural crest and upkeep
Sox9 1 Chondrocyte, genital ridge and Male gonad development, cartilage
adult testis, CNS, notochord condensation, apoptosis regulation
Sox10 15 PNS, CNS Neural crest, inner ear formation
F Sox7 14 CNS, heart Cardio genesis
Sox17 1 Endoderm, testis Endoderm formation, angiogenesis
Sox18 Heart, lung, spleen, skeletal . . .
2 muscle, liver and brain of adult Angiogenesis, vasculogenesis
G Sox15 11 Pancreas Skeletal Muscle regeneration
H Sox30 1 Heart, brain, lung, testis, )

mesonephros
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Figure 1-11 SOX family of proteins showing homology relationship

Representative SOX proteins of Groups B-E are shown schematically. Similarity scores of the high-mobility-
group (HMG) domain amino acid sequences relative to that of SOX2, and between the group members, are
indicated. Within each Group, amino acid sequences are highly conserved throughout the length, except
Subgroups Bl and B2 of Group B. Group B is subdivided into Subgroups Bl (activators) and Subgroup B2
(repressors). Between Subgroups Bl and B2, the sequence similarity is found in ‘Group B homology’5domain,
in addition to the HMG domain. Between different Groups, similarity of the amino acid sequence is recognized
only in the HMG domain. Protein sizes are shown in amino acid number, with species of protein origin (c,
chicken; m, mouse). SOX5 and SOX6 are drawn in half scale. Activation and repression domains are shown by
red and blue lines, respectively. PRD-repeat: His-Pro repeat originally found in Drosophila Paired protein; aa,
amino acids. Figure and description obtained from (Kamachi et al., 2000).

52



1. Introduction

Sox1, initially expressed at E8, is confined to neural precursors following neural
induction (Pevny et al., 1998). By E9.5 Sox1 is detected throughout the entire length of
neural tube and by E12.5 expression restricted to the ventricular and sub ventricular zones
as well as the lens (Aubert et al., 2003). In mice, an absence of Sox1 results in a failure of
differentiation in postmitotic neurons and is associated with seizures and lens defects (an

area where Sox1 is uniquely expressed) (Ekonomou et al., 2005; Malas et al., 2003).

Sox2, the earliest transcription factor to be expressed in ectodermal cells, is largely
restricted to the presumptive neuroectoderm following gastrulation. By E9.5 Sox2 is
expressed throughout the brain, neural tube, sensory placodes, branchial arches and gut
endoderm (Wood and Episkopou, 1999; Zappone et al., 2000). By E7.5 the expression of
Sox2 is centered within the anterior neuroectoderm, but not within the posterior ectoderm
(Zappone et al., 2000). By E9.5, Sox2 is expressed in neural stem cells of the developing
neural tube throughout embryogenesis and well into adulthood (Avilion et al., 2003).
Although, Sox2 cells within adulthood are restricted to the ventricular zone (Zappone et
al., 2000). A recent study in mice (Kelberman et al., 2006) showed that heterozygous loss-
of-function of Sox2 results in abnormal anterior pituitary development, in particular a
reduction in GH, LH and TSH (Kelberman et al., 2006). Homozygous deletion of Sox2
results in peri-implantation lethality preventing further studies because it is the only SoxB1

member expressed in the inner cell mass (Kelberman et al., 2006).

Sox3 is expressed in the developing CNS, including the developing and postnatal
hypothalamus (Figure 1-12 B, p.55) (Rizzoti et al., 2004). It is the only member of the SoxB1
subfamily located on the X chromosome (Collignon et al., 1996; Stevanovic et al., 1993).
Loss-of-function studies in mice have shown that Sox3, like Sox2, is required for the
formation of the hypothalamo-pituitary axis (Rizzoti et al., 2004). However, as Sox3 is not
expressed in Rathke’s pouch, the defects in HP axis function in Sox3-null mice appear to
have a hypothalamic origin (Rizzoti et al., 2004). SOX3 has been shown to bind the Sox
Consensus Motif (SOCM) AACAAT, via its HMG box DNA binding domain (Bergstrom et
al., 2000). Furthermore, SOX3 has been implicated as a transcriptional activator by means
of reporter assays whereby increasing Sox3 dosage leads to increased expression of a
luciferase reporter construct containing either the SOCM or Hesx1l proximal promoter,

identified as containing Sox binding regions (Wong et al., 2007; Woods et al., 2005).
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Table 1-5 Expression and biological function of SoxB1 members

Modified and adapted from (Miyagi et al., 2009).

Gene Chromosome  Expression domain

Functions

Embryonic nerve system

Sox1 8 (CNS), lens, urogenital ridge

Lens development (induction and
maintenance of gamma-crystallin gene
expression) (Nishiguchi et al., 1998)

Deletion in KO mice leads to microphthalmia,
cataracts, and spontaneous seizures (Malas et
al., 2003; Nishiguchi et al., 1998)

Inner cell mass, primitive
ectoderm, trophoblast stem
cells, embryonic nerve
system (CNS), lens,
neurogenic regions in adult
brain

Sox2 3

Deletion in KO mice is embryonic lethal at
implantation stage (involved in gene
expression in FGF4 (Ambrosetti et al., 1997;
Ambrosetti et al., 2000), Oct4 (Chew et al.,
2005; Niwa et al., 2005), Nanog (Kuroda et al.,
2005), UTF1 (Nishimoto et al., 1999), together
with Oct-3/4)

Induction of gamma- and delta-crystallin
gene expression (Kamachi et al., 2001;
Kondoh et al., 2004)

Induction of Nestin gene expression in neural
stem/ progenitor cells (Josephson et al., 1998;
Tanaka et al., 2004)

Involved in its own expression in ES cells and
neural stem cells (Miyagi et al., 2006; Miyagi
et al., 2004; Tomioka et al., 2002; Uchikawa et
al., 2003)

Required for maintaining neural stem cell
state and neurogenic potential (Bani-Yaghoub
et al., 2006; Ferri et al., 2004; Miyagi et al.,
2008; Overton et al., 2002; Taranova et al.,
2006)

Epiblast, embryonic CNS,

Sox3 X lens, urogenital ridge

Required for early embryogenesis, gonadal
function, and hypothalamo-pituitary axis
formation (Rizzoti et al., 2004; Weiss et al.,
2003)

Ectopic expression leads to XX male sex
reversal (Sutton et al., 2011)

Candidate gene for human X-linked mental
retardation syndromes (Laumonnier et al.,
2002)
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Figure 1-12 Expression of SoxI, Sox2, and Sox3 in the developing mouse pituitary and central nervous
system

(A) Whole mount in situ hybridization using Sox1, Sox2 and Sox3 antisense riboprobes on mouse embryos
between 8.0 and 9.0 dpc (1-14 somites). Panel i shows 1-3 and 6-somite embryos flattened out and
photographed from the dorsal aspect. Arrowheads demarcate the primitive streak. Panel ii shows detail of gene
expression in the hindbrain. The 8-10 and 12-14 somite embryos were sagittally halved. Small arrows indicate
expression of Sox2 and Sox3 in the ectoderm overlying the second branchial arch; large arrow indicates
expression of Sox3 in the posterior region of the foregut. Key: s, somite; r, rhombomere; I, first branchial arch;
II, second branchial arch. (B) Panel i represents a sagittal section from a mouse embryo 12.0 dpc showing strong
Sox3 expression in the infundibulum, the dorsal aspect of the lateral ventricle (LV), the ventral diencephalon
(VD), and the roof and wall of the midbrain (M). Panel ii represents a sagittal section from a mouse embryo 11.5
days after conception, showing strong expression in the infundibulum and presumptive hypothalamus (Hypo).
No signal was detected in the Rathke’s pouch. Figure A adapted from (Wood and Episkopou, 1999) and B from
(Solomon et al., 2004).
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C. The Role of Sox3 in Hypothalamo-Pituitary Axis Development

1. Sox3 is expressed throughout early embryonic development

During commitment and specification of the forebrain primordium (E7.5-9.5 in the
mouse), Sox3 is expressed throughout the neuroepithelium at high levels (Collignon et al.,
1996, Wood and Episkopou, 1999). Patterning of the telencephalic vesicles by internal and
external signaling centers establishes overlapping zones of transcription factor expression
that ultimately control the emergence of the distinct forebrain derivatives. The progenitors
of the hippocampus, the corpus callosum and the cortical projection neurons reside within
the dorsal telencephalon and begin to differentiate at approximately E11.5. Sox3 expression
in this region is maintained from E11.5 until at least postnatal day (P) 1 and is restricted to
the self-renewing cell population in the ventricular zone. The ventral telencephalon, which
gives rise to the cortical interneurons, also expresses Sox3 in the ventricular zone until at
least E14.5. In the diencephalon, which gives rise to the hypothalamus, thalamus and optic
nerves/retina, Sox3 is expressed at high levels in the infundibular recess, a midline
evagination that is essential for posterior pituitary development as well as in the
developing and postnatal hypothalamus (as shown in Figure 1-12 B, p.55). However, Sox3
is not expressed in Rathke’s pouch (Collignon et al., 1996; Solomon et al., 2004).

2. Sox3 plays an important role during brain development

The role of Sox3 in the developing CNS has been examined in mice with Sox3-null
mutations. Sox3-null mice have been generated using homologous recombination, whereby
the Sox3 open reading frame (ORF) is replaced with the enhanced green fluorescent protein
(eGFP) ORF. Mice lacking functional Sox3 exhibit variable phenotypes consistent with
abnormalities in the HP axis including variable pituitary hormone deficiencies, dwarfism,
and hypogonadism (Table 1-6, p.57) (Rizzoti et al., 2004; Rizzoti and Lovell-Badge, 2007;
Weiss et al, 2003). Additionally, these mice exhibit CNS abnormalities including
dysgenesis of the corpus callosum (Figure 1-13 A, p.58). Importantly, the ventral
diencephalon appears expanded, relative to the normal V-shape seen in wild-type embryos
and there is notable bifurcation and expansion of the dorsal side of Rathke’s pouch (Figure
1-13 B, p.58). The later changes are most obvious from E11.5 through E14.5 (Rizzoti et al.,
2004). Furthermore, the neuroepithelium precursor cells in this presumptive hypothalamic
region have significant reduction in cellular proliferation (Rizzoti et al., 2004). Thus, Sox3
undoubtedly contributes to correct morphogenesis of the hypothalamic primordium and

for HP axis formation and research to date indicates the importance of Sox3 expression
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during the early stages of development. Additionally, mice lacking Sox3 have altered
BMP/FGF8 expression in the ventral diencephalon that plays important roles in
controlling differentiating cell types (Rizzoti et al., 2004).

Table 1-6 Phenotypes of Sox3 transgenic mouse models
Adapted from (Alatzoglou et al., 2008)

NOTE:
This table is included on page 57 of the print copy of
the thesis held in the University of Adelaide Library.

3. Importance of genetic background

The laboratory mouse is one of the primary animal models for understanding the
genetic and molecular basis of human biology and disease (Rosenthal and Brown, 2007). In
the study out-lined in Chapter 3 (Identification of Sox3 Target Genes, p.105 - project 1)
Sox3-null mice were used. The importance of genetic background of Sox3-null mice is well
established (Rizzoti et al., 2004; Rizzoti and Lovell-Badge, 2005, 2007). The Sox3-null mice
in other studies were maintained on the C57/BL6 background, which suppressed the brain
defect and enhanced the spermatogeneis defect. Whereas, the Sox3-null mice in project 1
were maintained on a mixed background, and, although they had lost the dwarfism
phenotype, they presented with abnormal morphogenesis of the hypothalamus, pituitary

and midline CNS structures.
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Figure 1-13 Abnormal morphogenesis of the hypothalamus, pituitary and midline CNS in Sox3-null
mice

Transverse sections of 3-week-old (A) WT (i) and Sox3-null (ii) littermates, showing dysgenesis of the corpus
callosum, and failure of the dorsal hippocampal commissure to cross the midline (arrow). (B) Coronal sections
of E12.5 mouse embryos wild-type (i) and Sox3-null (ii) showing abnormal ventral hypothalamus and
infundibulum (arrow), as well as a bifurcated Rathke’s pouch. Abbreviations: Icf, intercerebral fissure; Cca,
corpus callosum; Dhe, dorsal hippocampal commissure; Rp, Rathke’s pouch. Adapted from (Rizzoti et al,,
2004).

II1. CONSEQUENCES OF MUTATIONS IN TRANSCRIPTION

FACTORS: CONGENITAL HYPOPITUITARISM

Congenital Hypopituitarism (CH) is a clinical syndrome of deficiency in pituitary
hormone production. Congenital defects may result from disorders involving the pituitary
gland or hypothalamus and can result in morbidity, particularly when diagnosis is delayed

(Mehta and Dattani, 2008).

A deficiency in GH is closely associated with CH (Lindsay et al., 1994; Mehta and
Dattani, 2008; Mehta et al., 2009). GH deficiency is often accompanied by deficiencies in
other anterior pituitary hormones or, in severe cases, deficiencies in all anterior pituitary
hormones or panhypopituitarism, often arising during early childhood development
(Alatzoglou and Dattani, 2009). Panhypopituitarism refers to involvement of all pituitary
hormones; however, only one or more pituitary hormones are often involved, resulting in

partial hypopituitarism. Untreated panhypopituitarism can be lethal.
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CH has a significant genetic component that has been described in familial forms
of the disorder. These familial forms often display autosomal recessive, autosomal
dominant as well as X-linked recessive inheritance patterns (Procter et al., 1998; Thomas et
al., 2001). Several genes have been identified involved in autosomal forms of CH, these
include SOX3, SOX2, POU1F1, PROP1, HESX1, T-PIT and LHX3/4 (Table 1-7) (Agarwal et
al., 2000; Kelberman and Dattani, 2006; Kelberman et al., 2006; Metherell et al., 2004; Rizzoti
et al., 2004; Thomas et al., 2001; Thomas et al., 1995). A great majority of these genes were
originally identified in mice as major players in pituitary development and were
consequently associated with CH in humans. Comparatively, examination of the
phenotypes observed in mouse mutants and patients with mutations in orthologous genes
emphasize the conservation in the genetic program controlling mammalian HP
development. This has undoubtedly emphasized the importance of mouse mutagenesis

studies to further enhancing our understanding of CH in humans.

IV. THE GROWTH HORMONE AXIS

A. Growth-Hormone and Growth Hormone-Releasing Factor

GH plays an integral part in post-natal growth, development and contributes to
important metabolic functions. As an anabolic hormone, GH provides widespread actions,
many of which are mediated by insulin-like growth factors (IGFs), insulin growth factor-1
(IGF-1) and -2 (IGF-2), which are synthesized by the liver and in target tissues (Liu et al.,
1993; Zhou et al., 1997). GH exerts its most profound effect on linear growth by stimulating
proliferation of cartilage in the epiphyseal plates of long bones before they fuse.
Furthermore, GH also increases total bone mass and mineral content by increasing the
activity and the number of bone modeling units (Nussey and Whitehead, 2001). GH
increases lean body mass, reduces adiposity by its lipolytic effects, and increases organ size
and function, the latter effect being mediated by IGFs (Figure 1-14, p.61). Normal
concentrations of GH are necessary to maintain normal pancreatic islet function. Thus, in
GH deficiency, insulin secretion declines whilst an excess of GH reduces insulin-dependent
glucose uptake causing a rise in insulin secretion to compensate for the GH-induced

resistance.
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Table 1-7 Transcription factors that affect pituitary function and are associated with autosomal forms
of congenital hypopituitarism
Adapted from (Davis et al., 2010).

Gene DNA binding  Clinical features, Mouse phenotypes
Motif

Syndromic: affecting pituitary development and other head structure

Rieger syndrome: eyes, teeth, umbilical defects

PITX Eggj;i/ bicoid Rarely, isolated GH deficiency, haploinsufficient in humans but not
obvious in mice

oTX2 POU homeo Anophthalmia, microphthalmia, hypopituitarism

LHX3 LIM homeo GH, TSH, PRL, LH, FSH, ACTH, variable including rigid cervical spine,
sensorineural deafness

LHX4 LIM homeo GH, TSH, PRL, LH, FSH, ACTH, cerebellar and skull defects

SO0X2 HMG box Hypogonadotropic hypogonadism, rare isolated GH deficiency

SOX3 HMG box Multiple Pituitary Hormone Deficiency, metal retardation

Variable induced septo-optic dysplasia and severe or mild pituitary
HESX1 Paired homeo hypoplasia or aplasia; GH, TSH, PRL, LH, FSH, ACTH, or Isolated
Growth Hormone Deficiency

GLI2 Kruppel family =~ Holoprosencephaly, cleft lip, central incisor, hypopituitarism

Non-syndromic: affecting pituitary development and other peripheral organs

PROP1 Paired homeo Progressive Hypopituitarism, GH, TSH, PRL, LH, FSH, ACTH
POUIF1 POU homeo GH, TSH, PRL

TPIT T box No human mutations described, mice have delayed growth, puberty
OTX1 POU homeo No human mutations described, mice have delayed growth, puberty

Syndromic: affecting pituitary development and other peripheral organs

Nuclear LH, FSH, 46,XY disorder of sexual development, hypogonadism,

NRSAT receptor premature ovarian failure, adrenal failure

GHRH, a hypothalamic-releasing factor synthesized by neurons in the
hypothalamic arcuate nucleus, stimulates somatotrope proliferation. Axons of GHRH
neurons project to the median eminence and terminate on the capillaries of the pituitary
portal system to stimulate GH release (Lin-Su and Wajnrajch, 2002). Somatotrope
proliferation, and secretion of GH, is initiated by binding GHRH to the GHRH receptor
(GHRHR), triggering a signaling cascade involving cAMP (Figure 1-15, p.62). Interestingly,
during GHRH signaling cAMP does not exert its usual anti-proliferative effects, rather, in
the somatotrope it mediates the proliferative actions of GHRH (Figure 1-16, p.63).
Furthermore, GHRH is also involved in stimulating, although to a lesser extent, protein

kinase C (PKC) (French et al., 1991) and mitogen-activated protein kinase signaling., which
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is at least partially independent of both Protein Kinase A and Protein Kinase C signaling
(Pombo et al., 2000). As a consequence, GHRH is able to activate multiple signaling

mechanisms that are likely to be used to mediate the proliferative effects of GH.

Hypothalamus

Anterior
Pituitary

2

1 Lipolysis — [Gluconeogenesis TAmino acid uptake
* IGFs / IGFBPs

| Free Fatty Acids

| Protein Synthesis

(PR A 1 Blood Glucose

Organ/tissue
size and function

T Linear growth

Figure 1-14 Major actions of growth hormone

GH has direct actions on adipose tissue, liver as well as muscle. However, many of the actions of GH are
mediated by increasing the synthesis and release of insulin-like growth factors (IGFs), which stimulate DNA,
RNA and protein synthesis in various organs and tissues thereby increasing both their size and function. GH
also stimulates the synthesis and release of IGF binding proteins (IGFBPs), and these bind circulating IGFs.
Their binding provides a reservoir of circulating IGFs. Dashed lines indicate the negative feedback resulting
from the action of GH on peripheral tissues.
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NOTE:
This figure is included on page 62 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 1-15 GHRH signaling pathway

Binding of GHRH to its receptor activates the o-subunit of the receptor-associated G-protein complex the (Gso)
of the closely associated G-Protein complex, thus stimulating membrane-bound AC (Adenylyl Cyclase) and
increasing intracellular cAMP (cyclic Adenosine Monophosphate) concentrations. cAMP binds to and activates
the regulatory subunits of PKA (Protein Kinase-A), which in turn release catalytic subunits that translocate to
the nucleus and phosphorylate the transcription factor CREB (cAMP Response Element Binding protein).
Phosphorylated CREB, together with its coactivators, p300 and CBP (CREB Binding Protein) enhances the
transcription of various genes by binding to specific DNA elements within gene promoter regions, referred to
as CREs (cAMP-Response Elements). The genes activated by GHRH and cAMP contain CREs in their promoter
regions. CREB, via direct and indirect mechanisms, stimulates GH production via transcription of the GH gene
as well as increasing transcription of the GHRHR gene as part of a short positive feedback loop. Adapted from
Qiagen GeneGlobe Pathways (www.qiagen.com/ geneglobe/ pathwayview.aspx?pathwayID=199).
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Somatotrope hypoplasia Somatotrope hyperplasia
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Y
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Figure 1-16 Spontaneous and experimental alterations in the GHRH signaling pathway that result in
either somatotrope hypoplasia or hyperplasia

Abbreviations: AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; GHRH, growth hormone-
releasing hormone; GHRHR, GHRH receptor; Gso, a-subunit of the receptor-associated G-protein complex;
gshl, genetic-screen-homeobox protein 1; P-CREB, phosphorylated cAMP-response element-binding protein;
PKA-C, catalytic subunits of protein kinaseA; PKA-R, regulatory subunits of protein kinase A; PRKARIA,
protein kinase cAMP-dependent regulatory type lo(a specific PKA-R). Adapted from (Frohman and Kineman,
2002a).

B. Growth Hormone Deficiency

Abnormal structure of the GH molecule or gene deletion as well as mutations in
GHRH or GHRHR can lead to conditions such as isolated growth hormone deficiency
(IGHD)(Alatzoglou and Dattani, 2010; Illig et al., 1971; Molina et al., 2003; Phillips et al.,
1981) or GHR mutations lead to primary GH insensitivity (such as Laron Syndrome, a
severe growth hormone-resistant short stature condition transmitted as an autosomal

recessive trait) (Laron et al., 1966).

IGHD is the most common pituitary hormone deficiency resulting from congenital
or acquired causes. The reported incidence of congenital IGHD is approximately 1 in 4,000~
10,000 live births (Mullis, 2005). The known genes that are involved in the genetic etiology
of IGHD include those encoding for GH (specifically GH1, the gene encoding GH),
GHRHR, and transcription factor SOX3 (Laumonnier et al., 2002) and HESX1 (Thomas et
al., 2001). There are four types of familial IGHD (Table 1-8, p.65): autosomal recessive (type
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IA and IB), autosomal dominant (type II) and X-linked recessive (type III) (Procter et al.,
1998). Mutations in GH1 result from autosomal recessive (type 1A or type 1B) or dominant
inheritance (type II). Mutations in GHRHR, resulting from autosomal recessive inheritance
(type II), were first implicated in the etiology of IGHD in the spontaneous dwarf mouse
model, known as the ‘little mouse’. The phenotype stems from a homozygous missense
mutation (Asp60Gly) in the extracellular domain of the receptor gene (Gaylinn et al., 1999).
Anterior pituitary development is not affected in the ‘little mouse’, however the pituitary is
hypoplastic and contains fewer than 10% of the expected number of somatotropes as well
as other pituitary cells. The examination of this mouse model led to the finding that
signaling via GHRHR is essential for the proliferation of the somatotrope lineage.
Approximately 10% of patients with familial IGHD have mutations within the GHRHR
(Salvatori et al., 2001). Children with GHRHR mutations often present with severe GH
deficiency and short stature. However, they rarely present with neonatal hypoglycemia
and microphallus, as seen in patients with GHI mutations. The reasons for this discrepancy
remain undetermined, although it may likely reflect the degree of GH deficiency seen in

these patients.

V. GENERATION OF NOVEL MICE BY ENU MUTAGENESIS

Traditional methods of generating animal mutants have involved the use of
controlled exposure to mutagenic chemicals, notably ethyl nitrosurea (ENU), ethyl
methylsulfonate or high doses of X-rays as well as more specific gene targeting (Strachan
and Read, 1999) . Recently, there have been numerous large-scale mutagenesis screens on
mice (Aigner et al.,, 2008; Bokryeon et al., 2009; Boles et al., 2009; Bradeen et al., 2006;
Hagge-Greenberg et al., 2001; Kermany et al., 2006; Pawlak et al., 2008; Rathkolb et al.,
2000; Reijmers et al., 2006; Rolinski et al., 2000; Soewarto et al., 2000). It is no surprise that
mice have been the most widely used animal models of human disease. Mice can be
maintained in breeding colonies at reasonable costs. They have a relatively short lifespan
(~2-3 years) and generation time (~3 months; the average female mouse can produce four
to eight litters of six to eight pups). Due to their ease of breeding, complex-breeding
programs, such as those involving large-scale mutagenesis screens, can be organized for
the production of recombinant inbred strains and congenic strains. Thus, the genetics of the
laboratory mouse has been extensively studied for decades, and, not surprisingly, the
phenotype of many mutants has been documented. The identification of these phenotypes
has been made possible with the use of backcross methods and the availability of
numerous polymorphic markers. Importantly, many of the mutations in mice show

conservation with humans and have been well documented. This information has proven
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to be extremely useful in identifying genuinely homologous single gene disorders in

mouse and human.

Chapter 4 of this work examines a novel recessive dwarf mouse generated by
ENU mutagenesis. The generation of these mice is detailed in Materials and Methods

Chapter 2II.B.2 Dwarf Mouse Line Generated by ENU Mutagenesis, p.74.

Table 1-8 Isolated growth hormone deficiencies associated with severe short stature
hGH, human growth hormone; IGHD, isolated growth hormone deficiency; MRI, magnetic resonance imaging.
Modified and adapted from (Pescovitz and Eugster, 2004)

NOTE:
This table is included on page 65 of the print copy of
the thesis held in the University of Adelaide Library.
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VI. HYPOTHESIS, AIMS AND SIGNIFICANCE

A. Project 1: Identification of Sox3 Target Genes

While the role of Sox3 during brain development has been extensively studied, the
target genes of Sox3 remain unidentified. Hence, the first goal of this project was to identify
potential direct/indirect target genes, and to focus in on the HP axis. It was hypothesized
that comparisons between the three mouse lines would provide one, if not many, potential
direct/indirect target genes identified by whether their expression was up- or down-
regulated in the initial microarray investigation and subsequent validation experiments.
Thus, the aim of the study was to examine the gene expression profiles associated with
Sox3-deletion and Sox3-overexpression using cDNA microarray. Genes differentially
expressed were predicted to have biological activity influencing differentiation, survival
and proliferation. Furthermore, changes associated with a loss-of-function and gain-of-
function of Sox3 may contribute to a better understanding of other important genes,
currently not known, involved in X-linked hypopituitarism and/or X-linked mental

retardation.

B.  Project 2: Novel Dwarf Mouse Generated by ENU Mutagenesis

Growth-retarded mice present an invaluable model to elucidate the molecular
mechanisms involved in regulating growth, body size, and the genetic influences thereon.
There have been many growth-retarded mouse models generated from spontaneous
genetic dwarfism mutations. These mutant models have provided a useful system with
which to elucidate the mechanisms of GH regulation and transcription factor interplay.
However, dwarfism is not limited to disorders affecting genes of the pituitary gland (e.g.
GH1) and hypothalamus (GHRHR). This study identified and further examined a novel
recessive ENU mouse mutant, called Tukku, exhibiting HP axis dysfunction resulting in
dwarfism, pituitary hypoplasia and GH as well as GHRH deficiency. The mutation was
identified as a leucine to proline substitution (L30P) in tryptophanyl-tRNA synthetase
(Wars), a member of the aminoacyl-tRNA synthetase enzyme family that link amino acids
to their specific tRNAs. The overall aim of this study was to characterize the primary
pathology of the dwarfism phenotype, focusing specifically on the somatic-growth axis, to
understand the function of the mutation in regulating the HP axis (Aim 1); confirm the
mutation by sequencing (Aim 2); and examine the expression of the mutant protein,

specifically focusing on the HP axis (Aim 3)
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2 Materials and Methods

I. BUFFERS AND SOLUTIONS

A. Commercially Obtained

1. Compounds, buffers and solutions

Table 2-1 Compounds, buffers and solutions

Name Supplier

Bovine Serum Albumin (BSA) Sigma Aldrich

DEPC H,O Invitrogen

Agarose (DNA Grade) Progen Biosciences
Chloroform Sigma Aldrich
Phenol:Chlorofom:Isoamyl alcohol Sigma Aldrich

Trizol Invitrogen
Formaldehyde Solution (40%) AnalaR (MERCK Pty Ltd)

Bio-Rad Laboratories (Hercules,

Tween 20 Solution (10%) CA)

2. Histology

The following solutions were prepared by Nadia Gagliardi, Anatomical Sciences,
University of Adelaide, Adelaide, Australia: Haematoxylin, Eosin, Cresyl, and Masson

Trichome.
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Indicators, antibodies and enzymes

Table 2-2 Indicators and antibodies

Name Supplier
5-bromo-4-chloro-3-indolyl phosphate, BCIP Roche
Digoxenin-11-UTP Roche
4-nitroblue tetrazolium chloride, NBT Roche
Anti-digoxigenin-AP, Fab fragments Roche

Table 2-3 Antibodies used in the detection of proteins by immunofluorescence analysis

Name Type Source Dilution Reference
GFP Goat polyclonal  Rockland 1:400 (Sutton et al., 2011)
M Dr. Michael German, Diabetes
Ngn3 ouse Center, University of California, 1:1000 (Lee et al., 2001)
monoclonal .
San Francisco, USA.
PECAM
(CD-31) Rat polyclonal Santa Cruz 1:100 (Sutton et al., 2011)
(Rizzoti and Lovell-
Sox3 Goat polyclonal ~R&D 1:100 Badge, 2007; Sutton et
al.,, 2011)
Mouse
monoclonal;
raised against )
Wars the human N- Abcam 1:1000 -
terminus of
residues 50-150
VE-
Cadherin Goat polyclonal R&D 1:500 (Huber et al., 2002)
(CD-144)
Table 2-4 Secondary fluorescence antibodies wused in the detection of proteins by
immunofluorescence.

When more than one type is listed, this indicates that, depending on the combinations of primary antibodies

used, species-appropriate combinations of secondary sera were used.

Name Type Source Dilution

Alexa-488 Donkey anti-Goat Invitrogen 1:400

Cyanine-3 Donkey anti-Rabbit, -Mouse JacksonImmunoResearch 1:400
and -Goat

Cyanine-5 Donkey anti-Rabbit, -Mouse JacksonImmunoResearch 1:400
and -Goat

Prolong Gold Antifade

Mounting Medium - Invitrogen -

with DAPI
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Table 2-5 Enzymes

Name Supplier

Proteinase K Sigma Aldrich
Restriction endonucleases New England Biolabs
SP6 RNA Polymerase Roche

T4 Polynucleotide Kinase, 3" phosphatase free Roche

T4 DNA Ligase Roche

T4 DNA Polymerase New England Biolabs
T7 RNA Polymerase Roche

Taq DNA Polymerase, Recombinant Invitrogen

ABI Prism™ Dye Terminator Cycle Sequencing Ready Reaction

Mix Perkin-Elmer

4. Specialty kits

Table 2-6 Specialty kits

Name Supplier

Applied Biosystems RNA to cDNA Applied Biosystems
BCA Protein Assay Pierce

FAST SYBR Applied Biosystems

High Pure PCR Preparation Kit Roche

MasterAmp™ PCR Optimization Kit (without ammonium sulfate) Epicentre Biotechnologies

pGem®-T Vector System I Promega
QIAquick PCR Purification Kit QIAGEN
QIAGEN® Plasmid Midi Kit QIAGEN
QIAshredder™ QIAGEN
Rat/Mouse Growth Hormone ELISA Kit (Cat. EZRMGH-45K) Millipore
RNeasy® Mini Kit QIAGEN
RNeasy® Plus Mini Kit QIAGEN

Zymoclean™ Gel DNA Extraction Kit Zymo Research

5. Preparation of DNA oligonucleotides

DNA oligonucleotides were synthesized and purified by Geneworks Pty Ltd
(Thebarton, South Australia, Australia). Oligonucleotides were designed using Primer3

(http:/ /frodo.wi.mite.edu/primer3/) (Rozen and Skaletsky, 2000) and were analyzed

using NetPrimer (http://www.premiersoft.com/netprimer/). NetPrimer, a free web tool,

allows for the analysis of oligonucleotide secondary structures including hairpins, self-
dimers, and cross-dimers, ensuring the availability of the oligonucleotide for the reaction
as well as minimizing primer-dimer formation. Gene-specific primer pairs used in qPCR

experiments were designed to cross intron-exon boundaries.
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Table 2-7 PCR primers for genotyping Sox3-null mice
Sequence is in the 5° — 3’ direction. Abbreviations: m, mouse; F, forward primer; R, reverse primer. In
parenthesis is the primer reference number for the lab.

Primer Name Sequence

mSryF1 F (288) CACTGG CCT TTT CTC CTA CC

mSryR1 R (289) CAT GGC ATG CTG TAT TGA CC

EGFP F (238) ATG GTG AGC AAG GGC GAG GAG CTGTT
EGFP R (239) CTG GGT GCT CAG GTA GTG GTIT GTC
Gapdh F (234) CTT GCT CAG TGT CCT TGC TG

Gapdh R (235) ACC CAG AAG ACT GTG GAT GG

Table 2-8 PCR primers for genotyping Sox3 transgenic and GFP reporter mice
Sequence is in the 5° — 3’ direction. Abbreviations: m, mouse; F, forward primer; R, reverse primer. In
parenthesis is the primer reference number for the lab.

Primer Name Sequence

mTgSox3 F Primer (342) CTG GGT TAG AGA GCA GCA TCC
mTgSox3 R Primer (343) GAG TGT TGG AGG GGG TTG AG
NSXRch10WT R Primer (347) GTC CTA CTC CCT CAA CACCTIGTC
mSryF1 F (288) CACTGG CCT TTT CTC CTA CC
mSryR1 R (289) CAT GGC ATG CTG TAT TGA CC

Table 2-9 PCR primers for genotyping the dwarf mouse line

Sequence is in the 5" — 3’ direction. F, forward primer; R, reverse primer. In parenthesis is the primer reference

number.
Primer Name Sequence 5" 2> 3’
D12Mit7_F (632) CCG GGG ATC TAA AACTAC AT
D12Mit7_R (633) TCT AAT CTC AGC CCA ATG GT
D12Mit79_F (634) GAG GGA TGG ATG CAA TAG TCA
D12Mit79_R (635) AAT CCA GCA TCT GAT TAA ACT CC

Table 2-10 qPCR primers used for the validation of microarray results (Project 1)

Sequence is in the 5 — 3’ direction. F, forward primer; R, reverse primer.

Gene Forward Primer (F) and Reverse Primer (R)

in the 5" = 3’ direction

F: GGA TCC AGC AGA CCT CACTC

Nenf R: TGG CTT TGT ACA CCT TGC TG
CAPDH F: ATG CCA GTG AGC TTC CCG TTC AGC
R: ACC CAG AAG ACT GTG GAT GG
Nen3 F: CCC CAG AGA CAC AAC AAC CT
8 R: AGT CAC CCA CTT CTG CTT CG
oxd F: GAA CGC ATC AGG TGA GAG AAG

R: GTC GGA GTG GTG CTC AGG
Sfp1 F: AGT TGA AGT CAG AGG CCATCA
R: CCA GCT TCA AGG GTT TCT TCT
F: ACA CAA CCA GCA GTG GAC AA
Nfya R: CCA TCA TGA CCATTC CTC CT

70



2. Materials and Methods

Table 2-11 qPCR primers used for analyzing Ghrh and Sst in dwarf mouse hypothalamic extracts

(Project 2)

Sequence is in the 5 — 3’ direction. F, forward primer; R, reverse primer.

Gene

Forward Primer (F) and Reverse Primer (R)

in the 5" = 3’ direction

Ghrh

Sst

F: CTGTATGCCCGGAAAGTGAT
R: AAGGCTTCATCCTTGGGAAT
F:CCCCAGACTCCGTCAGTTT
R: CCTCATCTCGTCCTGCTCA

B. Laboratory Prepared Buffers and Solutions

Table 2-12 Laboratory prepared general buffers and solutions

Name

Ingredients

Use

1xGlycine-Tris-

192mM Glycine, 25mM Tris-HCl, 0.1% SDS

western blots

HCI-SDS
Agarose gel 30% glycerol, 0.2% (w/v) bromophenol blue, 0.2%(w/v) xylene
. PCR
loading dye (6X) cyanol
Coomassie Blue 8% ammonium sulphate, 1.6% phosphoric acid, 0.08% CBB G-250 SDS-PAGE

and 20% methanol

Embryo Lysis 50mM KCI, 10mM Tris-HCl (pH 8.3), 2mM MgClI2, 0.1mg/mL tein extracti
Buffer Gelatin, 0.45% Nonident P40, 0.045% Tween 20 profefi extraction
ao;r)naldehyde 4% formaldehyde (diluted from 40%) in 1x PBS Tissue fixative
Gel drying 35% ethanol, 5% glycerol SDS-PAGE
solution

Gel fixative 40% ethanol, 10% acetic acid SDS-PAGE
solution

Hybridization 50% formamide (deionised), 5x SSC, 2% Blocking Reagent in situ

buffer (Boehringer Mannheim), 0.1% Tween-20, 0.5% hybridization
lysis buffer )
(embryonic yolk- 1M Tris; 0.5M EDTA; 5M Extra-Sox3; 10% SDS Phenol:Chloroform
sac/tail) extraction

No-EDTA whole-
extract cell lysis
buffer

420mM NaCl, 25% glycerol, 0.5% NP-40, 1.5mM MgCl, 20mM
Hepes (pH7.5)

protein expression

PBST 1x PBS, 0.1% Tween 20 various
Phosphate 30mM NaCl, 2.5mM KCl, 10mM Na2HPO4, 30mM NaH2PO4, .
Buffered Saline HCl to pH 7 4 various
(PBS) pHL7

SDS loading 62.5mM Tris-HCl pH 7.0, 4% SDS, 15% Glycerol, 0.02%

buffer (2x) Bromophenol Blue SDS-PAGE
SBZ?;;‘m Citrate 0.1% (w/v) sodium citrate, 0.1% Triton X-100, 1x PBS various
TBE (20X) 1.8 M Tris, 1.8 M boric acid, 0.05 M EDTA, pH 8.3 various
Western blot

transfer buffer

192mM Glycine, 25mM Tris-HCI, 15% Methanol

western blots
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IL. MOUSE BREEDING AND LINES

A. Maintenance and Breeding

1. General maintenance

All mice used in this study were bred at the University of Adelaide Laboratory
Animal Services. All procedures were approved by the University of Adelaide Animal
Ethics Committee and conformed to Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes guidelines (National Health and Medical Research
Council, 2004). Mice were housed in groups of two to six, with autoclaved, white pine
shavings as bedding, under 12-hour light/12-hour dark photoperiods (lights on at 0600 h),
with ad libitum access to water and food. The University of Adelaide Laboratory Animal
Services performed general maintenance of the colonies in addition to obtaining tail snip

samples for genotyping.

2. Timed matings

Females (one and/or two; no more than two) were housed with the designated
male in one cage overnight for approximately 16-h. The presence of a vaginal copulation
plug was taken as evidence of mating, and noon of the day of discovery was defined as 0.5
days post coitum (dpc) was defined as noon of the day of discovery. The University of

Adelaide Laboratory Animal Services performed checking of copulation plugs.
B. Mouse Lines

1. Sox3 transgenic lines

To gain insight into the development of the HP axis in XH, three mouse models,
previously generated, were used: (1) lacking Sox3 (Sox3-null) (Rizzoti et al., 2004), (2) over
expressing Sox3 (Extra-Sox3) (Sutton et al., 2011) and (3) normal levels of Sox3 (Green-
Sox3) (unpublished mouse line, P. Thomas). Each line was generated using enhanced-green
fluorescent (eGFP) protein or an internal ribosome entry site-enhanced-GFP (IRES-eGFP)
reporter cassette (described below). The use of GFP in mouse molecular genetics and
generation of transgenic mouse models has become an extremely versatile tool for tracking
and quantifying biological entities as well as in high-throughput screening and gene
discovery. GFPs have been identified in a wide range of coelenterates, and, while recently
the number of cloned GFPs has expanded, to date the best-characterized proteins are those

from the jellyfish Aequorea victoria and the anthazoan Renilla reniformis.
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a. Sox3-null

The Sox3-null mouse line was generated using homologous recombination in
embryonic stem cells (Rizzoti et al., 2004). Briefly, the Sox3 ORF was replaced with a
marker gene encoding enhanced eGFP protein downstream. This allowed the expression of
eGFP to be driven by Sox3 regulatory sequences. Sox3-null mice exhibit a range of
phenotypes, as described in Chapter 1II.C The Role of Sox3 in Hypothalamo-Pituitary Axis
Development (p.56).

b. Extra-Sox3

The Extra-Sox3 mouse line was generated using BAC-recombineering. Briefly,
these mice were generated by pronuclear injection, using a modified 36kb Sox3 genomic
fragment containing all of the known regulatory elements required for Sox3 expression
(Brunelli et al., 2003). To enable detection of the transgene, an IRES-eGFP reporter cassette
was inserted into the 3’ untranslated region (3'UTR) of Sox3 using homologous
recombination. The transgene construct was derived from a modified BAC clone (RP23-
174019) containing IRES-eGFP reporter cassette. Interestingly, one mouse phenotype, with
XX male sex-reversal was identified (Sutton et al., 2011). Only mice that did not show XX
male sex-reversal were used in this body of work. Extra-Sox3 mice exhibit specific
developmental defects in forebrain structures that resemble XH patients. Extra-Sox3
embryos exhibit live-GFP signal in the CNS in a Sox3 pattern. However, it is not yet clear

how much Sox3 is generated in these embryos.

C. Sox3-GFP reporter (Green-Sox3)

A Sox3-eGFP reporter transgenic mouse line expressing normal levels of Sox3
(Green-Sox3) were generated (by A/Prof Paul Thomas) from a modified BAC in which the
Sox3 ORF was replaced with the eGFP coding sequence. A 36kb fragment, which contains
identical regulatory sequences that were used to generate the Extra-Sox3 mice, was
microinjected to generate transgenic founders. These mice express normal levels of Sox3 in
eGFP cells and were generated to serve as a wild-type controls for gene profiling (by

microarray) and related experiments.

In all mice the insertion of the eGFP reporter enables detection of transgene
expression by epifluorescence microscopy and in a pattern consistent with that of Sox3.
Schematic representation of the Sox3-null, Extra-Sox3 and Sox3-GFP (Green-Sox3 reporter)

constructs is shown in Figure 3-1 (p.106) of Chapter 3 Identification of Sox3 Target Genes.
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2. Dwarf Mouse Line Generated by ENU Mutagenesis

Dwarf mice were generated at The Australian Phenomics Centre (APC, Australian
National University, Canberra, Australia) using N-ethyl-N-nitrosurea (ENU) mutagenesis.
It is worth noting that the breeding schemes used in generating ENU mutations vary
according to the allelic characteristics required (that is, whether screening for dominant or
recessive mutations) and the strains required for subsequent gene mapping (Acevedo-
Arozena et al., 2008). For dominant mutations, ENU-treated males (G0) are crossed with
wild-type females to produce G1 individuals that are then assayed for the dominant
mutation (Acevedo-Arozena et al., 2008). For recessive mutations, pedigrees are bred by
intercrossing the offspring of a G1 individual (G2) or crossing them back to the original G1,
thus making homozygous mutations in a proportion of G3 offspring (Figure 2-1, p.75).

Briefly, the generation of dwarf mice involved, a single 250-mg/kg dose of ENU
(Sigma Aldrich, St. Louis, MO, USA) that was injected intravenously into 8-week-old male
C57BL/6 mice. Mice were returned to their cages, for approximately 4 weeks to recover
and then crossed to untreated C57BL/6 females. G1 mice were screened for obvious
external abnormalities. Animals with a phenotype of interest, in this case, animals that

were dwarf, were mated to wild-type C57BL/6 mice.
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Male mice are injected
with the ENU mutagen
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Figure 2-1 Strategy of ENU breeding for screening recessive pedigrees

Male mice are treated with N-ethyl-N-nitrosourea (ENU) and after a period of sterility are mated to wild-type
(+/+) females. G1 male mice, heterozygous for N-ethyl-N-nitrosourea (ENU)-induced mutations (m/+), are
mated to wild-type females. Their offspring (G2) are then either intercrossed or mated back to the original G1.
Recessive (+/m) and dominant (m/+) mutations can then be detected in the resultant G3 progeny. Coat colors
are shown as different to emphasize what the mutagenized strain and the wild-type females should be from
different inbred strains so that G3 mice can be used for mapping purposes.
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I11. EMBRYO AND TISSUE COLLECTION

A. Embryo Collection

Pregnant females were dissected at various developmental time points (as
discussed in results of each chapter). Embryos were dissected free of maternal decidual
tissue and studied under a dissection microscope (Nikon SMZ1000 GFP Dissection
Microscope, Nikon, Japan) attached to an Olympus DP70 Camera (Olympus, Japan) with a
short-wave U, which excites eGFP at 485/20 nm. For embryos collected from the Sox3
mouse lines, one application of eGFP fluorescence was to determine the extent of
expression; this was in addition to confirmation of genotype by PCR. Embryos were
photographed for documentation under both the bright light exposure and eGFP
fluorescence (Figure 2-2, below). Mouse embryos were staged according to somite numbers
(Figure 2-3, p. 77), although some variation was observed in developmental stage both

between and within litters at the given embryonic ages.

Bright Field

Figure 2-2 Embryo dissection at 10.5 dpc showing live GFP in Sox3-null embryos

(A) Representative image of a dissected embryonic pod (i) at 10.5 dpc and the yolk sac, containing a mouse
embryo (i), dissected from the pod shown in (i). (B) Bright field and live-GFP images of the Sox3-null embryo
dissected and shown in A.
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Figure 2-3 Theiler staging of mouse embryos between 9 — 15 dpc

(a) Posterior neuropore closes, Formation of hind limb & tail buds, lens plate, Rathke's pouch; the indented
nasal processes start to form30-34 somites. Absent thin & long tail. (b) Deep lens indentation, advanced
development of brain tube, tail elongates and thins, umbilical hernia starts to form 35-39 somites. Absent nasal
pits. (c) Closure of lens vesicle, nasal pits, cervical somites no longer visible 40-44 somites. Absent auditory
hillocks, anterior footplate. (d) Lens vesicle completely separated from the surface epithelium. Anterior, but no
posterior, footplate. Auditory hillocks first visible 45-47 somites. Absent retinal pigmentation and sign of
fingers (e) Earliest sign of fingers (splayed-out), posterior footplate apparent, retina pigmentation apparent,
tongue well-defined, brain vesicles clear 48-51 somites. Absent 5 rows of whiskers, indented anterior footplate.
(f) Anterior footplate indented, elbow and wrist identifiable, 5 rows of whiskers, umbilical hernia now clearly
apparent 52-55 somites. Absent hair follicles, fingers separate distally. (g) Fingers separate distally, only
indentations between digits of the posterior footplate, long bones of limbs present, hair follicles in pectoral,
pelvic and trunk region 56-~60 somites. Absent open eyelids, hair follicles in cephalic region. For full
descriptions of Theiler staging and mouse anatomy visit http:/ / genex.hgu.mrc.ac.uk/ Atlas/intro.html

B. Tissue Collection and Processing

1. RNA processing of mouse embryonic 10.5 dpc mouse heads used in

microarray analysis

Pregnant female mice were culled by cervical dislocation at 10.5 dpc. Embryos
were dissected free from decidual tissue in cold RNAase-free PBS. Heads dissected at the
2nd branchial arch and immediately placed into RNeasy Solution (Qiagen, CA, USA) and
stored at -80C until ready to extract RNA. A small section of the embryonic tail tip was

removed from each embryo for genotyping.

Total RNA was isolated using the RNeasy Protect Cell Mini Kit (Qiagen, CA,
USA) following manufacturer instructions. Whole heads were briefly disrupted using
sonication (5 seconds, 50kHz) in order to produce suspensions without aggregates, and

then homogenized using QIAshredder columns (Qiagen, CA, USA) to reduce viscosity
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caused by high-molecular-weight cellular components and cell debris. Purified total RNA
was resuspended in 50uL of RN Aase-free water. A maximum of 12 extractions were done
at any one time to minimize loss of RNA quality. Determination of RNA integrity and

concentration are described in Section XIV.B Analysis of RNA Quality, p.93.

2. RNA processing of hypothalamic sections used in mRNA expression
analysis by gPCR

Hypothalamic regions were dissected (as shown in Figure 2-4) and explants were
processed using Trizol™ (Invitrogen, CA, USA) as per manufacturer’s instructions. The
Trizol™ method of RNA extraction is better suited for extracting RNA from large tissue

samples, such as brain.

‘

Cut3  Gut4

Figure 2-4 Schematic representation of hypothalamic dissection in 8-week old mice
(A) Ventral view of a wild-type mouse brain, showing the hypothalamic (Hyp) region and the optic chiasm
(OCh). Dotted lines indicate the dissection path. (B) Coronal view through the region cut in A by Cut 1. To
completely isolate the hypothalamic region a further three cuts were made (indicated by red dotted lines).
Abbreviations: MT, mammillothalamic tract; DM, dorsomedial hypothalamic nuclei; VH, ventromedial
hypothalamic nuclei; LH, lateral hypothalamic nuclei.

Briefly, once RNA was extracted, 50ng of each sample was reverse transcribed
using the High Capacity RNA-to-cDNA kit (Applied BioSystems, CA, USA). qPCR was
performed using Fast SYBR Green Master Mix (Applied BioSystems, CA, USA) and run on

an ABI 7500 StepOnePlus System (Applied BioSystems, CA, USA).

3. Isolation of protein from whole pituitaries for GH analysis

Whole pituitaries were dissected from dwarf and wild-type animals, placed in
microfuge tubes and snap frozen in dry ice (dry ice slurry made with isopentane and dry

ice in a metal container). Samples were stored at -80C until ready for processing.
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Protein extraction commenced with the addition of 100ul lysis buffer (No-EDTA
whole-extract cell lysis buffer: 420mM NaCl; 25% Glycerol; 0.5% NP-40; 1.5mM MgCl;
20mM Hepes pH 7.5; H2O) containing 15ul protease inhibitor cocktail (Protease Cocktail
Inhibitors, Mini Protease Inhibitor Cocktail, Roche, CA, USA; Roche Cat No. 11 836 153
001). Pituitaries were sonicated in lysis buffer for 30 seconds then incubate on ice for 30
minutes. Pituitaries were then incubated at 4C on a nutator mixer® for 2 hours and then
centrifuged (4C max speed) for 15 minutes. The supernatant was collected and protein
concentration was determined using BCA™ Protein Assay (Pierce, Rockford, IL, USA)

according to manufacturer’s protocol and using bovine serum albumin as the standard.

4. Fixation and Tissue Preparation

a. Frozen Sections

Embryonic tissues (embryos from the Sox3 transgenic and null mouse lines as well
as pituitaries from dwarf and wild-type animals) were collected at the indicated stages and
fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS, 0.1M) at 4C
overnight (for sectioning). Following overnight incubation tissue samples were washed 3
times for 10 minutes each in PBS (0.1M) to remove residual 4% PFA and then cryoprotected
in 30% sucrose (made in 0.1M PBS) at 4C. Tissue samples were embedded in OCT (Tissue-
Tek, Sakura Finetek, The Netherlands) and snap frozen in isopentane (Prolabo, Barcelona,
Spain) cooled by dry ice. Embedded embryos were cut in serial sections (10-12um; sagittal
and/or coronal) using a Leica CM1900 Cryostat (Leica, Germany). Sections were mounted

onto Superfrost Plus Slides (Menzel-Glaser, Braunschweig, Germany).

b. Paraffin Sections

Brain, ovary and testis tissue from dwarf and wild-type mice were processed into
paraffin according to standard processing procedures (Bancroft and Gamble, 2007) by
Nadia Gagliardi, Histology Services, School of Medical Science, University of Adelaide.
Sections were mounted onto Superfrost Plus Slides (Menzel-Glaser, Braunschweig,

Germany).

C. Preparation of Tail Tip Genomic DNA for PCR Genotyping

Genomic DNA (gDNA) from embryonic and adult mouse was isolated from tail
tips (approximately 2mm; obtained at time of weaning or at embryo dissection) using the

traditional phenol/chloroform method (Sambrook and Russell, 2001) or using the High

3 a gentle three dimensional rotating, rocking mixer which is at a constant 20° angle @ 24rpm:s.
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Pure PCR Template Preparation Kit (Roche Applied Science, Mannheim, Germany). The
High Pure PCR Template Preparation Kit provided a less toxic and laborious method for
the extraction of gDNA from adult mouse and embryonic tail tip. The protocol followed

manufacturer specifications.

The traditional phenol/chloroform method used digested mouse-tail samples
overnight (approximately 16-h at 55C) in lysis buffer (IM Tris; 0.5M EDTA; 5M Extra-Sox3;
10% SDS) and Proteinase K (5mg/ml). The following day the digest mix was centrifuged
(14,000rpm; 5 minutes) to spin down undigested mouse tail-hair and other debris. The
supernatant ~was transferred into a new microfuge tube to  which
Phenol:Chloroform:Isoamyl alcohol (1:1:1 ratio; Sigma Aldrich, St. Louis, MO, USA) was
added. The digest mix was vortexed and spun (14,000rpm; 2 minutes). The top layer was
transferred to a new tube and an equal volume of chloroform (approximately 180ul) was
added. Again, the mix was vortexed and centrifuged (14,000rpm; 2 minutes). The top layer
was transferred to a new tube and an equal volume of 100% isopropanol was added. Entire
mix was vortexed and centrifuged (4C; 14,000rpm; 20 minutes). The supernatant was
removed and 150uL 70% ethanol was added, followed by another vortexing and
centrifugation at 4C 14,000rpm for 10 minutes). The final step involved removing the
supernatant and air-drying the DNA pellet for 5-10 minutes. DNA was resuspended in
200uL of deionised H>O.

IV. PCR GENOTYPING

PCR genotyping was carried out using the s1000 Thermal Cycler (Bio-Rad,
Hercules, CA, USA).

A. Sox3 Transgenic Lines

The genotyping of Sox3 transgenic mouse lines involved a multiplex PCR assay
using 2 X MasterAmp Premix buffer (Epicentrec Biotechnologies, Madison, Wisconsin,
USA) and Taq DNA Polymerase, Recombinant (Invitrogen, CA, USA). Standard reaction
conditions were 50ng each primer, 2U Taq DNA Polymerase (Invitrogen, CA, USA) and up
to 10ng template DNA in a 20ul reaction. The 2 X MasterAmp Premix buffers (Epicentre:
Biotechnologies, Madison, Wisconsin, USA) were Buffer ] (Epicentrer Biotechnologies,
Madison, Wisconsin, USA) for use in PCR assays for Sox3-null, and D, Extra-Sox3 and
Green-Sox3 reporter mice lines. DNA fragments were analyzed by electrophoresis on an

ethidium bromide stained agarose gel (1-1.5%). Primer sets used for genotyping are shown
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in Table 2-7 (p.70) and Table 2-8 (p.70). Cycling conditions are shown on the next page in

Table 2-13.

Table 2-13 PCR analysis cycling conditions for Sox3 transgenic and null mouse lines

Mouse Line Cycle Time
Sox3-null

Denaturation 30 seconds at 95°C

Elongation/35 cycles 30 seconds at 95°C
1 minute at 60 °C
2 min at 72 °C

Extension period 5 min at 72°C

Hold 22°C

Sox3-transgenic

Denaturation
Elongation/35 cycles

Extension period
Hold

30 seconds at 95°C,
30 seconds at 95°C
1 minute at 60 °C
40 seconds at 72 °C
5 min at 72°C

22°C

Sox3-GFP Reporter

Denaturation
Elongation/35 cycles

Extension period
Hold

30 seconds at 95°C,
30 seconds at 95°C
1 minute at 60 °C
40 seconds at 72 °C
5 min at 72°C

22°C

B. ENU Generated Dwarf Mice

The genotyping of the dwarf mouse line involved a multiplex PCR assay using 2 X

MasterAmp Premix buffer (Epicentre: Biotechnologies, Madison, Wisconsin, USA) and Taq

DNA Polymerase, Recombinant (Invitrogen, CA, USA). Standard reaction conditions were

50ng each primer, 2U Taq DNA Polymerase (Invitrogen, CA, USA) and up to 10ng

template DNA in a 20pl reaction. The 2 X MasterAmp Premix Buffer K (Epicentre:

Biotechnologies, Madison, Wisconsin, USA) was used. Genotyping of the dwarf mice was

done using microsatellite markers. Microsatellite marker primer pairs for the genome scan
were designed by the Australian Phenomics Facility (APF; Canberra, ACT, Australia) and
were purchased from GeneWorks Pty Ltd (Thebarton, South Australia, Australia).

Primer sets used for genotyping dwarf mice are shown in Table 2-9 (p.70). Cycling

conditions are shown in the table below (Table 2-14).

Table 2-14 PCR analysis cycling conditions for dwarf mouse lines.

Step/Cycle Number Time/Temperature
Denaturation 20 seconds at 94°C,
Elongation/35 cycles 20 seconds at 55°C

20 seconds at 72 °C
Extension period 3 min at 72°C
Hold 10°C
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V. MOUSE PHYSIOLOGICAL STUDIES

A. Growth Analysis of Dwarf Mice

1. Weight over time

a. Post-weaning

Mice from the dwarf colony (wild-type, homozygous and heterozygous) were
weighed at weaning, between 21-29 days, by Laboratory Animal Services (The University
of Adelaide, South Australia, Australia). Each mouse was then weighed again at postnatal
day (P) 30 and every 10 days thereafter, until mice reached P130. A total of 5 mating pairs
were set-up. These produced a sufficient number of mice per sex and genotype (Table

2-15).

Table 2-15 Mouse numbers used in growth analysis over time
Abbreviations: P, postnatal day; +/dw, heterozygous dwarf; dw/dw, homozygous dwarf.

Total Numbers of Mice
Sex Genotype Numbers Comments
Started (per date and used in
statistical analysis)
Female wild-type 4 4 mice per date No deaths recorded
_ 1 death recorded after P50 and
+/d 3 ggg-Pioé n=8 1 death recorded after P40. This
W P6 0’>nn= 6 reduced the number for all
proceeding dates.
_ 1 death recorded after P50
dw/dw 5 A This reduced the number for all
& proceeding dates.
_ 2 deaths recorded after P130
Male wild-type 6 113’;2;)12;);:—6 This reduced the number for all
! proceeding dates.
_ 1 death recorded after P60
+/dw 7 11328;135;);;1_7 This reduced the number for all
! proceeding dates.
_ 1 death recorded after P130
dw/dw 7 llzrigb120=’él_7 This reduced the number for only
= this time point.
b. Pre-Weaning

To further examine the extent of dwarfism, mice were examined at P1, P7 and P14.
For each time point 3 breeding pairs were set up and pups were collected on the specified
days (Table 2-16, p.69). Pups were sacrificed by CO. inhalation and then photo-

documented against a ruler (showing cm; to show relative growth). Tail tips were taken for

genotyping.
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Table 2-16 Mouse numbers used in growth analysis at P1, P7 and P14

Abbreviations: P, postnatal day; F, female; M, male; +/dw, heterozygous dwarf; dw/dw, homozygous dwarf.

Total Numbers
Genotype P1 P7 P14
wild-type F:n=4 F:n=4 F:n=3
M: n=4 M: n=4 M: n=1
+/dw F:n=3 F:n=5 F:n=2
M: n=1 M: n=4 M: n=4
F:n=4 F:n=2 F:n=3
dw/dw M: n=3 M: n=2 M: n=1

2. Body Length

Body length, the distance between the tip of the nose and the base of the tail, was

measured (centimeters) in 8-week old wild-type (n=6) and homozygous dwarf (n=6) mice.

B. Pituitary Growth Hormone Levels

To determine pituitary hormone level of GH, whole pituitaries were dissected,
and processed for protein as described in Section III.B.3 Isolation of protein from whole
pituitaries for GH analysis (p. 78). Pituitary GH levels were measured by the Rat/Mouse
Growth Hormone ELISA Kit (Cat. EZRMGH-45K; Millipore, St. Charles, MO, USA)
according to manufacturer protocol. This Rat/Mouse Growth Hormone ELISA kit is used
for the non-radioactive quantification of GH in rat or mouse serum, plasma, tissue extracts
or cell culture media samples. One kit is sufficient to measure 39 unknown samples in
duplicate. Whole extract pituitary protein was measured for wild-type (male and female,
n=4/sex), heterozygous (male and female, n=4/sex), and homozygous (male and female,
n=4/sex) 8-week old mice. The ELISA assay was performed by Carlie DeLaine and Siti
Hadzir (The University of Adelaide, Australia). Results were analyzed and graphed by Eva

Szarek.

C. Blood Biochemistry: Examining IGF-1 levels

Blood was collected from 8-week old wild-type, heterozygous and homozygous
dwarf mice by cardiac puncture following cervical dislocation. These samples were from
mice whose whole pituitaries were processed for protein used in the GH ELISA (described
above). Due to IGF-1 kit limitation, samples from wild-type and homozygous dwarf males

and females (n=3 per group) were analyzed.

Blood (approximately 100-300ul/cardiac puncture per mouse) was collected into

microfuge tubes and stored on ice. Blood samples were centrifuged and the serum was
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collected into new microfuge tubes and stored at -80C until processing. IGF-1 assay
(performed by Siti Hadzir and Carlie Delaine (The University of Adelaide, Australia)) was
performed using the mouse IGF-1 kit (Catalogue Number DY791; R&D Systems,

Minneapolis, MN, USA) as per manufacturer’s instructions.

D. Expression of Hypothalamic GHRH and Sst by qPCR

To quantitate hypothalamic levels of Ghrh and Sst, hypothalami were surgically
removed (as shown in Figure 2-4, p.78). Ghrh and Sst levels were measured in

hypothalamic extracts by qPCR. The qPCR method is described in Section XVI (p.102).

E.  Statistical Analysis

Data were expressed as mean+=SEM, unless otherwise stated, for the indicated
number of observations. Statistical significance of difference between groups was
determined by using 2-tailed Student’s t test or one-way ANOVA followed by appropriate
post hoc tests.

VI. PURIFICATION OF DN A FOR SEQUENCING

A. Purification of DNA from Agarose Gels

DNA bands excised from agarose gels were purified using the Zymoclean™ Gel
DNA Recovery Kit (Zymo Research, Irvine, CA, USA), according to the manufacturer’s

protocol.

B. Sequencing

DNA was sequenced using the ABI PRISM® BigDye™ v3.1 Terminator Ready
Reaction Cycle Sequencing Kit with AmpliTaq™ DNA polymerase, FS (Applied
BioSystems). Typically a sequencing reaction contained 1uL of purified double-stranded
template DNA, 50 ng/ul of primer, 1.5uL of BigDye v3.1 Terminator mix, 5uL Better Buffer
and Milli-Q water up to a 20 pL volume. Reactions were performed using the s1000
Thermal Cycler (Bio-Rad, Hercules, CA, USA), with the following conditions: 35 cycles of
96C for 3 minutes, 96C for 10 seconds, 50C for 10 seconds, and 60C for 4 minutes.
Afterwards, the samples were purified as follows. Products were precipitated for 15
minutes at room temperature (~22C), following the addition of 60uL of 100% isopropanol
and 20pL MQ-H2O to each 20uL sequencing reaction. Precipitated DNA was pelleted by

centrifugation for 5 minutes at 14,000 rpm and the supernatant was carefully removed by
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pipetting. The pellet was washed by briefly vortexing in 200uL of 75% isopropanol. After 5
minutes of centrifugation at 14,000 rpm the supernatant was carefully removed, and the
pellet was air-dried. Running of Dye Terminator gels was conducted by the Sequencing
Centre at the Institute of Medical and Veterinary Science (Adelaide, Australia), and the
output was returned as a Macintosh®-compatible chromatogram file that was then
analyzed using freely available 4Peaks Software (Mek&Tosj, Amsterdam, The Netherlands)
on the Mac OSX platform (http:/ /mekentosj.com/science/4peaks/).

VII. BACTERIAL TECHNIQUES

A. Media and Solutions

All bacterial cell culture media (Table 2-17) as well as glassware was autoclaved
(121C) prior to use and aseptic techniques were implemented to prevent contamination.
Bacterial culture medium was prepared with distilled and deionised water. Where
indicated, ampicillin was added from a sterile stock solution to the media after autoclaving.
Bacteria were cultured in Luria Broth (LB) medium, supplemented with ampicillin
(50ug/ ml; D-(—)-a-Aminobenzylpenicillin sodium salt; Sigma Aldrich, St. Louis, MO, USA)
to select for transformed populations. Bacterial cultivation was carried out at 37C
overnight with constant agitation (225 rpm). Bacterial colonies were grown on Luria agar

(L-agar) plates supplemented with ampicillin (50pg/ml).

Table 2-17 Bacterial growth media composition

Name Composition

Luria broth (LB) 1% (w/v) bactotryptone; 0.5% yeast extract: 1% Extra-Sox3;
pH 7.0; supplemented with ampicillin (100png/mL)

Luria agar (L-agar) plates LB; 1.5% (w/v) bactoagar supplemented with ampicillin
(100ug/mL)

Super Optimal broth with Catabolite repression 2% bactotryptone; 0.5% yeast extract; 10 mM Extra-Sox3; 2.5

(SOC) mM KCI; 10 mM MgCl2; 10 mM MgSO4; 20 mM glucose.

B. Preparation of Chemically Competent E.coli

Escherichia coli (E. coli) strain DH5a- (Invitrogen Corp., CA, USA) cells were made
chemically competent by the calcium chloride protocol, originally described by Cohen and
colleagues (Cohen et al., 1972), and later modified by Sambrook and colleagues (Sambrook
and Russell, 2001).

C. Bacterial Transformation by Heat Shock

In general, transformation of E. coli with plasmid DNA was performed by heat

shock, using chemically competent DH50 cells. DH5a chemically competent cells were
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prepared as follows. All cells were stored in 50 pl aliquots at -80C. Transformation was
carried out using chemically competent E. coli DH5a- cells (Invitrogen, CA, USA) by
performing heat shock. Briefly, chemically competent E. coli DH5a- cells (Invitrogen, CA,
USA) were thawed on ice (from -80C). Plasmid DNA (~50ng) was directly added to 100pul
of competent E. coli DH5o(Invitrogen, CA, USA) cells and incubated on ice for 30 minutes.
Bacteria were subsequently ‘heat shocked” in a water bath at 42C for 30 seconds, and then
returned to ice for 2 minutes. Pre-warmed SOC medium (250ul) was added to the bacteria,
which were incubated at 37C for 1 hour with constant agitation (225 rpm). Aliquots of the
transformed bacteria were plated (20-200ul) onto L-agar plates supplemented with
ampicillin (50pg/ml) (Boehringer Mannheim, Australia), to select for bacteria expressing

the appropriate antibiotic marker. L-agar plates were incubated at 37C overnight.

A single colony was selected from the L-agar plate and inoculated into 25ml of LB
medium supplemented with ampicillin (50ug/ml) (Boehringer Mannheim, Australia) and
incubated at 37C overnight with vigorous shaking (300 rpm). Bacterial cell cultures were
grown to a cell density of approximately 3-4 x 10° cells per ml. The bacteria cultured

overnight were pelleted and used for purification of plasmid DNA, as outlined below.

D. Purification of Plasmid DNA

The purification of plasmid DNA was carried out using the QIAfilter Plasmid
Midi Kit (Qiagen, CA, USA). This method was used for the purification of DNA used for
generating in situ hybridization probes. The procedure followed manufacturer’s protocol.
Briefly, overnight bacterial cultures were pelleted by centrifugation at 6000x g for 15 min at
4C and re-suspended in 4ml of Buffer P1 (Qiagen, CA, USA). 4 ml of Buffer P2 (Qiagen,
CA, USA) was added and mixed thoroughly by vigorously inverting the sealed tube 4-6
times. The reaction was incubated at room temperature (15-25C) for 5 minute. Following
the 5-minute incubation 4 ml of chilled (4C) Buffer P3 (Qiagen, CA, USA) was added and
the solution was mixed immediately and thoroughly by vigorously inverting the tube 4-6
times. The lysate was transferred immediately into the barrel of the QIAfilter Cartridge and
incubated at room temperature (15-25C) for 10 minutes. The lysate was filtered into a
QIAGEN-tip 100 (Qiagen, CA, USA), previously equilibrated with 4ml of QBT Buffer
(Qiagen, CA, USA), and allowed to enter the resin by gravity flow. The QIAGEN-tip 100
was washed in 2 x 10ml Buffer QC (Qiagen, CA, USA). DNA was eluted in 5ml Buffer QF
(Qiagen, CA, USA). DNA was precipitated in 3.5ml room-temperature isopropanol and
centrifuged at 15,000x g for 30 minutes at 4C. The DNA pellet was washed in 2ml of 70%

ethanol at room temperature and centrifuged at 15,000x g for 10 minutes at 4C. The pellet
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was air-dried for 10 minutes and re-suspended in 10mM tris-EDTA (TE) Buffer (pH 8.0) [10
mM Tris-HCl, pH 8.0; 1 mM EDTA]. To quantify nucleic acid purity, concentration and
yield of DNA obtained from this plasmid purification process, spectrophotometric analysis
on individual samples was conducted using a spectrophotometer. In addition, the success
of the plasmid purification procedure was confirmed on an analytical gel. Small aliquots
were removed during the purification procedure from the following four steps: 1. The
cleared lysate; 2. flow-through; 3. combined Buffer QC (Qiagen, CA, USA) wash fractions,
and 4. Buffer QF (Qiagen, CA, USA) eluate. 2ul of each sample was run on a 2% agarose gel

for analysis of fractions at each stage.

VIII. FLUORESCENCE IMMUNOHISTOCHEMISTRY

The preparation of sections for immunohistochemistry is outline in Section 4

Fixation and Tissue Preparation (p.79).

Cryosections were washed in PBS + 0.1% Tween-20 (PBS-T), pre-blocked in 10%
heat-inactivated sheep serum (HISS) in PBS-T and incubated overnight at 4C with primary
antibody solutions made in 10% HISS in PBST in a humidified chamber. Following
incubation, sections were washed in PBS, followed by incubation in a humidified chamber
(air tight container containing wet paper towel) with secondary antibodies for 5-8 h at
room temperature. Sections were mounted and examined using microscope. Refer to Table
2-3 (p.68) for a list of primary antibodies and Table 2-4 (p.68) for a list of secondary
fluorescence antibodies used in the detections of proteins by immunofluorescence

(immunostaining).

IX. IN SITu HYBRIDIZATION

A. Purification of Plasmid DNA by Restriction Enzymes

cDNA inserts were isolated from plasmid DNA by restriction enzymes (RE; New
England Biolabs) in the appropriate buffers (New England Biolabs), as specified by the
manufacturer. Plasmid DNA (4ug) was digested for 1 hour at 37C using the appropriate RE
in a final solution of a 1x reaction buffer in 50ul. 100-200 ng of uncut and cut digest was
separated by elecrophoresis on a 1% agarose gel using a 1x Tris Borate Electrophoresis
buffer (TBE; pH 8.0). To the remaining ligation 50ul Milli-Q H>O was added followed by
addition of 100pl Phenol:Chloroform:Isoamyl alcohol (Sigma Aldrich, St. Louis, MO, USA)
vortexing and centrifugation at 14,000 rpm for 2 min. The aqueous layer (top layer) was
removed into a new microfuge tube and ethanol precipitated using 1/10 sodium acetate
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(1/10 of the volume obtained from aqueous layer) plus 2 volumes ethanol (100%) (2 x
volume of aqueous layer). The precipitate was frozen at -20C for 30 mins followed by
centrifugation at 14,000 rpm for 15 min. The supernatant was removed and discarded. The
remaining pellet was washed in 500ul 70% ethanol by centrifugation at 14,000 for 10 mins
and resuspended in 10pl of MQ-H>O. The digest was run on a 1% agarose gel to visually

confirm the digest had been successful.

B. Transcription Reaction and Generation of In Situ Hybridization

Probes

Digoxigenin (DIG)-labeled RNA probes were generated using T3, T7, or SP6 RNA
polymerases and a DIG-RNA labeling mix (Roche Applied Science, Mannheim, Germany).

C. In Situ Hybridization

Embryos were harvested (as described in which Section III.A Embryo Collection,
p.76). Embryonic tissue sections were processed, sectioned and hybridized using DIG-
labeled antisense RNA probes and detected with anti-DIG antibodies coupled to alkaline-
phosphatase-conjugated antibody against DIG according to published protocols. For color
development, 4-nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) were used as substrates. Labeled preparations were imaged using a Zeiss
AxioPlan2 (Carl Zeiss, Germany) with an attached Fujix DS-515 color camera (FujiFilm,

Australia) and attached monitor.

X. MORPHOLOGY STAIN

A. Hematoxylin and Eosin

Frozen sections were air dried for several minutes, to remove moisture, then
stained with 0.1% Mayer’s Hematoxylin (Anatomical Sciences, University of Adelaide,
Adelaide, Australia) for 20 seconds followed by a 5 min rinse, in cool running water, and
removed once water was clear. Sections were then immersed in 0.5% Eosin (1.5g dissolved
in 300ml of 95% ethanol), dipped approximately 12 times, followed by quick dip in water,
until the eosin stoped streaking (about 4-6 dips). Dehydrated in 50% ethanol (10 seconds),
70% ethanol (10 seconds), 95% ethanol for (30 seconds) and 100% ethanol (1 minute). The
final step was to immerse sections into Histolene (2 times for 2 minutes each; Fronine, New
South Wales. Australia). Sections were mounted and a coverslip affixed with DEPEX

mounting medium (Anatomical Sciences, University of Adelaide, Adelaide, Australia).
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Paraffin sections were run through a series of deparaffinizing solutions prior to

following the procedure.

B. Cresyl Staining

The Cresyl staining method is used for the detection of Nissl bodies in the
cytoplasm of neurons on formalin-fixed, paraffin embedded tissue sections. The Nissl body
will stain a purple-blue color. This stain is commonly used for identifying the basic

neuronal structure in brain and spinal cord tissue.

Paraffin brain sections were processed for Cresyl Staining by Nadia Gagliardi
(Anatomical Sciences, University of Adelaide, Adelaide, Australia). Brain sections were cut
at 10um onto Superfrost Plus Slides (Menzel-Glaser, Braunschweig, Germany). The Cresyl
staining procedure is as follows: sections are deparaffinized in 95% (15 minutes), 75% (1
minute), and 50% (1 minute) ethanol, rinse sections in distilled H O 2 minutes and then
into fresh distilled H>O for 1 minute. They are stained with 0.1% cresyl violet for 5 minutes
and rinsed the section in distilled water for 3 minutes. The sections are then dehydrated in
95% alcohol for 10 dips followed by 100% alcohol for 10 dips. Sections are cleared in
Histolene (Fronine, New South Wales. Australia) and cover slips are mounted with DEPEX

mounting medium (Anatomical Sciences, University of Adelaide, Adelaide, Australia).

C. Masson Trichome

The Masson Trichome stain is used for the detection of collagen fibers in tissues
that have been formalin-fixed or paraffin-embedded sections, and may be used on frozen
sections. Collagen fibers will stain blue and the nuclei will stain black. Background will

stain red.

Paraffin testis sections were processed for Masson Trichome staining by Nadia
Gagliardi (Anatomical Sciences, University of Adelaide, Adelaide, Australia). Sections
underwent the following procedure: Deparaffinize and rehydrate through 100% alcohol,
95% alcohol 70% alcohol. Wash in distilled water. Followed by staining in Weigert's iron
hematoxylin working solution for 10 minutes. Sections were rinsed in running tap water
for 10 minutes. Then counterstained in Biebrich scarlet-acid fuchsin solution (Biebrich
scarlet, 1% aqueous, Acid fuchsin, 1% aqueous, Acetic acid, glacial 1%) for 10-15 minutes.
This was followed by washing in distilled water and differentiated in phosphomolybdic-
phosphotungstic acid solution (5% Phosphomolybdic acid, 5% Phosphotungstic acid) for
10-15 minutes or until collagen was not red. The sections were transferred directly (without

rinse) to aniline blue solution and stained for 5-10 minutes. Rinse briefly in distilled water
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and differentiate in 1% acetic acid solution (Aniline blue 2.5 g, Acetic acid, glacial 2 ml,
Distilled water 100 ml) for 2-5 minutes. Wash in distilled water. Dehydrate very quickly
through 95% ethyl alcohol, absolute ethyl alcohol (these step will wipe off Biebrich scarlet-
acid fuchsin staining) and clear in xylene. Cover slips were mounted with DEPEX

mounting medium (Anatomical Sciences, University of Adelaide, Adelaide, Australia).

XI. PROTEIN IMMUNBLOT

The western blotting protocol was used by Chin Ng (2010) during her Honors
work and contributed to Figure 4-12 (p.178). The following method is adapted from her
work (Chin Ng, 2010).

A. Tissue Collection

Tissue for western blotting was obtained from wild-type and homozygous dwarf

adult 5-month old mouse brain, pituitary and kidney.

B. Whole Cell Extract

Whole cell extraction was performed on ice to prevent protein denaturation. A
minimal amount of Whole Cell Extract Lysis Buffer (420mM NaCl, 25% glycerol, 0.5% NP-
40, 1.5mM MgCl, 20mM Hepes (pH7.5)) and fresh Protease Cocktail Inhibitors (Sigma
Aldrich, St. Louis, MO, USA) were added to each tissue sample (7 ml for brain sample, 5 ml
for kidney and 50 pl for pituitary). Tissue homogenization was performed in lysis buffer
using a blade and grinder followed by incubation at 4C on a nutator for 30 minutes.
Samples were centrifuged at 13,000 rpm for 15 minutes at 4C. The supernatant was
collected and stored at -80C until ready for processing. The supernatant was collected and
protein concentration was determined using Bradford Protein Assay (described below)

using bovine serum albumin as the standard.

C. Determining Protein Concentration Using Bradford Protein Assay

Protein concentrations were determined using Bradford Protein Assay. A bovine
serum albumin (BSA) standard curve was generated by using serial dilution of bovine
serum albumin with MQ-H>O (Opg/ml to 2,000png/ml). Protein samples from brain, kidney
and pituitary were diluted 1:10 and 1:100 in MQ-H:O. Both bovine serum albumin
standards and protein samples were repeated in duplicate. Bio-Rad Protein Assay Dye
Reagent Concentrate (Bio-Rad, Hercules, CA, USA) was diluted 1:4 and 200ul of the
diluted Bio-Rad Protein Assay Dye Reagent (Bio-Rad, Hercules, CA, USA) was combined
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into each well containing 10ul of the protein. Absorbance was measured at 600nm and
concentration determined from the standard curve generated from the bovine serum

albumin standards.

D. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

20ng of protein was loaded into each well in a 1:1 ratio of protein samples to 2x
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer and
were denatured by heating at 95C for 5 minutes. Samples were centrifuged at 13,000 rpm
for 1 minute before loading into well of SDS-PAGE gels. All samples were loaded on
discontinuous SDS-PAGE gels comprising of 4% stacking gel and 10% resolving gel. Gels
were run at 100V in 1xGlycine-Tris-HCI-SDS buffer (192mM Glycine, 25mM Tris-HCI, 0.1%
SDS) until the dye front had run off the bottom of the gel. Proteins were visualized with
Coomassie Blue gel staining (procedure is not outline as data is not shown within this body

of work; please refer to the work by Chin Ng (Ng, 2010)).

E. Protein Immunblot (Western Blot Preparation)

Following SDS-PAGE gels were transferred to nitrocellulose membranes using
wet transfer. Gels were sandwiched into a cassette with nitrocellulose membrane and
transferred in Western Blot Transfer Buffer at 250mA for 1.5 hour at room temperature.
Post-transfer, nitrocellulose membrane was blocked in 5% skim milk/PBST at room
temperature for 1-2 hours. Nitrocellulose membranes were washed in PBST (x3 10 minutes)
then incubated overnight at 4C with primary antibody: anti-WARS (ab58054, mouse
monoclonal; Abcam, Cambridge, MA, USA; 1:1,000 in PBST) and anti-GAPDH (mouse
monoclonal, clone GAPDH-71.1; Sigma Aldrich, St. Louis, MO, USA; 1:5,000 in PBST). The
following day, the nitrocellulose membrane was washed 3 x 10 minutes with PBST and
incubated with HRP-conjugated donkey-anti-mouse secondary antibody (Rockland,
Gilbertsville, PA, USA) diluted into 1:5,000 in 1% skim milk/PBST for 1 hour at room
temperature with gentle agitation. Nitrocellulose membranes were washed a final time (3 x
10 minutes) and developed in Western Lightening Plus ECL Iluminol reagents

(PerkinElmer, Waltham, MA, USA) for 5 minutes and exposed to X-ray film.

XII. CELL DISSOCIATION

Two methods of cell dissociation were preformed to determine optimal collection
and sorting of GFP-positive (GFP*) cells, with the aim of using these in microarray

analysis. These are described below.
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A. Method 1: Cell Dissociation using Trypsin

Embryonic heads, at 10.5 dpc, were dissociated using trypsin, as described in
(Bouchard et al., 2005). Briefly, embryonic heads were dissociated into a single cell
suspension using a 24-gauge needle followed by incubation at 37C for 45 minutes in 6 well
plates containing 500ul of 1% trypsin (Invitrogen, CA, USA) in PBS. The reaction was
stopped by transferring the single-cell suspension into 4ml of cold Gibco® Dubelcco’s
Modified Eagle Medium (DMEM,; Invitrogen, CA, USA) containing 10% FCS. Cells were
centrifuged for 2 min at 4C at 1,000rpm. The cell pellet was resuspended in phenol-red free
DMEM (Invitrogen, CA, USA) containing 1% Fetal Calf Serum (FCS; Invitrogen, CA, USA)
and 1pg/ml propidium iodide (PI; Sigma Aldrich, St. Louis, MO, USA). Cells were sorted
according to fluorescence levels of GFP* and PI- using the BD FACS Vantage SE with
FACSDiVa Option (BD Bioscience, MD, USA), detailed in Section XIII Fluorescence
Activated Cell Sorting (p. 92).

B.  Method 2: Cell Dissociation using Dispase II and Collagenase B

The cell dissociation method using dispase II and collagenase B is described in
(Beverdam and Koopman, 2006). Briefly, 10.5 dpc whole embryo heads were dissected in
ice-cold 1xPBS and then enzymatically dissociated in dissociation medium composed of
Hank’s Balanced Salt Solution (Sigma Aldrich, St. Louis, MO, USA) containing 1 mg/ml
collagenase B (Roche Applied Science, Mannheim, Germany), 1.2 U/ml Dispase II (Roche
Applied Science, Mannheim, Germany) and 5 U/ml DNasel (Sigma Aldrich, St. Louis,
MO, USA) for 50-60 minutes at 37C while shaking. Cells were further dissociated
mechanically using a P1000 Gilson pipette and a 23-gauge syringe. Finally, cells were
passed through 40um cell strainers (Falcon BD Biosciences), rinsed with ice-cold 1xPBS,
spun down and resuspended in 1ml of phenol-red free DMEM supplemented with 1% FCS
containing 1pg/ml PI. Cells were sorted according to GFP+ and PI- fluorescence as detailed

below (see Section XIII Fluorescence Activated Cell Sorting).

XIII. FLUORESCENCE ACTIVATED CELL SORTING

GFP+ cells were sorted on the BD FACS Vantage SE with FACSDiVa Option (BD
Bioscience, MD, USA), with technical assistance provided by Sandy McIntyre, The Institute
of Medical and Veterinary Science, Adelaide, South Australia. The apparatus was run at
28psi using a 90um nozzle. GFP fluorochromes were excited with a 488 nm argon laser and

530 nm collection filters were used to detect GFP and regulate deflection. GFP+ cells were
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collected into RNAprotect Reagent (Qiagen, CA, USA) or phenol-red free DMEM
containing 1% Fetal Calf Serum (FCS) for further analysis.

Cells were first gated on a histogram; GFP* expressing cells were visualized on a
forward/side scatter plot. Cells were ‘back-gated” on the forward/side scatter plot to
eliminate debris prior to analysis; this also eliminated auto-fluorescence of the sample. An
analysis plot was generated with FITC fluorescence on the X-axis and PI on the Y-axis. Ten
thousand GFP-expressing cells were gated, and the number of these cells expressing GFP

analyzed. Data were expressed as GFP+ cells per 10,000 total events.

XIV. MICROARRAY USING THE ILLUMINA BEADCHIP

A. RNA Preparation

The preparation of RNA for use in microarray is outlined in Section III.B.1 RNA

processing of mouse embryonic 10.5 dpc mouse heads used in microarray analysis (p.77).

B.  Analysis of RNA Quality

A variety of procedures are in common use for analysis and quantification of RNA
(Fleige and Pfaffl, 2006). Recent analysis comparing the various methods (Ribogreen,
Agilent Bioanalyzer, spectrophotometer, Nanodrop and more recently the Bio-Rad
Experion) for quantification of the same RNA samples clearly demonstrate that no two
methods produce the same data and that it is inadvisable to compare quantification data
obtained using the different methods (Bustin, 2005). Therefore, throughout this work RNA
analysis and quantification was consistently determined using the Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) together with the RNA 6000 Nano
LabChip (Agilent Technologies, Palo Alto, CA, USA).

RNA samples were stored at -80C until ready to be sent off for microarray
analysis. The Agilent 2100 Bioanalyzer, which uses microfluidics to size-separate and
quantitate RNA, measures the amount of 285 and 18S ribosomal RNA; high-integrity RNA
has a 285:18S ratio of ~2.0. Additionally, it also calculates an RNA Integrity Number (RIN),
which considers the full size distribution of RNA, not just the 285 and 18S rRNA, and is
considered a more accurate assessment of overall integrity (Schroeder et al., 2006). Figure
2-5 shows representative electropherograms used to train the RIN software and shows the

varying levels of RNA intactness (Mueller et al., 2004).

All samples used for microarray analysis demonstrated ratios >1.6 and <1.9. High-

integrity RNA with a RIN value greater than 7.5 were selected for further analysis. RNA
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extracted from embryo heads with the highest possible RIN were used as individual

samples for microarray hybridization. All purified products were stored at —=80C.
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NOTE:
This figure is included on page 95 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 2-5 Electropherograms used in the analysis of RNA quality using the Agilent 2100 Bioanalyzer
(A) Sample electropherograms used to train the RNA Integrity Number (RIN) software. Samples range from
intact (RIN 10), to degraded (RIN 2). (B) Electropherogram detailing the regions that are indicative of RNA
quality. (C) Electropherogram showing the varying levels of intactness. Adapted from (Mueller et al., 2004).
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C. The Illumina® BeadChip Technology

Microarray analysis was performed using the Illumina® Whole-Genome
Expression BeadChip MouseWG6v1.1 Sentrix-6, containing approximately 47,000 probes
that cover more than 19,000 genes from the mouse genome assembled from the NCBI
database (Illumina Inc, 2010). Each Illumina® BeadChip Sentrix-6 BeadChip allows the
interrogation of six RNA samples in parallel and produces data that can be treated as
coming from six independent microarrays. Physically, each Illumina® BeadChip Sentrix-6
BeadChip consists of twelve equally spaced strips of beads (Figure 2-6, below). Each pair of
adjacent strips comprises a single microarray and is hybridized with a single RNA sample.
The BeadChip contains 3um beads that have been tagged with hundreds of thousands of
copies of a unique 25-mer address oligonucleotide followed by a gene-specific 50-mer
oligonucleotide, that are randomly assembled onto each array. Each array is made up of
approximately 1.6 million beads and provides an approximate 30-fold redundancy per
oligonucleotide (Illumina Inc, 2010). The unique address oligonucleotide enables the

location of each bead to be identified (Figure 2-7, p.97).

NOTE:
This figure is included on page 96 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 2-6 Physical layout of twelve equally spaced strips in a Illumina® Sentrix-6 BeadChip
Each array is made up of a pair of strips, one-below the other (Illumina Inc, 2010).
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A Cy3 labelled cRNA

Bead

w

Address
25-mer

lllumina Sentrix-6 BeadChip

100,000 thousand identical
probes per bead

1.2 million beads
; randomly assemble
. (total 47,000 probes)

e a

Approximately 30 beads )
per probe Unique Array

Figure 2-7 Schematic view of an Illumina® bead coupled with an oligonucleotide, consisting of the
address code and a 50 base gene-specific sequence

(A) Schematic representation of a single 3um bead with a single oligonucleotide attached. Each oligonucleotide
features a unique 25-mer address sequence to help locate the beads” position on the assembled array and a 50-
mer probe sequence which is specific to the gene of interest. (B) Each 3um bead has hundreds of thousands of
copies of a single oligonucleotide attached. Approximately 30 beads of the 47,000 different probes are
assembled randomly into etched wells on a chip producing a unique array.
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D. Microarray Processing

All microarray processing (from RNA amplification to hybridization) was carried
out at the Australian Genome Research Facility (AGRF; Melbourne, Australia) using the
[lumina® Sentrix Mouse-6 v1.1 Expression BeadChip (Illumina Inc, San Diego, CA). These
high-density oligonucleotide arrays comprise over 47,000 probes to query expression
profiles of the mouse genome. Content is based on the RefSeq, RIKEN FANTOM?2

databases and other data sources.

1. RNA amplification

Fragmented aRNA (2ug) was hybridized to the Illumina® BeadChip in duplicate
and hybridized for 16-h at 45C.

RNA was linearly amplified in two consecutive rounds using the Illumina® RNA
Amplification Kit (Illumina Inc, San Diego, CA) following the manufacturer’s instructions.
The procedure was conducted at AGRF. For information purposes the amplification
procedure consists of reverse transcription with an oligo-(dT) primer bearing a T7
promoter using ArrayScript™, a reverse transcriptase (RT) engineered to produce higher
yields of first strand cDNA than wild-type enzymes. ArrayScript™ catalyzes the synthesis
of virtually full-length cDNA, which is the best way to ensure production of reproducible
microarray samples. The cDNA then undergoes second strand synthesis and clean-up to
become a template for in vitro transcription with T7 RNA Polymerase. To maximize cRNA
yield, Ambion’s proprietary MEGAscript® in vitro transcription (IVT) technology is used in
the kit to generate hundreds to thousands of anti-sense RNA copies of each mRNA in a
sample. The labeled aRNA produced with the kit was then used for hybridization with the

[llumina Sentrix Mouse-6 v1.1 array (Illumina Inc, San Diego, CA).

2. Hybridization to the Illumina® BeadChip

Hybridization to Illumina® Mouse-6 Version 1.1 BeadChips was conducted at the
AGRF (Melbourne, Australia) using standard Illumina® protocols (as per manufacturer
instructions). There were two biological replicates of the entire experiment, making a total

of eighteen arrays on three BeadChips.

The Illumina® BeadChip analyzes whole-genome gene expression using a direct
hybridization approach. Each sample is biotin-labeled, then amplified RNA (aRNA) is
generated, via a cDNA intermediate, and this produces thousands of antisense copies of
each original mRNA molecule (refer to Figure 2-7, p.97). The labeled aRNA from one

sample is hybridized in duplicate onto two individual arrays (to provide technical
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replicates). Illumina® BeadChip uses single fluorescence, Cy3 conjugated streptavidin, for
the detection of gene expression, allowing the quantitative detection of RNA at each bead
location via fluorescence excitation and detection. The average fluorescent intensity is then
determined by averaging the fluorescent intensity for each bead and for each probe (this is
repeated for each array). The generation of aRNA, aRNA labeling, array hybridization,
fluoresce detection, and data retrieval were performed by the Australian Genome Research

Facility (AGRF; Melbourne, Victoria, Australia).

3. Arraydesign

Please refer to Chapter 3III.C Microarray Analysis for a description of the
microarray experimental design. This is represented in Figure 3-4 (p.115) and outlines the

array design of the three chips used.

E. Data Collection and Analysis

Microarray data was sent to me on DVD and contained three folders. One folder
contained the Illumina® BeadChip images of each slide. Images were included so as to be
visually assessed for quality (uniform hybridization and the absence of large artifacts). The
two remaining folders contained normalized (or background-subtracted) data, and non-
normalized (or non-background subtracted) data. The normalized data was used in

downstream statistical analysis.

1. Statistical programming environment for analyzing microarray data

Data was analyzed using the R statistical environment (http://www.r-
project.org/)  (lhaka and Gentleman, 1996) and IlluminaGUI  packages
(http:/ /illuminagui.dnsalias.org/) (Schultze and Eggle, 2007) on the MacOSX.

2. Normalizing data

The purpose of normalization is to remove non-biological sources of variation. In
a microarray experiment, there are many sources of variation. These include dye biases
from the efficiency of dye incorporation, experimental variability in the hybridization and

processing steps and differences between experimental conditions for replicate slides.

[NMuminaGUI provides the option to choose from three different normalization
techniques that are based on different assumptions concerning the nature of the raw data
(Schultze and Eggle, 2007): quantiles-method (Bolstad et al., 2003), the variance
stabilization and normalization (vsn)-method (Huber et al., 2002) and the QSpline-method

(Workman et al., 2002). Quantile normalization is based on transforming each of the array
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specific distributions of intensities so that they have the same values of quantiles
(Deshmukh and Purohit, 2007). The vsn-method builds upon the fact that the variance of
microarray data depends on the signal intensity and that a transformation can be found
after which the variance is approximately constant (Huber et al.,, 2002). It is like the
logarithm at the upper end of the intensity scale, approximately linear at the lower end,
and smoothly interpolates in between. The vsn-method assumes that less than half of the
genes on the arrays are differentially transcribed across the experiment. An advantage of
vsn-transformation over log-transformation is that vsn works also on values that are
negative after background subtraction. The QSpline normalization method uses quantiles
from array signals and target signals to fit smoothing B-splines. The splines are then used
as signal-dependent normalization functions on the signals of x. The target signals can be
from another array or could be means calculated from multiple arrays (Workman et al.,

2002).

For the experiment outlined herein quantile normalization was employed.
Quantile normalization is useful for normalizing across a series of conditions where it is
believed that a small but intermediate number of genes may be differentially expressed -

as is hypothesized (refer to Chapter 3II Aims , p.107).

3. Statistical analysis to determine differentially expressed genes
Three statistical approaches were used to identify differentially expressed genes:

. Linear model of microarray data analysis (LIMMA)

fits linear models to each gene in order to identify differentially expressed genes. LIMMA
identifies candidates based on the p-value, the probability that the values obtained can be achieved
randomly, and a B value, the log of the odds that the gene is differentially expressed. Genes with low

p-values and high B values are the most likely candidates for differential expression.

. Significance Analysis of Microarrays (SAM)
identifies genes with significantly differing expression levels between sets of samples, as
long as an a-priori hypothesis is present that some genes will have significantly different mean

expression levels between different sets of samples (Ideker et al., 2000);

- t-test
helps to determine the data’s signal to noise ratio for each gene and identifies the statistical

chance that the gene is differentially expressed.
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4, Data collation

To collate the data a PERL script was written to easily manage and combine the
data. The PERL script is provided in the Appendices - PERL script used in the collation of

microarray statistical data (p.203).

The complete comparison of all the data obtained from the microarray experiment
is located in the Appendices - Microarray DATA showing differentially expressed genes
(p-210).

F.  Criteria for the Identification of Differentially Expressed Genes

Microarray data, having been analyzed using three independent statistical
methods (LIMMA, SAM, and t-test), identified 226 differentially expressed genes that were
detected by all three tests (Appendices - Microarray DATA showing differentially
expressed genes, p.210). I focused my initial efforts on examining genes involved in
hypothalamic/ pituitary development, therefore I selected genes based on the following

criteria:

. Low p-value
A low p-value (p) indicates statistical significance to the degree of differential expression.

A P<0.05 is accepted as statistically significant.

. High fold change
A high fold change increases the likelihood of reproducibility by qPCR.

. Expression within the developing brain, in particular within the HP axis.
Determining whether the gene is expressed in the developing brain involved searching

GeneBank and literature search (PubMed search).
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XV. CDNA GENERATION

RNA obtained from embryonic tissue (refer to Section III.B.1 RNA processing of
mouse embryonic 10.5 dpc mouse heads used in microarray analysis, p.77) and from adult
brains (refer to Section III.B.2 RNA processing of hypothalamic sections used in mRNA
expression analysis by qPCR, p.78) was reverse transcribed using the Applied BioSystems
High Capacity RNA-to-cDNA kit (Applied BioSystems, CA, USA) as per manufacturer’s
instructions. 500ng of each sample of starting RNA was reverse transcribed used and
concentration determined by spectrophotometer reading. A final volume of 20pL of cDNA
was generated. cDNA was diluted 1:10 with Milli-Q water and stored at -20C in 10uL

aliquots.

XVI. QPCR

Real time PCR, also called quantitative real time PCR (qPCR/qrt-PCR/qRT-PCR)
is the technique of choice to amplify and simultaneously quantify a targeted DNA
molecule. qPCR is highly sensitive and allows quantification of rare transcripts and small
changes in gene expression. The simplest detection technique for newly synthesized PCR
products in qPCR uses the SYBR Green I fluorescence dye that binds specifically to the
minor groove double-stranded DNA (Morrison et al., 1998).

qPCR was performed using Fast SYBR Green Master Mix (Applied BioSystems,
CA, USA) according to manufacturer’s protocol and run on an ABI 7500 StepOnePlus
thermo-cycler (Applied BioSystems, CA, USA) with the following parameters: 95C for
20secs, 39 cycles of 95C for 3secs, 60C for 30secs. Followed by generating a dissociation
curve, done by increasing the sample temperature in 0.5C increments and measuring
fluorescence levels after each increment. Each reaction was performed in triplicate, unless

otherwise noted.
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XVII. SOFTWARE PROGRAMS

The following software packages were used in the generation/analysis and/or
presentation of data and/or results throughout this work. All packages were run on the

Mac Operating System (Mac OSX Leopard), unless otherwise noted.

. Word and Excel 2008 (Microsoft, California, USA)

Word-processing package in which this work was written in.

. Endnote X2 (Thomson Reuters, USA)
Bibliographical database program.

. 4Peaks v1.7 (Mek&Tosj, Amsterdam, The Netherlands)

Visualize and edit DNA sequences.

. R Project (University of Auckland, New Zealand)*

Software environment for statistical computing and graphics.

. Adobe Photoshop CS4 (Adobe System Incorporated, USA)
Photo editing and construction of compiled figures/graphs.

. Adobe Illustrator (Adobe System Incorporated, USA)

Diagram and figure line-vector drawing package.

. ConceptDraw Pro (Odessa Corporation, USA)

Diagramming platform for generation of flow charts.

. SPSS 19 (IBM Corporation, NY, USA) used on Windows XP (Microsoft, USA)
Statistical package.

. SigmaPlot (Systat Software Inc, USA) used on Windows XP (Microsoft, USA)
Graph drawing package.

. Chimera®

Visualization and analysis of molecular structures and related data.

4 Initially written by Robert Gentleman and Ross Thaka, University of Auckland, New Zealand. http:/ /www.r-
project.org/

5 The package is freely available for Windows and Mac computers from the following link
http:/ /www.cgl.ucsf.edu/chimera/
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3 Identification of Sox3

Target Genes

I. INTRODUCTION

Sox3, a member of the high mobility group (HMG) family of transcription factors,
is expressed in neural progenitor cells (Brunelli et al., 2003; Stevanovic, 2003) and in the
gonads (Raverot et al.,, 2005; Sutton et al., 2011). The correct dosage of SOX3/Sox3, a
transcription factor member of the SOXB1 family, is essential for brain, specifically
hypothalamic and pituitary development (Rizzoti et al., 2004). Critically, the target genes
regulated by Sox3 have not been identified. The identification of Sox3 target genes is crucial
for better understanding Sox3 function. In the mouse embryo, Sox3 is highly expressed
within the developing brain at 10.5 dpc (Chapter 1II.C The Role of Sox3 in Hypothalamo-
Pituitary Axis Development, p.56). Given its robust expression at 10.5 dpc it is speculated
that Sox3 target genes are activated at this stage. This includes both direct targets, whereby
SOX3 binds to the promoter/regulatory region of these target genes thereby activating
gene expression, as well as indirect target genes. Indirect target genes are not directly
bound by Sox3 but are regulated via transcription regulators, which are targets of Sox3,
and are likely to be affected by Sox3 loss. The SOXB1 family members (Sox1-3) are
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transcriptional activators (Bylund et al., 2003). Using transgenic mice that lack Sox3, direct
targets are likely to be identified (by being down-regulated), although indirect targets may
also be identified (by either being up- or down-regulated).

The aim of the work described in this chapter was to identify potential Sox3 target
genes using three mouse lines, Sox3-null, Extra-Sox3 and Green-Sox3 (Figure 3-1, below),
by large-scale gene profiling using microarray technology (also see Chapter 2II1.B.1 Sox3
transgenic lines, p.72). The three mouse lines chosen for this study have a Sox3-GFP
reporter cassette inserted, thereby enabling GFP-positive (GFP*) cells to be sorted and used
in downstream microarray applications. This chapter describes the use of the Illumina
BeadChip, a novel microarray, for the identification of Sox3 target genes. Moreover, I
describe here the identification of a potential Sox3 target gene, Neurogenin-3 (Ngn3). Ngn3
is a member of the basic helix-loop-helix transcriptional factor family that play important
roles in vertebrate neurogenesis and are expressed in neural and endocrine precursor cells,
in particular the endocrine cell types in the pancreas (Gradwohl et al., 2000; Sommer et al.,
1996). Notably, Ngn3 has been shown to co-localize with Sox3 in proliferating germ cells
during spermatogonial differentiation, and is decreased in the absence of Sox3 (Raverot et

al., 2005). Thus, suggesting a potential functional link between Sox3 and Ngn3.

Open Reading

Frame
Wild-type 5[ | O 3
soxa-null > [ G s
Extra-Sox3 s [ OONNNACCSCre 3
Green-Sox3 5[ | HNSOCNNINNGEEN 3

Figure 3-1 Schematic representation of the wild-type, Sox3-null, Extra-Sox3 and Green-Sox3 (GFP-
reporter) mice.

Sox3-null mice was generated using homologous recombination whereby the SOX3 open-reading frame (ORF)
was replaced with the marker gene encoding GFP protein downstream. This permitted the expression of GFP
driven by the Sox3 regulatory sequences. Extra-Sox3 mice were generated using BAC-recombineering using an
IRES-eGFP reporter cassette that was inserted into the 3'UTR of Sox3 using homologous recombination. Green-
Sox3 (GFP-reporter) mice, containing identical regulatory sequences that were used to generate the Extra-Sox3
mice, were generated from a modified BAC in which the Sox3 ORF was replaced with the eGFP coding
sequence. These mice express normal levels of Sox3 in eGFP-expressing cells.
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3. Identification of Sox3 Target Genes

The overall aim of this project was to identify Sox3 target genes, using microarray

analysis to compare gene expression in wild-type, Sox3-null and Extra-Sox3 mice

embryonic heads at 10.5 dpc.

My specific aims were to:

Identify potential Sox3 target genes by microarray analysis (Aim 1);
Verify microarray results using qPCR (Aim 2);
Examine the expression of Sox3 and the potential Sox3 target gene(s) that are up-

and/or down-regulated as a consequence of a loss of Sox3 (Aim 3).
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III. RESULTS

AIM 1: IDENTIFY POTENTIAL SOX3 TARGET GENES BY MICROARRAY
ANALYSIS

As Sox3 is an essential regulator of HP axis development, to further investigate the
function of Sox3 in HP axis formation I set out to identify novel target genes by microarray
analysis. This approach was based on the premise that gene expression differences in the
brain region of wild-type, Sox3-null and Extra-Sox3 embryos would be detected by gene
expression profiling. This approach required several technical difficulties to be addressed.
Initially, the aim was to collect GFP-positive (GFP+)¢ cells by FACS and extract RNA from

these cells in preparation for microarray processing.

A. Cell Dissociation and FACS sorting of GFP-positive cells for use in

Microarray Analysis

The overall aim was to identify target genes of Sox3. The first step was to isolate
and collect GFP* cells from the three transgenic mouse lines: Green-Sox3, Extra-Sox3 and
Sox3-null. Once isolated, the GFP* cells would be used for microarray analysis using the
[llumina MouseRef-6 BeadChip. 50ng total RNA would be required from each transgenic

mouse line.

Using FACS, I attempted to isolate 5,000-10,000 live GFP* cells from the CNS of
individual Sox3-null, Extra-Sox3 and wild-type embryos. These numbers are based on a
similar study (Bouchard et al., 2005) whereby 5,000 GFP+ cells yielded 5-10ng RNA (or 30-
80ug after two rounds of amplification). Two methods of cell dissociation, using trypsin
(method 1) and using a combination of dispase II and collagenase B (method 2), were trialed
to determine which method generated the most viable GFP* cells per embryo. All samples
were collected at 10.5 dpc following the protocols described in Materials and Methods
(Chapter 2XII Cell Dissociation, p.91).

Sorting profiles of cells obtained using trypsin as the dissociation medium (method
1) are shown in Figure 3-2 A (p.112), and profiles of cells obtained using a combination of
dispase II and collagenase B in the dissociation medium (method 2) are shown in Figure 3-2

B (p.112). In each experiment three controls were used based on the presence or absence of

6 a " indicates positive for GFP and ‘~ indicates negative for GFP. These superscripts are used to indicate
presence of GFP as well as propidium iodide (PI) in FACS.
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GFP and propidium iodide (PI; membrane impermeant nucleic acid stain that is generally

excluded from viable cells. Thus, it is commonly used for identifying dead cells).
The controls, used to set the ‘gate” during FACS, were as follows:

. GFP-PI
Cells identified as GFP-negative (GFP-) and Pl-negative (PI) collected from wild-type
embryos that did not express GFP and were not selectively stained for dead cells. PI- cells are viable.

This is the negative control and we would not expect to see sorting of either GFP* and/or PI* cells.

. GFP-PI*

Cells identified as GFP-negative and Pl-positive collected from wild-type embryos that did
not express GFP but were selectively stained for dead cells. This control helps to set the PI sorting
gate. We would expect to see FACS of PI* cells only.

. GFP*PI-

Cells identified as GFP-positive and Pl-negative collected from embryos expressing GFP
and were not selectively stained for dead cells. This control helps to set the GFP sorting gate. We
would expect to see FACS of GFP+ cells only.

Samples, used in the sorting of GFP*PI-cells, were obtained from individual GFP+
embryos from litters from the three mouse lines. Each GFP* sample was stained with PI to
eliminate, by sorting, any cell debris and dead cells (as I was only interested in collecting

viable GFP+ cells).

The results from one cell sorting experiment comparing cell dissociation methods
(method 1 and method 2) are shown in Figure 3-2 A and B. Results are from two independent
Sox3-null 10.5 dpc litters. The controls GFP-PI- (i), GFP-PI* (ii), GFP*PI- (iii) and one cell
sorting result (iv) are shown. The scatter plot (showing side scatter (SSC) and forward
scatter (FSC)) used in gating the cells is shown (inset). Using trypsin-containing medium
(method 1) yielded very few GFP* cells per embryo (572 GFP+PI- cells; Figure 3-2 A iv). In
contrast, using a combination of dispase II and collagenase B (method 2), yielded 1,017
GFP+PI- cells (Figure 3-2 B iv). Similar results were shown in repeat experiments (data not

shown).

The use of trypsin-containing medium did not provide reliable yields of positive
cells (GFP+PT-) per embryo. This method resulted in a high yield of cell debris (as shown by
the scatter plots in Figure 3-2 A i - iv). The distribution of the dots in the scatter plot can
distinguish one type of cell from another. This enables the creation of a gate around one
particular cell population for further analysis. The larger cells (or cell debris) are

represented as higher values along the y-axis (SSC), while the more granular cells (those
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containing more objects inside the cell enabling laser refraction) are represented as higher
values along the x-axis (FSC). In Figure 3-2 A and B the cells of interest are gated
(measured along FSC x-axis; blue selection) and form a tight population. Whereas, cell
debris (measured along SSC y-axis; black dots) does not form a tight population, rather

they are more dispersed.

The use of the more gentle cell dissociation method, using a combination of
collagenase B and dispase, as previously described elsewhere (Beverdam and Koopman,
2006) provided a higher yield of GFP+PI- cells per embryo, than seen with trypsin-
containing medium. This method utilized collagenase B, from C. histolyticum, which is a
protease with specificity for the X-Gly bond in the sequence Pro-X-Gly-Pro, where X is
most frequently a neutral amino acid. Such sequences are found in high frequency in
collagen, but only rarely in other proteins. Dispase II, a metalloenzyme produced by
Bacillus polymyxa, has been classified as an amino-endo peptidase suitable for tissue
disaggregation and subcultivation procedures since it does not damage cell membranes
(Stenn et al., 1989). Thus, unlike trypsin, which has the ability to damage the cell
membrane under prolonged or excessive trypsin concentrations, the combination of
collagenase and dispase provide a more gentler dissociation medium. The use of this

method proves to be more effective in collecting a higher yield of GFP+PI- cells.

Although the use of a combination of dispase II and collagenase B provided a
higher yield this would not provide the required number of GFP+PI- cells to generate 50ng
RNA. In a similar study (mentioned above), 5,000-10,000 GFP+PI- cells were collected by
FACS per embryo (Bouchard et al., 2005). For each embryo, the total RNA from a minimum
of 5,000 cells was reverse-transcribed followed by two rounds of amplification (as total
RNA isolated per embryo was low; 5-10 ng), and yielded 30-80 ng of aRNA (Bouchard et
al.,, 2005). My data showed, using the combination of collagenase and dispase cell
dissociation method, an average yield of 1,000 GFP*PI- cells per embryo. Based on
Bouchard et al data as an estimate of required yield, 5,000 GFP+ cells per embryo would
generate 5 ng. Obtaining the minimum of 50ng total RNA per embryo would not be
achievable. Approximately 50,000 GFP* cells would need to be collected from 10 embryos
that would need to be pooled into one sample, and in triplicate for per mouse line (Green-
Sox3, Extra-Sox3 and Sox3-null). Thereby requiring at least 30 GFP* embryos per mouse
line. Given that, on average, 25% of each litter (or 2 pups from an average litter size of 8)
would produce homozygous pups carrying GFP, 10 GFP* embryos would be pooled from,
at least five matings. This method would prove extremely time consuming, and would

require the use of sizeable numbers of embryos. Therefore, an alternative approach was
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derived that involved isolating the entire embryonic head at 10.5 dpc from which total

RNA was extracted and analyzed by microarray.

B.  Extraction of RNA from Whole Mouse Embryonic Heads for use in
Microarray Analysis - RNA Quality Analysis

Total cellular RNA was isolated from the 10.5 dpc embryonic heads from Sox3-
null, Extra-Sox3 and wild-type mouse lines (see Materials and Methods Chapter 2II1.B.1
RNA processing of mouse embryonic 10.5 dpc mouse heads used in microarray analysis,

p-77). RNA size and quality was assessed via the Agilent 2100 Bioanalyzer.

Figure 3-3 (p.114) shows the RNA quality analysis of the samples used in
microarray analysis. All RNA samples were of the highest quality based on their RNA
integrity number (RIN) (refer to Materials and Methods Chapter 2XIV.B Analysis of RNA
Quality, p.93). RNA used as individual samples for each mouse line sample and pooled
RNA samples from wild-type and Sox3-null mouse lines had a RIN of 8-10. Only in the
Extra-Sox3 pooled samples were there two samples with RIN of 7.9 and 7.8. The other two
samples had RIN in the range of 8-10.

C. Microarray Analysis

Microarray analysis was performed, as outlined in Material and Methods (see
Chapter 2XIV.D.2 Hybridization to the Illumina® BeadChip, p.98 and Chapter 2XIV.D.3
Array design, p.99).

Figure 3-4 (p.115) shows the microarray outline and experimental design. For each
experimental group: Sox3-null, Extra-Sox3 and wild-type RNA samples were collected.
From each experimental group two RNA samples were collected from individual
embryonic heads. The third group contained a pooling of RNA obtained from 4 embryonic
heads. Each sample was hybridized in duplicate across three Illumina BeadChip slides.
Hybridizing in duplicate was a strategy employed to eliminate/reduce errors

between/within slides.
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Figure 3-2 Fluorescence activated cell sorting of GFP* mouse 10.5 dpc embryonic heads comparing
two cell dissociation methods: trypsin (method 1) and a combination of dispase II and collagenase B
(method 2)

(A) Trypsin method used for cell dissociation and FACS. (B) Dispase II and Collagenase B method used for cell
dissociation and FACS. In each experiment, performed on independent days, Sox3-null litters were used. Three
controls were used: GFP-PI- (collected from wild-type embryos; shown in i), GFP-PI*(collected from wild-type
embryos shown in ii), and GFP+PI- (collected from GFP+ embryos, shown in iii). The remaining GFP* embryos
in the litter were sorted for GFP* cells and stained with PI, to identify any cell debris and dead cells (iv). The
genotype (wild-type or Sox3-null) of each embryo is shown. The corresponding scatter plot used in gating the
cells is also shown. FACS graphs were generated using FCSExpress V3.0 (DeNovo Software, Los Angeles,
California, USA)

112



3. Identification of Sox3 Target Genes

PARRIAAR RN R '} E
®
r o
d *[a Y [F Ll Fi >
w W w w
0} » |O * |0 O L

. % 3 o *
o a a
w (V' w
O » | O % |G
>
5 3

g —eRE e

- T = S &
= unod = unod
adAi-pim lINu-gx0Ss

113



Individual #1

Individual #2

Pooled

Wild-Type

<

>
e
00
|
0e ##
DR S 2
™Y YT
N D NWBOaR B W8N
B Ly
M Gt e e
A e [/ 10 i
BN Sy St RN o7 parm)
bt Py Lo
et Py L e
vl
oo |
v
® —o Y \_‘.'
T T ™Y
2 3N B e 6w B N
s Lane
A oot wnee ™o
AN b [t ) IN] "
Iyt Mt SN (2]
St gy (o ﬁn
ot Py Lot -

¢ e " -
T TR %%, A Pt B
VB X HBY O RNB W E

N A o

P Comamtwron 3w

A st [0 / 104) 1

N0 Lt Oy Vot N 3 sy

Pt Paggong Cor

et Puggeg Labe L2t

L)

oy |

L e e
B L v ™
AN B I AN "
e 2]
ot gy Comr
Bt Pagiy Later -aw
pul

» |

it

"w

$ .

e

A Ly

AR e g bl
A R [0 [ 39 .

A gty Mot (RV) 02 moam)
Pt Py vt

Fent fsey e )

3. Identification of Sox3 Target Genes

Sox3-null

T
© an

NS A L5

BNA Comcwenanon Q0 v

A Rate [ ) e} 1

N g by Vb (N L

ot Paggmg Coter

Bt Naggrg Labee -—am

| S N U S | G I N— | - — m— I Y 1 E— | T —
~E8Y¥ 2 g
| o
‘ o |
1
,4
£ 1 I .
3 e
ek =
2
‘-
é-
I T — | | N R f I N — I ST — I S N—

[y SS—— e
. e [0/ 18] '

A gy Nmibar 8} R e
Bent Magyeg Coter

ot Pagung Lt e

— }é
YT T T
N B XN SRN 0
N e L]
et Camcormamoe e 1]
A e [0/ L) "
P Lty 8y S (RN B a0
Bt Naggey Comr
Fom Mg Late’ _an
rup
13
-
©
<
" |
¢ el
™ T
2B » Q8RB e ey
- ™
A Gt at et
. [ | S .
N Doty M (M) R
bt ooy a —
Bt Paggng it e
ry v
10 9 l
|
e
|
- &
S A am e
T G R A T, T
N BN N O8NS 08N
e act
B bk
R [ 1) e
BN Intagrty Nwmter (RN 44 (e
Bt Paggeg Caler-
B -
)
1% |
L}
%)
™7 s KN I TS
N B » © 86 % B e N
Lk 33
A (et b D
A R (i ] 3
B gty b () Ty M50
Bt Py o
B Fagymy -
pu
e |
108
-
o A M.
v ¥ v ¥ LA M T
X BN BV O NGOG
N A, i
e 151y
e [/ 14 “w
A Lty Nt (AT 78 (NS08
Rt Nagges (o
ot g Lasmr -
rv
1% ‘
"=
o
“
»n a
| = ament— i .0
AL A S s S A S
23 0B 6N BN
- -
A s gl I '
A e [ 1 1N »
W Loty Nt (KINY 1oL
Pemt Pagpng Lot
Pont Naggey Lse L

Figure 3-3 RNA quality from whole mouse embryo heads used in microarray analysis
RNA quality analysis, as determined by Agilent Bioanalyzer, of all samples used in microarray analysis.
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Figure 3-4 Microarray experimental outline and design

Schematic overview of the microarray process, from tissue collection to data analysis and the final step of
validation by qPCR, showing the Illumina BeadChip array organization. For each experimental group: Sox3-
null (green text), Extra-Sox3 (red text) and wild-type (black text) three samples of RNA were collected. From
each experimental group two RNA samples (A and B) were collected from individual embryonic heads and
hybridized in duplicate (A1, A2 and B1, B2). The third group contained a pooling of RNA obtained from 4
embryonic heads, and was also hybridized in duplicate (P1 and P2).
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D. Normalizing Microarray Data

Data was first normalized by two methods: quantiles-method (Bolstad et al., 2003)
and the vsn-method (Huber et al., 2002). Data is represented by box-plots and is shown
normalized using the quantile-method (Figure 3-5, p.117):

. Non-background subtracted microarray data sets that have

not been normalized (Figure 3-5 a)
been quantile normalized (Figure 3-5 b)

. Background subtracted microarray data set that

not been normalized (Figure 3-5 c)
been quantile normalized (Figure 3-5 d)

Background subtraction removes the non-specific background intensities of the
scanner images and then undergoes quantile-normalization. These box plots reveal that the
non-background subtracted data has a greater degree of variation between and within
arrays prior to normalization and is likely to contain more variation when determining
which genes are differentially expressed. Hence, non-background subtracted data is not
suitable for downstream analysis. Thus, for the analysis of differentially expressed genes
the background-subtracted data normalized using the quantile-normalization method was

employed in downstream data analysis.

To further analyze the differences between arrays the data was plotted using M
versus A plots to show the log-intensity ratio (M=log2(G1/G2)) versus the mean log
intensity (A=log.V(G1 x G2)) for all the genes present on the array (Figure 3-6, p.119). MA-
plots for single channel microarray platforms are computed from the means and
differences of log-expression values from two microarrays. Such plots were introduced and
used by Bolstad et al (Bolstad et al., 2003). Determining the MA plot gives a quick overview
of data distribution. In many microarray experiments the general assumption is that the
expression levels of most of the genes would not be changed and so the majority of the
points on the M plot (y axis) would be located at 0 (since Log(1) is 0). If the majority of
points are not located at 0, then a normalization method such as LOESS regression should
be applied to the data before statistical analysis (Causton et al., 2003). The MA plots shown
in Figure 3-6 (p.119) compare the MA plots for non-normalized (background subtracted)
data versus quantile-normalized (using background subtracted) data. Both the non-
normalized and quantile-normalized MA plots indicate that all points on the M plot are
located at 0. Therefore, the data did not need to undergo further normalization methods

before statistical analysis.
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Figure 3-5 Box-plots showing intensity distributions before and after normalization of non-
background subtracted and background subtracted data sets

Box plots are used to determine the distribution of intensity signals across an array, thereby verifying the
comparability of all arrays within an experiment. Non-background subtracted data shown prior to
normalization (a) and then after quantile-normalization (b). Background subtracted data shown prior to
normalization (c) and then after quantile-normalization (d). Box plots were generated using IlluminaGUI in the
R programming environment. (a) and (c) show reference to the chips (chip 1-3) and the arrays within each chip
(A-F).
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Figure 3-6 M versus A plots prior and after quantile normalization of background subtracted arrays
Plots show between-array symmetry around a horizontal line through zero. Each duplicate array for the groups
was located on a different slide, providing more control over possible variations. Plotting this data on MA plots
shows that there is little variation between arrays of the sample, both before normalization (non-normalized
data) and after (quantil-normalized data). No non-linearity was seen in either non-normalized or quantile
normalized data therefore further normalization, such as using LOESS regression was not required to have
been applied to the data before statistical analysis.
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E. Identification of Differentially Expressed Genes

Differentially expressed genes were identified by statistical methods as described
in Materials and Methods Chapter 2XIV.E Data Collection and Analysis (p.99) and Chapter
2XIV.F Criteria for the Identification of Differentially Expressed Genes (p.101).

The initial focus for identifying differentially expressed genes was on Sox3-null
versus wild-type because this enables the identification of down-regulated genes (as

determined by having a negative fold change) in the Sox3-null mice relative to wild-type.

To identify genes that were differentially expressed, three statistical methods were
employed: LIMMA, SAM, and t-test. These methods are described in detail in Materials
and Methods Chapter 2XIV.E.3 Statistical analysis to determine differentially expressed
genes (p.100). By using three methods I was able to deduce which genes were down-
regulated in each test. I focused my initial efforts on examining genes involved in
hypothalamic/pituitary development, and therefore I selected genes based on the

following criteria:
. Low p-value

A low p-value (P) indicates statistical significance to the degree of differential expression.

A p<0.05 is generally accepted as statistically significant.
. High fold change (as indicated by a negative value)
A high fold change increases the likelihood of reproducibility by qPCR.
. Expression within the developing brain, in particular within the HP axis.

Determining whether the gene is expressed in the developing brain involved searching

GeneBank and literature search (PubMed search).

During the statistical analysis process an Honors student in the lab, Dale
McAninch, as part of his honors work, contributed in the validation of differentially
expressed genes. Dale selected genes based on their connections to brain development or
expression within progenitor cells. These genes were selected from the microarray list
generated from t-test statistical data; 122 genes were identified as being differentially
expressed with a fold change greater than 2 in Sox3-null relative to wild-type (Table 3-1,
p-123). I examined genes that were detected by all three statistical methods, detailed below.
Initially choosing six genes best fitting the selection criteria: genes that were down-
regulated - Clcn7, Enpp5, Gprl125, and genes that were up-regulated - Pdrgl, Rpol-4 and
Tomm?22 (data not shown). These genes were chosen based on their large differences in

gene expression which could be reproduced and seen by qPCR, and potentially indicate
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accuracy of microarray statistical data analysis. When these genes were analyzed by qPCR
there was no correlation when compared to the microarray statistical analysis (data not
shown). These results indicate that either the samples tested by qPCR analysis were not
similar in their expression profiles (the microarray samples and qPCR samples came from
different litters and were collected at individual times) to those used in the microarray or
that these genes have been detected as false-positive by microarray and subsequently there
is no change seen by qPCR validation (McAninch, 2008). To further analyze the microarray
data, Dale selected 50 differentially expressed genes identified by microarray, and
validated these by qPCR. The results are tabulated and located in the Appendices -
Microarray Validation by qPCR (p.232) (McAninch, 2008). In summary, none of the genes
tested by qPCR agreed with the microarray data.

To further examine the reason for such a large false-positive discovery rate, Dale
examined the gene expressions of positive control genes (known to be expressed): Sox3,
GFP and Xist (X-inactivated specific transcript; an RNA gene located on the X chromosome
of placental mammal acting as a major effector of the X inactivation process whereby its
RNA is responsible for the random silencing of one of the X chromosomes in somatic cells
of XX individuals), and is not expressed within XY somatic cells. As described previously,
the Sox3 ORF has been replaced with the GFP ORF in Sox3-null mice, thus GFP, the second
positive control, is expressed in cells that would normally express Sox3. Therefore, Sox3
should only be detectable in wild-type samples and GFP only in Sox3-null samples.
Microarray data found Sox3 expressed in wild-type samples but not in Sox3-null samples,
however GFP was not detected in either the wild-type or the Sox3-null samples. The probe
on the microarray detects enhanced GFP (eGFP) that has approximately 30% silent base
substitutions compared with GFP. This is the likely reason why the microarray did not
detect the GFP in the Sox3-null samples. Nevertheless, using qPCR primers for GFP Dale
was able to detect both eGFP and GFP indicating expression in Sox3-null but not wild-type
samples. Furthermore, Xist was only expressed in female, but not male, samples. These
results are shown in Appendices - Table A 2 Average intensity values for Xist, Sox3, f-Actin
and GFP (p.233). Additionally, microarray data revealed that Sox3 was down-regulated in
Sox3-null mice and up-regulated in Extra-Sox3 mice, as expected. Further supporting that,
although there is a high false-positive discovery rate, the microarray was able to identify

positive control genes.

My analysis of differentially expressed genes was based on statistical detection by
all three tests (LIMMA, SAM and t-test) comparing Sox3-null samples relative to wild-type.
A total of 45 genes were identified as down-regulated (negative fold change) by all three
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statistical tests (Table 3-2, p.126). All of these genes had a fold change greater than 2 using
t-test and SAM statistical methods. Only 18 genes were identified as down-regulated in
Sox3-null mice using the LIMMA statistical method, again each gene had a fold change
greater than 2 relative to wild-type.

F. Genes Chosen for qPCR Validation

Four differentially expressed genes were selected that were expressed in the
developing hypothalamus at 10.5 dpc and that also showed a low p value and a high fold
change (as per selection criteria detailed above). A literature search was also conducted
and the most biologically relevant gene from this list was Ngn3 (Raverot et al., 2005). As
shown in the Table 3-4 (p.127), Nfya, Ngn3, Sfrpl, and Nenf were down-regulated, as
indicated by the fold change, in Sox3-null mice. In Extra-Sox3 mice, only Sfrpl was also
down-regulated and Nenf was up-regulated. Sfrpl and Nenf were the only genes from this
list that were detected by the three statistical methods. Due to the initial focus for
identifying differentially expressed genes on Sox3-null relative to wild-type and the high
false-positive discovery rate, specific genes detected by the Extra-Sox3 microarray data are
referred to as needed. As shown by Dale, Pdrg1, Rpo1-4 and Tomm22, which were all highly
up-regulated in Extra-Sox3 samples, relative to wild-type, did not show this same trend by
qPCR. Therefore, I focused on the results obtained from Sox3-null relative to wild-type in
addition to literature searches to focus in on genes likely to be targets of Sox3 and are

expressed in the developing hypothalamus, at 10.5 dpc.
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Table 3-1 Down-regulated genes identified by microarray analysis and t-test statistical analysis in
Sox3-null 10.5 dpc embryonic heads

Data is sorted by fold change (FC). For comparison the FC and p-value for results obtained by LIMMA and
SAM statistical methods are shown.

Gene/Symbol LIMMA SAM t-test

FC P-value FC P-value FC P-value
Fcerlg -92.12 0.00E+00
5730538E15Rik  -5.13 2.13E-09 -10.63 1.00E-04 -53.27 0.00E+00
Ndufv10 -3.27 6.82E-05 -51.77 0.00E+00
Sox3 -5.94 1.86E-09 -44.09 0.00E+00 -44.09 0.00E+00
Xist -4.57 1.45E-04 -30.09 0.00E+00 -30.09 1.00E-04
5430404G13Rik  -4.32 2.72E-07 -19.40 0.00E+00 -19.40 0.00E+00
1110060M21Rik  -4.00 2.94E-11 -16.55 0.00E+00 -16.55 0.00E+00
Mil5 -12.10 8.10E-03
Gprl25 -3.51 6.19E-10 -10.77 0.00E+00 -10.77 0.00E+00
AB041568 -10.17 0.00E+00 -10.17 0.00E+00
9430077D24Rik  -3.22 2.30E-06 -8.75 0.00E+00 -8.75 0.00E+00
2610511017Rik -7.90 0.00E+00
Oligl -7.82 0.00E+00
matrix-
remodelling -7.21 0.00E+00 -7.21 0.00E+00
associated 7
A630076G18Rik -7.06 1.00E-04
Clen7 -2.72 5.01E-09 -6.49 0.00E+00 -6.49 0.00E+00
Drctnnbla -5.96 3.50E-03 -5.96 2.90E-03
Uapl -2.63 2.20E-08 -5.70 0.00E+00 -5.70 0.00E+00
2410146L05Rik  -2.49 9.98E-10 -5.65 0.00E+00 -5.65 0.00E+00
Elovl4 -2.45 9.18E-11 -5.44 0.00E+00 -5.44 0.00E+00
Ddr1 -2.43 6.71E-10 -5.34 0.00E+00 -5.34 0.00E+00
A430106]J12Rik  -1.17 2.23E-04 -5.30 0.00E+00
Ppan -2.47 4.90E-09 -5.25 0.00E+00 -5.25 0.00E+00
2310038D14Rik  -2.74 3.29E-05 -4.61 1.00E-03 -4.61 0.00E+00
Nrxn3 -4.53 1.00E-04
Mrps10 -2.90 1.16E-04 -4.33 2.90E-03 -4.33 0.00E+00
Plod?2 -2.17 9.28E-06 -4.28 0.00E+00 -4.28 0.00E+00
Atf7ip -2.06 1.30E-09 -4.15 0.00E+00 -4.15 0.00E+00
9630038CO08Rik -4.05 1.50E-03
Kif3a -2.38 2.52E-05 -3.95 1.00E-03 -3.95 0.00E+00
2410112006Rik  -2.42 4.62E-05 -3.90 1.60E-03 -3.90 0.00E+00
F830002E14Rik -3.82 4.10E-03 -3.82 1.00E-04
B3galt6 -3.74 0.00E+00
A930009K04Rik  -1.89 4.52E-05 -3.66 0.00E+00 -3.66 0.00E+00
Sfrpl -3.58 3.00E-04 -3.58 0.00E+00
Rps13 -2.28 1.03E-04 -3.58 2.00E-03 -3.58 0.00E+00
Bbs4 -2.03 3.55E-04 -3.53 6.00E-04 -3.53 0.00E+00
Robo3 -3.52 2.40E-03 -3.52 0.00E+00
Srd5a2l -1.77 2.00E-06 -3.50 0.00E+00 -3.50 0.00E+00
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3100003M19Rik  -1.80 7.46E-08 -3.50 0.00E+00 -3.50 0.00E+00
Slit2 -3.46 2.90E-03 -3.46 1.50E-03
Trim11 -3.44 5.00E-04
6330527006Rik  -1.92 5.97E-05 -3.44 3.00E-04 -3.44 0.00E+00
Hmgn3 -1.79 7.92E-09 -3.41 0.00E+00 -3.41 0.00E+00
Lhx1 -3.34 2.50E-03 -3.34 0.00E+00
E230012]19Rik -3.31 1.00E-04 -3.31 0.00E+00
Cox7a2l -3.27 2.78E-02
Mpg -2.32 2.76E-04 -3.26 0.00E+00
6330414G21Rik -3.22 2.70E-03 -3.22 0.00E+00
Cops5 -1.66 3.54E-04 -3.21 1.30E-03 -3.21 1.10E-03
A730085F06Rik -3.01 3.10E-03
LOC235497 -1.58 2.88E-08 -2.98 0.00E+00 -2.98 0.00E+00
Srp9 -2.94 5.40E-03
1200013A08Rik  -1.76 2.52E-05 -2.94 1.00E-03 -2.94 0.00E+00
Fbxo44 -1.57 8.66E-05 -2.94 0.00E+00 -2.94 0.00E+00
8430408J09Rik  -1.60 6.40E-05 -2.90 4.00E-04 -2.90 0.00E+00
LOC381820 -1.52 3.80E-06 -2.88 0.00E+00 -2.88 0.00E+00
2610109H07Rik -2.85 0.00E+00 -2.85 0.00E+00
Cobl -1.61 1.20E-05 -2.84 4.00E-04 -2.84 0.00E+00
G630034HO8Rik  -1.64 1.30E-04 -2.83 1.80E-03 -2.83 0.00E+00
2810406K13Rik  -1.82 3.16E-04 -2.82 3.50E-03 -2.82 0.00E+00
Lhx1 -2.77 4.20E-03 -2.77 0.00E+00
9430091F09Rik  -1.63 1.73E-04 -2.75 2.10E-03 -2.75 0.00E+00
2900009C24Rik  -1.49 1.49E-04 -2.71 3.00E-04 -2.71 0.00E+00
Asrij -1.40 3.62E-06 -2.67 1.00E-04 -2.67 0.00E+00
0610034P02Rik -2.66 0.00E+00 -2.66 0.00E+00
MGC67181 -2.66 4.00E-04 -2.66 0.00E+00
C030034]J23Rik -2.65 1.82E-02
Nfya -1.52 3.63E-05 -2.63 7.00E-04 -2.63 0.00E+00
Ephb2 -1.32 2.18E-04 -2.62 3.00E-04 -2.62 0.00E+00
A330055K22Rik -2.57 7.00E-04 -2.57 0.00E+00
Dner -1.65 2.12E-04 -2.56 4.10E-03 -2.56 0.00E+00
Grb10 -2.54 1.10E-03 -2.54 3.00E-04
Kcng?2 -2.53 2.00E-04
6330415B21Rik  -1.27 2.37E-04 -2.53 2.00E-04 -2.53 0.00E+00
E130216CO05Rik -2.52 3.00E-04 -2.52 0.00E+00
9330161A03Rik -2.48 1.00E-04
1810006K23Rik  -1.33 2.01E-06 -2.44 1.00E-04 -2.44 0.00E+00
Sncg -2.43 1.00E-04
Viaat -2.41 7.70E-03
LOC380983 -2.40 4.30E-03 -2.40 1.00E-04
C430002D13Rik  -1.27 1.69E-05 -2.39 0.00E+00 -2.39 0.00E+00
Neurog? -2.37 4.00E-04
1200003MO9Rik  -1.22 2.38E-05 -2.34 0.00E+00 -2.34 0.00E+00
Cspg3 -1.44 1.68E-04 -2.34 4.10E-03 -2.34 0.00E+00
Zfp330 -1.29 2.18E-04 -2.33 8.00E-04 -2.33 0.00E+00
AWI121567 -2.33 8.00E-04
Hspcb -2.33 7.00E-04
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Gria2 2233 1.90E-03
Kptn 1.22 3.38E-07 231 1.00E-04 231 0.00E+00
Dpysl2 -2.31 0.00E+00
Teel -1.20 1.43E-06 -2.26 1.00E-04 -2.26 0.00E+00
Fgfrlop2 -2.26 6.00E-04 -2.26 0.00E+00
Phip -1.17 3.84E-08 225 0.00E+00 -2.25 0.00E+00
LOC381795 115 5.27E-06 225 0.00E+00 225 0.00E+00
Rab6 -1.23 3.81E-05 -2.24 1.20E-03 -2.24 0.00E+00
9630023C09Rik -2.24 7.60E-03
Anapcl3 -1.23 5.77E-06 -2.23 6.00E-04 -2.23 0.00E+00
LOC277193 2.22 4.00E-04 2.22 0.00E+00
Slc15a2 2222 1.11E-02
4930441L02Rik  -1.14 3.38E-06 221 1.00E-04 221 0.00E+00
9030607L20Rik  -1.16 1.98E-04 -2.20 1.00E-04 -2.20 0.00E+00
1700008DO07Rik  -1.13 1.44E-04 -2.19 0.00E+00 -2.19 0.00E+00
Zfp288 214 2.50E-03
Myt -1.18 6.90E-05 -2.14 1.20E-03 214 0.00E+00
LOC434147 115 5.99E-05 213 5.00E-04 213 0.00E+00
9130023D20Rik  -1.10 5.27E-05 -2.10 4.00E-04 -2.10 0.00E+00
Dex -1.24 2.71E-04 -2.10 0.00E+00
Twsgl -1.06 1.46E-05 -2.08 1.00E-04 -2.08 0.00E+00
3110035E14Rik -2.08 9.00E-04
Rab3d -1.05 4.36E-07 -2.08 0.00E+00 -2.08 0.00E+00
2310004H21Rik  -1.07 1.63E-05 -2.08 1.00E-04 -2.08 0.00E+00
5830420C15Rik  -1.02 1.13E-04 -2.06 5.00E-04 -2.06 0.00E+00
4930427A07Rik -2.05 1.79E-02
2900063K03Rik -2.05 3.20E-03 -2.05 1.00E-04
5730406F04Rik -2.05 1.70E-03 -2.05 2.00E-04
Caskinl -2.05 0.00E+00 -2.05 0.00E+00
1110029105Rik ~ -1.03 1.35E-07 -2.03 1.00E-04 -2.03 0.00E+00
4930524J08Rik -2.03 7.00E-03
A230057G18Rik -2.02 3.00E-04
Dncl2b -2.02 3.30E-03 -2.02 0.00E+00
Snap25 2,01 7.00E-04
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Table 3-2 Down-regulated genes identified by microarray analysis using three statistical analyses

(LIMMA, SAM, and t-test) in Sox3-null 10.5 dpc embryonic heads
Data is sorted by fold change (FC).; from highest to lowest in t-test.

LIMMA SAM t-test

Gene/Symbol FC p value FC p value FC p value

5730538E15Rik  -5.1277 2.13E-09 -10.6268 1.00E-04 -53.2700 0.00E+00
Sox3 -5.9436 1.86E-09 -44.0923 0.00E+00 -44.0900 0.00E+00
Xist -4.5653 1.45E-04 -30.0888 0.00E+00 -30.0900 1.00E-04
1110060M21Rik  -4.0015 2.94E-11 -16.5538 0.00E+00 -16.5500 0.00E+00
Gprl25 -3.5126 6.19E-10 -10.7668 0.00E+00 -10.7700 0.00E+00
9430077D24Rik  -3.2237 2.30E-06 -8.7502 0.00E+00 -8.7500 0.00E+00
Clen7 -2.7239 5.01E-09 -6.4869 0.00E+00 -6.4900 0.00E+00
Uap1 -2.6270 2.20E-08 -5.6980 0.00E+00 -5.7000 0.00E+00
2410146LO5Rik  -2.4916 9.98E-10 -5.6477 0.00E+00 -5.6500 0.00E+00
Elovl4 -2.4503 9.18E-11 -5.4367 0.00E+00 -5.4400 0.00E+00
Ddr1 -2.4344 6.71E-10 -5.3356 0.00E+00 -5.3400 0.00E+00
Ppan -2.4674 4.90E-09 -5.2533 0.00E+00 -5.2500 0.00E+00
Mrps10 -2.9045 1.16E-04 -4.3344 2.90E-03 -4.3300 0.00E+00
Plod2 -2.1671 9.28E-06 -4.2751 0.00E+00 -4.2800 0.00E+00
Atf7ip -2.0578 1.30E-09 -4.1455 0.00E+00 -4.1500 0.00E+00
Kif3a -2.3807 2.52E-05 -3.9492 1.00E-03 -3.9500 0.00E+00
2410112006Rik ~ -2.4229 4.62E-05 -3.9019 1.60E-03 -3.9000 0.00E+00
Rps13 -2.2836 1.03E-04 -3.5838 2.00E-03 -3.5800 0.00E+00
Bbs4 -2.0322 3.55E-04 -3.5259 6.00E-04 -3.5300 0.00E+00
Srd5a2l -1.7693 2.00E-06 -3.5049 0.00E+00 -3.5000 0.00E+00
Hmgn3 -1.7852 7.92E-09 -3.4079 0.00E+00 -3.4100 0.00E+00
Copsb -1.6609 3.54E-04 -3.2102 1.30E-03 -3.2100 1.10E-03
1200013A08Rik  -1.7594 2.52E-05 -2.9408 1.00E-03 -2.9400 0.00E+00
Fbxo44 -1.5650 8.66E-05 -2.9410 0.00E+00 -2.9400 0.00E+00
Cobl -1.6142 1.20E-05 -2.8374 4.00E-04 -2.8400 0.00E+00
G630034HO8Rik  -1.6440 1.30E-04 -2.8348 1.80E-03 -2.8300 0.00E+00
9430091F09Rik  -1.6267 1.73E-04 -2.7513 2.10E-03 -2.7500 0.00E+00
Asrij -1.3992 3.62E-06 -2.6724 1.00E-04 -2.6700 0.00E+00
Nfya -1.5250 3.63E-05 -2.6300 7.00E-04 -2.6300 0.00E+00
Ephb2 -1.3213 2.18E-04 -2.6180 3.00E-04 -2.6200 0.00E+00
Dner -1.6453 2.12E-04 -2.5586 4.10E-03 -2.5600 0.00E+00
C430002D13Rik  -1.2678 1.69E-05 -2.3871 0.00E+00 -2.3900 0.00E+00
1200003MO9Rik  -1.2216 2.38E-05 -2.3381 0.00E+00 -2.3400 0.00E+00
Cspg3 -1.4418 1.68E-04 -2.3408 4.10E-03 -2.3400 0.00E+00
Zfp330 -1.2933 2.18E-04 -2.3318 8.00E-04 -2.3300 0.00E+00
Kptn -1.2239 3.38E-07 -2.3100 1.00E-04 -2.3100 0.00E+00
Tcel -1.1950 1.43E-06 -2.2587 1.00E-04 -2.2600 0.00E+00
Phip -1.1685 3.84E-08 -2.2526 0.00E+00 -2.2500 0.00E+00
Rab6 -1.2319 3.81E-05 -2.2424 1.20E-03 -2.2400 0.00E+00

Anapcl3 -1.2317 5.77E-06 -2.2333 6.00E-04 -2.2300 0.00E+00
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Mytl -1.1812 6.90E-05 -2.1431 1.20E-03 -2.1400 0.00E+00
2310004H21Rik  -1.0735 1.63E-05 -2.0798 1.00E-04 -2.0800 0.00E+00
Rab3d -1.0548 4.36E-07 -2.0800 0.00E+00 -2.0800 0.00E+00
Twsgl -1.0638 1.46E-05 -2.0762 1.00E-04 -2.0800 0.00E+00
5830420C15Rik  -1.0229 1.13E-04 -2.0556 5.00E-04 -2.0600 0.00E+00

Table 3-3 List of four differentially expressed genes chosen for validation by qPCR showing the fold
change as determined by the three statistical tests. Expression location of these genes is also shown
Sox3 is also shown for comparison. Abbreviations: PPHyp, Prependuncular hypothalamus; H, hindbrain;
PedHyp, peduncular (caudal) hypothalamus; RSP, rostral secondary prosencephalon; M, midbrain; T,
telencephalic vesicle; NA, no data available, FC, fold change; nd, not determined. P<0.05 unless otherwise
indicated. ! Expression location was found using Allen Brain Atlas (http://developingmouse.brain-map.org/).
2(Wang et al., 2006a).

ExtraSox3 vs Wild-Type Sox3-null vs Wild-Type
Expression
LIMMA SAM t-test LIMMA SAM  t-test .
Gene  Gene Name FC FC FC FC FC FC Location at 11.5
dpct
nuclear
Nfya transcription nd nd nd -1.52 -2.63 -2.63 PedHyp, RSP
factor-Y alpha
Ngn3 neurogenin 3 nd nd nd nd -2.53 nd PedHyp, RSP
secreted frizzled-
Sfrpl related protein 1 nd nd -2.45 nd -3.58 -3.58 PPHyp, H
neuron derived
Nenf neurotrophic nd 20.88 nd -4.00 -16.55 -16.55  NA, neurons?
factor
SRY-related RSP, PedHyp,
Sox3 HMG box.3 nd 36.00 nd -5.94 -44.09 -44.09 M, T

AIM 2: CONFIRM MICROARRAY IDENTIFIED POTENTIAL SOX3 TARGET
GENES BY QPCR

G. Validation of Microarray Data by qPCR

qPCR was performed to validate the expression levels of four identified

differentially expressed gene (refer to Table 3-3, p.127).

The genes chosen for validation by qPCR were selected based on exhibiting large
degrees of change, which were of biological interest due to their response to a change in
condition (in this case deletion of Sox3). Given that it was not practical to confirm by qPCR
the many thousands of microarray-identified genes, the initial focus was to examine genes
of interest that were based on their biological significance (refer to Materials and Methods

Chapter 2XIV.F Criteria for the Identification of Differentially Expressed Genes, p.101).
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In tandem, Dale’s honors work (McAninch, 2008) focused on performing an
extensive validation of differentially expressed genes that were identified by microarray
(as outlined above). Briefly, all of genes examined demonstrated no change in expression
between wild-type and Sox3-null 10.5 dpc embryos. Dale examined the two genes that had
the highest predicted fold changes from the microarray (Gpr125 at -9.36 and Tomm22 at
+18.68) by Northern blot analysis (data not shown; refer to McAninch, 2008). There was no
change in gene expression for either gene between wild-type and Sox3-null samples by
Northern blot. This data supported the lack of correlation observed between microarray

and qPCR data (McAninch, 2008).

I performed validation by qPCR of the four genes: Nfya, Ngn3, Sfrp1, and Nenf in
addition Sox3, which was used as a control. These genes were chosen as they were
expressed in the developing hypothalamus at 10.5 dpc. All genes were normalized to
Gapdh because it showed consistent readings for all samples. The relative expression levels
were compared between the Sox3-null and wild-type mice (Figure 3-7, p.130). Only two
cDNA series were analyzed twice each. Analysis was conducted on Sox3-null versus wild-
type animals because it is easier to determine the accuracy of the microarray with qPCR
data if in fact the gene identified is a target of Sox3; loss of Sox3 would result in a loss of
Sox3 target gene. Relative expression of Nfya, Ngn3, Sfrpl, and Nenf was analyzed using
RNA collected from embryos that were not used in the initially microarray analysis, as
these RNA samples were precious with limited quantity and were stored for use to confirm
expression of the identified gene. Nenf, and Sfrpl showed no significant change in gene
expression by qPCR when comparing wild-type (n=3) and Sox3-null (n=3). However, Nfya
had a modest decrease in expression and Ngn3 expression was markedly decreased. Data
was normalized to Gapdh and expression relative to wild-type. NFYA is a subunit of NFY
which is a ubiquitous transcription factor (composed of NFYA, NFYB and NFYC)
necessary for DNA binding (Krstic et al., 2007). Generally, NF-Y promotes and/or stabilizes the
binding of transcription factors to nearby DNA-binding elements, attracts co-activators and,
consequently, enhances transcription (Bellorini et al., 1997; Frontini et al., 2002; Ronchi et al.,
1995). Furthermore, it NFY has been shown to be involved in the regulation of the SOX3

promoter (Krstic et al., 2007). Thus, was not chosen for further analysis.

To confirm the decrease in Ngn3, I repeated the experiment in Extra-Sox3 as well
as wild-type samples to determine whether there would be any change in Sox3 and Ngn3
expression in Extra-Sox3 samples (Figure 3-8, p.130). Both Ngn3 and Sox3 genes were
normalized to Gapdh. Sox3 expression was significantly decreased in Sox3-null samples,

and was increased in Extra-Sox3 samples, but this result was not significant. Ngn3
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expression was significantly decreased in Sox3-null samples, and was increased in Extra-
Sox3 samples. The large error bars in this sample may be attributed to the different
embryos that were collected from different litters. The transgene itself does not contain all
the regulatory elements necessary and as such the integration of the Sox3IRES-GFF transgene
is random whereby some Sox3-positive cells will express this (unpublished data, personal
communication A/Prof Paul Thomas); some cells will express endogenous and exogenous
levels. It must be noted that microarray analysis did not detect up-regulation of Ngn3 (refer

to Table 3-4, p.127).

To further verify that the decreased expression of Ngn3 seen in independently
collected embryonic heads from Sox3-null mice was an accurate representation, I
proceeded to repeat the qPCR experiment using RNA samples that were obtained from
wild-type and Sox3-null (n=6 per group) samples used in microarray analysis (Figure 3-9,
p-131). Sox3 and Ngn3 expression was significantly decreased in Sox3-null samples. Due to
the very limited amount of RNA used in microarray analysis there was only enough to
perform this experiment once (in addition to my colleague’s experiments (as outlined in

McAninch, 2008).

All the genes listed (as shown in Table 3-4, p.127), except Ngn3, did not show
differential expression by qPCR. Expression levels of Sox3 and Ngn3 were consistent with
the microarray data; Sox3 and Ngn3 were down-regulated. These data suggest that
microarray data accurately established differences in gene expression between the wild-
type and Sox3-null whole embryonic head, at least for this particular gene and the positive
controls (detailed above). Given the promising result of Ngn3, and the previous published
result indicating that Sox3 is co-expressed with Ngn3 in spermatogonial cells (Raverot et
al., 2005), I decided to focus on this gene and compare it's expression with Sox3 in the

developing hypothalamus.
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Sox3 Nfya Nenf Sfrp1 Ngn3

Figure 3-7 qPCR analysis showing relative quantitation of 10.5 dpc embryonic heads showing the
expression profile of four microarray identified genes Sox3, Nfya, Nenf, Sfrpl and Ngn3 in wild-type
and Sox3-null mice

Normalized expression levels of each gene are shown relative to Gapdh. Two cDNA series were analyzed twice
each. Error bars represent Standard Deviation of the two series.
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Figure 3-8 qPCR analysis showing relative quantitation of 10.5 dpc embryonic heads showing the
expression profile of Ngn3 and Sox3 in wild-type, Sox3-null and Extra-Sox3 mice

Normalized expression levels of each gene are shown relative to GAPDH. Three cDNA series were analyzed
thrice each. Error bars represent SEM of the three series. * p<0.05.
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Figure 3-9 qPCR analysis showing relative quantitation of 10.5 dpc embryonic heads used in

microarray analysis showing the expression profile of Ngn3 and Sox3 in wild-type and Sox3-null mice
Normalized expression levels of each gene are shown relative to GAPDH. Three cDNA series were analyzed

thrice each. Error bars represent SEM of the three series. * p<0.05.
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AIM3: EXPRESSION OF SOX3 AND SOX3 TARGET GENE(S)

H. Ngn3is Expressed in the Developing Hypothalamus

The expression of Ngn3 in the hypothalamus has not been previously
characterized in mice, but has been studied in the developing zebrafish hypothalamus
(Wang et al., 2001). Indeed, little is known about its role during HP axis development.
Briefly, Ngn3, a bHLH transcription factor and member of the neurogenin family, plays a
critical role in the specification of endocrine cells in pancreatic Islets of Langerhans cells
(Gradwohl et al., 2000). In the pancreas, Ngn3-expressing cells have been identified to be

progenitor cells fated to become islet endocrine cells (Gradwohl et al., 2000).

Given that Ngn3 was decreased in Sox3-null, relative to wild-type, by both
microarray and qPCR, together with the previous published result indicating that Sox3 is
co-expressed with Ngn3 in spermatogonial cells (Raverot et al., 2005), I focused my efforts
on examining the expression of Ngn3 together with Sox3 in the developing hypothalamus,

between 10.5 dpc and 14.5 dpc.

Firstly, I examined mRNA expression of Ngn3 by in situ hybridization. The Ngn3
probe was kindly donated from DJ] Anderson, Howard Hughes Medical Institute,
California Institute of Technology (Pasadena, CA, USA). The generation of the plasmid
used is described by (Sommer et al., 1996). Ngn3 was expressed within the developing
hypothalamus (Figure 3-10, p.135). Ngn3 expressing cells appeared located more dorsal in
Sox3-null sections. Although there was a slight difference in the section-plane between
wild-type and Sox3-null, the region of Ngn3 expression was decreased in the Sox3-null
hypothalamus. Within the median eminence of the Sox3-null sections Ngn3 expressing
cells were absent. Ngn3 was not detected in progenitor cells, as it is not on in the
ventricular layer and does not appear to be expressed there. However, this may be
attributed to the slight variation in location of the regions and the slight angle-variation

when sections were cut.

I.  Ngn3 is Co-expressed with Sox3 in the Developing Hypothalamus

To further examine the expression of Ngn3 and Sox3 during hypothalamic
development I asked two questions. Firstly, does the expression of Ngn3 overlap with
Sox3. Secondly, is the expression of Ngn3 decreased in Sox3-null mice, compared to age
matched wild-type littermates. To answer these questions I used immunostaining as this

technique enables one to examine overlapping expression. Furthermore, I examined
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several developmental time-points (10.5-15.5 dpc) to gain a better understanding of

expression during hypothalamic development.

The initial time point I examined was 10.5 dpc; the same time point used in
microarray analysis. Coronal sections through the embryonic brain were obtained. As
shown in Figure 3-11 A (p.136) Ngn3 is expressed in ventral hypothalamic cells and within
the median eminence in wild-type sections. In Sox3-null mice there is an absence of Ngn3-
positive (Ngn3*) cells within the ventral hypothalamic region. A closer examination, by
higher power magnification, revealed that not all Sox3-positive (Sox3*) cells co-express
Ngn3 (Figure 3-11 B, p.136). There is overlapping expression; we see Ngn3+Sox3- cells,
Ngn3-Sox3* and Ngn3*Sox3*. This overlapping expression is restricted to the lateral
(ventral hypothalamic) cells. Expression is consistent with the data presented by in situ

(providing confidence that the Ngb3 antibody is specific).

The next time point I examined was 12.5 dpc to determine whether there was a
loss of Ngn3 in any region of the hypothalamus and examine whether there was
overlapping expression with Sox3. Embryos from wild-type and Sox3-null mice were
collected at 12.5 dpc and sectioned in the coronal (Figure 3-12, p.137) and sagittal plane
(Figure 3-13, p.138). Immunostaining of 12.5 dpc in coronal sections did not reveal any
gross loss of Ngn3+* cells in the hypothalamic region or within the median eminence of
Sox3-null mice compared to wild-type. Ngn3+Sox3* cells were not identified nor were there
GFP+*Ngn3* cells in Sox3-null sections; GFP cells represent cells that would normally be
expressing Sox3. Therefore, to examine further the possibility of a loss of Ngn3+ expressing
cells, sagittal sections were obtained, as these are able to show a greater region through the
developing hypothalamus and Rathke’s pouch. In sections from wild-type embryos Sox3*
cells were expressed throughout the developing neuroepithelium (infundibulum and
presumptive hypothalamus), whereas Ngn3* cells were localized to cells within the
posterior infundibulum and presumptive hypothalamus. In sections from Sox3-null
embryos there was an absence of Ngn3+* cells within the posterior infundibulum (Figure
3-13 B vi), median eminence, dorsal to the Rathke’s pouch, and the presumptive

hypothalamus.

The next time point I examined was 14.5 dpc to further examine the expression of
Ngn3 and Sox3 and determine whether Ngn3 ‘switches-off’ during later development.
Embryos from wild-type and Sox3-null mice were collected at 14.5 dpc and sectioned in the
coronal plane (Figure 3-14, p.139). Immunostaining of 14.5 dpc in coronal sections did not
reveal any gross loss of Ngn3* cells in the hypothalamic region or within the median

eminence of Sox3-null mice compared to wild-type. However, Ngn3* cells were very scarce
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in both wild-type and Sox3-null in the hypothalamic region. In wild-type Ngn3+ cells were
located within the ventral hypothalamic region, whereas in Sox3-null Ngn3+ cells were
located within the arcuate nucleus (on left region only in Figure 3-14). This variation in
location of Ngn3* cells may be attributed to the slight difference in section processing

between wild-type and Sox3-null embryos.

15.5 dpc embryos were also collected and immunostained for Ngn3 and Sox3,
however no Ngn3+ cells were observed (data not shown). This suggests that there is a small
developmental window (at least between 10.5-14.5 dpc) during which Ngn3 cells are
expressed within the developing hypothalamus and co-express with some Sox3-expressing

cells.

In summary, at 10.5 dpc in the wild-type Ngn3 expression overlapped with Sox3
in cells located in the ventral hypothalamus and median eminence. In Sox3-null, Ngn3 was
absent in the ventral hypothalamus. At 12.5 dpc, in coronal sections, there no gross loss of
Ngn3+ cells in the hypothalamic region or within the median eminence of Sox3-null mice
compared to wild-type. Examination of sagittal sections from wild-type and Sox3-null
embryos revealed that there was an absence of Ngn3+ cells within the posterior
infundibulum, median eminence (dorsal to the Rathke’s pouch) and the presumptive
hypothalamus of Sox3-null embryos. At 14.5 dpc, in coronal sections, there was no gross
loss of Ngn3+ cells in the hypothalamic region or within the median eminence of Sox3-null
mice compared to wild-type. At 15.5 dpc no Ngn3+ cells were detected. These data suggest
that Ngn3 may be indirectly regulated by Sox3 (Figure 3-15, p.140).
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Figure 3-10 Expression of ngn3 in the developing hypothalamus of wild-type and Sox3-null 12.5 dpc
coronal sections by in situ hybridization.

(A) Schematic representation of a sagittally sectioned 12.5 dpc mouse embryo. Lines indicate the
corresponding sections shown in B. Red dashed lines indicated the region of the median eminence. Black
dashed lines represent the outline of the hypothalamus and Rathke’s pouch (RP). (B) Expression of ngn3 in the
12.5 dpc developing hypothalamus. Shown are adjacent coronal sections from wild-type (i) and Sox3-null (ii).

ngn3 transcript is detectable in the hypothalamic region. Abbreviations: Hyp, hypothalamus; ME, median
eminence; RP, Rathke’s Pouch.
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A DAPI Ngn3 Sox3

Sox3 Ngn3 Sox3/Ngn3

..

Figure 3-11 Ngn3 is co-expressed with Sox3 in the developing hypothalamus at 10.5 dpc wild-type

and Sox3-null mice — coronal orientation.

(A) Coronal sections through the embryonic brain (region shown in mouse embryo schematic). Sections are
slightly more posterior to the median eminence. Sox3-null mice show an absence in the ventral hypothalamic
region. (B) High magnification images of wild-type region (as shown by box in A). Not all Sox3* cells co-
express Ngn3. Co-expression (as shown in the merged image by yellow immunostaining) of Ngn3+Sox3+ is seen
in few cells. Images were captured using a Zeiss Axioplan 2 microscope and AxioCam MRm with Axiovision

software. Magnification 10x in (A) and 100x (oil) in (B).
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A Sox3 Sox3/

GFP GFP/

Wild-type

Sox3-null

B Sox3 Sox3/

GFP

GFP/
Figure 3-12 Expression of Ngn3 and Sox3 in the developing hypothalamus at 12.5 dpc wild-type and

Sox3-null mice — coronal orientation

Coronal sections through the embryonic brain (region shown in mouse embryo schematic). (A) Sections are
slightly posterior to the median eminence. There were no Sox3*Ngn3+ cells in either wild-type or Sox3-null
sections. (B) Sections are slightly more anterior (to those in A). There was no distinct difference in expression of
Ngn3+* cells. Images were captured using a Zeiss Axioplan 2 microscope and AxioCam MRm with Axiovision

Wild-type

Sox3-null

software. Magnification 20x.
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Figure 3-13 Expression of Ngn3 and Sox3 in the developing hypothalamus at 12.5 dpc in wild-type
and Sox3-null mice — sagittal orientation

(A) Schematic representation of the embryonic brain. Lines indicate corresponding sections in B. (B) Ngn3+* cells
are absent in the median eminence (arrow in panel vi), dorsal to the Rathke’s pouch (RP). Images were captured
using a Zeiss Axioplan 2 microscope and AxioCam MRm with Axiovision software. Magnification 20x.
Abbreviations: POA, pre-optic area; PHyp, presumptive hypothalamus.
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Figure 3-14 Expression of Ngn3 and Sox3 in the developing mouse hypothalamus at 14.5 dpc —
coronal orientation.

(A) Schematic representation of coronal section through the embryonic brain. (B) Sox3-null mice show Ngn3+*
(red) cells in the ventral hypothalamic area. In wild-type mice, Ngn3+* cells (green) are located ventral. Images
were captured using a Zeiss Axioplan 2 microscope and AxioCam MRm with Axiovision software.
Magnification 20x. Abbreviations: DMH, dorsal medial hypothalamus; VMH, ventromedial hypothalamus;
ARC, arcuate nucleus; ME, median eminence.
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Figure 3-15 Model of Ngn3 and Sox3 cells during mouse HP axis development between 10.5 — 12.5
dpc.

(A) Schematic representation of the Ngn3+*, Sox3*, GFP*, and Sox3*Ngn3+ cells detected in the developing
hypothalamus at 10.5 dpc. (B) Schematic representation of the regions expressing Ngn3*, Sox3*, GFP+, and
Sox3*Ngn3+* cells in wild-type and Sox3-null embryos at 10.5 dpc in the coronal plane and 12.5 dpc in the
sagittal plane. Abbreviations: RP, Rathke’s pouch; ME, median eminence PHyp, presumptive hypothalamus;
VMN, ventromedial nucleus, PP, posterior hypothalamus.
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IV. DISCUSSION

The function and expression of Sox3 in brain development has been well studied
in mice and humans and it’s disruption/deletion has been linked to XH (Alatzoglou et al.,
2008; Bergstrom et al., 2000; Brunelli et al., 2003; Bylund et al., 2003; Laumonnier et al.,
2002; Neves et al., 2007; Nikcevic et al., 2008; Rizzoti et al., 2004; Rizzoti and Lovell-Badge,
2007; Stevanovic et al., 1993; Wang et al., 2006b; Woods et al., 2005). However, we do not
know the target gene(s) of Sox3/SOX3, either direct or indirect. By setting out to identify
Sox3 target genes we are likely to gain a greater understanding of the mechanisms involved
in brain development. To tackle this gap in our knowledge microarray analysis was chosen
as a tool to examine change in gene expression at 10.5 dpc in wild-type, Sox3-null and
Extra-Sox3 mouse embryos, with the aim to identify potential Sox3 target genes. As
microarrays act as a tool, it is important to validate the data generated with an independent
approach, in this case qPCR. Genes that are detected as being differentially expressed are
validated by qPCR and subsequently these identified and confirmed differentially
expressed gene(s) can be further analyzed for expression by in situ hybridization and

immunohistochemistry.

A. FACS Does Not Yield Enough GFP+ Cells from Sox3-null 10.5 dpc

Mouse Embryonic Heads

In order to examine the gene expression differences between the Sox3-null, Extra-
Sox3 and wild-type mice a microarray gene profiling approach was utilized. In this study,
[llumina BeadChip glass microarrays were chosen over the previously used Affymetrix
membrane arrays, as they offered a number of benefits including their ability to
simultaneously analyze six different samples at once, improved image acquisition and
analysis, and increased number of genes per array. The originally intended source of RNA
was sorted GFP* cells from embryonic 10.5 dpc heads from the three Sox3 transgenic
strains using FACS. A similar study examined Pax2-regulated genes in mid-hindbrain
patterning from E10.5 wild-type and Pax2-/- embryos carrying a Pax2GFP BAC transgene
(Bouchard et al., 2005). The authors successfully identified genes, using cDNA microarray
technology that depends on Pax2 function for their expression in the mid-hindbrain
boundary region (Bouchard et al., 2005). However, adapting this method to the Sox3 gene
proved to be an insurmountable challenge to collect enough GFP+* cells per embryo to
extract enough RNA for microarray analysis. The required RNA minimum was 50ng for

microarray hybridization.
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As described in Chapter 1II Sox Family of Transcription Factors (p.50), Sox3 is
expressed within the developing CNS. In the transgenic mouse models of altered Sox3
expression, GFP has been inserted in place of Sox3 in Sox3-null mice. Using live GFP
imaging I was able to determine which mice carry the transgene. However, live-GFP in
these mice is not very intense. As reported by (Corish and Tyler-Smith, 1999) it is still
debatable as to how accurately GFP fluorescence intensity is a reliable indicator of GFP
levels in the cell. Corish and Tyler-Smith (1999) suggest that two factors may significantly
affect the fluorescent properties of GFP, namely the requirement for post-translational
oxidative fluorophore formation and the sensitivity to cellular pH. These could result in
fluorescence intensities being lower than actual GFP concentration (Corish and Tyler-
Smith, 1999). Analysis by western blot analysis has shown that a good correlation exists
between fluorescence intensity and protein concentration (Li et al., 1998). It is likely that the
low GFP fluorescence of these cells is contributing to the low numbers being collected

through FACS.

I examined two methods of cell dissociation, one using trypsin and another using
a combination of collagenase B and dispase II in Hank’s Balanced Salt Solution. Both
methods were trialed thrice and in all cases results showed that less than 0.1% of all cells
per embryo head were sorted as GFP-positive cells. For the microarray, a minimum of 50ng
RNA is required per group. To be able to collect enough cells to generate enough RNA to
be collected, an extremely large number of embryos, and subsequently matings, would
need to be set-up according to a schedule that would provide sufficient 10.5 dpc embryos
on a single day for dissociating and sorting sufficient Sox3 cells (refer to 3III.A, p.108). In a
similar study, Bouchard et al, 2005 found that 5,000 cells produced approximately 5ng
RNA (Bouchard et al., 2005). Extrapolating this result to my RNA needs in order to obtain
the required minimum 50ng RNA would require approximately 30 GFP* embryos per
mouse line. As an alternative to sorting GFP+ cells a different approach was taken. Briefly, I
set about collecting 10.5 dpc embryonic heads (cut below the second branchial arch) from
which total RNA was extracted and analyzed for integrity using the Agilent 2100
bioanalyzer (Adelaide Microarray Facility, University of Adelaide, Adelaide, South
Australia, Australia). RNA samples were chosen based on their RNA integrity number
(RIN), which assigns a numerical value (based on the amount of RNA degradation) for the
quality of RNA. RNA was determined to be of high quality with RINs between the ranges
of 7.5-10. For each transgenic Sox3 mouse line a total of three samples were analyzed: two
RNA samples from independent mouse embryos from two different litters and one pooled
sample from four independent mouse embryos. The pooled and individual mouse embryo
samples of RNA were used to help reduce individual variation, increase the emphasis on
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specific variation caused by the loss of Sox3 and increase the reproducibility of the
experiment during statistical analysis. A similar experimental design approach has
previously been utilized for the identification of Rfx4v3 target genes involved in brain
development in the mouse (Zhang et al., 2006). These authors successfully isolated RNA
from 10.5 dpc wild-type and Rfx4vs-null embryonic mouse heads and identified
differentially expressed genes between samples (Zhang et al., 2006). A similar study,
examining differentially expressed genes in the developing hypothalamic region of E12.5
SIM1-null and wild-type mice, successfully identified both up- and down-regulated genes,
using an oligonucleotide-based microarray (Caqueret et al.,, 2006). In this study, the
anterior hypothalamus (AH) was isolated from embryos by first splitting the head on the
midline and from the two halves the AH was bisected. Although this method collected and
used a precise area, it has some disadvantages. Isolating the same precise region from each
embryo is difficult, and is likely to include surrounding tissue that includes genes specific
to that area. In turn, these will be detected in the microarray and could results in a higher
false-positive identification. Nonetheless, the authors were able to focus in on known genes

that act downstream of Sim1 in the embryonic hypothalamus.

B. Microarray Analysis Validation

A comparison of all the statistical tests, SAM and t-test, revealed that a total of 45
genes were identified as down-regulated in Sox3-null mice. In contrast, only 18 genes were
identified as down-regulated in Sox3-null mice using the LIMMA statistical method. The
various statistical approaches resulted in some genes being detected as differentially
expressed and others not. Here, RNA was extracted from whole embryonic mouse heads,
rather than from the GFP* cells. Therefore, it is expected that there will be a higher false-
positive discovery rate. It is evident that the genes known to be down-regulated are
confirmed. As part of the validation process, my colleague Dale McAninch performed
extensive validation on some of the known genes using both independent and microarray
RNA samples. Briefly, he chose control genes Sox3, GFP, and Xist to examine by qPCR. He
demonstrated that Sox3 and GFP are only expressed in wild-type and Sox3-null samples,
respectively, and Xist is only present in female samples; the expected outcomes
(McAninch, 2008). Furthermore, the GFP ORF, which replaces the Sox3 ORF is another
positive control. In wild-type samples Sox3 should only be detectable whereas in Sox3-null
samples only GFP. The microarray data detected Sox3 in wild-type samples but not in
Sox3-null samples, however GFP was not detected in either wild-type or Sox3-null samples.
The microarray GFP probe detects enhanced GFP (eGFP) that has approximately 30% silent
base substitutions compared with GFP. Thus, this is the likely explanation for why the
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microarray was unable to detect GFP in the Sox3-null samples. By using qPCR primers for
GFP Dale was able to detect GFP in Sox3-null samples thereby demonstrating expression in
Sox3-null but not wild-type samples. These results confirmed that some of the genes
identified by microarray analysis were correct, as validated by qPCR. However, many of
the genes identified by microarray and chosen by my colleague, Dale McAninch, for

validation by qPCR were not confirmed.

While it remains unclear why there were such a high number of false positive
genes within the microarray, there are a number of possibilities pertaining to the
microarray process. These include the quality of RNA, array hybridization, data analysis

and data validation (Morey et al., 2006).

RNA was extracted from the 10.5 dpc mouse embryonic heads and analyzed using
the Agilent Bioanalyzer (Adelaide Microarray Facility, The University of Adelaide). The
higher the quality of RNA, based on RIN higher than 8, is better suited for microarray and
qPCR analysis (refer to Figure 3-3, p.114 and Chapter 2XIV.B Analysis of RNA Quality,
p-93). All RNA samples used in the microarray were of the highest quality and are unlikely
to have resulted in the variability seen. My colleague, Dale McAninch, analyzed a number
of the microarray RNA samples by qPCR and the results showed identical gene expression
to independent RNA and cDNA preparations (McAninch, 2008).

Microarray hybridization involves the incubation of each aRNA sample with one
array, allowing binding to its corresponding probe. Bound RNA probes are washed and
incubated with Cy3 conjugated streptavidin that is then followed by image acquisition
using a fibre optic scanner that measures the fluorescence intensity (measures the absolute
abundance of a transcript) of each bead. Array hybridization and data collection were
performed by the AUSTRALIAN GENOME RESEARCH FACILITY (AGRF) and the
quality of data was assessed by standard proprietary quality control measures; all passed.
It is unlikely that an error here affected the identification of differentially expressed genes,

given that all positive control genes were confirmed by qPCR (as detailed above).

One of the core goals of microarray data analysis is to identify the genes which
were being differentially expressed. The major important goal is to select a statistic that
will rank the genes in order of evidence for differential expression, from strongest to
weakest. The primary importance of ranking genes arises from the fact that only a limited
number of genes can be tested. By using the criteria outlined in Chapter 2XIV.F Criteria for
the Identification of Differentially Expressed Genes (p.101) I was able to use this together
with the three statistical methods (LIMMA, SAM, and t-test) to identify differentially

expressed genes (refer to results section 3IILE Identification of Differentially Expressed
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Genes, 120). As discussed above, the positive control genes, Sox3, GFP and Xist were
identified correctly by the microarray and confirmed by qPCR. However, my colleague,
Dale McAninch, was unable to confirm the gene set he had chosen. However, from those I
selected (Nfya, Ngn3, Sfrpl, and Nenf) only Ngn3 was confirmed down-regulated by qPCR
(Figure 3-9, p.131) (discussed below). It appears that many of the genes identified as being
differentially expressed appear to have some evidence of expression within the developing
brain. Perhaps the false positive data represents inaccuracies in the measurement of
absolute levels of these genes. It is therefore probable that real changes in gene expression
due to the loss of Sox3 are present. Nevertheless, to detect them would require the analysis
of all genes identified by the microarray, technically possible but expensive and time

consuming.

C. Microarray Analysis and qPCR Validation Reveal Ngn3 as a Likely
Target Gene of Sox3

Of the genes I selected (Nfya, Ngn3, Sfrpl, and Nenf) from the microarray results,
that were expressed within the developing hypothalamus, for validation by qPCR, only
Ngn3 was down-regulated in Sox3-null mice (Figure 3-8 and Figure 3-9, p.131). In Extra-
Sox3 10.5 dpc mice Ngn3 was not significantly up-regulated, this may be due to Ngn3
requiring a cofactor at higher levels. This was not examined further but requires validation

(Figure 3-8, p.130).

Ngn3, a bHLH transcription factor and a member of the neurogenin family (of
which there are two additional members, Ngnl and Ngn2), plays a critical role in the
specification of endocrine cells in the pancreatic Islets of Langerhans (Gradwohl et al,,
2000) and is expressed in the developing hypothalamus of zebrafish (Wang et al., 2001).
Specifically, Ngn3-expressing cells in the pancreas have been shown to be progenitor cells
that are fated to give rise to islet endocrine cells (Gradwohl et al., 2000). However, little is
known about Ngn3/Ngn3 expression and function in the hypothalamus. Furthermore,
previous reports have only described Ngn3 expression at various stages in the pancreas
(Burlison et al., 2008; Gradwohl et al., 2000; Murtaugh, 2007; Schwitzgebel et al., 2000) with
limited detail pertaining to its characterization in the hypothalamus (Wang et al., 2001).

Here, I identified expression of the Ngn3 RNA transcripts at 10.5 dpc and protein
during hypothalamic development in mice between 10.5-14.5 dpc (discussed below).
Interestingly, this is the first study to have identified Ngn3 as a potential target gene of
Sox3 in the developing hypothalamus, in mice. I define a dramatic and previously

unnoticed gap in developmental Ngn3 expression in the hypothalamus; limited studies
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have examined the role of Ngn3 in the developing hypothalamus, in mice (Raverot et al.,
2005; Wang et al., 2001). The results presented within this body of work shows that both
Ngn3 and Sox3 transcript and protein expression occur during early development at 10.5
dpc, and that Ngn3 expression is not detected at 15.5 dpc (data not shown). It is tempting
to speculate that Ngn3 expression within the hypothalamus plays a critical role in the

specification of hypothalamic endocrine cells.

From previous studies in the pancreas we know that Ngn3 commits the fates of
pancreatic progenitors to endocrine cell types (Baeyens et al.,, 2006; Gasa et al., 2004;
Gradwohl et al., 2000; Huang et al., 2000; Lee et al., 2001; Mellitzer et al., 2006; Petri et al.,
2006; Villasenor et al., 2008). Targeted inactivation of Ngn3 leads to complete absence of all
four differentiated endocrine cell types, in the pancreas (Gradwohl et al., 2000). Mice
homozygous for the Ngn3 null mutation develop diabetes and die 1-3 days after birth
(Gradwohl et al., 2000); the hypothalamus of these mice has not been examined. Ngn3-
positive (Ngn3*) cells are present in all embryonic stages between E9 and E18.5 in the
developing mouse pancreas (Apelqvist et al., 1999; Jensen et al., 2000a; Jorgensen et al.,
2007; Schwitzgebel et al., 2000). Hitherto each pancreatic cell only transiently expresses
Ngn3 in a shorter-than-48-hour time frame (Gu et al., 2002; Schwitzgebel et al., 2000). Thus,
there are three distinct aspects of Ngn3 expression that require tight regulation. Firstly, the
number of Ngn3+ cells needs to be controlled to ensure that there is a balance between islet
cell differentiation and progenitor cell proliferation (Apelqvist et al., 1999; Jensen et al.,
2000b). Second, the expression of Ngn3 must reach a threshold level to activate endocrine
differentiation (Wilson et al., 2002). Third, Ngn3 expression must be down-regulated for

endocrine differentiation to become switched on.

The known target genes of Ngn3, detected in pancreatic tissue, are NEURODI1,
NKX2.2, PAX4, insulinoma-associated 1 (IA1) and myelin transcription factor 1 (Mytl)
(Huang et al., 2000; Mellitzer et al., 2006; Smith et al., 2003). Only Mytl was detected as
down-regulated in Sox3-null embryonic heads, by all three statistical tests with a fold
change greater than 2, in the microarray study (refer to Appendices - Microarray DATA
showing differentially expressed genes, p.210). Neurodl, although not detected by
microarray, is expressed within the developing hypothalamus. Recently, a study identified,
by chromatin immunoprecipitation, a zinc-finger transcription factor, OVO homolgue-like
1 (OVOL1) as a direct target of Ngn3 (Vetere et al., 2010). OVOLI1 belongs to a family of
evolutionarily conserved genes found in C. elegans, Drosophila, mice and humans, and
regulates the development of epithelial tissues and germ cells (Dai et al., 1998; Oliver et al.,

1987). In mice, Ovoll expression is limited in its cellular distribution to skin, testis and
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kidneys (Dai et al., 1998; Li et al., 2005; Nair et al., 2006). Ovoll was not detected by

microarray.

D. Expression Studies by Immunohistochemistry Reveal that Sox3 and

Ngn3 are Co-expressed in the Developing Hypothalamus

Immunostaining and in situ hybridization (compare Figure 3-10, p.135 and Figure
3-12, p.137, respectively) was not conducted on consecutive sections from the same
embryo, therefore I am unable to determine accurately whether Ngn3 transcript is more
wide-spread throughout the hypothalamic region than the protein, which was clearly
restricted to individual scattered cells; in some of which the expression of Ngn3
overlapped that of Sox3. It is possible that in situ hybridization is more sensitive and
therefore better at detecting low levels of Ngn3, than immunostaining. Moreover, these
observations could be suggesting that post-transcriptional regulation may be important
during endocrine differentiation. Certainly, this has been the case when examining Ngn3
transcript and protein expression in the developing pancreas, in mice (Villasenor et al.,

2008).

It was also observed that Ngn3-expressing cells contained variable levels of
protein (Figure 3-11, p.136), as determined by immunostaining. It is likely possible that this
high versus low expression correlates with the initial differentiation of hypothalamic
endocrine cells. This transient expression has been shown to occur in pancreatic cells (Gu et
al., 2002; Schwitzgebel et al., 2000; Villasenor et al., 2008). Interestingly, cells expressing
high levels of Sox3 also express high levels of Ngn3, and are located in the mid-dorsal
hypothalamic region. We know that the hypothalamic cells differentiate outside-in (lateral
- medial), with the cells located more lateral being more differentiated (refer to the review
by (Szarek et al., 2010)). Thereby, it is likely that those cells expressing high levels of both
Ngn3 and Sox3 that are found more lateral are undergoing differentiation, whereas those
found more medial are likely to have been differentiated. The exact fate of these cells
remains unknown and warrants further investigation. Although we do not know for
certain whether Ngn3 is a direct target of Sox3, it is likely to be an important downstream
gene that shapes hypothalamic endocrine development and neurodifferentiation, an area
poorly understood. In the examination of Ngn3 during neurodifferentiation in zebrafish,
(Wang et al., 2001) found a region harboring ngn3 expression in the anterior hypothalamus
(for a review please see (Rubenstein et al., 1998)). Interestingly, at 48-hour post fertilization,
cells expressing ngn3 were juxtaposed to a domain of expression of SF-1-related fflb

(NR5A4). In zebrafish Ff1b, a member of the Ftz-F1 subfamily of orphan nuclear receptors,
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has been established as the homolog of SF-1 (Mazilu et al., 2010; Quek and Chan, 2009).
Ff1b has been proposed to alter hypothalamic and hypophysial function (Chai and Chan,
2000). In mice that lack SF-1 there is an almost complete ablation of the ventromedial
hypothalamic nucleus. This region has been implicated in the regulation of GnRH neurons
(Dellovade et al., 2000). In mice and rats, GnRH neurons, all born in the olfactory placode
at E9.5, are found scattered in the medial septum, preoptic area and anterior hypothalamus
(Jasoni et al., 2009). It remains a mystery as to how and why GnRH neurons end up in
these forebrain regions. These results further suggest a potential role of Ngn3 in
hypothalamic neuroendocrine cell differentiation, at least in mice and zebrafish. It remains

unclear the function of Ngn3 in the developing neuroendocrine hypothalamus.

E. Conclusion and Future Directions

In conclusion, the experiments outlined were designed to further knowledge in
the role Sox3 plays during brain development, with the hope of identifying key target
genes. This study provides the first detailed analysis of gene expression in Sox3-null and
Extra-Sox3 10.5 dpc mouse embryonic heads by microarray. This study demonstrated that
the majority of genes determined to be down-regulated by microarray could not be
confirmed by either qPCR or Northern blot analysis (McAninch, 2008) and accordingly the
data may have contained many false-positive results. However, only one gene, Ngn3, was
found to be down-regulated by both microarray and qPCR methods. Thus, these data
provide a foundation for further studies, specifically in examining in more detail Ngn3, a

potential downstream target gene in Sox3 signaling during brain development.

Another practicable path to successfully identify target genes of Sox3 by
microarray would be to use neurospheres generated from Sox3 expressing tissues (recently
generated in the lab, Nick Rogers) or knockdown cell cultures or those over-expressing
Sox3. Neurospheres and cell cultures would provide a more homogenous source material,
however it is uncertain as to how the information obtained would reflect endogenous Sox3

targets.

A different approach would be to perform Chromatin Immunoprecipitation
(ChIP), a cost effective and technically accessible procedure. In brief, ChIP utilizes cells of
interest that are cross-linked and would thereby bind protein and DNA. For this
procedure, cells need to be fragmented by sonication, followed by sonication of the DNA
into fragments that are suitable for PCR. With the use of a specific antibody, in this case
SOX3, DNA/protein complexes are precipitated from solution. The DNA retrieved is then

analyzed by one of several methods currently available. For example, ChIP sequencing,
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which allows sequencing of all DNA present in the sample, provides a robust catalogue of
SOX3-bound DNA regions. This catalogue of sequences provides regulatory regions to
which Sox3 binds, thereby providing direct target gene identification. However, ChIP
sequencing is not able to provide information on indirect targets because these are not
directly bound. Cells for the use in ChIP can be obtained from two sources. Ideally, cells
would be collected from 10.5 dpc mouse embryonic heads. Cells that express Sox3 would
be obtained from age-matched wild-type embryos, whereas for negative control cells from
age-matched Sox3-null embryos. In addition, Sox3-expressing neurospheres could also be
utilized. For ChIP to be successful a specific antibody for Sox3 is required. There are
currently two Sox3 specific antibodies commercially available, both have been successfully
trialed in immunohistochemistry: one produced by R&D (this antibody was used in the
immunostaining experiments within this body of work) and the second by GenWayBio
(Catalog Number: 18-003-43230; CA, USA). Note: Even though an antibody may be
successful in detecting the protein in sections by immunostaining, this does not necessarily

indicate success for ChIP.

Aside from further experiments, a bioinformatics approach can be applied to
identify differentially expressed genes, given that we know that Sox3 binds to the Sox
Consensus Motif (AAC AAT). Many bioinformatics approaches and tools have been
developed for comparative genomics analysis. Using these approaches one is able to find
orthologous relationships of genes by analyzing their protein sequences as well as looking
for transcription factor binding sites with these tools. Furthermore, by using known
functional information about the gene of interest, one can use statistical models to discover
novel targets. These include using motif-finding algorithms, such as MEME (Bailey and
Elkan, 1995) and Gibbs Sampler (Lawrence et al., 1993), and promoter and gene finders,
such as Twinscan (Korf et al., 2001). Together with microarray analysis and ChIP data, the
use of statistical methods will significantly increase the analyzing power in discovering

differentially expressed genes.

Given that Ngn3 was identified as down-regulated, by both microarray and qPCR,
and has been previously detected to be co-expressed in Sox3 expressing cells, at least in
spermatogonial cells (Raverot et al., 2005), it would be advantageous to examine this
connection further. For example, taking advantage of the available transgenic mouse line
expressing the Cre-recombinase gene under the control of the mouse Ngn3 gene promoter
to characterize the activity of Ngn3 and tracing Ngn3 progeny during hypothalamic
development (Yoshida et al., 2004)
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We do know that Ngn3 is expressed from E9.5, in mice (Villasenor et al., 2008)
and, from the results shown here, Ngn3 is not detected at 15.5 dpc (data not shown).
Furthermore, I detected that Ngn3 is co-expressed in some, but not all, Sox3-expressing
cells. This raises the question whether the expression is region specific and also whether
there is an effect on timing. As shown at 10.5 dpc, there were more Sox3-expressing/Ngn3-
expressing cells than when comparing to 14.5 dpc. Moreover, which neuroendocrine cells
require Ngn3 for differentiation? To examine this further we can generate Nestin-Cre CNS-

specific Ngn3-null mice and look for hypothalamic defects.

Overall, the results from this project provide important insights into the
identification of Sox3 target genes. Identification of a decreased expression of Ngn3 in the
developing brain of Sox3-null mice is intriguing, but further work is required to determine
its exact role and function during hypothalamic development. Further research into
hypothalamic development is likely to have a considerable importance for human health.
Genetic defects in the development of specific cell subtypes in the hypothalamus may
directly lead to disorders of metabolism (already reported for congenital obesity (Holder et

al., 2000)) and homeostasis.
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4 Novel Dwarf Mouse
Generated by ENU

Mutagenesis

I. INTRODUCTION

Dysfunction of the hypothalamic-pituitary axis (HP) axis occurs in approximately
1 in 2,200 live births (Pescovitz and Eugster, 2004) and is associated with a range of
common disease states including short stature, infertility, hypogonadism, poor stress
management and slow metabolism. While several genes involved in common disease states

have been identified the genetic cause in many patients remains unknown.

Growth-deficient mice provide an invaluable model with which to elucidate the
molecular mechanisms involved in the physiological regulation of growth and the genetic
influence. Various growth-retarded mouse models have been generated from spontaneous
gene mutations that have resulted in dwarfism and have provided an extremely useful
system with which to elucidate the mechanisms of GH regulation and transcription factor
interplay. However, dwarfism is not limited to disorders that affect the pituitary gland (e.g.
GH1) and/or hypothalamus (GHRHR) (refer to Chapter 1IV.A Growth-Hormone and

Growth Hormone-Releasing Factor, p.59). In this study I identified and further examined a
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novel recessive mouse mutant, Tukku?, exhibiting dwarfism. The mouse was generated by
N-ethyl-N-nitrosourea (ENU) mutagenesis at The Australian Phenomics Centre (APC,
Canberra, ACT, Australia). The mutation was identified to be a point mutation of leucine to
proline, at residue 30 in the ORF, in the Wars gene (Warst30P). Although the identification of
the mutation was not made apparent until further into the characterization of the dwarfism

phenotype, I would like to provide a very brief introduction to this gene.

Wars, or tryptophanyl-tRNA synthetase, belongs to a large family of enzymes, the
aminoacyl-tRNA synthetase (AARS) family of enzymes. AARSs are large enzymes that
have evolved from two different active sites, gradually incorporating additional domains
(Ribas de Pouplana and Geslain, 2008). There are 20 cytoplasmic AARSs in vertebrates,
each specific for one amino acid. AARS enzyme are named after their single letter amino
acid code and followed by “ARS’. For example, the ARS for tryptophan (amino acid code
W) is known as WARS (also known as TrpRS, whereby Trp is for tryptophan). AARSs have
a broad repertoire of functions beyond translation, including transcriptional and
translational regulation as well as cell signaling (Martinis et al., 1999). AARSs also have
canonical functions, which is the specific aminoacylation of tRNAs with their cognate
amino acids. Aminoacylated tRNAs are then used by the ribosome for transmission of
codon information into protein sequence (Figure 4-1, p.153). Importantly, AARS have been
linked to regulating the noncanonical activity of angiogenesis (the formation of new
capillaries from preexisting vasculature by migration and proliferation of endothelial cells)
(Otani et al.,, 2002; Wakasugi, 2010; Wakasugi and Schimmel, 1999; Wakasugi et al.,
2002b).

II. AIMS

The overall aims of this study were to:

. Characterize the primary pathology of the dwarfism phenotype that links the
function of the mutation to dwarfism by focusing on altered regulation of the GH

axis (Aim 1);

. Confirm the mutation by sequencing (Aim 2);
. Examine the expression of the mutant protein, specifically focusing on the HP axis
(Aim 3).

7 Tukku, meaning ‘small’ in Kaurna Aboriginal language. For simplicity the homozygous Tukku mouse with the
Warst30P mutation will be referred to as “dwarf’ or ‘Warsi30 dwarf throughout this work.
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Figure 4-1 Aminoacylation of tRNA

Amino acids are covalently linked to tRNAs by aminoacyl-tRNA synthetases (AARS). Each AARS recognizes
one kind of amino acid (aa) and all the cognate tRNAs that recognize codons for that aa. The process occurs in
two steps. Firstly, AARS forms an aminoacyl-AMP complex using energy from the hydrolysis of ATP. The
equilibrium of the reaction favors the synthetase complexed with the aminoacyl-AMP because the
pyrophosphate (PPi) is converted to inorganic phosphate (2Pi) by a pyrophosphatase. Secondly, the aminoacyl
moiety is transferred to the 3’ terminal adenosine of the cognate tRNA; tRNA-aa high-energy bond.
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III. RESULTS

AIM 1: CHARACTERIZE THE PRIMARY PATHOLOGY OF THE DWARFISM
PHENOTYPE THAT LINKS THE FUNCTION OF THE MUTATION TO
DWARFISM BY FOCUSING ON ALTERED REGULATION OF THE GH AXIS

A. Dwarf Mice Show a Reduced and Sustained Decrease in Weight
and Growth

To characterize the growth phenotype of dwarf mice, body weight was measured
over a 4-month period (at 10 day intervals, post-weaning), and at pre-weaning (postnatal

days (P) 1, 7 and 14). Body length was measured in 8-week old mice (male and female).

Strikingly, growth curves showed that dwarf mice weighed considerably less than
their corresponding wild-type littermates by the time of weaning (Figure 4-2 A and B;
p-155). There was no difference between wild-type and heterozygous mice. Consequently,
the remaining analysis was performed on wild-type and homozygous dwarf mices. The
difference in body weight was not obvious during the first 3 postnatal weeks (P1, P7, and
P14; Figure 4-2 C and D) but became significant when mice reached weaning age (P21-29).
On average, adult dwarf mice weighed 30-40% less than their wild-type littermates. Dwarf
mice exhibited reduced longitudinal growth, displaying a dwarf-like appearance (Figure
4-2 B). Specifically, adult dwarf mice were 10% shorter than their control littermates

(Figure 4-2 E).

8 Herein, for simplicity, when referring to homozygous dwarf mice the term dwarf will be used, unless
otherwise stated.
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Figure 4-2 Body weight and length of dwarf and control littermates

(A) Growth curves of dwarf (homozygous dwarf (dwarf/dwarf; solid triangle), heterozygous mice (+/dwarf;
open square) and their wild-type littermates (solid circle). Pups were weighted at weaning (W) (21-29 days
postnatal), again at day 30, and every 10 days thereafter. Homozygous dwarf mice weighed significantly less
than their control littermates. Wild-type (female: n=4; male: n=6), heterozygous (female: n=8; male: n=7), and
homozygous dwarf (female: n=5; male: n=7) mice. (B) Physical appearance of a representative dwarf and
control mouse (Female littermates, 8-weeks). (C) Bar graph showing the weights of homozygous dwarf
(dwarf/dwarf) heterozygous (+/dwarf) mice and their wild-type littermates (male and female) from 3 litters
per time point, postnatal day 1 (P1), 7 (P7) and 14 (P14). Number of pups/genotype/sex are as follows-P1:
wild-type female (n=4), male (n=4); +/dwarf female (n=3), male (n=1); dwarf/dwarf female (n=4), male (n=3).
P7: wild-type female (n=4), male (n=4); +/dwarf female (n=5), male (n=4); dwarf/dwarf female (n=2), male
(n=2). P14: wild-type female (n=3), male (n=1); +/dwarf female (n=2), male (n=4); dwarf/dwarf female (n=3),
male (n=1). Due to low number per sex results were pooled and bar graph represents data from both female
and male/genotype. No significant differences were noted at each time point. (D) Physical appearance of
representative postnatal pups from one of the three litters at P1, P7 and P14 showing weights (g) and genotype.
(E) Body length of wild-type and dwarf mice (8-week; male and female). No significant differences were noted.
Measurements show the distance from the tip of the nose to the base of the tail. Data are given as mean+SEM. *,
P <0.05, as compared with the corresponding wild-type group.
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B. Dwarf Mice Show Decreased Pituitary GH and Serum IGF-1 Levels

To explore the mechanisms underlying the dwarf phenotype displayed I
measured the level of GH in whole pituitary extracts and the serum levels of the key
hormone involved in somatic growth, IGF-1. Pituitary GH levels were significantly
reduced in dwarf mice compared to wild-type littermates (Figure 4-5 A, p.162). GH is
released into the blood stream from the anterior pituitary and binds to specific receptors in
the liver, where it triggers the secretion of IGF-1. Circulating IGF-1 is considered the major
factor that mediates the stimulatory effects of GH on longitudinal growth (Nilsson et al.,
2005; Yakar et al., 2002). Consistent with the whole pituitary GH levels observed, dwarf
mice showed a striking reduction in the serum levels of IGF-1 (Figure 4-5 B). It is therefore
likely that the observed decreases in GH levels and serum IGF-1 in dwarf mice are

responsible for the observed growth deficit.

C. Dwarf Mice Show a Pronounced Hypoplasia of the Anterior
Pituitary Gland

The morphology of the pituitary gland, where GH and several other important
hormones are synthesized and stored, was examined for anatomical alterations. The
pituitary gland of dwarf mice was significantly smaller than that of their wild-type
litermates (Figure 4-5 C). The anterior pituitary of dwarf mice was disproportionally
smaller than in wild-type. Figure 4-5 D shows that the pituitary glands from dwarf mice
weighed 30-40% less than those of wild-type mice. In contrast, brains from wild-type and
dwarf mice were not noticeably different in size at 8-weeks (Figure 4-5 E). However, the
total brain weight was significantly lower in dwarf mice (Figure 4-5 F). Figure 4-5 G
indicates that the pituitary hypoplasia displayed by dwarf mice was primarily caused by a
dramatic decrease in the size of the anterior pituitary (the size of posterior pituitary
appeared essentially unchanged). Besides the pituitary hypoplasia displayed by the dwarf
mice, there was no noticeable differences in overall brain morphology between the dwarf

and wild-type mice (Figure 4-5 E and also refer to Section D, p.157).

To examine the morphology of pituitary glands from dwarf mutant mice and
wild-type littermates in greater detail, pituitary gland sections were prepared and stained
with an antibody directed against GH (Figure 4-5 G). The size of the posterior pituitary,
which stores and releases only two major hormones, AVP and OT, was similar in dwarf
and wild-type mice (compare also Figure 4-5 C). In striking contrast, the size of the anterior

pituitary gland/area of GH staining was greatly reduced in the dwarf mice compared with
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wild-type littermates (Figure 4-5 G). Note that 40-50% of anterior pituitary cells are GH-
secreting somatotropes (refer Table 1-1, p.30) (Lin et al., 1993).

D. Histopathology of the Dwarf Mouse Brain

Analysis of adult (8-week) dwarf pituitaries revealed marked hypoplasia (Figure
4-5, p.162) of the anterior lobe (which contains GH-secreting somatotropes). This
phenotype is typical of mice with GH deficiency due to a hypothalamic-pituitary GH axis
dysfunction (Alba and Salvatori, 2004). Together with the detection of significantly lower
serum IGF-I levels (Figure 4-5, p.162), results indicate that the dwarf WarsL30P mutation
compromises the hypothalamic-pituitary-somatotrope axis. This defect may perhaps arise
from abnormal development of the hypothalamus, the anterior pituitary or the portal
vasculature that conveys hypothalamic peptides (such as GHRH) to their pituitary target
cells (e.g. somatotropes). In wild-type mice, the number of hypothalamic neurons in the
ARC producing GHRH, and the total GHRH mRNA and protein levels, steadily increases
during postnatal development and plateaus once adulthood is reached (Bartke, 1965;
Garcia-Tornadu et al., 2006, Sinha et al., 1975). Conversely, mice with congenital GH
deficiency, due to a primary defect in GH-secreting cells of the anterior pituitary, have a
deficiency in GH-mediated negative feedback, which results in overstimulation of the
hypothalamus. Subsequently leading to excessive numbers of GHRH neurons, producing
abnormally high Ghrh mRNA levels (McGuinness et al., 2003; Phelps and Hurley, 1999). In
contrast, the GH inhibitory peptide Sst is abnormally low in the hypothalamus of mice
with a defect in pituitary GH. Pituitary hypoplasia/GH deficiency that results from the
defective development of the hypothalamus has the opposite phenotype (i.e. decrease(|)
GHRH:increase(1) Sst levels). Thus, guided by this information I firstly performed
histological analysis (using H&E staining) of the hypothalamus at 8-weeks in male and
female wild-type and dwarf mice. Sagittal and coronal sections were carefully inspected for
structural abnormalities focusing primarily on areas implicated in growth regulation (ARC
and ventromedial hypothalamus (VMH)). Secondly, I examined mRNA levels of Ghrh and

Sst. These results are presented in the proceeding section (Section E, p.160).

Brain sections were stained with H&E in the sagittal (Figure 4-3 A and B, p.158)
and the coronal Figure 4-3 C and D) orientation of wild-type and dwarf 8-week old mice
(male and female). Only male sections are shown (Figure 4-14), as there was no observable
difference between the males and females. Figure 4-3 A shows the representative
photomicrographs of the brain, sectioned in the sagittal plane. Figure 4-3 B shows higher
power representative photomicrographs of the ARC and lateral hypothalamus (LH). There
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was no distinct pathological difference between wild-type and dwarf mice. Figure 4-3 C
shows the representative photomicrographs of the brain, sectioned in the coronal plane.
Figure 4-3 D shows the representative photomicrographs of ARC, VMH and median
eminence. Panels from wild-type and dwarf are from regions as closely matching as
possible. There was an observed variation in cell density within the VMH in dwarf (when
comparing nuclei staining; dark purple/blue) compared to wild-type mice. Additionally,
there appears a decrease in cell density within the ARC in dwarf compared to wild-type
mice. Altogether, sections from 4 wild-type and 4 dwarf mice were examined. All sections
examined showed the same phenotype; there was no difference between males and female

mice. Importantly, the ARC houses GHRH neurons (Suhr et al., 1989).

Figure 4-3 Gross brain morphology of dwarf and wild-type littermates

(A) Representative sagittal brain sections (H&E stained) from a wild-type (Left) and a dwarf mouse (Right).
Sections are from 8-week-old males. Altogether, sections from 4 wild-type and 4 dwarf mice were examined.
(B) Higher magnification of H&E stained sections from wild-type (i) and dwarf (ii) mice. No obvious
differences in brain morphology or in the HP axis were observed. (C) Representative coronal brain sections
(H&E stained) from a wild-type (Left) and a dwarf mouse (Right). Sections are from 8-week-old males.
Altogether, sections from 4 wild-type and 4 dwarf mice were examined. (D) Higher magnification of H&E
stained sections from wild-type (i at x2.5 magnification; 7i at x10 magnification) and dwarf (iii at x2.5
magnification; v at x10 magnification) mice. No obvious differences in hypothalamic morphology were
observed. Note: panels from wild-type and dwarf are from regions as closely matching as possible. Variation is
observed when trying to match regions between sections. In iv cell density appears less than that of ii.
Abbreviations: VM, ventromedial hypothalamus; LH, lateral hypothalamus; OX, optic chiasm; Pe,
periventricular hypothalamic nuclei; CC, corpus callosum; DM, dorsomedial hypothalamic nuclei; ME, median
eminence; Arc, arcuate nucleus; VMH, ventromedial hypothalamus.
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E. Hypothalamic GHRH and Somatostatin Levels Are Significantly
Reduced in Dwarf Mice

The anterior pituitary, which is not of neuronal origin, is derived from the oral
ectoderm, as detailed in the introduction (Chapter 11.B Vertebrate Pituitary Development,
p-26) (Cohen and Radovick, 2002). As a result of the GH and IGF-1 assay results, as well as
the histological evidence suggesting that there is a low density of neurons within the
arcuate nucleus (region where GHRH nuclei are found (Suhr et al., 1989)) (refer to previous
histological data in the above section (D Histopathology of the Dwarf Mouse Brain, p.157),
it is tempting to speculate that the defect leading to the hypoplasia of the anterior pituitary
in dwarf-mice may not reside in the pituitary itself but involve other brain regions, namely
the hypothalamus. The hypothalamus synthesizes several hormones that are known to
stimulate the proliferation of specific cell types of the anterior pituitary. Studies with mice
lacking hypothalamic GHRH neurons or that have been subjected to manipulations
impairing the function of these neurons shows that GHRH stimulates the proliferation of
GH-expressing cells (somatotropes) of the anterior pituitary (Frohman and Kineman,
2002b; Le Tissier et al., 2005). Since dwarf mice showed a reduction in pituitary GH levels,
it is possible that the activity of hypothalamic GHRH neurons is compromised. In the
mouse hypothalamus, GHRH is primarily expressed by specialized cells of the arcuate

nucleus (Suhr et al., 1989).

To examine whether the GHRH-containing cells of the hypothalamus (contained
within the ARC) were affected or altered, analysis of mRNA expression of Ghrh was
undertaken by quantitative PCR (qPCR). In addition to examining the levels of Ghrh, I
examined levels of Sst, produced by neurons in the periventricular nucleus (Giustina and
Veldhuis, 1998). GHRH and GH release is regulated by the inhibitory actions of Sst that
exerts its inhibitory effects on longitudinal growth (via the inhibition of GH release) (refer
to Figure 1-14, p.61). If there is a deficiency in circulating GH then we expect to see an
increase in GHRH; if there is an increase in circulating GH then we expect to see an increase
in Sst as it is required to inhibit the secretion of more GH. Results, in Figure 4-4 (p.161),
showed that both Ghrh and Sst were significantly decreased (greater than 60% reduction;
p<0.05) in dwarf littermates compared with wild-type mice. Thus, it is possible that the
decrease in hypothalamic Sst levels in dwarf mice is a compensatory mechanism that is

activated by the reduction in peripheral GH and IGF-1 levels already shown in these mice.
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Figure 4-4 mRNA expression of Ghrh and Sst in wild-type and dwarf hypothalamic extracts

Mean normalized expression levels of Ghrh and Sst were compared between wild-type and homozygous dwarf
mouse hypothalamic extracts at 8-weeks (male and female pooled, n=3). Transcripts were measured by
quantitative-PCR using appropriate primers and normalized to S-actin mRNA levels. Values are expressed as

the mean+SEM and are expressed as mean normalized expression based on fold change. * p<0.05.
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Figure 4-5 Whole-pituitary GH and serum IGF-1 levels including pituitary gland weight and
expression of GH in wild-type and dwarf littermates

(A) GH levels from whole pituitary extracts (8-week-old males and females; n=3 per group). (B) Serum IGF-1
levels. Hormone levels were measured by ELISA (in 8-week-old males and females; n=3 per group). (C) Gross
morphology of pituitary glands. Representative glands from adult male dwarf and wild-type mice (there was
no size difference between males and females). (D) Total weight of pituitary glands (8-week-old males and
females; n=10 per group). (E) Gross morphology of brains. Representative brains from adult male dwarf and
wild-type mice are shown. (F) Total brain weights (8-week-old males and females; n=10 per group). (G) GH
immunostaining of pituitary sections shown in (C). Pituitary glands from dwarf and wild-type littermates (8-
week-old males) were sectioned and incubated with the mouse GH antibody as described in Materials and
Methods. Pink arrow in i point to auto-fluorescence that is likely attributed by over staining with secondary
antibody or by over-fixation in 4% PFA during tissue processing. Note the pronounced hypoplasia of the
anterior pituitary of dwarf mice (ii), compared to wild-type (i). AP, anterior pituitary; I, intermediate lobe; PP,
posterior pituitary. Data are given as mean+SEM. * P<0.05 as compared with the corresponding wild-type
group. Immufluorescent images shown in G were colored using AxioVision software when taking images.
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AIM 2: CONFIRM THE MUTATION BY SEQUENCING

F. The Dwarf Mutation is a Non-Conservative Substitution of Leucine

to Proline in the Gene Tryptophanyl-tRNA Synthetase

The dwarf mutation was generated, by ENU mutagenesis, on a C57Bl/6 genetic
background at the APC (Canberra, ACT, Australia); the generation of these mice is detailed
in Materials and Methods, Chapter 2I1.B.2 Dwarf Mouse Line Generated by ENU
Mutagenesis (p.74).

The dwarf mutation was mapped to a 7Mb region on mouse chromosome 12
(mChr12). Markers D12Mit7 and D12Mit79 flanked this 7Mb region, which was refined
through mapping with SNP markers to a 2.5Mb interval between rs3663596 and D12Mit79
containing 85 genes (Figure 4-6 A, p.165). The identification of the specific gene causing
dwarfism was performed by the APC (Canberra, ACT, Australia) in parallel to the
physiological studies of the dwarf mouse (outlined in the preceding sections). 85 genes
were identified within the dwarf critical region, mChr12:107606131-110275931 (Table 4-1,
pl66). Re-sequencing analysis, performed by APC (Canberra, ACT, Australia), of these
genes revealed one mutation identified to be the dwarf mutation in the tryptophanyl-tRNA
synthetase (Wars) gene (ENSMUSG00000021266). There was no other coding or splice site
mutation identified in any other gene within the 2.5Mb region. Thus, confirming that the

mutation in Wars was causing the dwarfism phenotype in these mice.

The Warst30P mutation was independently sequenced and confirmed by myself
from mice in the Adelaide colony. As shown in Figure 4-6 B (p.165) the mutation in Wars is
located in exon 2 (ENSMUSE(00000116158 of transcript ENSMUST00000078788) and is a
thymidine (T) to cytosine (C) substitution of bp220, resulting in a change of amino acid (aa)
30 from CTC (leucine, Leu) to CCC (proline, Pro). The mutation results in a non-

conservative substitution of Leu for a Pro, in the ORF.

The Leu at residue 30 is highly conserved across species (Figure 4-7 A, p.168) and
is located in the first alpha helix (Figure 4-7 B (i)). WARS proteins are conserved in the
chordate lineage and in the WHEP domains of all mammalian AARs. The WHEP domain is
present in five AARSs: WARS, HARS, and EPARS (for which the domain is named) and
also in GARS and MARS, but not in any non-AARs proteins (Park et al., 2008). This is
shown in Figure 4-7 C. The substitution of Leu to Pro, in the Warsl3? dwarf mutant, is
likely to result in disruption of the alpha helical structure due to Proline’s unique cyclic

(imino acidic) structure (Figure 4-7 D).
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Figure 4-6 The dwarf region showing sequence confirmation

(A) Map of the region of mouse chromosome 12. The dwarf-critical region is indicated. Note that the first gene,
RIKEN cDNA 3110018106 gene [Source: MarkerSymbol;Acc:MGI:1920410] at 107Mb, in the dwarf region is not
marked. (B) Sequencing of the Wars gene in a dwarf and wild-type littermate. Sequence identification of the
Warsl30P mutation. Direct sequence of exon 2 PCR products in (A) a wild-type littermate and (B) dwarf
(homozygous; dw/dw), showing substitution of T (leucine, CTC) to C (proline, CCC) at nucleotide position

220.
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Table 4-1 Candidate genes in the dwarf critical region

85 genes are shown and are located between mChr12: 107606131-110275931. The corresponding human gene is

also given, where applicable.

Mouse Human
Name Ensembl Gene ID Description Chr Chr Start Chr End
- ENSMUSG00000059313 - 8 97150365 97151085
3110018I06Rik ENSMUSG00000060375 RIKEN cDNA 3110018106 gene
Bclllb ENSMUSG00000048251 B-cell leukemia/lymphoma 11B 14 98705377 98807575
A130014H13Rik ENSMUSG00000072842 RIKEN cDNA A130014H13 gene
Setd3 ENSMUSG00000056770 SET domain containing 3 14 98933857 99016979
Ccenk ENSMUSG00000021258 cyclin K 14 99017492 99047604
Adult retina cDNA, hypothetical protein, full insert
Q3UEX2_MOUSE ENSMUSG00000072840 sequence
668158 ENSMUSG00000071162 - 14 99051336 99140049
1600002004Rik ENSMUSG00000021260 RIKEN ¢cDNA 1600002004 gene 14 99181233 99215466
cytochrome P450, family 46, subfamily a,
Cyp4b6al ENSMUSG00000021259 polypeptide 1 14 99220407 99263390
ENSMUSG00000058070 - 14 99329498 99478146
Evl ENSMUSG00000021262 Ena-vasodilator stimulated phosphoprotein 14 99601504 99680325
mmu-mir-342 ENSMUSG00000065436 mmu-mir-342
degenerative spermatocyte homolog 2
Degs2 ENSMUSG00000021263 (Drosophila), lipid desaturase 14 99682512 99695712
Yyl ENSMUSG00000021264 YY1 transcription factor 14 99774855 99814557
Slc25a29 ENSMUSG00000021265 solute carrier family 25 14 99827213 99842613
mmu-mir-345 ENSMUSG00000065429 mmu-mir-345
epatocellular carcinoma down-regulated
AI132487 ENSMUSG00000048856 mitochondrial carrier homolog 14 99859428 99866467
Wars ENSMUSG00000021266 tryptophanyl-tRNA synthetase 14 99869878 99912433
ENSMUSG00000072839 WD repeat domain 25 14 99912563 100066361
Wdr25 ENSMUSG00000040877 WD repeat domain 25 14 99912563 100066361
BM948371 ENSMUSG00000040867 expressed sequence BM948371 14 100073243 100105884
DIk1 ENSMUSG00000040856 delta-like 1 homolog (Drosophila) 14 100262917 100270986
GTL2, imprinted maternally expressed
Gtl2 ENSMUSG00000021268 untranslated mRNA
mmu-mir-770 ENSMUSG00000076451 mmu-mir-770 [Source:miRBase 9.0;Acc:MI10004203]
mmu-mir-673 ENSMUSG00000076316 mmu-mir-673 [Source:miRBase 9.0;Acc:MI10004601]
mmu-mir-337 ENSMUSG00000065526 mmu-mir-337 [Source:miRBase 9.0;Acc:MI0000615]
mmu-mir-540 ENSMUSG00000072900 mmu-mir-540 [Source:miRBase 9.0;Acc:MI10003518]
mmu-mir-665 ENSMUSG00000076313 mmu-mir-665 [Source:miRBase 9.0;Acc:MI10004171]
retrotransposon-like 1
Rtl1 ENSMUSG00000006551 [Source:MarkerSymbol; Acc:MGI:2656842]
mmu-mir-431 ENSMUSG00000070080 mmu-mir-431 [Source:miRBase 9.0;Acc:MI10001524]
mmu-mir-433 ENSMUSG00000070072 mmu-mir-433 [Source:miRBase 9.0;Acc:MI10001525]
mmu-mir-127 ENSMUSG00000070076 mmu-mir-127 [Source:miRBase 9.0;Acc:MI10000154]
mmu-mir-434 ENSMUSG00000070133 mmu-mir-434 [Source:miRBase 9.0;Acc:MI10001526]
mmu-mir-136 ENSMUSG00000070129 mmu-mir-136 [Source:miRBase 9.0;Acc:MI10000162]
mmu-mir-341 ENSMUSG00000070101 mmu-mir-341 [Source:miRBase 9.0;Acc:MI10000625]
mmu-mir-370 ENSMUSG00000065433 mmu-mir-370 [Source:miRBase 9.0;Acc:MI10001165]
sno_l4q_I_II ENSMUSG00000064452 NOVEL [Source:RFAM;Acc:RF00181]
sno_14q_I_II ENSMUSG00000065039 NOVEL [Source:RFAM;Acc:RF00181]
sno_l4q_I_II ENSMUSG00000064496 NOVEL [Source:RFAM;Acc:RF00181]
sno_l4q_I_II ENSMUSG00000065013 NOVEL [Source:RFAM;Acc:RF00181]
sno_l4q_I_II ENSMUSG00000064621 NOVEL [Source:RFAM;Acc:RF00181]
sno_l4q_I_II ENSMUSG00000064417 NOVEL [Source:RFAM;Acc:RF00181]
sno_l4q_I_II ENSMUSG00000064679 NOVEL [Source:RFAM;Acc:RF00181]
sno_14q_I_II ENSMUSG00000065757 NOVEL [Source:RFAM;Acc:RF00181]
sno_14q_I_II ENSMUSG00000065749 NOVEL [Source:RFAM;Acc:RF00181]
sno_l4q_I_II ENSMUSG00000064487 NOVEL [Source:RFAM;Acc:RF00181]
sno_l4q_I_II ENSMUSG00000065022 NOVEL [Source:RFAM;Acc:RF00181]
sno_14q_I_II ENSMUSG00000064545 NOVEL [Source:RFAM;Acc:RF00181]
sno_14q_I_II ENSMUSG00000064720 NOVEL [Source:RFAM;Acc:RF00181]
sno_14q_I_II ENSMUSG00000064726 NOVEL [Source:RFAM;Acc:RF00181]
mmu-mir-379 ENSMUSG00000065498 mmu-mir-379 [Source:miRBase 9.0;Acc:MI0000796]
mmu-mir-411 ENSMUSG00000065477 mmu-mir-411 [Source:miRBase 9.0;Acc:MI10001163]
mmu-mir-299 ENSMUSG00000065550 mmu-mir-299 [Source:miRBase 9.0;Acc:MI0000399]
mmu-mir-380 ENSMUSG00000065595 mmu-mir-380 [Source:miRBase 9.0;Acc:MI10000797]
mmu-mir-323 ENSMUSG00000065617 mmu-mir-323 [Source:miRBase 9.0;Acc:MI10000592]
mmu-mir-758 ENSMUSG00000076459 mmu-mir-758 [Source:miRBase 9.0;Acc:MI10004129]
mmu-mir-329 ENSMUSG00000065577 mmu-mir-329 [Source:miRBase 9.0;Acc:MI0000605]
mmu-mir-494 ENSMUSG00000070141 mmu-mir-494 [Source:miRBase 9.0;Acc:MI10003532]
mmu-mir-679 ENSMUSG00000076145 mmu-mir-679 [Source:miRBase 9.0;Acc:MI10004638]
mmu-mir-666 ENSMUSG00000076272 mmu-mir-666 [Source:miRBase 9.0;Acc:MI10004553]
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mmu-mir-543 ENSMUSG00000076241 mmu-mir-543 [Source:miRBase 9.0;Acc:MI10003519]
mmu-mir-495 ENSMUSG00000070105 mmu-mir-495 [Source:miRBase 9.0;Acc:MI10004639]
mmu-mir-667 ENSMUSG00000076396 mmu-mir-667 [Source:miRBase 9.0;Acc:MI10004196]
mmu-mir-376¢ [Source:miRBase
mmu-mir-376¢ ENSMUSG00000076215 9.0; Acc:MI0003533]
mmu-mir-376b [Source:miRBase
mmu-mir-376b ENSMUSG00000076006 9.0;Acc:MI0001162]
mmu-mir-376a [Source:miRBase
mmu-mir-376a ENSMUSG00000076043 9.0; Acc:MI0000793]
mmu-mir-300 ENSMUSG00000065419 mmu-mir-300 [Source:miRBase 9.0;Acc:MI10000400]
mmu-mir-381 ENSMUSG00000065566 mmu-mir-381 [Source:miRBase 9.0;Acc:MI0000798]
mmu-mir-487b [Source:miRBase
mmu-mir-487b ENSMUSG00000076219 9.0; Acc:MI0003534]
mmu-mir-539 ENSMUSG00000076063 mmu-mir-539 [Source:miRBase 9.0;Acc:MI10003520]
mmu-mir-382 ENSMUSG00000065428 mmu-mir-382 [Source:miRBase 9.0;Acc:MI0000799]
mmu-mir-134 ENSMUSG00000065426 mmu-mir-134 [Source:miRBase 9.0;Acc:MI10000160]
mmu-mir-668 ENSMUSG00000076350 mmu-mir-668 [Source:miRBase 9.0;Acc:MI10004134]
mmu-mir-485 ENSMUSG00000070128 mmu-mir-485 [Source:miRBase 9.0;Acc:MI10003492]
mmu-mir-154 ENSMUSG00000065448 mmu-mir-154 [Source:miRBase 9.0;Acc:MI0000176]
mmu-mir-496 ENSMUSG00000070136 mmu-mir-496 [Source:miRBase 9.0;Acc:MI10004589]
mmu-mir-377 ENSMUSG00000065438 mmu-mir-377 [Source:miRBase 9.0;Acc:MI10000794]
mmu-mir-541 ENSMUSG00000076052 mmu-mir-541 [Source:miRBase 9.0;Acc:MI10003521]
mmu-mir-409 ENSMUSG00000065478 mmu-mir-409 [Source:miRBase 9.0;Acc:MI10001160]
mmu-mir-412 ENSMUSG00000065570 mmu-mir-412 [Source:miRBase 9.0;Acc:MI10001164]
mmu-mir-369 ENSMUSG00000065561 mmu-mir-369 [Source:miRBase 9.0;Acc:MI0003535]
mmu-mir-410 ENSMUSG00000065497 mmu-mir-410 [Source:miRBase 9.0;Acc:MI10001161]
- ENSMUSG00000057178 -
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Figure 4-7 The WARS protein

(A) The mutated residue in dwarf mice is highly conserved. (B) (i) 3D schematic representation of the human
WARS protein showing the WHEP domain and location of leucine residues (orange). The location of leucine at
residue 26 is labeled with LEU (orange). (ii) Schematic representation of the 481 amino acid murine WARS
protein showing N- terminal WHEP domain, catalytic core domain and position of mutation (arrow). (C) Dwarf
mutation is located in the WHEP domain. BLAST alignments of mouse WARS WHEP domain protein sequence
with other species WHEP containing ARS family members in human and mouse. The highly conserved
residues in the domain are highlighted in red. The leucine at residue 30 (highlighted in blue) located in the
WHEP domain is highly conserved across different species and also in other ARS enzyme that contain WHEP
domain, EPRS, GARS, HARS and MARS. (D) Structure of leucine and proline. NB: 3D structure of the wars
protein was obtained from RSC Protein Data Bank (1R6T) (Yang et al., 2003) and was produced using the UCSF
Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco (supported by NIH P41 RR001081).
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AIM 3: EXAMINE THE EXPRESSION OF THE MUTANT PROTEIN

Given that the mutation has been identified, I next set out to examine the
expression of the protein in the pituitary. Wars, a member of the aminoacyl tRNA family of
enzymes (AARS,) has been known to play a noncanonical role in angiogenesis, in zebrafish
and in endothelial cell cultures (Fukui et al., 2009; Herzog et al., 2009; Ray and Fox, 2007;
Wakasugi et al., 2002a; Wakasugi et al., 2002b). As the pituitary is a highly vascularized
organ, I examined the pituitary of dwarf and wild-type littermates firstly to determine
whether Wars was expressed in the pituitary vasculature, and secondly to determine
whether there was a decrease in expression of the Wars protein. Although previous data
(refer to Sections 4II.LA - 4IILE, p.154-160) revealed that the primary defect might be
hypothalamic, current data does not definitively show this. We know that the mutation is
in Wars, it's protein is ubiquitously expressed and, importantly, has been linked to
angiogenesis. With the pituitary being extensively vascularized examining Wars protein
expression by immunostaining may provide useful information with respect to pituitary
vasculature. The following sections examine the expression of Wars in pituitary
vasculature and it’s co-expression with vascular markers, platelet endothelial cell adhesion
molecule (PECAM or CD31; an endothelial cell marker) and VE-Cadherin (or CD144), an
endothelial specific, transmembrane protein, which clusters at adheren junctions where it

promotes homotypic cell-cell adhesion (Carmeliet and Collen, 2000).

G. Wars is Expressed in Pituitary Vasculature

Figure 4-8 (p.171) shows the expression of Wars within the pituitary (anterior and
posterior pituitary), in wild-type mice at 8-weeks. Specifically, Wars is expressed within all
cells (it's canonical function is required for protein synthesis) but has higher expression
within endothelial cells (detailed below) of the pituitary vasculature, both in the anterior

and posterior lobes.

1. Wars is co-expressed with PECAM in pituitary vasculature

To examine further and confirm whether Wars is expressed in pituitary
vasculature, immunostaining for PECAM was performed on wild-type and dwarf
littermates, at 8-weeks (Figure 4-9, p.172). The normal anterior pituitary lobe has a dense
vascular network, whereas cells in the intermediate lobe remain poorly vascularized. There
was no marked decrease in vascular density in dwarf pituitaries, compared to wild-type
littermates, nor was there a marked difference in the co-expression of PECAM and Wars.

Both PECAM and Wars appeared co-expressed within the vascular wall. The expression of
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Wars can also be seen expressed in some adjacent cells in the anterior and posterior

pituitary, this is because it is a ubiquitously expressed protein.

Figure 4-8 Expression of WARS in the mouse pituitary at 8-weeks

Low (A) and higher (B) magnification of pituitary region from a female mouse [showing the anterior pituitary
(AP), intermediate lobe (I), and posterior pituitary (PP)] showing DAPI (nuclear chromosomal) and Wars
immunostaining and merged (DAPI + Wars) images, as described in Materials and Methods. White arrows
point to Wars expression in the vasculature. Wars is also seen expressed in some adjacent cells in anterior
pituitary (yellow, high intensity; blue, low intensity), this is because it is a ubiquitously expressed protein.
Images were colored using AxioVision software used when taking images. Low magnification: x10; high
magnification: x20.
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B Dapi Wars Pecam Merge

Figure 4-9 Expression of WARS and PECAM (CD-31) in female wild-type and dwarf mouse pituitary
at 8 weeks

(A) Immunostaining of Wars and PECAM cells and merge (Wars + PECAM). Images were colored using
AxioVision software used when taking images. (B) Unrelated high-resolution (x100) region from the same
sections (region not shown) as in A. PECAM staining is present within the anterior and posterior lobe in both
the wild-type and dwarf pituitaries; the intermediate lobe is devoid of it. P, posterior lobe; I, intermediate lobe;
A, anterior lobe. * indicates overexposure. Magnification x20 in A, and x100 (oil) in B. The wild-type sections
(also shown in Figure 4-8) were vertically flipped to align with the dwarf sections seen here.
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2. VE-Cadherin and Wars are expressed in pituitary vasculature

In order to analyze in more detail the organization of the vascular system and the
expression of Wars in pituitary vasculature, pituitary sections from 8-week old wild-type
and dwarf mice were immunostained with Wars and VE-Cadherin. VE-Cadherin plays an
important role during the angiogenesis pathway (refer to the VEGF:VE-Cadherin pathway
Figure 1-10, p.49). Furthermore, WARS, in its truncated form, has been shown to interact
with VE-Cadherin to inhibit angiogenesis (angiostasis) (Kapoor et al., 2008). Given that
dwarf mice have a substitution mutation (IWarsl3o) it is tempting to speculate that the
Warst30P mutation may be affecting its interaction with VE-Cadherin. We know that full
length WARS is cleaved by a protease to release the WHEP domain forming a truncated
WARS (T2-WARS) (Kapoor et al., 2008). This truncated WARS is able to bind with VE-
Cadherin and inhibits angiogenesis (Figure 4-10, p.175). Perhaps the Warst30P mutation is
affecting the helical structure of the WHEP domain, thereby the truncated version is not

formed and subsequently is preventing angiogenesis (Figure 4-10, p.175)(Zhou et al., 2010).

Figure 4-11 (p.177) shows the expression of Wars and VE-Cadherin in pituitary
sections of 8-week old male wild-type and dwarf mice (there was no detectable difference
between male and female pituitaries) as detected by immunostaining. VE-Cadherin was
not detected at low (x10) and medium (x20) magnifications. However, at high
magnification (x100 oil) the expression of VE-Cadherin can be seen located in vasculature,
together with Wars. Wars protein is also seen expressed within the cytoplasm of select

cells. It is unknown what these cells are; likely to be hormone-secreting cells.
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Figure 4-10 Action of WARS on VE-Cadherin and proposed role of the Wars"** mutation during
angiogenesis

Full length WARS (FL-WARS) is cleaved by protease to release the WHEP domain (red box region) and
truncated WARS (T2-WARS) is generated. T2-WARS interacts with VE-Cadherin to inhibit angiogenesis
(angiostasis). The WarsL30P mutation (proposed signaling highlighted in grey) is likely to affect the helical
structure of WHEP domain by relieving steric hindrance of the WHEP domain that normally prevents binding
of FL-WARS to VE-Cadherin. This may potentially result in a decrease in blood vessel formation. Clearly, from
immunostaining studies, vasculature is present within the pituitary, however the extent of this remains
undetermined.
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Figure 4-11 Expression of VE-Cadherin and Wars in wild-type and dwarf mouse pituitary at 8 weeks.
Sections of the pituitary (male at 8 weeks) at high (x100 oil) magnification showing immunostaining of nuclei
(DAPI), Wars, and VE-Cadherin. VE-Cadherin is detected lining blood vessels (blue arrows). Within blood
vessels can be seen red blood cells (yellow arrow). There was no detectable difference between male and female
pituitaries.
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3. Steady state level of Wars protein is not altered in the pituitary

Wars is expressed in both wild-type and dwarf pituitaries, as determined by
immunostaining, however, this technique was unable to determine whether there was a
significant change in Wars protein level. Thus, to determine whether Wars protein was
decreased in dwarf compared to wild-type pituitaries western-blot analysis, using SDS-
PAGE gel electrophoresis, was performed. This experiment was performed by Chin T. Ng
as part of her Honors thesis (Ng, 2010).

Western blot analysis used extracts of pituitary, brain and kidney tissues from
wild-type and dwarf 5-month mice littermates (n=2 per organ/group) (Figure 4-12, below).
These results indicate that Wars is strongly recognized at the expected molecular weights
(53kDa) in pituitary, brain and kidney. There was no detectable difference in Wars protein
levels between wild-type and dwarf in the pituitary, kidney or brain (data confirmation
based on four repeats of this experiment). Wars protein expression was decreased in the
kidney, in both wild-type and dwarf. Data suggests that the Warst30P mutation does not
affect the stability of the Wars protein, although additional experiments that directly
measure protein stability (e.g. pulse chase or immunoprecipitation analysis) should be
performed for confirmation. These results also indicate that Wars protein has higher

expression in the pituitary and brain compared to the kidney.

Brain Kidney Pituitary
+/+ dw/dw +/+ dw/dw +/+ dw/dw

kDa

53 M R RS e Vs
37 R— S s B B GAPDH

Figure 4-12 Western blot analysis of Wars expression in pituitaries, brains and kidney in wild-type
and dwarf mice

Molecular weight standards indicated. GAPDH used to analyze ample load. Data collected by Chin Ng (Ng,
2010), figure re-constructed for the purpose of representation in this work. Abbreviations: +/+, wild-type;
dw/dw, homozygous dwarf.
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ADDITIONAL AND PRELIMINARY DATA

H. Warsl30® Mutation Affects Angiogenesis

The following results summarize the findings presented by Chin T. Ng as part of
her Honors thesis (Ng, 2010).

As mentioned briefly in the introduction to this chapter, AARS have been linked
to regulating the noncanonical activity of angiogenesis (Otani et al., 2002; Wakasugi,

2010; Wakasugi and Schimmel, 1999; Wakasugi et al., 2002b). In humans, cells contain two
distinct WARS isoforms, the full length WARS (FL-WARS; 471 aa) and mini-WARS (424
aa), the later arising by alternative mRNA splicing, naturally (Wakasugi, 2010).
Furthermore, there exist two alternative mRNA spliced forms of WARS: T1-WARS and T2-
WARS (refer to Figure 4-18, p.197). These have been implicated in the inhibition of

angiogenesis (Tzima and Schimmel, 2006).

The angiostatic activity of human mini-WARS is well characterized, however
truncated versions of the mouse protein (which is 89% identical across the entire ORF)
have not been tested. Therefore, the aim of Chin’s work was to perform angiogenesis
assays using human mini-WARS (as the positive control), full-length human WARS (as the
negative control), mouse mini-WARS (a likely positive control), full-length mouse WARS

(a likely negative control) isoforms and comparing these with the WarsL30 mutation.

1. Generation of Wars Isoforms

Three different Wars isoforms were cloned: full-length (FL-Wars), mini (mini-
Wars) and T2-Wars, using the pET32a-TEV-Kpnl expression vector. FL-Wars was used as
template for the synthesis of Warsl30P by site-directed mutagenesis. The construction and
relationship of Wars and it’s variants are shown Figure 4-13 A (p.180). Successful cloning
of the Wars isoforms was confirmed by sequence analysis (Figure 4-13 , p.180; and refer to
Ng, 2010). The cloning strategy employed for generating mouse Wars isoforms is described
Appendices - Figure A 3 (p.234).

2. Angiostatic activity of WARS isoforms

3B11 cells were cultured (4-h) with murine FL-Wars, mini-Wars, T2-Wars and
Warsl3P in suramin (a blocker of growth factors that prevents binding to receptors), buffer
alone, and VEGEF. Tube formation was measured using rhodamine phalloidin staining.
Treatment with suramin significantly impaired angiogenesis (Figure 4-14 a, p.188),

consistent with previous results in human FL-Wars (Otani et al., 2002), whereas treatment
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with buffer-only resulted in angiogenesis (Figure 4-14 b). Similarly, mouse FL-Wars
showed comparable angiogenesis (Figure 4-14 c) to the buffer-only treatment. However,
both mouse mini-Wars and T2-Wars slowed angiogenesis (Figure 4-14 d and e,
respectively). Strikingly, Warst30P, like mini-Wars and T2-Wars, slowed angiogenesis
(Figure 4-14 f). These results illustrate that the Warst30P mutation impairs angiogenesis (or
has an angiostatic consequence), in 3B11 cells. In agreement with previous data (Otani et
al., 2002; Wakasugi et al., 2002b), these preliminary results show that WarsL30P mutation

plays an influential role on vasculature development.

A WHEP Domain Catalytic Core Domain

(a) Full-length Wars

443 481aa

(b) mini-Wars

(c) T2-Wars

(d) L30P-Wars

370 4
B A G

380 390 400
GGGAGCTCGTGAGGT CCCCCAAAGCTGGAAATGCACC AA

Figure 4-13 Schematic representation of the mouse tryptophanyl-tRNA (Wars) synthetase isoforms
used in the tube-formation assay

(A) Full-length Wars (FL-Wars) (a), mini-Wars (b), T2-Wars (c) and L30P-Wars (d) isoforms are shown. L30P-
Wars was generated using QuickChange Site-directed mutagenesis to generate a point mutation 220T>C
(shown as yellow bar) using pET32a FL-Wars as a template. (B) DNA sequencing confirmed the success of
mutagenesis 220T>C in the Wars gene. The mutated codon, CCC (encoding a Proline residue at position 30) is
underlined in red. Isoforms and sequencing confirmation was performed by Chin Ng as part of her Honors
thesis (Ng, 2010) and re-drawn by me for the purpose of this thesis.
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Figure 4-14 Preliminary data of tube-formation assay showing that the Wars“** mutation has
angiostatic properties

3B11 cells were cultured (4-h) with murine FL-Wars, mini-Wars, T2-Wars and L30P-Wars in suramin (a; a
blocker of growth factors; prevents binding to receptors), buffer alone (b), and VEGF (c-f). For each image the
total area that was covered by vasculature in each image was calculated as the average number (um?) and is

shown for each group, along with a representative image (n=1). Data was prepared and collected by Chin Ng
(Ng, 2010).
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I.  Vascularity in the Mouse Brain and Pituitary

As outlined above, the dwarf phenotype may arise from abnormal development of
the portal vasculature. To examine this possibility of the mutation affecting the vascular
pattern, the mouse cerebral cortex surface, lateral hypothalamic region and pituitary
anatomical localization was examined in 8-week old mice (male and female, n=4 per
group) during routine dissection of the pituitaries and brains that were collected for other
experiments. Only brains from male mice are shown in Figure 4-15 (p.182). The brains of
wild-type animals exhibited branched vessels crossing and gathering radially to the surface
(Figure 4-15 A i). All these vessels arborized to form a continuous network of small blood
vessels. In contrast, the brains from dwarf animals exhibited a few deranged microvessels
(Figure 4-15 A iii). There were fewer prominent vessel branch points on the cerebral
cortical surface in dwarf mice compared to wild-type. Several discontinued vascular
structures were observed and the radial patterns were lost (compare Figure 4-15 A i and iii,
as indicated by arrows). Fewer prominent vessel branch points were seen on the ventral
surface compared to wild-type (compare Figure 4-15 A ii and iv indicated by arrows). By

contrast, the dwarf pituitary was surrounded by fewer vessels, as indicated by the pooling

Figure 4-15 Vascular pattern in the cerebral cortical surface, lateral hypothalamus and pituitary from
wild-type and dwarf brains and pituitary at 8-weeks

Representative brains (A) and corresponding pituitaries (B) from adult dwarf (homozygous) and wild-type
male mice at 8-weeks. (A) The dwarf mouse brain had fewer prominent vessel branch points on the cerebral
cortical surface compared to wild-type. Several discontinued vascular structures were observed and the radial
patterns were lost (compare i and iii, as indicated by arrows). Fewer prominent vessel branch points were seen
on the ventral surface compared to wild-type (compare ii and iv indicated by arrows). (B) The dwarf pituitary
was surrounded by fewer vessels, as indicated by the pooling of blood within the pituitary/sphenoid bone
region (arrow). Abbreviations: OB, olfactory bulb; Cb, cerebellum; OCh, optic chiasm; hyp, hypothalamus, LH,
lateral hypothalamus.
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J.  Comparison of the Major Organs Reveals Proportionate Decrease in

Size

Given that the pituitary and brains of dwarf mice were smaller (Figure 4-5, p.162) I
extended my observation to the major organs (heart, kidney, adrenal, spleen, liver, ovary,
testis) (Figure 4-16, p.186). Here I compared the size of these organs in 8-week old wild-
type to dwarf mice (male and female, n=1 per group). Only data from females is shown;
there was no difference in size between males and females (data not shown). Size
comparison showed that dwarf mice exhibit proportionate dwarfing of all major organs:
heart, kidney, adrenal, spleen, liver, ovary, testis, and brain (ovary and testis are shown
later and in more detail in Figure 4-17, p.188); and disproportional dwarfing of the
pituitary (as shown previously in Figure 4-5, p.162). The comparison between heart,
kidney, adrenal, spleen, liver and brain is shown in Figure 4-16 (p.186). Weights of these
organs were not obtained, as the primary focus of this project was the characterization of

the dwarfism phenotype with respect to the somatotropic axis.

K. Dwarf Mice Show Delayed Gonadal Development and are Sub-

fertile

The APC (Canberra, ACT, Australia), where the mice were created, observed that
dwarf homozygous males and females did not produce offspring. This posed the question
whether dwarf homozygous mice were infertile. Analysis of the gross morphology of the
female (ovary) and male (testis) reproductive organs (Figure 4-17 A and C (p.188),
respectively) revealed a decrease in size; the most striking decrease in size was between the
wild-type and dwarf ovary. Histological examination (using H&E staining) of sections
from the female 8-week ovary revealed an absence of the corpus lutea, compared with
wild-type littermates. The absence of corpus lutea indicates that female dwarf mice, at 8-
weeks (mice are fertile from 5- to 8-weeks (Fox, 2007)), are not ovulating like their wild-
type littermates, suggesting that they have not yet developed reproductive fitness at this
age. Histological examination (using the H&E morphology stain) of cross-sections of the 8-
week old male testis did not reveal any gross abnormality (Figure 4-17 D), aside from the
testis being proportionally smaller than the wild-type littermate. Using a masson trichome
stain (nuclei stain black; collagen and mucus membrane stain blue; cytoplasm, keratin and
muscle stain red) on adjacent sections for better visualization of the nuclear and
cytomorphologic detail in the testis, again there was no gross abnormality. Given that there
was no gross morphological abnormality in testis, spermatozoa morphology was examined

to determine whether there was any defect, which may be preventing fertilization (Figure
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4-17 E). Morphologically abnormal spermatozoa are less able to pass through the cervix
(Hanson and Overstreet, 1981; Mortimer et al., 1982), the uterotuberal junction (de Boer et
al., 1976; Krzanowska, 1974) and the oocyte vestments (Krzanowska and Lorenc, 1983).
Comparison of wild-type and dwarf spermatozoa did not reveal any gross morphological
defect, however, the tail of spermatozoa from dwarf mice showed the presence of a
cytoplasmic droplet (Figure 4-17 E) indicating that these spermatozoa were undergoing
maturation. Cytoplasmic droplets are a normal component of the mammalian spermatozoa
maturation (Cooper et al., 2004). These results suggest that the compromised fertility of
dwarf mice is not due to any gross morphological abnormality, but indicates that these

mice are developing at a much slower rate then their wild-type littermates.

Given that dwarf mice are developing at a much slower rate I decided to examine
their reproductive fitness. Specifically, I wanted to determine whether homozygous dwarf
mice were able to reproduce and at what age they produce their first litter. To answer these
questions I set up several combinations of breeder pairs; mated from the age of
reproductive fitness (8-weeks). The breeders were as follows: (1) homozygous wild-type
female x homozygous wild-type male (n=3); (2) heterozygous wild-type female x
heterozygous wild-type male (n=3); (3) homozygous dwarf female x homozygous dwarf
male (n=2); (4) homozygous dwarf female x homozygous wild-type male (n=1); and (5)
homozygous wild-type female x homozygous dwarf male (n=1). The homozygous dwarf x
wild-type matings were set up to ascertain whether the homozygous dwarf female or male

were sub-fertile. The results are shown in Table 4-2 (below).

Table 4-2 Reproductive fitness of dwarf mice

Preliminary data for breeding methods set up between wild-type (+/+), heterozygous (+/dw) and dwarf
homozygous (dw/dw) males and females. Males and females were placed together at 8-weeks (42 days) and
allowed to breed normally. Breeders were separated when they reached 9 months of age. Breeder females and
males were age matched from different litters, making sure the female was 8-weeks old.

Breeders Number of Female Age at Number of Average
breeders pairs First Litter Litters per Pups per
Female Male P (days) breeder pair Litter
t/* +/+ 3 68 6 8
*/dw +/dw 3 69 6 8
dw/dw dw/dw 2 165 4 5
dw/dw No births
t/* 1 recorded ) )
+/+ No births
dw/dw ! recorded ) )
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Figure 4-16 Gross morphology of organs of 8-week old age matched wild-type and dwarf littermates
Images of organs from 8-week old female (n=1) wild-type and dwarf littermates. (A) Comparison of organ
(heart, kidney, adrenal, spleen) sizes between wild-type and dwarf littermates. (B) Higher magnification
images of heart (i and v), kidney (ii and vi), adrenal (iii and vii) and spleen (iv and viii), shown in A. All organs
in the dwarf mouse are smaller than their wild-type littermates. However, there is a more profound decrease in
size of the adrenal. (C) Comparison of liver sizes of wild-type and dwarf littermates. (D) Comparison of brain
sizes of wild-type and dwarf littermates. (E) Higher magnification images of wild-type and dwarf brains.
Outline of the structures of the brain in dorsal (i) and ventral (i) view in the wild-type brain. The dorsal (iii and
iv) and ventral (v and vi) view of the wild-type and dwarf mouse brain.

186



4. Novel Dwarf Mouse Generated by ENU Mutagenesis

[T

Wild Type

Dwarf

heart  kidney adrenal spleen
Wild Type Dwarf

oy

i Olfactory
Bulb
=
©
)
<
Superior )
Colliculus '(';‘fif'O’I
Cerebellum DR
i Olfa%toalz Olfaactory
Preo;tic Tubercle
Optic
Area Chiasm
Hypothalamus Cerebral
Pons Cortex
Medulla
Cerebellum Oblongata

adrenal

spleen

O

liver

187



4. Novel Dwarf Mouse Generated by ENU Mutagenesis

Homozygous wild-type male and females, and heterozygous male and females,
had their first litter when the female was 68 and 69 days old (12 - 13 days after being placed
in a breeder pair), respectively and produced 6 litters over 9 months. In contrast,
homozygous dwarf male and females had their first litter when the female was 165 days
old (109 days, or 5 months, after being placed in a breeder pair) and produced 4 litters over
9 months. No litters were recorded for the homozygous dwarf x wild-type matings. It is
unclear why no litters were produced, given that the homozygous dwarf female and male
mating produced 4 litters over the 9-month period. Together, these preliminary results
suggest that homozygous dwarf mice have slower reproductive maturation than wild-type
littermates. A more extensive analysis would be needed to accurately assess the
reproductive fitness and reproductive maturation, including a detailed examination of the
female reproductive cycle. Furthermore, a greater number of homozygous dwarf x wild-

type matings should be set-up.

Figure 4-17 Gross morphology and histology of reproductive organs from wild-type and dwarf mice
(A) Gross morphology of ovaries, showing the ovary and oviduct. Representative glands from adult dwarf and
control mice (8-week-old females). (B) Sections through corresponding ovaries. Ovarian paraffin sections (5um)
were stained with hematoxylin and eosin (H&E); CL, Corpus Luteum; scale bar 50um. Higher magnification of
as shown by box. *, atretic follicles were observed in dwarf, but not wild-type, ovaries. (C) Gross morphology
of testis. Representative glands from adult dwarf and wild-type mice (8-week-old males). (E) Sections through
corresponding testis. Testis paraffin sections (5um) were stained with H&E (a-d) and masson trichome (e-h). (a)
and (b) show low magnification of seminiferous tubules lined by germline epithelium and enclosed by tunica
propria. In the interstices are blood vessels and clumps of leydig (intersticial) cells. (c) and (d) show higher
magnification of a single seminiferous tubule. (e) and (f) show low magnification of seminiferous tubules
stained with masson trichome. (g) and (h) show a higher magnification of a single seminiferous tubule.
Seminiferous tubules of dwarf mice (h) show a decrease sperm, as shown by density of sperm tails within the
lumen, compared with wild-type littermates (g). Scale bar 0.Imm. (E) Sperm morphology. Sperm sample was
obtained, during testis dissection, from the vas deferens emerging from the tail of the epididymis to examine
sperm morphology (using H&E staining), from wild-type and dwarf mice. Dwarf mice showed no abnormal
morphology, however, the presence of a cytoplasmic droplet on the tail region indicates immature
development. Together results suggest that a slower maturation of both the male and reproductive tract takes
place in dwarf mice. Scale bar in B and D = 50um.
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IV. DISCUSSION

In the present study, a novel dwarfism mutation was identified in the Wars gene.
Dwarf mice displayed dramatic hypoplasia of the anterior pituitary gland, associated with
greatly reduced pituitary GH. Moreover, serum GH and IGF-1 levels, the major endocrine
regulators of postnatal growth in mammals, were significantly decreased in these mutant
mice, leading to greatly reduced longitudinal growth. The anterior pituitary, in contrast to
the posterior pituitary, is not of neuronal origin but is derived from the oral ectoderm.
However, Wars expression was shown in both the anterior and posterior lobes, specifically
within cells lining the vessels. Furthermore, both GHRH and Sst were decreased in the
hypothalamus. It is well established that GHRH, which is released from specific
hypothalamic neurons, plays a key role in stimulating the proliferation of pituitary
somatotrope cells (Frohman and Kineman, 2002b; Giustina and Veldhuis, 1998). It is
therefore likely that the defect leading to anterior pituitary hypoplasia and the subsequent
dwarfism phenotype is a result of a hypothalamic defect, most likely to be affecting
hypothalamic neuron development (Figure 4-3, p.158 and Figure 4-15, p.182) and their
connections with the hypophysial portal vasculature, the most important network of
vessels and capillaries connecting hypothalamic neurons to the pituitary. Wars, and other
members of the AARS family, has been known to play a role in angiogenesis, in zebrafish
and in endothelial cell cultures (Fukui et al., 2009; Herzog et al., 2009; Ray and Fox, 2007;
Wakasugi et al., 2002a; Wakasugi et al., 2002b). Although the other AARSs, YARS, WARS
and EPRS, can regulate angiogenesis in cell culture, it is not fully understood whether
AARSs contribute to the establishment of vascular patterning in vertebrates, including
mice. In fact, the only known AARS mutations in mice are in GARS and YARS, and have
been associated with dominant types of Charcot-Marie-Tooth (CMT) disease (a group of
peripheral neuropathies characterized by sensory loss and poor motor function) in patients
(Antonellis et al., 2003; Jordanova et al., 2006). Note, these two AARSs have not been shown
to play a role in angiogenesis. Thus, it is tempting to speculate that a mutation in Wars, in
mice, plays an important role during angiogenesis, and this is specifically important during

development of the vascular connection between the hypothalamus and pituitary.

It was hypothesized that this novel Warsl30P mutation in mice results from a
hypothalamic defect, most likely in GHRH and/or Sst and that this is contributing to the
dwarfism phenotype. GHRH neurons, located within the ARC, gradually increase during
postnatal development and plateau when adulthood is reached. Mice with congenital GH
deficiency, due to a deficiency in GH-secreting somatotropes, lack GH-mediated negative

feedback, subsequently leading GHRH overstimulation and excessive GHRH neuron
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number. In turn, the increase in GHRH neurons promotes an increase in the production of
GHRH (McGuinness et al., 2003; Phelps and Hurley, 1999). However, given that the
mutation has been identified in an AARS whereby other AARSs have been linked to
noncanonical activities in vascular development, it is likely that the substitution mutation

effects vasculature structure and/ or communication between endothelial cells.

A. Warst3? Dwarf Mice are Proportionally Smaller with Pituitary
Hypoplasia

One of the primary effects of the mutation is dwarfism. The aim of the work
presented in this chapter was to investigate the cause of this dwarfism, in order to gain
insight into the mechanism that underpins this phenotype. Characterization of the
dwarfism phenotype revealed that homozygous dwarf mice are 30-40% smaller than both
heterozygous and wild-type littermates, and this observation is seen throughout postnatal
development and into adulthood (Figure 4-2, p.155). Longitudinal growth was also
reduced in dwarf mice (Figure 4-2, p.155). Mice harboring mutations in other genes that
result in dwarfism have similar phenotype characteristics (Alba et al., 2005; Bokryeon et al.,
2009; Cheng et al., 1983; Lin et al., 1994; Schaiber and Gowen, 1961; Sinha et al., 1975; Snell,
1929). During these experiments the mutation had not yet been identified and I speculated
that the dwarfism mutation could be a result of either a pituitary or hypothalamic defect.
In both cases the secretion of GH from somatotropes would be decreased and subsequent
downstream signaling in the somatotropic-axis would be compromised. Additionally, the
size of littermates at birth would not differ. Examination of postnatal pups, at P1, 7 and 14,
did not reveal any significant difference between weights, indicating that the growth defect

becomes prominent later than P14, but is definitely observed between P21-29.

To further determine the extent of dwarfism, I next examined the pituitary, the
key regulator of GH and other pituitary hormone secretion, and the brain, specifically the
hypothalamus, for any abnormalities. Firstly, pituitaries were examined. Dwarf mice
revealed pituitary hypoplasia, which was primarily caused by a dramatic decrease in the
size of the anterior pituitary (the size of posterior pituitary appeared essentially
unchanged). The anterior pituitary, in contrast to the posterior pituitary, is not of neuronal
origin but is derived from the oral ectoderm. Therefore, it is likely that the mutation has an
affect on the anterior, rather than posterior, pituitary. Secondly, the brain was examined
and the hypothalamus examined for anatomical abnormalities. Besides the pituitary
hypoplasia displayed in dwarf mice, there was no significant difference in overall brain

morphology between the dwarf and wild-type. This suggests that the mutation is having a

191



4. Novel Dwarf Mouse Generated by ENU Mutagenesis

profound affect on pituitary size, and likely resulting in a decrease in somatotropes, which
in turn are not producing the correct concentration of GH essential for growth and

development.

B. Pituitary GH and Serum IGF-1 are Reduced in Wars'3%° Dwarf Mice

To explore the mechanisms underlying the dwarf phenotype, I next examined
whole pituitary extract levels of GH as well as serum levels of the key hormone IGF-1 that
is involved in somatic growth. The serum levels of other important hormones (e.g. gherlin,
a hormone that stimulates pituitary GH release via activation of central GH secretagogue
receptors (Osterstock et al., 2010; Sun et al., 2004)) were not examined because the main
focus point of this project was to analyze the somatotropic axis of the novel dwarf mouse
line. Strikingly, dwarf mice showed a significant reduction in GH levels as well as IGF-1.
GH is released into the blood from the anterior pituitary where it then binds to specific
receptors in the liver, triggering the secretion of IGF-1. In turn, circulating IGF-1,
considered the major factor that mediates the stimulatory effects of GH on longitudinal
growth (Yakar et al., 2002), has an inhibitory (negative feedback) action on GHRH neurons
located with the hypothalamus. Consistent with the observed decrease in GH levels, dwarf
mice reveal a striking reduction in serum IGF-1. It is therefore likely that the observed
decreases in both GH and serum IGF-1 levels in dwarf mice are responsible for the

observed growth deficit.

C. Hpypothalamic Ghrh and Sst Expression Levels are Reduced in

WarsL30P Dwarf Mice

Hypothalamic Ghrh as well as Sst levels were significantly reduced in dwarf mice.
GHRH and GH release is controlled by the inhibitory control of Sst whereby Sst exerts its
inhibitory effects on longitudinal growth by inhibiting the secretion of GH from pituitary
somatotropes. It is pertinent to know that a subset of GHRH neurons located in the ARC
expresses Sst receptors, and that expression and release of GHRH are inhibited by Sst (for
review see (Bertherat et al., 1995). Conversely, Sst neurons of the periventricular area of the
anterior hypothalamus are also stimulated by GHRH (Aguila and McCann, 1987). Thus,
GH deficiency normally results in an overstimulation of GHRH and inhibition of Sst (Alba
and Salvatori, 2004; Alba et al., 2005). Additionally, the observed decreased in Sst has also
been observed in mice deficient in GH (Bartke, 2000; Hurley et al., 1997; Phelps et al., 1996).
An absence of GH production has a marked negative effect on the differentiation and
levels of the peptide expression in hypophysiotropic Sst neurons (Phelps et al., 1996), as
well as Sst mRNA levels (Hurley et al., 1997). Importantly, an informative study that
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examined Sst expression over time in the Ames dwarf and wild-type mice, found that a
reduction of Sst in dwarf mice at 7 days of age suggests that GH production during
embryonic or very early postnatal development is important for activating Sst transcription
(Hurley et al., 1997). Mice with congenital GH deficiency, due to a primary defect in
somatotropes, lack GH-mediated negative feedback thereby resulting in overstimulation of
hypothalamic GHRH neurons (i.e. tGHRH:|Sst) (Hurley et al., 1997; McGuinness et al.,
2003). Whereas abnormally low Sst in the hypothalamus of mice with a pituitary GH defect.
Therefore, pituitary hypoplasia and associated GH deficiency are due to a hypothalamic
defect and have the opposite phenotype (i.e. 1Sst:|GHRH). Then how can the observed
decrease in both GHRH and Sst, in these dwarf mice (i.e. | GHRH:|Sst), be explained? A
study in sheep examined GHRH and Sst secretion into hypophysial portal blood and
relationship to GH secretion in peripheral blood (Bluet-Pajot et al., 1998). As expected, the
majority of GH peaks were associated with an increased portal GHRH and a fall in Sst
concentrations. Interestingly, a simultaneous increase in GHRH and Sst levels was
observed in 18.5% of GH peaks while 12.9% of GH peaks occurred with a fall in Sst and no
modification in GHRH concentrations. This data, although in sheep, indicate that the
GHRH/Sst interplay is complex. Perhaps, in the dwarf mouse, we are seeing a decrease in
Sst relative to Ghrh. Although Sst mRNA levels were decreased in dwarf mice, Ghrh was
significantly more reduced. These results agree with previous dwarf data that the observed
decrease in hypothalamic Sst is due to feedback inhibition triggered by low GH and IGF-1
levels (Giustina and Veldhuis, 1998).

D. Dwarf Mice Show Delayed Reproductive Development

Dwarf mice show delayed reproductive organ development and sub-fertility
(Figure 4-17, p.188 and Table 4-2, p.185, respectively). Infertility has been observed in other
dwarf phenotypes, for example, the Snell dwarf mouse show gonadal dysfunction arising
from a lack of neuroendocrine axis activation (Bartke, 2000; Bartke and Lloyd, 1970). It is
known that diminished GH levels lead directly to diminished circulating insulin and IGF-1,
both of which are necessary for normal body size and aging in dwarfism mouse models,
such as the Snell and Ames mice (Bartke, 2000). Therefore a decrease in these important
hormones significantly reduces reproductive ability, and this is seen in most dwarf mouse
models (Brown-Borg, 2009). Anatomical observation of the female and male reproductive
organs revealed a decrease in size; the most striking decrease in size was between the wild-
type and dwarf ovary. Histological examination (using the H&E staining) of sections from
the female 8-week ovary revealed an absence of the corpus lutea, indicating that female

dwarf mice were not fertile at 8-weeks (the normal reproductive age in mice is between 5-8
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weeks (Fox, 2007)). Histological examination (using the H&E morphology stain and
masson trichome stain) of the male testis of dwarf and wild-type littermates did not reveal
any gross abnormality, aside from the testis being proportionally smaller in dwarf mice.
Given that there was no gross morphological abnormality in testis, morphology of
spermatozoa was examined to determine extent of defect, which may be preventing
fertilization. Morphologically abnormal spermatozoa are less able to pass through the
cervix (Hanson and Overstreet, 1981; Mortimer et al., 1982), the uterotuberal junction (de
Boer et al., 1976; Krzanowska, 1974), and the oocyte vestments (Krzanowska and Lorenc,
1983). There was no gross morphological defect in spermatozoa, however, the tail of
spermatozoa from dwarf mice contained a cytoplasmic droplet (a normal component of the
mammalian spermatozoa) maturation (Cooper et al., 2004). These results suggest that the
compromised fertility of dwarf mice does not stem from any gross morphological
abnormality within the reproductive organs or within the spermatozoa. Simply dwarf mice
have delayed reproductive development. As a preliminary study, wild-type and
homozygous dwarf mice were mated from the age of reproductive fitness (8-weeks). The
first birth of pups to homozygous dwarf parents was at 5-months of age. Although
preliminary, these data support the anatomical data that dwarf mice had slower
reproductive maturation. A more extensive analysis, using a larger sample size, would be
needed to accurately assess the reproductive fitness and reproductive maturation,

including a detailed examination of the female reproductive cycle.

Table 4-3 summarizes the phenotype of several dwarf mouse models including the

novel WarsL30® mouse mutant characterized within this work.

E. Warsis Expressed Within Blood Vessels of the Pituitary

The mutation was identified in the tryptophanyl-tRNA synthetase (IVars) gene
(Figure 4-6, p.165). This enzyme has never been previously associated with a growth
defect, nor has there existed a mouse model of this mutation, until now. Therefore, the
generation of this novel Warsl3? mutant mouse is an invaluable resource that will
ultimately provide an insight into the mechanism of HP axis vascular development

resulting from a single substitution mutation in this ubiquitously expressed AARS.
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Table 4-3 Phenotypic characteristics comparing GH/IGF-1 long-living mutant mice with the L30P
dwarf mouse

Adapted from (Brown-Borg, 2009). 1 Homozygous dwarf and wild-type mice were maintained for 2 years, after
which time they were culled. There were no recorded deaths in either groups. It is likely these mice will have
extended longevity; this test should be performed in the future. ND, not determined.
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AARSs are large enzymes that have evolved from two different active sites,
gradually incorporating additional domains (Ribas de Pouplana and Geslain, 2008). Their
Noncanonical functions have been of considerable interest recently as they have been
implicated in various disease states. Fragments of YARS stimulate angiogenesis, whereas
those of WARS inhibit angiogenesis (Tzima and Schimmel, 2006). Notably, several
additional AARSs have been involved in angiogenesis in different contexts (Table 4-4,
p-196). Human AARSs have been involved in cell-signaling activity throughout evolution,
arising through individual sequence adaptations and domain acquisitions. In the
mammalian YARS there is an embedded tripeptide Glu-Leu-Arg motif essential for cell
signaling (Wakasugi and Schimmel, 1999). This was conferred by introducing Glu-Leu-Arg
motif into yeast YARS (Liu et al., 2002). The YARS-appended domain is able to stimulate

mononuclear phagocyte chemotaxis and tumor necrosis factor-a production in a behavior
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similar to that of the cytokine endothelial and monocyte-activating polypeptide II
(Wakasugi and Schimmel, 1999). Thus, linking translation and cell signaling.

Human WARS, a close homologue of YARS, also participates in cell-signaling
pathways (Wakasugi et al., 2002b) and catalyzes the aminoacylation of tRNA. In humans,
cells contain two distinct WARS isoforms, the full length WARS (FL-WARS; 471 aa) and
mini-WARS (424 aa) in which most of the N-terminal extension is absent, the later arising
by alternative mRNA splicing, naturally (Wakasugi, 2010). There exist also two other
isoforms of WARS: T1-WARS and T2-WARS (Figure 4-18, p.197) alternative mRNA spliced
forms of WARS and are implicated in the inhibition of angiogenesis (Tzima and Schimmel,
2006). Expression of WARS and mini-WARS is robustly induced by interferon-gamma
(IFN-y), an antiproliferative cytokine (Fleckner et al., 1995; Liu et al., 2002; Tolstrup et al.,
1995). While both the alternative splicing and IFN-y induction has been known for several
years, the importance was not well understood until it was confirmed that mini-WARS had
antiangiogenic (or angiostatic) activities in assays (both in vitro and in vivo). For instance,
mini-WARS can block VEGF-induced migration of human umbilical vein endothelial cells
(Wakasugi et al., 2002b). Furthermore, mini-WARS and a closely related proteolytic
variant, T2-WARS (Figure 4-18, p.197) both block VEGF-stimulated angiogenesis in chick
cell adhesion molecule and mouse matrigel assays in vivo (Otani et al., 2002; Wakasugi et
al., 2002b). However, FL-WARS does not have this effect (Otani et al., 2002; Wakasugi et al.,
2002b). T2-WARS has also been shown to be a potent inhibitor of retinal angiogenesis in
the neonatal mouse, where it was localized to retinal blood vessels. Together, this data

suggest that blood vessel endothelial cells are likely a direct target of WARS.

Table 4-4 Noncanonical activities of AARSs in vascular development
Adapted from (Kawahara and Stainier, 2009)

AARS Functions Reference

Disruption of Sars leads to dilatation of the aortic arch ~ (Fukui et al., 2009; Herzog et al.,

Sars vessels and aberrant branching of cranial and 2009)
intersegmental vessels in zebrafish

YARS N-terminal fragment of YARS functions as an (Wakasugi et al., 2002a)
angiogenic factor for endothelial cells in culture

WARS N-terminal truncated form of WARS functions as an (Wakasugi et al., 2002b)
angiostatic factor for endothelial cells in culture

EPRS EPRS is involved in the IFN-y-mediated translational (Ray and Fox, 2007)

silencing of VEGF-A in culture
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This figure is included on page 197 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 4-18 Schematic representation of the human full length and truncated WARS

(A) Schematic representation of human WARS, and variant constructs. Numbers on the left and right
correspond to the NH»- and COOH-terminal residues relative to the human full-length enzymes, respectively.
Rossman fold catalytic domain is shaded yellow and the N-terminal is shaded blue. (B) Structure of the dimeric
human WARS. Corresponding Rossman fold catalytic domain is shaded yellow and the N-terminal is shaded

blue. Figure A modified and adapted from (Wakasugi, 2010); B modified and adapted from (Yang et al.,
2003)

Endothelial cells of vessels are constantly subjected to mechanical forces that are a
direct result of the hemodynamic forces of blood flow and include shear stress and
pressure. These hemodynamic forces have profound effects on endothelial cell biology
thereby playing a major role in vascular homeostasis and pathophysiology. Fluid shear
stress plays an integral part of the mechanical stimulus experience by endothelial cells,
whereby it helps to regulate migration, proliferation, and survival—key mechanisms
involved in angiogenesis. Most importantly, fluid shear stress aids in the production of
vasoactive mediators and expression of adhesion molecules, essential for regulating
vasculature (Olsson et al., 2006). Angiogenesis plays a fundamental role in growth,

survival, and function of normal and pathological tissues (Carmeliet, 2000a; Nicosia and
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Villaschi, 1999). The process of angiogenesis requires intercellular junctions to loosen
followed by extracellular matrix degradation by endothelial cells, migration of endothelial
cells toward the angiogenic stimulus, sprout formation, lumen formation, and the joining
of sprouts to form a capillary bed (refer to Introduction Chapter 11.C.3 Angiogenesis, p.41,
for a detailed description) (Carmeliet, 2000a; Carmeliet and Collen, 2000; Nicosia and
Villaschi, 1999)

Wars, as mentioned above, has reported noncanonical functions in angiogenesis.
To examine further the function of the Warst30P mutation I used immunostaining to localize
the expression of Wars within the pituitary. Wars expression was localized to blood vessels
of both the anterior and posterior pituitaries (Figure 4-7, p.171). Additionally, Wars was
expressed within the cytoplasm of several cells. This is not unexpected, because Wars is a
ubiquitously expressed protein; a result never previously shown. No significant difference
in Wars protein expression was determined by immunostaining of pituitary sections from
wild-type compared to dwarf mice at 8-weeks (Figure 4-9, p.172). To further determine
whether there was a decrease or change in Wars expression in dwarf mouse pituitaries, a
western blot was performed by my colleague Chin Ng (Chin Ng, 2010) on pituitary, brain
and kidney extracts (Figure 4-12, p.178). There was no detectable difference in Wars steady
state protein levels in pituitary, brain nor kidney. Thus, the Warst3P mutation does not
result in a simple loss of protein. Similarly, this was also seen in GARS protein levels in
GarsG240R/+ heterozygous patients and GarsC201R/* heterozygous mouse brain homogenates
(Achilli et al., 2009). However, the investigation of Wars protein expression was performed
on pituitaries, brains and kidneys from 5-month old littermates. Given that we know that
Wars plays a role in angiogenesis, it is likely that we will not see a difference in Wars
protein expression at this age. The formation of blood vessels, in particular within the HP
axis, occurs during development and early postnatally (as shown by the growth chart in
Figure 4-2, p.155). At 5-months of age there may be compensatory up-regulation of Wars
expression. Therefore, expression levels of Wars should be examined during
embryogenesis, particularly during the crucial phase of pituitary development, between
10.5-17.5 dpc, the later time point being when pituitary cells have differentiated (refer
Figure 1-4, p.35) and also during the first three weeks of postnatal development, a time

when growth is rapid.

To confirm that Wars is expressed in pituitary blood vessels, immunostaining of
important vessel proteins, PECAM and VE-Cadherin was performed. Wars was found to
be expressed in pituitary vasculature, as shown by co-expression analysis with PECAM

and VE-Cadherin, confirming that Wars is expressed within pituitary vasculature (Figure
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4-9, p.172 and Figure 4-11, p.177). However, immunostaining was unable to determine
whether VE-Cadherin was compromised. It has been hypothesized that T2-WARS binds to
VE-Cadherin (refer to Figure 4-10, p.175) (Zhou et al., 2010) thus regulating angiogenesis.
The question to ask here is whether the IWarsL30P mutation on the full length Wars protein is
acting like the angiogenic T2-WARS or whether the point mutation has an alternate affect,
possibly having an anti-angiogenic affect. Inmunostaining of the blood vessels within the
HP axis was not performed, primarily because immunostaining of the hypophysial portal
vasculature is a difficult region to locate on corresponding sections. In particular, given
that Wars is likely to have its affects during HP axis development and early postnatal
growth, examination of vessels would be best completed utilizing recent novel
technologies, as described in (Walls et al., 2008). Key vasculogenic and angiogenic events
occur in the mouse embryo between E8.0 and E10.0, during which time the vasculature
develops from a simple circulatory loop into a complex, fine structured, three-dimensional
organ (see example in Appendices Figure A 2, p.231). Interpretation of vascular
phenotypes exhibited by signaling pathway mutants has historically been hindered by an
inability to comprehensively image the normal sequence of events that shape the basic
architecture of the early mouse vascular system. To get around this hurdle, Walls et al
(Walls et al., 2008) employed Optical Projection Tomography using frequency distance
relationship-based deconvolution to image embryos immunostained with the endothelial
specific marker PECAM to create a high resolution, three-dimensional atlas of mouse
vascular development between E8.0 and E10.0 (5 to 30 somites). Analysis of the atlas has
provided significant new information regarding normal development of intersomitic
vessels, the perineural vascular plexus, the cephalic plexus and vessels connecting the
embryonic and extraembryonic circulation. Although the authors did not look at vascular
development postnatally, this technique has the potential to be applied at these stages; a
potential avenue for examining vascular development in the Warst3? dwarf mouse. This
atlas is freely available at http://www.mouseimaging.ca/research/mouse_atlas.html

(Walls et al., 2008).

F. WarsL30P Mutation Inhibits the Formation of New Vessels in Cell

Culture

This is the first study to examine and document the expression of Wars and the
novel Warsl30P mutation, in mouse. Preliminary data have demonstrated that the WarsL30P
mutation, inhibits angiogenesis, in 3B11 cells (Chin Ng, 2010). This is supported by the
preliminary anatomical data of the mouse cerebral cortex surface, lateral hypothalamic

region and pituitary in 8-week old dwarf mice. (Figure 4-15, p.182). Here I showed that
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brains from dwarf animals exhibited deranged microvessels with fewer prominent vessel
branch points on the cerebral cortical surface and the dwarf pituitary was surrounded by
fewer vessels. Although both these results are preliminary and require confirmation, they
agree with other studies (outlined above), specifically those that have examined truncated
WARS isoforms in cell culture; the extent of vascularization in brains in vivo remains
unknown. Human FL-WARS has been shown to be inactive in angiostatic activity due to
the steric hindrance of the WHEP domain blocking the interaction of WARS and VE-
Cadherin (Wakasugi et al., 2002b; Zhou et al., 2010) Interestingly, analysis of Warst30P in
endothelial cell tube formation assays demonstrated anti-angiogenic activity. The WarsL30P
mutation is most likely disrupting the helical structure of the WHEP domain in the Wars
protein, thereby compromising its ability to block the interaction between Wars and VE-
Cadherin, and resulting in a substantial decrease in endothelial cell tube formation. To
confirm this the interaction between Warst30P and VE-Cadherin need to be examined. This
can be accomplished by testing the binding of Warst3P to VE-Cadherin, using co-

immunoprecipitation.

G. Conclusion and Future Directions

This study is the first to have identified a novel mouse strain, by ENU
mutagenesis, with a point mutation (leucine to proline substitution) in the enzyme
tryptophanyl-tRNA synthetase (Wars) that results in dwarfism, pituitary hypoplasia as
well as GH and IGF-1 deficiency, indicating a defect in the HP axis. Preliminary data have
also shown that the point mutation prevents the formation of new vessels (anti-

angiogenic).

To further understand the function of Wars in regulating HP axis development
and determine the impact of the Warsl30P mutation on WARS activity the following key

points need to be examined:

. Examine extent of hypothalamic dysfunction
Perform qPCR to examine mRNA expression of all hypothalamic neurons, initially at 8-
weeks. In addition, validate this data by section in situ hybridization and immunostaining using

available probes/antibodies.

. Understand the developmental progression and functional impact of the WarsL3oP
dwarf phenotype
This can be examined using GHRH-EGFP (Balthasar et al., 2003) and/or GH-EGFP
transgenic reporter mice (Magoulas et al., 2000), generated by Prof. lain Robinson at the National
Institute for Medical Research (London). In GHRH-EGFP mice, EGFP is targeted to the secretory
vesicles of the GHRH mneurons in the ARC and enables GHRH neurons to be identified for
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developmental and electrophysiological studies. Generating homozygous dwarf GHRH-EGFP
transgenic mice would allow the number, morphology, directionality and terminal structure of
GHRH neuron axonal projections to be traced and identified across postnatal development
(Balthasar et al., 2003). Furthermore, this model would allow patch clamp time-lapse as well as live
imaging analysis of GHRH neurons. This would ultimately provide information regarding the
impact of the Wars mutation on the electrophysiological properties as well as time-lapse analysis of

GHRH neurons, respectively.

. Confirm the angiostatic assays

In addition to confirming the angiostatic assay, perform an in vivo assay measuring the
impact of the mutation on the development of mouse retinal vasculature. This can be done by
injecting recombinant Wars protein into P8 retinas in vivo and harvesting them at p12. This

method will allow for the scoring of vascular development via visual inspection.

. Assessment of vasculature

To gain an insight into the structure of vasculature of dwarf mice, quantitative assessment
of total vascular volume, tube length and diameter can be performed using reconstruction of optical
sections (z-series) acquired using confocal microscopy. Furthermore, analysis of endothelial
cell/vasculature ultrastructure in dwarf and wild-type tissue may also be performed with the use of

transmission electron microscopy.

. Determine whether WARS mutations cause GH deficiencies in humans

Many of the genes that have been associated with HP axis dysfunction in humans were
originally identified as causative genes in mouse model of dwarfism (Dattani and Robinson, 2000).
This gene has never been implicated in pituitary function thereby providing a strong case for
further investigating its role in mice and examining its significance in human HP axis dysfunction.
This can be done by sequencing the WARS gene in patient DNA, prioritizing the screen for
patients with GH deficiency.

Overall, the results from this project have identified a novel dwarf mouse with a
genetic determinant of HP axis function and provide novel insights into the role and
function of the WarsL3%P mutation in vivo. Identification of this enzyme and its importance
during angiogenesis provides an exciting opportunity to further this work by determining
its exact role and function during vascular development, during embryogenesis and
postnatally. Dysfunction of the HP axis is a significant clinical problem and, despite the
significant contributions been made to this genetic etiology, the responsible gene(s) in
many patients remain unknown. Further research is likely to have a considerable
importance for human health and will contribute to understanding the key insights into the
molecular pathology of HP axis dysfunction and the role of Wars in GH regulation. It is
highly probably that ongoing research on newly discovered gene will open the possibility
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for novel genetic screening tests and potential new treatments; early diagnosis of GH

deficiencies are linked to a lower risk of adverse effects of the disease.
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APPENDICES

PERL SCRIPT USED IN THE COLLATION OF MICROARRAY STATISTICAL
DATA

The following PERL script was used to collate the microarray statistical results
into one excel file for easy comparison between the three statistical methods used. Genes

were sorted and compared using the ProbelD.

The script takes four input files: (1) limma, (2) sam, and (3) ttest, list of known
genes. Each file contains a ProbelD, which is used to determine common genes between the
three files (limma, sam & ttest). The ProbelD is used to determine whether the gene
appears in all three tests, just two of the tests or is unique to an individual test. The ‘FC’
and ‘pval’ for each test is included in the output comparing the three tests. The list of

known genes is to provide additional detail (accession, all-symbol and transcript).
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#!/usr/bin/perl

my $lineSep = "\n";
my Sresult = 0;

if (S#ARGV == 5) {
$result = main(@ARGV);

} else {
print "Invalid arguments to $0$lineSep";
print "Arguments$lineSep";
print "1. limma file$lineSep";
print "2. sam file$lineSep";
print "3. ttest file$lineSep";
print "4. probe details file$lineSep";
print "5. file containing commonalities$lineSep";
print "6. error file$lineSep";

}

exit $result;

Read in three files to be compared ie. limma, sam & ttest.

A fourth file read in provides additional details for the probe ids
in the first three files. The output is written to a fifth file
that lists the probe ids in the limma, sam & ttest files showing
which are common between all three, common in two or unique.

A sixth file details errors encountered while processing the input
files.

sub main {

my $infilel = shift;
my $infile2 = shift;
my $infile3 = shift;
my $infiled = shift;
my $outcommon = shift;
my $errorFile = shift;
my %linesl;

my %$lines2;

my %lines3;

my %lines4;

my $tmpl;

my $tmp2;

my $tmp3;

my $fh;

my $fhe;

my $error;

il R I R S

open($fhe, ">", SerrorFile) or
die "Could not open file: SerrorFile$lineSep";

# Read in the four files - limma, sam, ttest & probe details
(Serror, $tmpl) = suckFile($infilel, \&getLimma, S$fhe);
%$linesl = %{ Stmpl };
if (Serror == 0) {
($error, $tmpl) = suckFile($infile2, \&getSam, $fhe);
%lines2 = %{ S$tmpl };
}
if (Serror == 0) {
($error, $tmpl) = suckFile($infile3, \&getTtest, $fhe);
%lines3 = %{ $tmpl };
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if

}

(Serror == 0) {

($error, $tmpl) = suckFile($infiled,

%linesd4 = %{ $tmpl };

(Serror == 0) {

Appendices

\&getDetail, $fhe);

# Open the common points file to be written to
open($fh, ">", Soutcommon) or
die "Could not open file: $outcommon$lineSep";

# Column headings
print $fh "\t\t\t".

"limma, sam & ttest\t".
"limma & sam\t".

"limma & ttest\t".

"sam & ttest\t".

"only in limma\t".
"only in sam\t".

"only in ttest\t\t\t\t\t\t\t$lineSep".
"Accession\tall-symbol\tTranscript\t".

"Probe Id\tProbe Id\tProbe Id\tProbe Id\t".
"Probe Id\tProbe Id\tProbe Id\t".

"Gene nameltlimma FC\tlimma p value\tsam FC\t".
"sam p valueltttest FC\tttest p value$lineSep";

There are three calls to the

'common' function that checks

for common points between the files. The only need for the

#

#

# third call is to report probe ids
# in the limma or sam.

(

Stmpl, $tmp2, $tmp3)
($tmp2, $tmpl, $tmp3)
($tmp3, $tmpl, $tmp2)
$linesl = %{ Stmpl };

%lines2 = %{ $tmp2 };
%lines3 = %{ $tmp3 };

common ($fh,
common ($fh,

common ($fh,

in the ttest that isn't

\%linesl, \%lines2,
\%$lines3, 1, \%linesd);
\%{ S$tmp2 }, \%,

\%{ $tmp3 }, 2, \%linesd);
\%{ $tmp3 }, \%{ $tmpl },
\%{ $tmp2 }, 3, \%linesd);

close ($fh) or die "Could not close file: $outcommon$lineSep";

close($fhe) or die "Could not close file: $errorFile$lineSep";

L8

}

(Serror == 0) {
unlink $errorFile;

return Serror;

Bl R

sam

& ttest.

sub suckFile {

my
my
my
my
my
my

$file = shift;
$lineParser = shift;
$fhe = shift;

$fh;

%$lines;

Skey;

Read in each line of a file and store the lines in a hash, the hash
is then returned as the product of this function.

Storing each line of the file in a hash where the key is the probe
id provides a simple way to check for common data across the limma,
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my $value;
my $line;
my $error;

open ($fh, "<", $file) or
die "Could not open file: $file$lineSep";

if (<$fh>) { # ignore first line
chomp () ;
$_ =~ /*["\n]*$/;

}
while (<$fh>) {
chomp () ;
$line = $_;
$line =~ s/\r$//:
($error, $key, $value) = &$lineParser($line);

# this function needs to return hash ref so that error flag can

# be returned
if ($error == 1) {
print $fhe "Error parsing lineS$lineSep";
print $fhe "$file$lineSep";
print $fhe "$line$lineSep";
print $fhe "$key = $value$lineSep$lineSep";
} elsif (exists($lines{$key})) {
print $fhe "Duplicate probe id$lineSep";
print $fhe "$file$lineSep";
print $fhe "$line$lineSep”;
print $fhe "$key = $value$lineSep";
print $fhe "First found: $lines{$key}$lineSepS$lineSep";
Serror = 2;
} else {
$lines{$key} = $value;
}
}

close($fh) or die "Could not close file: $file$lineSep";

return ($Serror, \%lines):;

sub getLimma {

my $line = shift;
my $error = 0;

# $1 = probe id

# $2 gene name
# $3 = fc

f $4 = pval
$line

/A CONET)NEANEINECANE)NE) [ANE]TNE(IANE]*NE) [(M\EI\E([M\E]*) /s

Serror = (S1 eq "oos2 eq "o os3 eq "o s4 eq nwiy .

return ($error, $1, $2.$3.%$4):

sub getSam {

my $line = shift;
my $error = 0;

# $1 = probe id
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# $2 = gene name

# $3 = fc & pval

$line =~ /A ([M\E]*)NE[ANE]ANE(IANE]TRNE) [PNETANE(IANE]T*\E[(M\E]*) $/5
$error = ($1 eq "" || $2 eq "" || $3 eq "");

return ($error, $1, $2.$3):
}

sub getTtest {
my $line = shift;
my $error = 0;

# $1 = probe id

# $2 = gene name

# $3 = fc & pval

$line o
R CINETS)NE[ANE]*NE([ANE]*NE) | (IPNE]*NE[M\E]*)NE["\E] *S/;

Serror = ($1 eq "" || $2 eq "" || $3 eq "");

return ($error, $1, $2.$3);
}

sub getDetail {
my $line = shift;

my $error = 0;

# $1 = probe id

# $3 = accession & all-symbol

# $2 = transcript

$line =~
SAIANETFNE [ANE]TANE ([ANE]TF)NE [ANE]TSNE([A\E]TF)NE([ANE]*\E[M\E]*\t) /5

$error = ($1 eq "" || $2 eq "" || $3 eq ""):

return ($error, $1, $3.8$2);
}

# Determine which files contain common points.
# When a common point is found delete the points from the hashes.
sub common {

my $fh = shift;

my %$linesA = %{ shift @_ };
my %$linesB = %{ shift @_ };
my %linesC = %{ shift @_ };

my $round = shift;

my %$lines4 = %{ shift @_ };
my Qarr = keys %linesA;
my S$geneName;

my SfcA;

my $fcB;

my $fcC;

my S$pvald;

my $pvalB;

my $pvalcC;

my $extraDetail;

foreach my $key (@arr) {
(SgeneName, $fcA, $pvalA) = deconstructLine(\%linesA, S$key);
($geneName, $fcB, $pvalB) = deconstructLine(\%linesB, $key):
($geneName, $fcC, $pvalC) = deconstructLine(\%linesC, S$key);
SextraDetail = $linesd4{$key};

207



208

Appendices

if (exists($linesB{Skey}) && exists($linesC{S$key})) {
# In limma, sam & ttest
print $fh "$extraDetail\tSkey\t$key\tSkey\tSkey".
"\t\t\t\t$geneName\tSfcA\tSpvalA\tS£fcB".
"\t$pvalB\t$fcC\t$pvalCSlineSep";

delete $linesA{$key};
delete $linesB{$key};
delete S$linesC{$keyl};
} elsif (exists($linesB{$key})) {
if ($round == 1) {
# In limma & sam
print $fh "$extraDetaillt\t$key\t\t\t\t\t\tSgeneName".
"\tS$fcA\tSpvalA\t$fcB\t$pvalB\t\t$lineSep";

}

delete SlinesA{$keyl}:
delete $linesB{$keyl};
} elsif (exists($linesC{$key})) {
if ($Sround == 1) {
# In limma & ttest
print $fh "$extraDetaillt\t\t$key\t\t\t\t\tSgeneName".
"\t$fca\tSpvala\t\t\t$fcC\t$pvalCS$lineSep";
} elsif ($round == 2) {
# In sam & ttest
print $fh "$extraDetaillt\t\t\t$key\t\t\t\tSgeneName".
"\t\t\t$fcA\t$pvalA\t$fcC\tSpvalCSlineSep";
}

delete S$linesA{Skeyl};
delete $linesC{$key};

} else {
if (Sround == 1) {
print $fh "$extraDetaillt\t\t\t\t$key\t\t\tSgeneName".
"\t$fca\t$pvala\t\t\t\t$lineSep";
} elsif ($round == 2) {
print $fh "$extraDetaillt\t\t\t\t\t$key\t\t$SgeneName".
"\t\t\t$fcA\tSpvalA\t\tSlineSep";
} elsif ($round == 3) {
print $fh "$extraDetaillt\t\t\t\t\t\t$key\t$geneName".
"\t\t\t\t\t$fcA\tSpvalASlineSep";
}

delete $linesA{$key};
}

return (\%$linesA, \%linesB, \%linesC);
}

sub deconstructLine {
my %lines = %{ shift @_ };
my $key = shift;

my $geneName = "";
my $fc = "";
my $pval = "";

if (exists($lines{$key})) {
$lines{S$key} =~ /*(["\e]1*)\e([*\t]I*)\e(["\t]*)$/;
$geneName = $1;
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Sfc = $2;
$pval = $3;
}

return ($geneName, $fc, $pval);
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MICROARRAY DATA SHOWING DIFFERENTIALLY EXPRESSED GENES

The list below shows all the genes from the microarray from the Sox3-null
samples. Sox3-null microarray data was compared to wild-type data. LIMMA, SAM and t-
test statistics were conducted and the fold change (FC) is shown for each together with the
p-value. Values in red indicate a negative value and indicate that gene expression is down-
regulated; values in black indicate a positive value and indicate gene expression is up-

regulated.

210



Appendices

00430000

00430000
00430000
00430000

£0-3007 2

00430000
030009

20:301T T

3000 T

00430000
00+3000'0

00+3000'0

INEAG 1IN DTN INEAD WES D WS IN(RAd PW| D4 Pwy

6T

0T

wWe

or's

LUES

oF 6y
W

"y

st

$0'6

£78

0T

L34

Ri%4
£9E

£ 1% 4

00430000
00+30000
€0-3009°T

£0-3001'T

$0-3000'T

$0-3000°¢
£0-30007
£0-300T°T
£0-3009°7
£0-3006T
$0-30009
£0-30012
€0-30012
$0-3000'8

e

s

066

SOIE69'T

S03veeT

S03LsKT
S03550°C

80 I6TT

036891

BO3B2TT

BOISOTE

$0-39507
B03LEST

+0-3910'S
SO3REET

A IN0ET

Lo h i)
036317
203000

0 IRLOT

POIT6ET

SO3EIE6

PO-3SELT

"0

fis

ST

wT
1T
wT
e

"t

¥ Ae UIPWOp 72351
£ squion

Apwry wyoid Jugowoiduogensowiod ugngni

¥ ©23 Wyngm
12 19quidn

pliepadns 1018303 01K} SIODW  OWN|

1 Soppwey s
17 05Ej0IpMY [eUILLGY AXOGIED URINbGN

TI009ET

L¥EO3IOT
avtoeez
T8901ES

w Biqn
VE IseiazsuRasoneed san
980UCH0400

€1 6

Neean
(sueBags ) v Boowoy Sp-aun
()

V008 TRUPUONOIW) £ U100 Buydnorun

sTI0NLE

POEOVIEOT
avioty

T a5rANOGdsOYE Fupn

2 aseuny UpRA>-aupLn

135P04) 6¢ Bus08 aR0Id SEg0IEn
1 U010 Jupaesana

EW) p0/IL60) Wewid BURIU0) LSoges

(3 AL

"
VN A

g z
2 0003 Bunle100 YOGOIUIOY JOLBIWE (LI

ueasn
3 UII0ID WU QUIIW PATITHE-IPITIA
(enydoseiq) Sojoway 7 ay)| jeisas
(erugos0sq) J0i0 w0y T 3|l (edusis
Fojowoy

UAB00U0 (R4 CWAOEE 105 UDISEY ZSOIDRA

S1 0300 [ (S LUOIIUON

Tutosd Bumieauody N pue T B $3 Gy

¥ uiewop 1e2das g
P2 URWOP 03I AN
73 Buueuod uiewop Jeadas g
w9r0sd Bueosse-T INOWr Wi
VE U5 LRI ALNN P SSa R
9 245 LRARAIFI ALWIN P s-ssaffnm gagnscy
2o "

BI00ZKS
EE05

LLEOETS
982020901

BIEOSET
STEOVIE

BYEOSED

(9023) fumijerue uiewiop Jpid

07 171003 UIwop L9 pue ofluy ur
02 Buruiewo) uewop g1g pue seduy Ju
2 ¥oq0auwoy Buipung x0q-3 JaBuy 3
¢ (934 DizD) wi0ud sofluy Ju
LEL Ut saBuy 2

LBZ uil0ud JaBuy

0E€ w0ud saBuy Ui

e utlosd saduy

SOE U0 Jaduy Ul

69 w0 By i

$6€ wnoad saBuy

Oy uisos salluy suR

St uioud sy Sug

L9v unoud oy Ju

Ly umosd by R

769w iaduy uR

28 v saBuy sup

£ Supumueo wewop JHID Selluy Jur
£ Suruieauod wewop 3100 Wiluy 3l
9 SdAI-INAW T8BuY Jul

UI104d AI0YIOTILNY/AILO U

‘(enudosaia) Hoowoy otmz
weu sudn PI3qoid
AN U ANO WS U ALO WL U] AUO 150313 WIS 1SIR P MW WES R Ewwe|

£40090T
20P0s0L0T
00EOPSEOT

ASECAsHOL
LTVOTS

oe£coTe0t

fs101TS01

BISOSTE
0030VES
TEE08LSOT
SE0066T
szosLy

FELOLOOT

Pl3qoy

8 T'VBE100095 rpowy
1I£70Z0006¥2| 4 WHETAZO0OESD
iy
LTTSTOMEDS  WULONSSOO0LT
S07 0 9rL6¥ $aqns
+0S018Y0T S84 L01L05038 sl
9ELOLSY  SELOLSY SEL0LSY  SELOLSY 927 1°096590005 Ty
9900828 0T TSI T
0261 1656p00Y | STVTS000%4] S0I5T00E5D U £zdn
9574 TEST DS «dn
2977 T6SLTTO0RS aueligg
€E00S0E  £60030T £60090F  EGO0B0E £ TSTTI65TRS 1een
eeLtiee Nu
ST PIETE £dan
£5 1685600005 fun
£5€058E oL TOTZRtIS 1ddn
L2 VEL6DO0RS 60BLOMVY
T ISEEEIL00s 6es0n
65TEI6ERII FUSTIBESOELS
66782 08663 1zsien
oLzotzy  OCTOTZY 02002y oezorzy 0€72ST689000% 1essen
TIPTESEIEIRS o
GET06LT 691 €'59882% edwen
T T69LE00005 .
010000 LTTEIEEREIS Wi
0210207 OLT090T Q10502 021090 LYTUESIN0S ey
GIE0VGE TSI TSEELIRS SUTA
TELOSET  TELOSET TEOSET  TELOSEZ 2T RLTI0SPS TRuM
97 T'6E910009% PP
9T 6 TLOLOTORS  WHIZHIERORLS
LTUGEISIENS  NUNTALLOOERS
882026508 9051720910009
STC TV YIT0NE UM
1622029220005 QM
OUTT S REHI £2RE000
w822
0BOE | TELBEQNY]LTRST
S1205tE S TIEIRION Qg
SE2|9S2Ev0NY | 12IT5T00Xd | L109L00E LYY T2
TV LSIRTLORE Rt
EL100150t AHIIIEEEOEL
POSOGET  BOSO6L 1OSOE6L  VOSOGEL €€ 2TE60E00% osedi
990075 990025 990025 990075 67 €5 L0BRTIO" wEdiz
P AHEINTIS0EES
£07 1'9E60LT0008 69012
9PS0BES 007 T LVETLTO0RE B5E4Z
BEO0EZZOT I
1871 TRISET00S Syvdiz
¥IE04000T 612 101689094 Lovdiz
0 TIG0PIERS  VHZINYTOOE0T
TUT60TST908 OZE6ERIV
LTOGE00TIZIV  WHL
SEUTTL16L9009% 47
9LT T LT6LI095 7
YBIOETSOT  PATOETSOT  $BTIOENSOT  PBTOETSOT 1604TE00EHGIY  HYEOITEOOENS.
gLz
Pqoid  plagey Pl 3qo34 PI2goid Pl 3qod Wusues| lequids-ye

1A R wes eunay

2029107 KN
ERESPONY
DISELONY

18920 WN
ETSEE00 WN

6858LT NN
VESOEZ0 KN
10L9TI0 KN

BISEONY
TLOTI0 NN

TSPY0R0 WN

T0EEET WN

LLLLRONY
TEIVE00 N

GEDTIOND
TLeRE00 AN
TPZL0E0T N
TESTUVEAN

EPVELTIAN

LEISLUWN
ELEISLUNN
TZIGTT0 WN

vELZEORY
TESLIT0TAN
TORLEST WN
TIBLEST WN
YRZLZO N

VZREL WN
T L5821 X
TZZETZOWN
TBETSET AN
BOTSET WX
TIRTIEONY
12756007 WN
79256007 WN
DOEGLONY
1995851 N
PLSYEONY
TELSEONY
TESLSTOTAN
BSTERONY
T'SHZ8Z0 AN
00IFONY
1'0095KT AN
TTOE66T WN
SLELLONY
EIE8LTUAN
VELYLTO WA
DSOTEDNY
VIEELT AN
68SOZ0 WN
TYECSLTWN
7956281 N
950GTOXY
E9ISET AN
E9TISLUAN
ZTTSEONY

EVZITONY
uossaY

211



Appendices

2030004

013000 %

00430000

00+30000

2073058 €

03050 T
£0-3008 Y

00430000

030008

030005

INEAE 1IN I IN INEAD WES D WS INRA D P D4 ewy

"we

we

o6

mwe

k134

09
mwe

wmr

L1y 4

"e

we

£0-3007T
€0-300€ T
€0-3006'€

030010

£0-3001 T
£0-30007

€0-300€ T
£0-3007 ¥

€0-300'T
$0-3000%
£0-3005 T
10-30007
€0-3005 T
£0-3000°T
00430000
£0300€°2

£0-300T°E

00+30000

£0-300TT
£0-300€°T
1030002
$0-3000°2
£0-3000°E
€0-3009°€

£0-3008 Y
$0-30005

£0-3009°T
$0-3000T
£0°300L°T
1030009
$0-3000'5
$0-3000 T

bsT
91
w1

o5

(A3
§s1

wT
ot

52
891
€897
8T

[<x4
$ET

(224

st
[{£4
BT

s
691
it x4
L34

BT

kx4

97
LAY
ws
ot
ore
(224

SOI09ET

90

040N T ISP

 Buyeudrs SUNOIAD JO J0SSAIENS
urseqesdns
2 1quaw

2 AR UREWOAD J0 J0MNEas Wapuadap
VAR CPALEIOSSE  xULeW PRI INS/IMS

VWO 10 J0IRINKD) NIOUSIRT LOIE ‘BINEOOSSE IIIEW OIS INCHME

SOITTES

2036112

OIN0E

SOITSTT

036901
SO3SET

SO IRET L
2030167

S0-35SS T

ETI9EY

$OIIS0E

060w

FOIREST

o

oso

<«

€t

SET
orr

7T

%9

%T

%o

7 auiSadeuks

€7 WN0Id PIEDOSSE- WIL0SOI0NAS BETOSTEOT

o unuBeioydeuls
2 35eq ‘upydosuis
uauTd ERNUAS S2L021E
DSEBUNOE H10G

40V poIERsuLyue Bugdeinnuy Tay) “wseiue

ET QU WIE) U ELOP 1AL
5300
£V US1040 0N [PLIOSOTA) “Sugiocsuesl

WM W T solenda)  dunww IR0t

1 20GuUIaw Ay Uiewop Y34
eyde uporsaL
(peramanas

) Bopwey ‘7 aweunuew MawoR TV

T UIPWOP 113031 HPACHIONAT AN

BT UIPWIOp 93021 HPREIIONAT AN

L1 UIeWop JEadds 2pREAIONE AL

L2 uiewop 16adis HHACIIONNELI (320601
¥ Ju191E3U00 LIEWOP GVHL

¥50058101
6E20069

E61090€

2TIoes00t

pEtoLLS0T

PSEOrE90T

updz0sd

193k 500803
T U30)d Jrapiv BAsowAyl
0K

Buddessu 1 weBoouo-0iid (U ewowdyl

vousoy Suseajas uidosoihip 9sg0505
T U0 UIeWwop 1L
9 4018} VonduIsY eI BUnde-SURL 25015
9 s00e; vogdusues Sugde-suen §2p03

PaULX T 3y

€S

T
3020 BumiEiuos (9399300 Ipoe Fuuucysues

1 0GuoL '3 Nrueqns

‘Puseyy voged  eguaied oWl Judisuen

£49q0% W Aruejqns

uuey voue) eRUOd JOWME  Juasues)

o

w

o

{isead) Jojoway

Ruut jo
(3sear) dopewoy

a0 go
{ineas) y dojowoy

ESS0ETENT

TRT0L00T

1030562

a0 o
t papod pue

£ Ae) 3udd S LU dURGWILSIER
§90T Wa0Id duEqWIWIES
SPT URI0)d IuBIQuAWSLEN
¥IT URI0Id IR
22 w014 duEqWOUEN GISO0TL
0y 0D IIBGWIWSTRS]
Sojpwoy

T WwapuAs MOYNOdUE] SURO) el

TT viosd jnow Mpaedul 7910458
6 vRI0Id Jnow MEIrdu]
95 Suuremod-now ayaedu;
79 uamad-jow prdul
(oersansny

S “TN3s| Sorowny 7 aseapanuopus Ui YN

» winpowedas;
b wiepowodas;

weu budn Pi3q0id
VAU ANO s U)ALO B U AUD 15931 G WES 1SIN P EWIWY WS R |

ES20625

BEOT09
Trp0v600T

IRTOSSS

OGT50165
TTL065Y

Pl3qosd

TSET

LT S0rIN 30§
€T TEELELODE usgs
SIR0ET TIVT L0808 NWPOISOPOEES
L2 T'605200005 Tprews
BYEORTI ¥0T T ELE02000% zibuls
W6 TETOTPs sadeus
££10€9 €75 Ea61ZRS s
L5TT|£190PONY| TZ4RE 100X SOrZE00ERY 4 zaws
EURKT TELLSH Bug
o108 05T ¥1'96012% £1ptaqy
86 TOT'00ELZR5 ony
6120069 6 TSTIEYESRS e
TTOT9LIZERS LY
ZeE0est R €9y
LEOOSRE L0058y LHO0SSY L5058y TOTLTSRIONS  WHEONEO000ZT
657 1°07£L9000% pIAL
£1£020%0T 0BET I
5T T6957L05S fact
EPTETZ'S6M053  NHLIOTISOISE
BT LI sdeyy
8T L9510 g
T TELPLSER WESOPTICERS
acelsee |
S£60569 €9 TEEENTO0DS 4
1957€'9 9878 W
V1 ¥SSESI0NS  YHSTVLO00TH0
€87 TT096ETR8 505
LOE T'S6EE80005 sds
15T STEISHSS Ay
3y £5diy
vl
P07 v TS00NY Iu Ty
1951
¥ TY6E90208 eETwL
WIRTT  ZYIONZL pI00ZE ZEIONLT 79696220005 Tuiwoy
61T ETTT060 R
S81
OV 1 03L6020005 oy
BU¥TUSLE0ERS  WAHTZOIEOOTED
T USTECGIERS 20v9L00E69
oy )
Y EINTSERS £95TTTANY
TTUNTTISRIOS  WHOTHLONORDS
FBO0RIT POT 2 ESHIZ00 LE
91191607600 T
SETT'060PG0005 [0
£25085T LT T60ErBE008 95wy
158098 SV LLIEHIS  PHIZONTIONES
$O20P6T 6 210318600 S69L90NY
57T 0106808 PO
6¥T°L90700095 yPOwL
Piaqid  plagor Plaqeld  piagesd Pl 3qeig wrsues roquits-fje

BLBIRONY
EVBOR0 NN
SOZZLU N

1091861 WN

ZYBTED WN
1H0E600 AN
SIVIIO WN
TT0EST0 N
SIPOVONY
VOEPIRO AN
£T6080NY

1252 AN
LESTIO N

TTZEATO KN

TOPEEO0 NN
TLPEE00 AN
TORBLL0 N
TRLESTO N
SO9TEONY
TO0TERT AN
TLIBZST AN
0265207 WN
BILEZO AN
TEIZET N
SEELZONY
TTR2010TWN
T'9ZK600 AN
1BOLIT0 AN
VEBTIED AN
VEBTIED N
109020 WN
VEBLEDNY

OTGLEDNY
THTS00XY
TEELLONY
TGBETOTAN
TE0ZLUAN
BESIET WN
FI0STONY
TOVTET N
TE6LT0° KN,
TTIESST WN
DSBTEONY
TOMELT N
TS0STPT WN
1Z851107WN
TBITESO AN
T'L9TE507UN
TSLETOZ WN
TOTIRET AN
TEEOSET AN
TZILINOTAN

121910 WN
uoIsSANY

212



Appendices

£0-300vS 67

030057 9 E

00430000  9E°IT
00430000  65'E

030008 1T

00030000 OSE

anpea disan Py an@Ad Wwes )4 wes anjead ewan| D4 oWy

$0-3000'6
£0-3000T
$0-3000T

10-3000'T
€0-3009'T
€0-3006 €
£0-30067
£0-300€ T
£0-3007°T
$0-3000°5
¥0-3000°5
£0-300L T
00430000

00430000
£0-3000°Z

£0-300L T
£0-3005 2
€0-30012

£0-3000'T
$0-3000'T

€0-3001T

£0-300E ¥
€0-3005'w

€0-300L €

set
872

&1

90-3006'9

SOI0LLT

WINTE
S0-38551

O IVELT

vO36EST
20-3956'S

OINNT

O
SO3LLEE

S0-30EKT

O IP0E T

WO 3ISLT

31007

7o

wT

¥E
st

180

wr
w0z

©@o

T
oy a0 WU-poe JweingS Jupux UILwop £HS
1 2aduy Bay Jur

SEPOLOCOT

T n0s0
e (Gydopua) F|-TOUD URWOP-EHS
6 opped voguBond jeulhs

PUNGNS § 2000530) dp(ed LONUBEI) |eudls
{e1c0saiq) 7 Fojowoy papuru-sdurs
{epydososq) 7 Soausoy s

{epydosoiq) 2 Boowoy s

SE1093%0T
ES00LTE

10001
0tI00pS0T

£ upioud Sugeagae ased o

1s01enpow Tueuds uDI0NE O ||ews

209 "Pureo-(4dL )

wadas apRdacoINEAR  pu-aunsmnd  (ews
T 21000 ujewop 38U JNS

{uewny) ayy¢ oieprpurs

‘ol JWoTOWOIYY Jwoipuls suANTN-IRLS
ASEUNY I TINS

rydje A 904y ‘pojed-adeajon jouue wnipos
£40qUaNs {IRL00suRs

WoNA puete)) T Apwe; Jawe>  Mngos
L1 S09WIw {opocsues

vopey uedo) TT Agwe;  abuie)  Bings
OF JIqUIBLL 'SZ AIWIE) 521108 005

t

10quads (eLICASUES) SUE) OF ANUR) S8LUED 30405
1 2OqWaw ‘Puocsues

NI WEYD) TE Ajwey  Jawued  aangos
GV QI 'SE AILIR) 391418D 1005

1 20quidk "OOGWAS

PR ounurfuoioMd) OF ARy 1D aings
2 Jquiaws suodsuen

Fueydsogd-g0aAd) L€ M) e Mns
L1s

QU (3SR JUIT] EE AL} 3314500 0S5
k3

10quuows ‘(soicdsues JUL) &€ A} Joused Dirgos
T3quIaL Sy Aiwe] 3183 rgos.

§ Jaqus

‘(rouicdids PO WNIPOS) § AE) S0LIED D3rgOs
9 30GWaw aLoosUeN

YA JIIPUSEIDAINPOS) § Ay ey Sauaed 230908
ey quon

i) SOdSURI] LOWE PO LU NS
OF upa s Busos

(oydososq) 7 Sorowoy ands

€ Jueiuoy

€3 5305 Pue UrwWop J0IBHA SupPouEAl s
T 1nQns ‘eg 2013¢) Jupads

T BUIEII0) URWIOD THAS ‘PE-AN0sds

£¥3005T

191020001

1£905p€01

Eszoozy
£0LOVEY
£1008€00T

£0£09000T

LEE066E
£roevt
0L006590T

BEPOLST

1 auad
E w0 D100 XA
8 2uad Bu €103 OG- AS
T (xallll 9 1§ BSEOVI
Tugges £4900001
# Juneiuod uewep Lyvis
Tawreeyins ZETOETHOT
£ Ip)upages
2T Jumezuos ujewop jucw eyde Juas 070058E0T
S PuREI07 UITIOP JUCW PR LS 0650229
T HEDOPIS-PYOR § POITS
sy o 769069
9 93T PRE AOUARI AQ PIIFIILS 650200
viaeas 8090152
Taseens 7L00LSEOT
(0255142103 ') 7 g 2 AAtsre PN S30psddng ST200ES
SUIEUOURD  pIaqold  PIIqOM

ANTTIEZPEESY
| Papuad-ysad
807]
9 EBSOLIONS 65
BETO0ST 15 S BIROTONS udis
£ UITIrReN s
s
$I006TTOT 1alu s
E0LE| £TESEONY| T0OSTLOOKS 12219600656 s
8171797 1alu
VLT STL6TITH DY
octog TITIT RIS s
£8%0SSS0T  £8VOSSSOL  L8¥0SSSOT  L@Y0SSSOL XYETELLYS TLETSHY
£OVOIES  EOVOLT €ONONIS  £0YOLTI 1017415200508 utws
189722072563 e
LeE086T 9T PTERRTE £ezs
4T KSEDO0RS aezzs
UL YESLI0008 ogeszas
0T TTRLTIONS E20ES.
TIETE6EE1IS e
EL 0772 20LrL000S SESEAS
2v20805 0ETT0Z YTOKST IS Te3€315
T TRLENS
&1 TES0ET 20095 PIRGENS
65 1°Lr6901008 £2563(5
T2E0LSET1 Te5pHs
065 STIRIPERS S0S.
¥ EST 0L WRLITOS 9es3s
41060t O ETIBLETIS TEpec(s.
SECO08E SHTTISr00E opws,
£3005% 20T TIT90TEE zands
GEZOSLT  BEZOVLT 6E200T  6EZOMLT 12795 £'66605P5 191
za0oetcot 1aly WEETI9900€10
51005 LT TOTLITTO0R

9922 LrrOTO0s enes
sT1z 3y
L008LT T LOTEIET0RS BRITIS
PTVE| T0ZE0NY [ ROTISTOOXA| 2165006 £ VI Y otuts
2650697 £ 279200008 suung
919 ET0LLYAE NHEOWEO0ETY
WITEIITRERS WHLIWIOEOETT
0009 EDMOLY £080£9 E0POL *1170T'969L 295 1Zespis
62€ 1505020005 a5
167U EZ 068967 gens
o1 TBPES5005 s
0L TOOETVIY
TTLZIEYENS  AHSTVEZSOTOZ
PIaqid  Plaqox Plagol  piIagosd Pl 3qoig wWusues [oquiAs-fie
PAU UL ANO s U)ALO BEILL U] AUO 159313 WES 1SIN P EMIWY WS P e A wes ‘ewwy

TEEGTONY
TLESEONY
LVESRONY

BS0ZI0 WN
TSL26007 NN
TLLETIOTN

SPTESOXY
TTOVRONY
LTLSEORY
Z9TTSONY.
TRIZZLT AN

TBEBIFT AN
PEVRLONY
BLZBEUAN

TTER0TO0 AN
PISIZO N

TTIOVIT0 WN

15S1207AN
1ZEZIT0WN
ELLTT0TWN
BOSE00WN
TO5L8L0 KN
EBETESTIAN

YEGITONY
TROENT WN
TSELPET AN
EVLLELTWN

BIZESOTNN
TOBLLUAN
VEEBSVTTWN

TSE0RL0T KN
TSR WN

TTPTLZ0TNN

E0LTSORY
TETSEED KN

TTST8207WN
voIssaNdY

213



Appendices

0308t 9T 2uad pTIEESTZEY VNG NINY 85E06T10T

0306LT 50T 2633 LOVLTPOEGT VNG NI $850T13 TUSLITLSILINS  WHLOVLYOEEr
1030007 8T SOIEET 680 U PTHEISOEGY YNO) NINY TvT04SS 9TSIIZIAS  PUVTHESSOEED
£0-3006T I 2037 EONTEVTEGY YND NINY E6102€20T es¢el It |
03006 Ort VNG N3N 63LE
030007 ol Susd BIHLOVE £6F VN NI 545099101 575l
030007 65T 2033 TZXOTHEE6Y YNGD NINY ¥1002090T 961 |
103000T 007 0307 10T 2038 pTOLZPEE6Y VNI N3N e TS TOTELGEESS  YUMIQLTYEESE
030097 T SOIEFE 160 2038 IZIETVOTYS VNI NINY B0OSZYOT 99T RO TE6ISERT  MUTZIEHORRS
00057 LST 203 PZOTOPOEIS YND) NINY oL EOUTHHPILONS  WHPZATOROESS
1030002 bTY 9% PZNEOPOEGS YNGY NINY 28025601 25 TVTZOSERS  WUIZNEOKOEES
$0-30002 T 0usd LOTITOEES YNOY NINRY BE005VS0T SLVZPETE 19 WMLOVOTHOEES
00430000 IYE 303000 b¥E  SOIEIES 6T 30T H0LZSOEES YN NINRY S6EOT9E  BSEOTIE BEEOTOE  SEEOISE 19159007 NHI0OLIS0EES
WI00T  0T7  S0390T  STT a3 FONTOPOFSS YNG? NI¥Y £3101900T TUTVOBITYSS  WHIONTONOESS
1030000 ST 2udd OZHI5FOTLS YND) NINY 5L00£5% 897 16853120005  WHOZHESHOZLS
$0-3000% 85T SO3ENE W0 oudd 60161 KOEVE VNG NINY T£50210T CTULER6I  AHCOI6TH0ENE
£0-30002 651 g VNG NIX et
€0-3006T 86T $OIZET  WT 2028 T1I5ZHOE06 VNG NINTY 95101201 9T76'SI0LERS  WYTTISTIOEOS
0300ty Sc1 08 20(V2I0E06 VNG NINY 11£05€908 5601 u
00430000 01  $0-3000F 0L  SO3SRTS it 2usd 0Z0EZ00ET6 VNG NIy SEI0ETT  SEIOEZL ser0€Zt  seLoelt T2'90¢892000%  ¥HOZAE200E16
030067 95T 9Ua% L0GOZ00ESE YNT) NINRY 90£0£9%0T
£030081  #TT 0-3006T  PTT w0 306LT o1t 203l Z0GBSO0ES6 YNA) NIXY 029008 050019 0450019 0290019 6Y TS TLIOSDS  WIBZOBES00ESE
£0-3000T 6T OINET 50 2ua® S00LL00T56 VND? NIXRY L30041L BOU T TOZLENS  WHSOILLO0ESH
€0-3000% AT a8 §TVLT00EEY VNG NI SYEOLESDT Lr00EsYlY
$03000T 66T 3937 T0IS0TOEYY VNG NIXNY 50909220% 00|
W0ILIE HIT 9198 £79T 10086V VNG NIXRY Z1108v20T |4
e (et 2usd OTVE100§98 VNG NI 9ELOTRIOT
£0-3006€ 181 2039 ZZTAPTO0E0D VNG NIXY ZE0LROOT SLTTTISEPTRS  WSZTNFIO0E0D
£0-300LT  1ST 2637 $1IS000262 VNG NIXY TIP00L LLTTRILRECOPS  WUYIISO00Z6D
00430000 8LV 00430000 268  G0-3¥6L6 65T 2us FTHZI00EE0 VNG NINY 9ELOBS  OELOES SEL0BS 9EL08S OETSVIZENS  VMBTHAZOOEED
00430000 IFE  10-3000%  I8E ua¥ SONGEO0EDE YNQ? NINY Z2006tT T Z0ISIRTO0RS  WHSONGEOOERT
1030009 E6Y ol GTNPOO0EIT YNA NINY 1200929 HOUT'LPLIOMORS  YHBINYO00E90.
00430000 O¥Z  90ITS  XT 2003 T135£00£40 YNGY NINY £85008E0T 0162 D9200ETVIU  ¥HOTIIZO0ETY
00430000 €17 $0-30005  EI7 503985 SIL SusT PTG TOOEE0 YNO) NINY TEVOIVY  EEVOIVI €ENOLYS  EEYOTKY 26020256 19 £¥1EEN01
€0-30062 (91 2433 STETEDETI VN2 NINTY £09090501 a6t
$0-30002  6¥1 € Wiewop 16ada) QM pue 1aBuy Bup PEVOSED £97T9ELVEZOORS 9924200
30009 L67  €03001T {67 tO30S5T 45T (¥sea) 1 aseury Ony 6200851 GLOORGL 6L00RET 6200861 BLTLT YRS oy,
€0-3008T 051 €1 o jow Bupuq vy fasoELy STTIGIEHERS  WIHECHITOO09T
€0-3001T E8T  OIEET B0 Buniges 2010w Yim u3B LIa10d Bupuq vy u swdgy
HO2000T 06T SOISSEL %0 Tunids Hdninw yam 36ad vaiord Bupuq vy Or0L|$92210; u swogy
£0-3000T  I¥S [ YNy 108y
00430000 000  E0-300PT €LY 90I69TT Y 1 asmwARd vy TEO0LST  TROOLST TB00(ST  TBOOLST LT LTET00T0R% 108y
030005 ST SO909T D VE Buniersod uewop Ny TET018Y T TOT 980N dizdey
€0-3006€  EST o prgu 14 .”.uc: SO8E71°20£200005
00430000 197 $0-3000T 192  SOIEISY €L FSEIIPAY FURISAI WOIEASTUIPE-S 8T0T99veTS Any
£0-3000Z 182 T MEAICGIEIN IUNONAULALOUIPE S 1550209 TEU TEDLTTO0NS Tpwy
W0I0MPE  TTE {e1ydosaig) p 2a1ies gzsO0TT 011 T'OELEDOORS piles
00430000 €97  E0-00BT EST  GOI0OET 19T (114005030} 1131040 g u1T ‘7 FGOWONY IS |S0MPE00E9DIH  YHBOHVEDOETD
00430000 $SE  $09000E 65 T U200 PRRR-PITIL) PRAIE STE0859 TV LLEOTORS s
¥5
00430000 TEET 00430000 TEET TEINLT SO Wﬂlﬂ:ﬁ“ﬁﬂﬂﬂdﬂﬂﬁﬂhﬂ. hﬂ.»" SEVOTSO  SEVOZSY SEVOZSI  SEPOZSO £77T'95£020005 FSwas
Re02s UIPUOdIOQICIYE U405 WIEWIOP WIS
030008 76T P s S . 9R22E vl c9ewas
£0-3006T 11 £ uadas 150098S01 ¥Slu seace
1030006 0T 0IST D T xeW MERada dua ke 00t £520569 0T 99565005 Twnis
0300y 007 Taseury dyood: w 96t TElu ndis
03006 vl 6T 350U I UOMID/ W35 000299 & 1269100098 s1Ws
£0-3009T €92 T BUUIEWO3 UIEWOP ONAW PUE L35 S9H09080T 05 ZVL88RTPS TS
1030006 851 2 SURWOP X4 PUE EHS 81093901 OSTETEZLIN  YHEOTIOONERD
£03001E 10 92 SUIWOP X4 PUR NS §90050501 0952
PO3000T  S0¢ §Z SURLOP Xd PUR €HS 05E0£ZS0T Jaradisredin
INMEACIIN I3V INEAD WES JJwes InfeAd Pwun| D4 ey GuweuousD  piagoid  PIIqoM Piaqid  plagor Pl 3q0i4 P1agosd Pl 3qoig wursues requits-fje

AN U ANO WS U| AL BWL| U) AUO 159313 WES 1501 1 S WS g e

a5 g wes ‘eunayy

TITLRONY.
TTROPET AN
TBSEIZO WN

LISTEONY

E20vrONY

LOSSTONY

9TEITONY
T'E96320 N

PSEVET WX
TLLBIT AN
LOLLTUWN
T2963LT AN
TDESEZ0 N
SPSE20 KN
T0052LT N
ZHESLO AN,
ZHOVEONY
EELEET AN

SEOTIONY
€ORBLT N

DSESEONY
TEESALO NN
1BELIZD WN

£6T6EONY

LEBIRONY

8SS0S0NY

YILIVONY

TIFSLT NN

TEISSCU N
TRLZL02 N
OSSLEONY
“IB(EE0T00 NN
ZTBIRONY
TEIZIT AN
TLLILOTWN
TESHIZ0 AN
IBSTIONY
SITIONY
GRITEONY
230600 WN
TB5£9T0° AN
TTSLERONY

1959107 WN
PErL00 WN
TEOESLE WN

DBZOSONY
TVEBEI0 WN

TPSTE00"WN

TSLTRONY
BI90E0NY
TETSET WN
7OOVTONY
TIOESIOT AN
2906007 KN
SIELLT N
VIEEHONY
TITTONY
voissany

214



Appendices

03000 €

00+30000

00+30000
00430000

2030801

£0-30087

00430000

030006

INEACGIIN 419N INEAC WIS §WES INEAd P 34 Ty

we

S99t

86ITL

$SE
0555

00

Wz

we

o5E

10-3000'9
00+30000
$0-3000°L
$0-3000T
£0-30007
£0-300L'E
£0-3000'T
03000 T
$0-3000°E
£0-3000F

£0-3000%

00+3000'0

$0-3000°€
$0-3000°C
$0-30002
€0-300527

00+30000
$0-3000°¢

$0-3000°¢
00430000
€0-3009°€

57T
S991
»sT
%7
¥z
61
992

9

Lid

wr
Erst
ot

S0-3L60'Y
L0-3600°E
WOIB2ET

ROIRINT
SO-3ET06
R03LT

03286
S0-309TF
030996

03650
PO-3B6TE
SO3IsReL

PO ITE0T
£0-39LTS

SOI088'E

S0-3905°6

#O-3T6T'T

@Y
W0ITNT
L 39IST
PO-39ES°E

POIGIET
039S

PO3EIT'E

0 ILEL
BOITINL

803LSTE

ot
w0
K0

190

0T

%9
190
€T

1244

380

ur

60

(L33

Anwe 2uaBadU0 Sy PG “IRVY

VT M PeIUINOCS jepes

uppes

}2oquion ‘Apwey suad Bopwoy e

T 250040043 duiquIaw ddeuls Jugepdau

£ I puls uMasd o jo Joreniag

# Buyeuln ko0id 9 jo soienBas

L3016 Suipury 6 Fuieud Lpk0id g Jo Jo1eRER
TN

aeppars

ORI IR 7D WAPUIIP £SAL Ot
(103010 poressosse puea ) ¢ voina

950058701
STLOLY
PIODGEE

T YN FpO3LOU 10U DZ0OSBTOT

(uewny) ¢ esojuawiid spiu

1 oo

BURdesa JOIeNNER; FSPGLO FSOWIG SEIUR
1 PwossEouIN

¥ uRi0Id RuIpulG ELICIEGOUas

“s)dopuoy VNY TN
eIy hawes 000 AN E

NERGE opudadifsoin; o ONSY
£ 0410 Ajiuej oy

ewwes (1g9) 203G KU VOBELOSSIP 409 04y

91 {439) J013€) AIULLND HPROIDOG IunUENB Oy

T

1439) 10392 03uryaxo aproxdnu dujwenS Jefoy
JRapnu ‘|| dsedpouogy

(urwny) yurqns T g SsEIIMOGH

£15 UD0u EWOSOGU

ESTS UMK [EUIOSOGH

(semaniay

S) Bopwoy 1 Rupsedoid yNy (ewotogu
T Wial0)0 BUpKq MUosogu

Ul LTIZI00TTT VNG NI

a7 B0GETO00T YNQ? NINY

2T OZNSTO00ZT VNG NINY

2uad OTVTD0005T VNG NINR

Bual ZOVTE0005T VNG NINY

209 SOMLZ000LT VNG NINY

Sua® OTNLZO00LT VNG NINTY

2u8 16000 T YN N3N

2038 pOIBI0OOLT VNG NINY

2u3% §04T0T00LT VNG N3N

80053201

ESZO0STOT
PL0080L

TEL0ETS

trsoczsot

EEPORLENT
ELEDLST
L50092T
TE10S82

TE0050¢0T
FRIOSOT
0810495

BUOBOZOEZT100LT YN NI 52£0569

262l 0TITT00T0Z YNG? N3N
a3 126000127 VNG? NINY
AU GO0F001 2 YNDI N3N
2033 G0D0P00TET VNG? NINY
2338 LOTEVOOTET VNG NIXY
SUDd PTHBZTOTYE WNGD NINY
2038 S99 10THT VNG NINY
2638 £DI6000TST VNG NI
SUR2 710110192 WNG) NI
2037 TIXBZS0T9T ¥NGD NINY
2uad £02T9000(T VNG N3N
2uad $019300TBZ VNG NINR
2033 ETX00POTB YNGD NINY
a8 ETHLTFOTRT VNG NINH
2udd GTNEDO0OTE YNO NINR
229 ZTVEDOOTTE VND NIy

0Lz00520T

TET0165
LTYOVEE
QET0SIRAT
SELOVEZOT

yotoevzot

PIEOLOSOT

U8 PTISEO0TTE YNOI NINY 1680495

2ua8 OZALYO0TTE VNG N3N
W LOTOPOERE VNGD NINY
Jua¥ £1200POEBTE VNQY NI

oweu suon

£T008TE

2€90692

PI3g0id Pl3qosy

BEEOETS

0TT00Z90% 217 T0E000% L
100119 YT TOTISTISEE Yy
6ECO02Y 01 ¢ vao6t00s X
L5TI TLALEONY] ¥IOST00ETYIY
192 TREBITTOORS Ty
59" T 1 Z6851PS 5y
S8TEETT'09ELTS  WHTONETHOESS
Lvoors ST 1EZ6EYT0RS dagRy
IBLOVSY 9972 TES00T0005 EBLIESVY
90L08ST EET9E TLLTEIRE ownday
79U 0T (90T Ty
POEETEITION  WHSTOLSO0ETY
0 TETIT9ERs s
2v10692 LT TSPLL000S 1duioy
BEE0065 07 LT EIESHS 1
6£202290C $9TETYBLEDN vaqay
BEEORST 11 ErSE0009% s
Sop
POSORE  BOSOPE $05086 YOS50 douy
ey
2e5086€ LY TSYED STy
Tt 100%4| 1997
1ezelevse
296 TH99Ns ICE]
TTL0L6Z0T TTLOZGTOT  TTLOLGZOT  TTLOLGZOT 01T T TLLOES £150y
ostactt 95 16LOLITO0 egreey
01 1PEOLOL0RS 95560KYY
L10006508 DIFOOELINY  AHTOISHOOELD
697 1'9LI100008
615025 TE9 8TSEIS  YIMBORETO00TT
S
YTTSS689005  AHOIVIO000ST
FSY VSKT6NIS  AINTOTTE000ST
TZUTOMPEI005  HIMSOILZ000LT
£60060T 0L7TSUIEMI  WHOINLZOO0LT
LITTOILIONT  HYOIRHO00LT
€TETLHO%  NUS0JZ0TONLT
¥STEB6IING WHOZOEZTONLT
alu )
S600SSE0T $972VGIZODN  WHIZOE000TZZ
SELOETEOT SELOETEOT  SE/OENEOT  SELOEIEOT £0L79T9VTHS  MMGODOPOOTEL
L5082 1172009690008 WHGIOOYOOTEL
6ET0EZZ0T SV TS TIILZR  WHLOMEROOTER
95 TEBLOLO0RS  WAVTHEZTOTYZ
BUYIEIEDN  WESUSITOLL
1
62T 1T5910009%
S2LO06S 6€TUEPOIRS  WNITNETSOIST
503 07Z'9H0890005  MULOITIONE
u
01005V OLOOSYZ 0100582 O100SKZ RO TELTETEDS  WHETNS0NOTET
160058y EVEHLIERS  WUETHLTIOTST
IVLOVETOL  GYZOPETOT  9P(OVEROL  JRLOVETON |6TWEDO0OTE (Y IETINEOCOOTE
9LTHTOLST  AMTZVEOCOTTE
ISTSWLIRIPS  WUPTISECOTTE
TRZEIRSRLLT  WHOTLPOOTTE
$ErI6190NY ! {
1T L9 NUETIOROESE
PIaqid  Plaqox Plageld  piagoid Pl 3qoig wursues requits-jje
AR U AN s U AILO WYL U AUD 150313 WIS 1SOR § MWW WeS B Euiws| 1A R wes eunay

STT6T008
TEILSTOWN
10500 KN
TZOLEONY
TTLZES0 WN
T'OBBTIOWN
TOREIR0TUN
TOVESVT AN
TEZESVT N

E9SEET0 NN

T6ELIT0 WN
TGLEEZO WN
1620600 WN
DEOS00WN
TEELYIO AN
TES06007 N
TOIBSL0 N
TETTR00TWN
TIS6HT X
£R9SE0NY

BYSLLONY
1BEESIOWN
EESIT0 KN
T6990LT NN
LSBT NN
1Er0S0RY
TYERSEONY
TELLITO WN
GEGLEDNY
SBBITO WN
1268520 WN
UI80£207 AN
BEEEZ0 AN
FRIGLONY
TIRSSET N
TOTZES0 AN
TLERTZOAN
BYESTONY
VEBSZO WN
BT98CT WN
TBISBLTWN
BESSEY VX
TSPESLT WN
TESLEL0T NN
ESTESONY
TBISTOONY
EVBISLIU NN
T625920 N
BOGTIONY

£ L6SEET X
15159207 KN
BTBETONY
PESILO AN
TESESLT N
£ 430767 WX
BLISLOXY
TTIISCE WN
voIssaY

215



Appendices

203000t

00+30000

03005 T

£0-300L6
£0-3009°5

00430000

00430000

00+30000

INEAE 1IN I TN INEAD WES D WS INRA D Pwu) D4 ewy

we

st

55

£114
9T

o

iy

st
%S

SyeL

6SE

0T

we

£€0-3007'T

€0-300€ ¥
030087

$0-30006

£0-3008°Z
00430000

00430000
£0-3007T
00430000
$0°3000%
£0-3007T

T

81

[43]

BT

£ST
8Uy

657

12%4

SO IRTE T

BO-I6EEE

Lsiting
WIE69

S0-3T60'T

B80-IETE'9

SO0-3S8E'Y
LOIELSE

OrIET6

SO3LS0E
S0363E'9

03507

POITSTT

036917

SI6LET

FOIEEIT
903rST9

9032965
YWOWETS
5030592
S0-Ivs0y
WY
03NETT

L0 INSEY

SO-I2MBE

ar

at

v
wut

oz
u
(123

85
190
s
u
6ET

ot

7T

37 2d4; sseuiyp leyscuihpaeydsoyd szt
1 U000 a0 epe aseuly §
2 ewned > 35edoudsoud g0o0zes
[s591) 7 Ewwed sseury asehoudsoyd
T upycayerd 900661
s dorese uadouruseyd az10089
2 13quanw (susena)
§ My “Supieiuos urwop ASojoway wuIHaNd astoéssot
UROIE PILIRIIN | LIPWOP ADOROION UULEIT
ks PEPOIEY
WooAney  Cuewop  ayASoowoy  upLopad
T3 uAeIopod £910Z8E0T
(rydosoag) £ aseury ay|-cod 2650092
T 3aquiaws W b 3seawAjod [F50G-gay) Hod
H (P91 ¥Na)
TT SO Y AIIRNS LR WSSTI0d 2000600
6 DU |
Apegans Jovueys Rukgmaskpiemy) wisseiod 679020¢0¢
Z Iqui

D Amweigns ‘puseyy pajedafenon wnsseiod
T 20190} USABLOSURIL ERLN3Y (190§ 0
Z0rrEYDY " pO1IPAN

05T9v593 "sus paiaipasd

8909597 "ousd paiaipasd

0018201

EEEQLLOOT

U8 paipaXd
GE8SS000C000SNNSNG "2usE paiaipasd
SEILLOODOOCESNNSNG "ouaE polypard

Ul pardipad
VEZTO000000DSNWLLLD *2us¥ poraipasd

1
0 T 5P WML

i

A JOGRURUS At} 1ORI TDOGIPE pue LUsaB00

1 QU 'q Apweyqns £ Anuej uidepd

T #02-p3903 UL

& BAA) UPAW/USHOGNS FSELIDALOD UII10100NE

[ 3Ual Prssaidid Javo Jown Ne1soxd

BT 52700 jo voRINAM

7 IVLS PIIEA2E JO J03anul Uianosd

(T asereycsoud 1anoid

WL asEjeydsoyd wanaad

T dumieiuo>

g Junges eydie aseidsueiAd @0
S 2041 20102200000 “F5ILYTSOd BuIs0IA W0

9 "3dAs J0182221 "FsRIEYds O BuS0IAL WSO

T spucsafod

N "20A3 2000000 “dsereydiond BUROIAL n0id
£ 0399 upsagpraciosd

(s snjjeo) Sojowoy uuaiogosd

{snied snijen) Tojowoy wualcid

{1seah)

v Sopowoy oy s03e; Burssac0id yNHW 353 Ohdid
(tmaq

wndy] T w0 Buipuiq “wiexd Susiesaim 144ld
(Pe151A312) §) J0WOY TdMd

1 95epadad - pwein Boshd

=33q (Jpnredi|) aseusdopAuap sierniid

1 ssesapuegisoqu ynyL dunant
ASRINSURIIPSOQ 04ASOUT FeUIon Nt

(0 s5ep) £ wosod Sundesniu Apwe; T1EVY

Apwwey aupBonuo Sy Jequiow ‘DEEVY

Ajuie) L3OO SY SIqUII EVEVY

Ay 3ua203U0 SV I “IBYY

ureu ouon

2E901EY

BES09850T

PO0ZIE
ST00ETY

LLS05550T

6420425

1810562

otteskz
STLO5Y

08Z02520T

112080501

Pl3qosd
AN U ANO WS U| AL BWL| U) AUO 159313 WES 1501 1 S WS g e

£9671'1Z0K0O0RS oy
ST ILLLL00%v|TT, lu
OEZ USEGITEES 7B
st ) T
T 0RT6NS Et)
22T E66EES e
XG000€2D/ 1 AHZZIEO00ELD
15092300€9v|u dd
89 TV YSH083s zepiud
9301 |
TEUNTTIGEDIS 20}
(500159 LEDOTSD 0 TTPED00RS Tpcey
6960957 POV THL6RLOCS Henoy
16T T TRLOTTOR: [
st OO0 U
B TLT9IzRI Thu
000999 TOECA BLTPISETO0S ey
pESIERL v
£ses FUSTIVEDOERA
8601 w
Tosarzror €682, id
Lot [6129900¢1alY
£0LT|0TSTONV |6INESTOMAIPTJTIEOETAIY v TdTTEOERS
i WINSODSECOETS
SLIESLEDH xodag
TEUOLSEISDS  ETWEMOOESD
LZ0IE LTYOIEE 057702619964 zpoid
16275 TEIRTI  AMSTE61000LT
£990528 ZU0LTS996Kw L)
8¥1L el te
635 ETTHOFTRS ]
TTECIvR00s oy
SET052Y0L »181
GRTTIEP63(0NV I TONPTEOOXA| PTVEOSOTER|  Suipuad dsey
E5T00ES 9T TTINITH 7dey
FUTSO6LI00S  WHETOETIOIET
SESOTOVOT 19ETI0LTESDS  NHITIBZIOEGY
LETTLTEEELERS Suiy
LLEOLTEDT a5zl 2o
€T 92261005 zuicyy
¥S 58I T 207508 €qupy
SYYOTEILIERS  WHTTVBEO0ETY
€OSOBSY  EOPOPSY CTTLYSETO0RS  NHTTVAEO0ETY
OE T T6SYYRE rdauy
|ETNoT00TEY|Y Tdayey
BIFSTLOERS  YHTTVRSOOTED
660597 6017122599005 10003y
30019 980013 61197890005 P
TCLSTE PITLERS A
062069 OTF 152990618 uey
01 T'689100005
€52012y  ESTOTZY WS 0ET96 PEGEY
u
TELOBLY  TELOSLY 26T TL00095 ey
P13goid PI3qoig Wusues| tequids-e
531 wes ‘eww))

TTSES20T N
LLLLOONY
1'S82ZLT AN
0BISLONY
TEITIIT0 KN
ZLBI00WN
BLTZEONY
LSBTVONY
VEVG00 AN
EPGIEONY

T L0BETO N
TTE9600 WN
THLOED AN
TT5Z66T WN
LOBSTONY

SZEE00T00 WN.

VERLB00 WN
ETLLOONY

LOTTBOXY
BEETSONY
DIBSEOXY
TETIE0NY
£28520 KN
1ZEBZLU AN

1961107 WN

BIESLO NN
596900 N
GETFIONY
T'SISEST AN
UBPEEET AN
YIEETONY
£PEILONY
TZR6LT0 N
L03T0TAN

091627 WX

VEPIEIO AN
TLTESONY
USIZITO WN

TBZIESO AN
SEVSLT AN
TSISLTWN

SRESTOWN

95rPPOXY

VEGEEET WN
TLIZEL0TAN
TTZZI0 AN
TRSBIZO AN
1'989EET AN
TSLLZSONY
EVEBTED WN
PLBOTONY
TLITVTO N
vorssany

216



Appendices

00430000

00430000

£0-3001°9
00+30000

00430000
00430000

00430000

00430000

00430000

INEACIIN 419N INEAD WES §WES INEAd P D4 Ty

ws
“wE
w9

£314
"

8CE
9T

we

ws

0o

UL

£149

€0-300¢ 7
£0-300L'E
10-3000'%
€0-3001 €
£0-3001 T

€0-3009T
00+30000

00430000

1030009
£0-3000E
£0-3006T
£0-30002
£03001 T
£0-30027
$0-3000¢
£0-300K'€
10-3000T
+0-30006
$0-3000T
£0-3006T

$0-3000'6
$0-3000T
00+30000
£0-300LT
$0-3000L
£0-3000T

$0-20006
00430000
£0-3007°€
$0-3000°L
£0-3001%
00430000
$0-30008

00430000
00+3000'0
¥0-30007

030087

$0-30009
$0-3000T
£0-300KT
103000
10-30006
£0-2006T
00+30000
10-30006
$0-3000'%
10-3000T
£0-30097
$0-30007

wz

(783
wi
1314
097
S€T

oWl
|
51

T
09T

SO30LEE

L0 3606°S
FOIRIT
Lelila

SO399E

20-1130'6

SO3STY

SOI6THT

S0-3919°€
SO'IS96E

0132866

SO-30v9E

BOIEITE

S0 INS'E

So39LLT

0326

60-3606'Y

S0-300K°S

$O30LTE

060

T

9T

st

160

580

wi

ot
%0

«0T

020

T

£ w0 uewop
uuevosna T15506660T
tupdainig 891082201
vusen 109086
£ 50Uy
possadng parRRl-(F 2UY SEOIAL L S38aU) YWIN 5€00599
(eywoososa)
TSmOl paled Xidey  LORGLOsUe)  SWN VELOvS,
[prrwas 5| Bojowoy EONN
eSO YNQ- IS MIURN
T IUTH PIRINT WEBIITUMOP M-N
™ 0sp0zsE
o
¥) 1 Sopwoy g avad Snzsu‘?..-Hi PPO0ZIZOL
! "
AUty auall uieys gy rdoey w”oheuﬂwui 6E00VETOT
19G S0NqU U 5gR-Q U
FourY L 3uaT Uiy yly eddey JO JOLE JEAIN 910922
7 w301 urpuiq 103dada seapnu £6805E9
T J0IRAGIE00 SOV eI BEPOTIE
1 Rquw 'y dnosd ‘g Ajwegns Jo3dadas ieapny.
eud|e A-203e; LONSUISUEI JEHINU
TE w330 s 0800SKOTT
T W30 PRI
vosnu 6azovSy
€ UwsedoIn U
SI 0w 2dky
“|x Aarow payuy seudsoudip apeoapau) xpou L
9301 a0k
A{X Aatow Py Meudsoudip IpEoIPau) Xpny
(PR5iAa) 5] Yopoway
WOIWE) FUWOD BOWIOWUN OBION ‘24NN
T Juiueso wewop vido
1 FulUe0> UEwWop VIO
T WPIwon e YSI06L
E1EJ03030 Aiopejjo Q0T0S0S
£0L Jovdadas Lopejo 3150051
T 4013%) VORISR NAICIUPOTINC 155095T
T J0qUIW At 'WEWoP 13 20 IET05p0
{Top) Fojpuwoy ujmnid passaitics ak100
whzaue HEPI0GIEIN FUIIIC 1e1o1t
06 WL
TS0 Wwidds jO 10y B5UNP SN0 SE00STEOT
T 0GRS UOUERDO
9 oy
1 pose)nFa) adewiep YNQ PUE €50 Z6500ES
1 202l xoq pased
az paned
] S0138) WORA LRI OIS SEANVRD LLE05H9
[sweBage
J) § Sopwoy § Inapp Iuopgied gaed 520083%0¢
£ funeiu0d uewop asedicydsoud ay-uneied 1550506
Zouad B2509ES0T
£ wiewop 1eadas dpudadoruieiuod
92000} o) o
61 S0P} SEAVIIONG U050
lysyenee|
wewop 1348 Suumeued ' Sopwoy ofpedsad Lze0er
[eo0s0uq) Sopowoy ued saiad
21 L3050 308Uy OHY 00082y
WS USR0S 42Ul O1d 6150692
z YN0
N 2620621

0519y dprcaclod
JUNQNS A0JNTAL ‘I5euNy § |OUSOUAPLRY dsoyd
suseu ooy

PIoGoid 13O
PAU U ANO s U)ALO B U AUD 159313 WES 1SIN F EWIWY WS Ewiw|

£OLOSEDT

LvEOTOY
LT00S¥EDT

£Ev09ESOT
ZETOWEZ

EEE0EIT

2690985

P13qosd Plagoy

LOLOPETOT
TT00RLT
EOVOSY

LTO0SYE0T

ZETOVGT

EEEDEIT

BSEDVS

Pl 3Gq0i4

€o6e| £seoN
vl |BTTE Y900 eun
[ ILTIZSO0ETRIU  HULTIZSO0ETS
N
61109000095 [
YT TITLI0SERS RN
TBE TV PIE9TRs TN
LOLOPGEDT  LOLOPGEOT L7 9TIROEDS 0988
VSIS o
0805y £0MOSY 8177023655905 ZheN
PEUTT9T900  WUSINEGSOELS
£591/8911 U Bupuad-japny
TN
LZE TR TUSTERS TGN
5T TEHIETIONS 8811000
207 TLL6LTO0RS TeoN
OLE $T'0SE6TIS TegN
LT00SYEOL  LTO0SHEOT 6T TTRIB5YS AN

| L100700ET3IY WY,
¥2E0209 171995200095 T8
vE19T07SITRS N
00€0T9E TOLS THIREIPS fwoN
TIPSO WHSOHTROOTED
020059C 18 16T 9NN

ozt e
TETOPGT  TETOVEZ 07 TTTTLLTPS sy
SSTTBTIIEN  HHIOVGO00E0N
SSTTTHISTIRS £1£00
STETTTEzIERS EOLHO
vST ECTERSRYS 80
12U Z6LESTO0RS TIo
EEEOEIT EEEOEST AUTERSSOS  AE5019vT0182
TS 5peatons 1eg
T680MLT 07 TSTTETLYRS 06%0
055718902 60XV 600171004 | BOIDZOOETYIY upo
g
0F 6T TE06600 ASqs0
2T 65589095 THRd
£5209¢€ 2817 9'€0581 004 ey
LLTTI6£SZSONY [ ¥2H6E000Xd | Z03BE00ESAI 1 Qg
SV TTORTITES *IRd

8662
8V G ELILY udpy
6L T T06EIHS Ry
690985 TE9I09ES W TRZLIBEZS  AMYOAZZIONST
13744
LECORTE OF gBEZ61008 6Dy
697" T'VE6KIN0PS 1534
85E08S 26E0VS 07 T'8ETLERS uedy
191 TLZ6100095 LU
EEIEIS L]
SLSOPES 96 E TT'E06H9S ey
L5 UETOSTOMS g
1
P19gosd Plaqoig wWursues| 1oqus-jje
a3 § wes ‘e

£S6OSOXY
SIPLLONY
GSTSHOXY
BSEDEDNY
TLO9TI0 WN

TBIEII0 AN
1SSEIWT WN
LBLEET AN,
TTEROTO WN
¥IBETO WN
TEILSLT WN
BITLIONY
9TLTSONY.

£B060T0 AN
TLrBwT AN
TTEE0I0 AN
T¥I20107WN
E160T0 WN
STTSONY
TDOBEET WN
T0BBOT0 AN
TEZLH00 WN
TSBEGL0 NN

TT95E5T WN

GEGSRONY

TEZVEZ0 AN
Z01SL0¥Y
TLLLELVWN
OESIVT WN
9559PT AN
TEIEI0TWN
7292800 WN
10REIC0TAN
£528007 KN
TESEOT0TWN
BIPLEONY
1880KONY
STSSPT AN
UBEESLE AN
10828007 N
GLSTSONY
608310 WN
LIVTEORY
BROYSOWN
209EE0°WN.
TSE2LT0WN
SISDEORY
TTROEZ0 WN
76882207 AN
OTSSHT AN
EEQEZLT WN
TLELIT0TAN
TRLZNR0 AN
TETE00 WN
EEEOSONY
vorssany

217



Appendices

00430000

00430000

00430000

00+30000

+0r3000T
00430000
+0-3000'%

TR
WAL 33N InEAd WEs 4 wes anead ew 4wy

8T

66

9%

09

ere

0T

"t

E0-3000°T
£0-300€7

£0-3006°7
£0-300L°T
£0-3000°€
£0-3009T
030007
$0-30007
€0-300E €
00+30000
£0-3009°T

£0-300RT

00+3000'0
£0-3000°€
£0-3001T
$0-30007

£0-3001w

00+3000'0

52

ss9r

SO0-3S6EE
SO
PO IBGET
SOIEITT

0307

SO-380CE

O 36TT

SO-306T'E

OIvER'T

so3rt

0395rL

FO0-3R0ST

O30T

$O-3SSTE

co3zrs

B litnd
OIENT9

S0-395TS
LUl

Wiey

SO3S9EW
LOIESET

SOISTLT
0ISLTT

B0300T L
0032507

S0 S0

$0-3089°T

TEUERT

ort
%0

o

T

91

"z
o
©wo
nT
oy
o't
80

%o

5T
1249

0
Tt

06T

8o
wt

%o

%0
2y

50

"t

wr

N 90£00750T
W
N FESOAVO0L
N
ww
N
N
N
W £¥302t80t
N oroarsot
ww
K T¥T05990T
N
N 0SPOSREDT
N YOZOOPTOT
N 6190259
ww BrECBLIOT
N 150050507
N
ww PIODIZEOT
N
N #BO0VSE0T
w SELOVHEQT
N
N
N
N S400et€0t
N
N BELOSED
w
N
N TE100020T
N 4¥902570T
N
ww
w 00P060T
N 140065
ww
N
N EOROS0S
w 248026201
K
ww €6T08E00L
¥N OVO0LET
N 60090201
N PERCELSOT
w
N
N BEE0EL00T
N
NGNS SwLed
(eydosoaq) € Jopouioy soueu
¥ (Hunuesoany
weday) 5Ky N 0PN £S5
T PAENOSSE SISAI0PUA JYIIN
(PIP) Z 31N
{uany) o2 usou

i e T
s.u-_xﬁnse.ﬁ:v!tuas.avc

SWEUORD Py agoId
AN U ANO WS U| AL BWL| U) AUO 159313 WES 1501 1 S WS g e

Pl3qosd

050065501

BESOR6L

0Z009€S0T
T600¥TEOTE
9£10£2L00T
S0L0R0LOT

619060107

££201650T

BEEOSVE

TSSOTLE

48¥05970C0

TPT0L9v0T
sy

00S0E0ZOT

EEFOLSSOT  EEPOLSSOT

BIIOTLE

GEZ0LBE

GEZOLBE

Teconzy TELOTZY
Plaqox Pl aqoid

TET00650C

9LT0SPEOT
EEPOLSSOT

9LT0PTE

0€082Zy

550425

6E2048E

TELOTZY
P19goid

EEPOLSSOT

82 TTREEEOS
T LI662005
BT 1ERLO0PS
17T 2092L00s
92€ TET630T000S
7T 18TL0OS
LEU L vESEns
66 TT088LP5
LITTT6L8YSS
0712599005
0975808¢ 19

FE TLZZTTIT6IRS
¥1¥L9599005

B OTETTTRTIS
T TPEIL0Rs

O TTTRILTPS
SSTTT0SMS
TSI
031 Z'S6KBL0PS
FET7 9979298
OUTSP TASY
T TIIELTs
< TLLYBIORS
02 UET 9683611
¥ T T90r088
SV TWELSPERS
6571915990004
oI T TSerEns
Ry IT6T6ERS

S TSI
9675'00£0%35
SHTTOLTL0RS
26 TT0T69000
£1T 65299005
19T 16610555
TOTZI99L00s
60T TY0861 0%
02 THT98ETRS
167159560612
S0T 1596890008
BITTLYSHES
5804505219

Oz e EsEeE
97 STT6LSD
06 TTER
6UTTzaIge0ns
0 TLLERS
TE9S T TSI
162 TTTI9029%
6T TTTEILONS
£ T505vT2009%
ST TTISSPIIORS
6 108579005
£55 11209608
OE€ T'E00KS0005
LTTREESIERS
(ZETE0TRTO0OS
FELTTOPZ000RS
£ TTIRTZONS
oD
LETTT T E9ReEns
LT TY9LSTRS

PI3qaig Wusues|
a0 R wes ‘ewwy

LTeeeeRs

1HIZA0TIOTEZ
WUZOILTOOTEZ
AYETURLOON T
ASTHEECONL T
THOTHIZOO0 T
AHLTIEOL0192
WHLOHEOTO15Z
WHETLE00TIT
1182082000192
MYH04E000057
AHETILPO0TST
WYEOITPOOTST
WUPZOZZO0TSZ
NHITHLETOTHE
AYPZIEETOTT
WUGTHER00IPT
YHIZOTI00TER
HYOTIOSC0TER
WUYIOBECOTED.
AHTTOSZ00TET
AWZTIS000TEL
AHIOISO00TET
WHYONGOCOOET
AHSTITO000EL
WHI0I0101TE
WHYDTI00TTZ
APOINOT0O0TOL
ATTINESOOTET
MYITLSO0TRT
FYEOOYPOOTET
WYBOOTECOTET
WHIT4ET00T8T
AYTTISTOOTRT
HUETAS000TET
WHTINZLO00LT
WHFTATLOON T
AYITITZOONLT
AHITOLTOO0LT
AHLOABO0OOL T
WYF02010005T
AHYONSOC00ST
AHPTNSO000ST
WHTOUSO000ST
ANYGTINSO000ET
AHETNIOC06TT
AHSTIT0006TL
HYITIOE0OTTT
WYSOIETO0TTT
AOTNI00OTTT
HYI04VECOTHD

FPLLIONY
oveN
TEPN

1% L04S000TTT
2N
EONON

BSO68Y WX

LSRTET X

TOTRSSE WX
OTOSEY WX

TL9068T WX

1000487 WX

TL6095E WX

949927 WK

TZLYSTO NN

VITEEET WX
THISSE WX
ZERSTET WX
69658 WX
THEELTAN
29298Y WX
TESHEOT X
608t WX
TYESHPT WX

TTSELOT WX
U6ZSZLT AN
TESOPET WN

S9STZ0WN.

ERESTO WN
TENZITOTAN

122820 WN
TLVEOTO AN
TERSTLT AN
TEBLLO0 N

218



Appendices

103000%  EVS ¥ 62096001 TZBOT TLLGSYRS  WULTTETHORNE
00430000 067  10-000% 067  SOIEES AT ¥N BUTTOENLZN  HUEOEOS0EYS
£0-300FT 651 N SELOVESOT YIVIGOBE1D  WAISOOSOPOEYE  T'EZOYSE WX
1030002 ¥ T N 04T0¢8€0T corel I TRLSLORY
030002 561 N T2109E00T $9SIR0BETI9  AHPLINIVOLE  EOTESRT WX
¥0-3000€ 162 ¥ SEROLTSOT 958! VEGTEONY
00430000 99%  BOIEHED 6T N 85E00620C LT TTIRSERS  WHEIONBIOLLD
€0-300BE 061 ww 662026501 OF TTYEYRZ  AMETILLNOUT
1030009 102 N 050055501 POGTEORY
€0-30067 16T OISET 10T ww 0090650T LVTOVEGE0RS  ANTINZINOLLI
1030006 051 W prO0RETOL REURLLLLOODS  WHIONTINOULS
00430000 YUEYF €0-300TV 20§ N 8B20SVEDT GZUTEELLLO0NS  WHTZOLONOZLO  TLITET WX
$O-000E 6T  SOIUUSE 6D w ¥OZOTT90T BET LTOTTIE6INS MYGTNEONOZLI
1030005 ELT 039081 080 wN BLI0E0L 197908189005 WUSTIESSOERS b LESTET WX
1030009 91 HOIUSTT 550 N 910587 002 UES19L095  WVOTITISOEES  T20985€ WX
€0300ZY 16 N TUE0ELY TUTS0O0VTS  WUTOITVRORET  TZLRLLY WN
00430000 €57 $0-30002 £S5 OIMLET T v SETUTZESRINS  WNTZHSTROEES
€0-300KT  $92 N S¢1012Y B8TCSONIN  GIHSOSOEES  TLS98SE WX
00430000 (0T  §0-3000T 07 ww 6500259 OF OUSSSLIIONS  WHSODBOWOROY  PTTEIT WX
1030008 G 1 N 10053201 LETUT966RTS  AMIOBOZYOEES
$0-3000€ b1 N E42058501 S62 T'0TLLOOAS  MUSTAETROEGS
€0-3008T  S51  S01959 0T N 05053008 LIV HTES0L0R  WHSOHOSPORLS
03000 051 N BES0EST OFT TPISRE0E WMLUNLIVORLS  TL6TSLY WN
00430000 TE¥Z  $0-30009 182 N 00999 TOU TS TIE0NS FUL0DEOPOELS  TESEIZT WX
$0-3000T  $TE N IF50ETENT STTLLETLONS  WHTINTOBOESS
030062 651 N 1550€8€01 05T UVERTLONY  NNTOROOFOESS
00430000 OYET 00430000 Ov6T L03STLT IV N ROTTIEMYPS  AUETONONOERS
£0-3005y ST N 90L0vEE S VEPTIETIERS  WHSONOOYOEYS  T'6SE66FT WX
1030002 (51 ¥N (E50E80L SOLTTTIVILERS  WHLLIEZVORES
€0-3009€  SET N P02060T0T STEIVT TOLTZNS  WHLONGOSOEES
$03000%  TLT  ROIS0T WO wN 05£02900T SSTTTIERINAS  WHYIALOPOESS
00430000 88y SOIELOT BT wN Les09e20t IYBISOBE 19 STOEOVEEDS  SERL6ET WX
1030006 SE'S N PH00ELEOT TEUTTTR09TS  WUEIOLEVEEGY
©0I0PT 591 ww 2¢T0E800T € ESIITLOPS  NHIOIBIVELEY
£0-300KT  EE 1 wN EE£0T650T TETTSOME  WUZIATIREEEY
00430000 TLT #0000 TLT SOIGEE  6vT N IZTOLLTON IZIOLTEON  TZIOLEEOL  [ZLOLETON GSERTIEVEHS  WHLINOTRZEGE  6T265E WX
$030008 091 ww 9¢S0900T 167 I |u WHE0OTTIZEGY SIGETONY
10-3000% 651 OIMET (90 wN S£505YT0T EUTTZ68059%  WH6IVEISOEGY
£030004 €07 WN 6£203£00T LETTTGIONINS  YHEOINZSOEES
030005 5T K 00£085T0T TUE0T08L0S  WHYTITZS0EEY
WI0ET  LL1 ¥N FSEOLTEOT PIUTUINON  AHYIVISIOEEY
00430000 687  10-3000€ 6827  SOIGETY ST N 8BZOORE  ESZOOSE £32008F  88T008E B9 T TRYENIS  WHIZISSIOREY  T6ZVBKT WX
00430000 ITT  SOF000T 17 WIMEE  MIT N 19006086719 WEZOTIVPOEED  EOSTSET WX
00430000 bEY ¥N YOZOZEEOT o9zt SIVELONY
030000  OLT N [T BTE TSILSLONS  WHZTONZIEESY
03006 95T N 6TO0EL0T T6T TOLLSLORS  WHETIRIVEERY
WOISESE 16y wN 29008500t CEEVIINLON  WHLOOTILEESY
€0-30087 T N 009010201 017 TYERRSONS  MYEONOIBTELY
€0-3009T  £91 N BUEORLT 95T TTOESET™  AMOTOETSTEY  TTIVSLT AN
1030006 081 N s0908¢et E267LSBLLLMN  WUETITINZERD  EOST96T WX
030002 6r1 N 96€0E52 65TI'VBII0000%  WHZZOTOKZZIY  TSTISHT WX
1030007  [ST  POMESET T wN 00TOE9TOE STETTIUSLYPS  YUETVSPOOTTE
£0-3006€ 561 N BEE0ALIOT WTETIIONN  YUEIVELCOITE  SEOVEY WX
00430000 557 S030ITS L N T1202250T L7999 T VLSETS  WHTIVIZOOTTE
$0-3000T 00F  SOI0TS  WT ww 9000019 9T6908909%  WHPINIZOOTOE  TESEERT WX
1030002 891 N 06£090201 LETTTL6ER8TOS  WUSTIVEO006Z
*0I00T  S0T  €0-300ZE G027 N 10200507 23T TI0EIZS  NHECNEIOO06T
€0-300FE 76T N 45058201 STUT6Z0ELO0P  HHIONTSO006E
030092 b1 N 540050101 OLTTL06TLORS  HIHEOOLECO06T
030002 AT SOINGE 280 N 82084900 SETTTESENIS  WSBTITIO006.
00430000 14T $O-000F  TiZ  ROI0EKT  Ent N WETTTLET6IN  NHITIEO0006T
00430000 667 00430000 67 LOOVE KT N 90000 ZITOLOY 9000r  T9TOLOY OTTOZOSTZRS  ATLIESHOIET  E'SSTTET WX
00+30000 LE6  $0-3000T (66 SOWITE v ¥N T TT99STRS  ANSTVEZSOTSZ
AN IIIIN INEAD WES Jgwes Injead ewun| D4 ey ouweuouss  piagoid  PIIqoM PIaqid  Plaqor Pl aqoid P12gosd Pl 3qoig wursues foquits-jje vorssany

AN U ANO WS U ALO WL U] AUO 150313 WIS 1SIR P MW WES R Ewwe| P F wes ‘euwn)

219



Appendices

00430000 SS'ST

00+30000 05T

00430000 99E€

wri00e 9SSt

030098 W7

vO3000T W7

00430000 O7Z

£0-3005€  STE

INEAE 1IN I TN INEAD WES D WS INRA D P D4 ey

030009

£0-300L T

£0-3005 ¥

£0-3000°€
€0-300€°T
£0-30007
€0-3000°€
$0-3000 T
£0-3009°€
$0-3000'9
$0-30009

151

ETE

S0-3061'T
§0-3560'9

SO 38T

S0 Ivsey

039907
Oaves't

SO3EE0°T

SO3SISY
POINTT

POIRSLT

PO IrSET

YO I697E

0-IvsTT

031867

$03088°T
- IUTE

Nt
wo

T

®T

«o

ar

at
wKT

VKN 00TORGIOT

VN T806tE0L

VN S1£09E00T

Pi3q0id

TTT06550T
togoersot
QOEOS0T

ISTOIESOT
009050001

QL0spIoT

TOPOLEZOT
sTsoIPIOT
BE0DZZSOT

155025801
6L20LTEOT
BLTOVPEDT
St1zZovveEnT

BET090E0T
ZTT0TE00T
140010801

IrSOTLENT
1200££9

249098501
£6505050T
ZeEOTELOL

6E0063S
TTI06TE0T
1ss08Ly
ELE

BIOW600T
BEO0IEEOT
SELOSPOOT
EEPOLI00T
atooeLTot
6E00Z650T
ESYORSIOT
B8009390T

1e50vTent
BS00¥SEOT
£100990T

POLOLEZOT

Pl3qosd

TELOGEEDT  TELOGEEOT

201020501  ZOTOZOZOT

Pi3qoid Plageyd PI3qoid

S1E TTHIEEMS  WHZTIFTI00E0D
BETTLIPLLODS  WHTZIETO0E0D
05 T0Z616620¢ 2ve6500a
T TTIRIINE $04£E004
£1TT9ETRIINS ET69F004
££20629 9 T'69TE00095 80232029
$OR0E8E0T 9T S LTELTPS YPLET00a
CIE TTEPIFEY  YHLIHEGOOEET
9
6807
BE TTPIEIE  AMOTIZEOOEES
o6rzlse
TELOBEEOT  TELOSEEOT T6ITEE0T 19 EBOJSOECERT
{ U WHIZICEE0EZY
€681 u
VT EGTTLSOTPS  WEOTROEOELT
S9TTT'TOIBLOORS  WHGTNZOZOELS
0v008€000 EUTTYEN  WMOZNLONOEZS
TOE TT66L65  WHITHLOTORZS,
TIOMOOETAIU  WMETIOHOOETS
ST TLLELYDS  WWTIBIZ00ETE
980092V € 6STET PEPSERS TOLLOTAW
+RH000L WU TUELIBTE0NE FEETPOMY
612910915 1950y
ST UBSHTLONS dipy
GE20PVEOT €91 L2 FES90L0T 1E199N
ST T'EDEOZEORS  NWOTNSEDOEGY
£TLSELLO0RS  VMSTNSTOOEGY
L8 TOIBLLOS  WHECOSTOOEEY
ZZTTIC00S  AUNONGC00E6Y
ZETOPES ST TOZTPTIZS  AHSTIS00066Y
SOTTIIROTEONS  YHSINGRO0ELY,
0OEZ| PTTEVONY {
06 ETEBRIMI  WULOOLEOOELY
ol |
LE0OLOVOT BITSTSELIYS  WHI0ODSO0ESY
LeTt| £vBoroxy || |
GEZTSSLSMN  BIOBID0ESY
SOV EPTUTELGRSS  MMOTBSO0EY
ZEBIRTEVEIT  YHOTOSLO0ETY
T2 YIETITSHIS  WULTIBEOOETY.
96T TTOLIEERS  WHII0TO0ETY
ILEZITSTLSONVI TOXEIOIOKE | LLIO00EOVI Y MY ITICO0EOY
Y0¥ TTIGINIS  WHOZHSPO0ESS
WITTIONNS  NNGODEZ00E96
85T
dl FHTONTLO0ESS
Y97 SEI0TERS  MUTONTSO0ESS
BETTLVELY  WHIINIGOOEYS
€20 TTEPIONS  A¥ILISB00ERS
£50072508 TS TPIOZEORS  WHEONLI00ENS
LTVERTLLOMS  AULOVTZOOENS
160005t 6 TUSIEOTEONS  WHGTVERTOEES
161 T'SRTOTE00P  YHEONTITORES
6t UTTLOEE6|u
TUTTTSBEEONS  WHGTVSTIORZS,
SPEIG0BE 1) YWHTVSO00ELS
01020300 ZOTOZOROT AS071L090E06
THSTVEIZ0E05
T0E0pTEDL SCTTITYYSINN  AYLOVSOIOEDS
“ZDOTTTOTSTRS  WUSTISTHOEYS
P12goid PI3qoig wursues requits-fie
AN F wes ‘e

AN U ANO WS U| AL BWL| U) AUO 159313 WES 1501 1 S WS g e

TOLISBE WN

611987 WX
T'9650ET WX
TOSYRT WX

9TSLYONY
BIPLPONY

PTILIONY
TETST WX
LEOIPONY
TYBSPONY.

PYISHONY

1208861 WN
THERLLTWN

TTRISLUWN
B6Z6SE WX

WSI00ET K
£29080XY
TISTLLV AN
PTIEPONY
TEIEY6T X
LLBTHONY
965E0T WX
LYBOVOXY

ESTLEONY

165SEOXY
SBSSEONY
SIESEY WX

TT8L8LT AN
DOGEEONY
T9¥S0TT WX
ZE63LONY
E55T927 WX
ELTVEY WX

voissaY

220



Appendices

+0-30001T

030005

2030911

0308LT

203058 ¢

WNEAE IR I BIN INEAD WES D WS InjEAd P D4 ey

e

"ne

0T

$0-3000T

£0-3001w

£0-3001 T

£0-3007 €
£0-30007

€0-300£ 7

07

S0°3090°8

0399TT

S0-3891'8
035287

S03085°7
SOIRERT
SO IBLTY

0T

- IEETY

ariezee

PO 3TS0'T

SOIBTT

2030067
SOARITE

W%t

|E

a1
ur
T

"o

w0

«®«1

osT

wtr

@t

N

N steospe0t

N YSIOYEZOT

N PIS0PSEOT

N 06E095F

N oroees

N FWI0ETY

ww 9102620t

N

wN £T£0£920T

w eeotszot

N

wN

N £09055901

N €1106920T

N PTT0ELHOT

N

N

ww 7890601

wN

N 256090201

N TTI00vToT

wN

N

N

N AEECETION

wN 2¥2089201

wN BES0STOT

wN cororgent

N YESOLSTOT

N

N 0ctosvzot

N 64008E50T

wN

N aveo6tent

VN 80002901

w ELE0LRO0T

¥N

N 0OrOPEI0T

N ST200230%

¥ £6%06510T

wN 197020901

w fezoettor

¥ 9BZOESEOT

ww £650£580T

N 109065201

WK Iv10051

ww 6E00ET00T

N 0000562

N 950025901

N eegcaeior

wN 269089201

N

N 160095801

N

N SEE0LSEOT

wN

v

wN 55090501

N £690£950T

N 5005 10T

VN 856000401

N O6E0PEZOT
ouweuouss  piagoid  PIIqoM

P13qosd

ov00T9 9T TTEOSTOOE LT
190£09] 4 TNy
ST T6L T'68LTY08 zno
0676 ELEIT PERD
LT LIRS tieuy.
¥ TEIRTEns i
U TERMTO0R: desg
&tor I | Uy
SB905550T 082t AP T32000€81
1841
1200%4| 30
zazs! U UPONETO0EZI
829065901 BLUDIOTELONTAS  WHGTIRTO0EZD
CETOZUTSIESDS  WHLHISTIOEI
SITTOIS6EZ0005  WULTIETIOETI
SETTO000TRS  WHEONETOORTI
stst | A¥6T4E900€03
TESO019 8 TVIGSTPS £20500
0F TBILOSORS fel]
122089200 T8TT'6B0TEONS  PHZZNYVIDOESA
5691
59 T'SSTSER  WWTT4SE006LQ
¥6S01SPOT BT 9T ERLRDN A5pTPUIIN
2620190C 62T T 9LL6920005 F5vZpUIR0
SLSOTYSOT 017TIBLOCEONS  WHTTISHOOED
(243
876 TBSOET00PS  WHLTATO00EED
ssezl t 1
Lveoeeeon
££9T1206TSONY [9LNSEI00KAIS0IL100E2QIY  WHSILIOOEZA
ZEBL 100€2alv
£3200020F SLUTTYIFIM  LTOITO0EZA
EILTTSSERTPS arLypUIT
4T TLLRZSONS  965L09masTa
<600L100T TZIZREIE0005  WASONIBOOETQ
12vr900€1al Y
TTT'0STEDIORS  VHRONEPODETQ
6595, 100£10lu
797 126320008 500
51 £33} HHITILIO0E00
PLETITLLOS0NY [LOVELTOONA | TTHRTOO0E00IY  YZEHSIDOEDT
TEY 10669 £ds)
95 T'VTEZTO0RS daqaa)
1T EIrOr00 Iresno)
07T 60r0EE0095 z%)
v T STTSIESRS SHPD
YOUT T LEOBY Q)
TOEI00ELDIV fa}
OISIETESIIG  TIQBO00ELD
POST 3 -l
SSTTOEZSYOS  WMETIDSO0ESD
£9109000F 0TS TSS00ERE  AWITIFPO0ESD
GIZTT'969520%  ¥UCOISE00ESD
2040165 07903733005 WHIODLZO0EED
T54001L OEE TTS996Y  A¥TOIFO00EED
GET TTSTEIENS  WHLIOESO0EL)
S¥TT'9900ZE095  HWITIZSO0ET)
OTTZIR0ER  MSOILEOOET)
IULEIIITION  NHEINCBOOETD
LOTTTE69ETPS  WIMOTNSO0OETD
PI9904d Pl aqoid P19goId Pl 3qoig wursues requits-fje
AN § wes ‘ewwy

AN U ANO WS U ALO WL U] AUO 150313 WIS 1SIR P MW WES R Ewwe|

95E0T0 N,
£SELEONY
ETSHVT WN

TRLSSSE WX
1569281 WN

PSPLEONY
L5680V
GPIGRONY
BIEVSONY
BLSLBONY

LEEY X
PIESEY WX
DLELBONY

995621 WX

ZS6TS00Y

DSITRONY
TLLOSORY
10685 WX
SEPERY X
TESTEZT WX
GEE6EY VX
TL9E95€ WX
£9685E WX
£80050XY

BGZOOSOXY

PESTTET WX
TSESLT WN.

221



Appendices

$0-3000T  ETS $OIITEE wi N

€0-300L'E 16T ¥N 2630100

TTTTESI0LI08

00430000 4115 SO3RE9 LTE N 5£50065 LU TE61050¢
£030018  01TT VN BEEOPSHOT 957 T'BB690005
£0-3000E  #6T ¥N 050599 LR TLRETPTO0RS

00030000 9T $0-3000% 997 ¥ 9500625 197 T'ST95£0005
0001 9T N 58900901 L6V STITTIERS

€0-300LT 251 ¥N 900628 LTI TLILS

€0-300LT  E9Y N £8909080T LETIS08E719

$0-3000T 097 N BPT06BSOT YOLSR08E 719

030001 92 SOIESTT et N LYS0PESOL LEEG808E 19

103000 TLZ SOIET ST W 0pOOTONOT 0v99808€ 719

€0-3007T  OCT w 980058501 OEFZHO0SE 19

€0-30002 022 wN ot002¢50t 108Z808€ 719

£03E5T 18y N 19105920¢ SSE6L08E 719

03007 F17 N B9E0Z650T FITRLOSE 19

£0-3005T 151 N 449053901 D6SEYO8E 19

€0-3006€  EvT N 904006201 2669£08€719

$0-3000¢ 96T SOIRLS W w 9009970T 9LOVG08E 19

00430000 S81  90-3999E €80 N 6109500 0200608E 19

€0-3001Z  05°% N 620059501 ETPLB08E 19

00430000 ST 00430000 6% 90ILE ST N 09ESBO8E 19
00430000 SIT 00430000 SZ7  909S9TS  STL N TEIOSSVOT  TETO9SPOL  TETOGSPOT  TELO9SHOL EPEVAORE 19
£0-3005T  €£2 N BEHOZIEOT BEGER0RE 19

1030007 B¥E  SONUIEY 6T wN £3Y0$800T SYLIS08E 19

S0 3vEST 509 N ELL0RVHOL VLTLLORET 1D

$0-20008 (5T N 150080901 £ISVLOBE 19

00030000 797 00+30000 9T  BOIGW0T  6ET N SZEEL0BE 19
030007 862 N £1905¥201 FISEROBE 19

00430000 [EE 00430000 (3%  LOI9ET 96T N LTSEROBE ™19
1030008 €07 wN TH009020T 05E£308E 719

030008 151 wN otostzot S8ZERORE 19

£0-3008T  §5€ K £8v050T0L SYSLLOBETI9

¥I00T  OFT  E0I0ER v w 025307901 £SPLLOBET1D
£0-30002 881 wN £4g0ze001 LYEQLOBET19

0300 190 N 950002801 B509L08€719

€0-3008T  Ev1 wN 91044201 FIFTR08E 19

WISST 195 ¥N 9¥SOSBTOL 45215582719

00430000 20T 10-3000%  2Z2 N ¥ST08L00T 980808719
€03000T 9% K TT208K20T ROEBLOSE 19

103008 EST N 559001901 SESVLOBE 19

00430000 £0C9 0040000 (049 ZNISWE 09 N 6351608619
03006 T  EST N [218E0000 BLSSCOBETID

030095 T VN BS2008E0T ES(ELOBE 19
1030009 906 N EEP0L3S0T £5B0G0BE 19

00430000 $67 00030000 6657 BOIGLET  ¥ST N ZETOECCOT  ZETDELOOT  ZETOELOOT  ZETOELOOT 5066308€ 19
10°3000E 862 ¥ FP009850T SLEGAOSE 19

$0-3000Z  E00T N TOECOT£0T ¥BT9R08E 19

£€030006 91T ¥N 282045201 E9(E808E 719
€0-3000€ 10 N POEOIZEOL €956£08€ 19

020002 €25 N ££000vS0T E949v802 19

0030000 T 0030000 T¥T  BOINIE WL W TSROETEDT  TSPOETEOT  TSPORTEOL  TSPOETEOT TLOLLOBE 1D
1030006 9T 0 I9NST S50 N 95002¥30T LYTSEOBET19

00030000 ¥EE  00+30000 EE  BOMSLB 6T N SEE6L08E 19
$0-3000T  E¥S N IFTOLSSOT SIETROBE 19

1030001 25 W0INE 65T N £1007v0T OT89808€ 19

€0-3006T €02 N S2c0eTT0T 0621680219

£0-3000T €95 N £9409310T £5966807 19

$0-3000€  TROT N ELE0EPOOT 6T TSS8 T

030006 0vZ N 1210695 L9 TLTTYE0005

$0-30005 0% N BUTOIEE BRI WIRN

£003001T LT WK (65008ST 908 TTIFELEPS
€006V £9T wN SEP0SITOT 612€10295€0XV | EONETTO0KA | 0ZAZPTOCEG| U

AN IJ TN INEADWES § WS INEAd Pw 3d ey SUIEUOUDD  pIaqold  PIIqOM Piaqid  plagor Pl 3q0i4 P12goid Pl 3qoig wursues

VAU ANO s U)ALO B U AUD 15931 G WES 1SIN P EWIWY WS R |

a5 g wes ‘eunayy

226186201
03186201
SELISE001
$SLIZEIO
(69186201
£8YIR6001
TSETZE001
62186001
0LZI8E0
6SZI8E201
421186301
S2018€201
B6608E201
85086301
B0508£201
569086201
£19086301
2E0EZE201
E6T4£2001
65692201
152692001
E6£892001
E¥6REZI01
EOVREII0T
66562001
£6vSE2I01
£108€2501
BEOEETIOT
909262201
BIE0
S080£2301
018622201
0££822301
£E132201
42082201
£02602201
EV6E02201
569402201
4l
950
2950
dexgy
19-99H
[oquits-gie

DERLLONY
TL1855€ WX
VHESIZT X

DLSSEY WX
TEI936T N
1619861 N

LE5ET0° AN,

TESLSEE WX
TEVFRSE WX
1965856 WX
TLTESSE WX
TESTSSE WK
TEIZSSE X
TT02558 WX
TSP055E WX
TZ9055E WX
T606YSE WX
TPEEYSE WX
T65¥8SE WX
T25¥85E WX

7500581 WX
ETIFEET K
OTIIEONY
vorssany

222



Appendices

W030rLE

230002
00+3000'0

£0-30052
7030687

w30t

00+30000

WNEAE AN I BIN INEAD WES D WS INEAd P D4 ey

og'L
(L Y43
iy

ot
05 E

99T

"t

9%

anT
00

"e
wz

we

e

$0-30008

103000
$0-3000%
00430000

£0-30067

00+30000
030097
050067

E0-300T €

£0:3000T
00430000
£0-3006T
£0-30007
£0-3000%
1020002
£0-30052
£0-30007

£0-3000°T
£0-3007T

£0-3008°€
$0-3000E

$0-3000%
1030002
£0-300L'T

$0-3000°F
$0-3000'9
£03000'T
$0-3000°€

$0°3000'T

£0-300L°T

00430000
£0-30017
10-3000'9
$0-3000'S
03001 %
$0-3000'%
£€0-3000 T
£0-3008°T
€0-3000T
$0-3000%
£0-3005 7
£0°3009°T
€0-3000T

S

(234

srn
(£33
1w
;x4
L
wi
LET
el
E€T
1
bET
(344
wl

orIzelt

S039E6T
O 3662'T
$O3TITT

0r3105°€
SO-IRTOY

FOISSTE

B0325LT
©0-3939'9

S0-ISTEE

Lusl?i g

S0-3706'9

PO3RSSE

PO ISR T

L0-306L°T
SO3I9S

BOIELET

S0-31286

Wt

*%T
w0z

e
wT

uz

wr

ut

“@o

w0

ws
20

T IE UIL0IC Uewop BarpuIq 99 1M 90962
T ISRITRILS JWONFEINS P00
T waoid PR COSTE-INGNICI KL
(005 0.q) T B0jouwsoy Oes U 9T00£07
FEPROAT 3L EPIUISLN BLPUOIOL
SE1 w030 |PLICSO3U [ELPUOL30I L
DTS U204 (PWOSOR (EUPUOIIOT U
S1§
£25 13030 (EWICSOU [ELPUOL0}
T 4010 YOS [PUDRRISURI] [BUPUOLOLAU
T o
Bugoesaqm 1 aseury w0 pajeade uaiojsu Usosy
Zaseeny
ISHUy asTuly FSeuny URI0K palesdde Uadolnu 1055901
21 dseury uioxd pajeause-uafol sy 72005
£ 50U Unost
palespde-dseury  waloud  pajense-ualion
{15ead)
BT Byi0MerIIe Aseuly PU 990 SEN THOW
§ FSPINO JUNLIECUOW
WEINW F5RISP AJupey “ualisunn £ TN EETOSTT
£ IIUITIN0) LIRWOP JHALIN 65018y
[CTE
O1 sutewop 11393 sdaivu TETOZTEOT
SV SISO PUE IO V250807
Huow
14219 JUIKEIU0D JORCIPIL JEING e ‘T LD
11033} 7 Boowoy syneu £420819
1 1009e; voRtusue) LA
s
0} pasesofsues (eludosory oowoy xeoiun)
ousINnd  ABeAI-PICM U0 ProGOawAPIoRAL
€390 “pfasm Jegued g 3padIdliod Aoy Ursok gsEnzZa
01 w0 parrgs LenGn oMy 5L001900T
£ URI0I PALER) LRGN I0MU
T HINSULIPARIE JUOISI LSAIN 15808SY
VR $85030$01
W 6E006290T
N LYEOLB00T
N 9rL01820T
N BES0SKEOT
N Tvro8sTOT
wN STE080L0T
W ozsotszot
N BEEORTSOT
VN 0580225
VN BOPOEZIOT
N AFI0EHO0T
N OP0OSBEOL
N
WN gesoRet
N
L
N $90050001
N £E50ev20L
W Z2008PT
N BETOPEZ
N 59908Y20T
N 6190017
N 589065%
N
N GTTOVRE
W vEI086
N 269096501
SUIEUOUDD  pIaqold  PIIqOM Piaq0id

E610€3E0T

LEVOLES

oozoesy

soesy
F0905pZ0T

£Le018y

¥ZS0LLe

8090559

Pl3qoxd

LEPOLES
1£9086T
0OE0RSY

SYS0s8Y
109059701

ELEOISY

vTS0LLY

Pl 39044

90T TELSTLEPS TIEPAN
050209 SUOYTIvea 158N
3174 viv ¥
TG LSEITS £0T90029
L6%0£€9 LEYOLED PUSTRLMOLOS dadiy
057272930005 <EIN
00€088Y 00EC8SY 9T LSS orsdiN
TUVOTTLONS  WUPZIEO000ST
ops0ssy  9vSOSEY STVLINYS £z
T00S¥T00  TOOSHZOT :1900TTTOTFZIY  WHIOOTITOTHE
TOFEIES0EM  HYLOIBO0OTED
6 6TELSTS Zawden
TTTIEVTOO0 e
LECOVGEOT o1 [ E

€601y ELEOTEY 1T LS12E2000% anqow
025046T ETTOTLLEVSRS qoe
657 TLTSLI09E LI
SETTETLOLERS  WHSOALOC0OLT
8560587 0F ZT'99T1LT088 N
EOE TT'09TSTI  4N90ATO0000F
SOV EZESLI0NS s
iy TN
v TST'L680555 TN
V250429 VZSOLLY EZVIPEET 19 TN
8620805 0712295008 T9s6Ey
06 TTSLOPTOORS AN
S60€ | STL80NY | 1ZB00TOOXSISTIVZOOERII Y NUITINTO0EKT
¥10050T BT TTOErL00PS TN
LITLTER96E AN

woan

959 STS00K YN TSRE

€1 TBETED00RS

67 T'L6E200005

TWONT YN

597 T9C80000¢

9T T'68EEDO0RS

07T TLI10009%
£19F10561 004 ez
66T T'06¥350005 88742
& 159220095 szrdiz
PIrESTEEDN g
YT B ELPTIORNS ey
SELO0OL 12996890515 TaSE5.
£01722'0058m zest3s
104022508 9E61| £S9LE0NV EXITTI00X4| S0¥DLO0E TV U egus
T2 THVIBI0RS £eqey
LE6VBOBE 19 2dqay
£1701'98£261005 gjaddey
60 L0SYDS ETWPi
07 TEL00E5PS iy
€57 L95L6EP5 wey
65 T6L5Erss B2
1975°50651P STy
TEC06ZE 0V T0ZTLRIERS 9dsmy
TR TR usey
8572502808 230
067119000005 LN
PIagoid PI3qoig Wusues| lequits-le

5 g wes ey

AN U ANO WS U ALO WL U] AUO 150313 WIS 1SIR P MW WES R Ewwe|

12553207 N
E9PESI0TAN
ZESSEONY
UBSEMT WN
TBERLZOTAN
T0EFSZ0 AN
9B0ERT WN.
PPSSZO AN
TLSLELUAN
93LOT0NY

TSTTLI0WN
900600 WN
TTLBEIO WN
LLBILONY

TLLSSHT N
VBLLZLUWN

ELEL00T00 WN
TL9800 WN
LIBLEDNY

1829800 WN
7599800 WN

TYIEST0 KN

TBZLORD N

SELSBONY
1096870 WN
TEI9LLU N

£50TIT X
TSTZLNT WX

L6LOETINX

P VESETT WX
TETZLPT X
LSPLEONY
BYZITOWN
906687 WX
VZOVEY WX
TEORTET WX
12202007 WN

g.

EDZESET WX
1955900 WN
EEIBVET WX
TYIEsET WX
TEIESLT WX

Loy

223



Appendices

00430000
W03IMET

030059
PO-30007
00+3000'0

1030002

00+30000
00430000

00430000

00430000

00430000
00+30000

INEAE 1IN I TN INEAD WES D WS INRA D P D4 ewy

e
1T

we
mwe
S6E

0T

ae
”weE

Sv

i3

we
wT

$0-3000°€
£0-3000T
£0-3007 T
£0-300L°T
€0-300€ 2
$0-3000T

$0-3000'9
£0-3000T
030052
$0-30008
£0-300€ T
€0-3001 T
10-3000%
10-3000'T
£0-300€ T
£0-3000T
£0-300K €
£0-30007
£0-300L°T
£0-300T T
£0-3007 ¥

£0-3001°E
£0-300€ &

$0-30006

00430000
$0-3000°€

€

51
[ia]
(£33
LiX4

6L

hix4

s
6E€

SOIRIET
OIS

LO-IBLEE
PO-IPOLE

SO-3LSRE
SO3E28T

SOIRIRL

S0-389LT
S0IOTL

OIS T

S0-3059'9

r03250T
SO3STOT

+0-3089'T

03T
PO IISSE

SO-I615T

PO ISRT

036507

SO0-3956'T

S03S9TY

803E6EE
SO-3ES9T

orE
w0

wr

9T
®T

&0

wo

"o

@0

st
(783

K018 BUiporg BT UpNapaIL

T w00

Buipusg 1 25tury PREDOSSEI0MIAS -ULNSLIIL
(srucwopturmd)

foowoy 46 vodsuen Jepadeyenu
(0% zdqu) BT upewop Saudesviu yIp Ly “tuownf
8 FSEPAIII-PIAFRI URIMITY

ugdey

Ty NGNS 096 uiuerey

S Bupeuos uiewop Yy

T6L09ET

BSP080SOT
OFPOvET

9106920t

{epycosaiq) ST DR E6T0RLY

L uaesny

VE S Awey usauy

T IR0 B EWOP ¥ GYHY

£20108) gy 1pddasy

{vewg) § sisoIn e (EUUITL0) 3qa1
o0

Bupug £ aguios Buipuigapisopeed Loy
T Ionnesuod 1eacau (U Ny

T Suru|u0d LEaC YO dundy

D JAUIEIV0D 1EIE YIU DI

T 30quas Npuse 191 193033 -IN
 J0quaaw A gu |9 3e9d0) I

T

SUIRLIOP IUEIUIIUISUEI FUE TERTRS -0
20550160102 JOYINAL I UIPULdop puedy
FWwocy U JIULRd

UONEX(SUES) PRI BUILAEINOD UIRWOP I
1 UR0Id ¥0qOIWIOY WIT

T US10XE XOqOIWIOY WI

S USI0NT XOqOIWOY W

9 URI0IE ¥CHOIWOY WIT

L1050 IURIQUIIN PFILIITS SR-WATSAS HGUY
(suedap ) Sojowoy 8z-ug

2 200U AUy S0 L JO UOREARIE IO} J0NUY
DHUSUS DUOWLICY ‘dsedy

A oy

(aersmnam 5} Bojowoy ZTNST

3 5n30) “wepdwod § ualigue kooyduly

85 5130 Hadwiod § uadaue BAOYd W

H 50307 “xapuion § uaBaue a0y udy

TT 93000 Lrewop ARuEpsadns JoLeypacy sojew
23qy Wd ak3 Jo L anoud ULl sofew

£ u10sd saduy S o

£ SRS UL AU WESOINIAIE IpSOUEL
@ uMruoon

v

190es

zotoercot

E610599
SE90LR
5£00¢8°0T
£450est

GEODGEE

ELE066T0T

6210119
ZEEOVES

SEI0VTEDT

OLTOVET

£ paieosse Juppowasnaeu

# Paserosse Jusgopowar ey

TUID10UE VONEAWIP XYW

1 3UN0NS 340 JOIF 1P

BT IUNgns xopdwos Jorepow

T US0)3 10ININAS JEIPNN YDITS- S0l
T E0qoMuoy SN

£ X0qodwoy sy

NIVO UOISIYPE (103 EWOULIL

T UIEa00 Lewop 204

PUE M "95eUry ajepuend POIEOOSTE URIGUL

00T0€92

£9506120T

£L50299

SuakIe f
008}

Londuzsue BUipuig JUOWoD dwuodsas |elow
£ URLOWI0| 1

PR | ISEISURAYASIUIPR IAUONTIL

ureu ouon

PIEOVET

Pi3q0id Pl3qosd

82105¥E YTV ESH0E SRt
veslztey Bujpusd-gdqey.
£2TT 6050600 tiausy
< TI6000TOZIY  WHZTIE00OTOZ
SLTTIONLTES ]
LBP02SE  £3VOTSE LS02SE LBYOTSE 0T T 6'650E6P5 ey
BESOLST VITTOT0SLSTS Tl
wsel
97 TS6LOT0PS ££6£2009
ELZOT9E  ELTOTOE ££2019E ELTOTSE TR LT
6L00539  6L00SHA 600599 6200599 21189591002 e
$27THIOI0000%  YHSIOOPO0EEY.
T20008E WU TILTESH 1999
255088 €9279'EL2688 dagsyen)
ore0813 6T TLLSED0008 o
622 1'LESBLEODS  WHETHZOMOEYS
TIESTTIINT  HYITION0IST
0017 9r5 01385927 n
TIT082E%s Ll
9TTILYETEORS  HM20CITO0EEY
89€09£501 1setl

1alu
0010631 BELTEIFITO0RS Ll
90e0T0v0T 96779°L08561%% ]
£6005€T SYLELBITORS S0l
{334 L)
€3y 6601690 duwes
S 0E69ED szu1
05§ £T'0K65ZP5 sivam
ac)
0ETTPL6910S 941
S9TOIISHEF  MLIG100009
BE50505 ¥V 6I0LTORS 9k
WOT T T L6669 as¥ak)
€1 TEeEIons ush

("
e W2 v 26TeEs i
L8T BT TO9TIERS EUAN
65097 E6SOITT €65092C  €65092 SLVTEELLYS ]
¥IE0LST OF9TOTSEIT0RS X4up
£8976'9rD00 wden

00100¥50T BUT¥EZI0000%
TIR00TZ  TEROOTL TIROORL  TIPOOTL 0TOTTILPLORS  AHBIVETOOOTT
EEROTTOON E9UEES TSRLRTOS PEN
TET08ZY 60TE T'EL210009% dquecy
LETSTRSIERS L
LUTTTEEL9E TN
2€92/, ] TN
058058y 297 T'S'SS0EERS N
96191 THOLERS wew
v20rSPOT OF 0 vSIRD tdeieg
taly seaty
TE VPILLI0 THIN
LEsoset 8 TISLLI08 onN
9200408 ST LBOTELONS Rz
PIaq0id  PIaqoy Pl 3g0i4 P19g0Id Pl 3qeig wusues) tequits-jie

VAU ANO s U)ALO B U AUD 15931 G WES 1SIN P EWIWY WS R | A R s ewy

TTESOT0 N

Zreviony
089820 AN
YATR00XY
10PES00 N
TLZLEET AN
TZUSEST WN
S3LLSONY
TZ3LZBT AN
TELORED WN
TEBBO0 AN
TZZEET AN
TBEIOTO AN
GOSLIONY
TOSTIL0 AN
TBZSZLUAN
TGIT6L WN
TPETTO WN
SHEEVT AN
TISSIT N
TOZEILT WN
YTVLLONY
TPESPONY
1860800 WN
BEEH00 AN
T66v300 AN
GEEDGOXY
BYSSLTUWN
TEEESVT WN
TVI6ZZ0 N
IVBELONY
1159007 WN
LYEZLU NN
625900 WN
VBEESIT N
TLEBTIO N
86BLOOXY
70098007 N
TOPTIOWN
TS6LOTO AN
TBYEZLT N
S0B0I0WN
TGOETZONY
£ITHT0 AN
TS20T0 N,
TPESELO N
TZH0920" N
VETS800TUN
LVGTEONY
1229800 WN
1T90E207 N
£IE0T0TWN
EI6PEONY
TIES800 NN
VEOSET0 AN
BISSPT AN
voyssay

224



Appendices

w0305

03000 £

0301 T
2030002
2003056 €

00+30000
0030000

20-30vry

00430000

30001
£0°300L T

INEACIIN 419N INEAD WIS §WES INEAd P 34 Ty

SSE

"W

5T

w®r

s
95'E

we

LUBS

e

%0

€00E
”wE

S0t

€0-300€°T
00+30000
£0-300L T
£0-3007°T

£0-3000°T
030072
£0-3007'T

$0-3000%
$0-3000'T
$0-3000T

£0-3009°T

£0-3009°E
£0-3006 T
$0-3000T
£0-300T T

00+30000
00+30000

$0-3000'9

€0-300RT

£0-300EE
£0-3005°E
+0-3000C
10-30007
$0-3000T
00430000
10-2000
+0-3000€
$0-3000'%
10-30007
0300k Y
£0-3000€
10-30009
£0-300¢ T

$0°3000'6

00430000
10-3000°€
£0-300K €
0-3000'6
10-30006
£0-300L T
$0-3000°C
£0-3000°T
€0-3007°€
£€0-3000T

$0-3000°¢
£0-3008 T
£0-300¢°T
£0-3008°€
£€0-3009 T

sl
851
ocot
;31
ort
W

81

091
5T
651

s

1

0306

90 305T'S

038047

9039998
©0-3605'6

SO-IEILT
SOI9L

B0-3ST6L

L035L0°L
S0IBSTE
IO
$OIS8TT
$03S0T

S0-306K'S
F038L0T
S0-3STH'T
Lusitig

ar30LST

180

i

wo

T
90

0T

«§T

"o
fge
Mo
50
"wT

80
23
s
;0

uT

(UOH EXILSHAS SN J0
LB - (IEINDIN S) TAR 013} YimoiT
$0303391 duouLOY Yimoid
Z 2oquisa “Ajjuiey JLOLSIY VIH
BE Ay 3001514 €4
£ uImosd Bupes 1S10H
£ Bup=iu03 umwop gH ¢!
(wuosdey) [ U000 DOUS 1eay
Y21 199040 00N TraY
9] W POy 1E0Y
T iaquans
85520 (2110501A2) PUd(e €QX06 W0Id 3045 ey ©
WP 1BUY JUIZ i Ed40Y
T w0 Buipuig Iway
T 32QUIBL AYLIC 5CISCIMII YN

SE009E00T

6LT0VRSOT

T0OEZY
1SPOTOT
TE0VVEOT
149045501
600003

6€102090T

ey ofew 3 npe £1aq Uigoffowsy oSTOTSZOT

e Jofews Jrpe e1q UigofBoway

wiey ofew ynpe w12 wigofoway (0055601

uewniy) Soowoy T Hwospuls YRIPng-Aysurusap

BT squine ke wewop T9IH
1 200y A

b
urwop Jupuq (rwosoanny dnodl Aungew iy
<

Lrwop Jupu [FWOsOIRNY BNl Algow yily
10OoseQ 2 Anauedwodoisy

85n0] vodas D ‘2 Afianediwodosiy

650 ucidas 3 ‘7 Aipauedwodoisy

ITH T MR AUy

19T ANSND Juoisiy

970015

Wi T SOTND U0 2600069

T asnliaeap duoisiy

S ABLOSUEA PALEIOSSE AYTH

Z¥ ¥0q OOy

78 voq oawoy

£0%0G 0Oy

*qoL0Y 4O

2 a5epucad suuds yaK
Z95epucdd duuds yaH

(qwod '5) Sojoway Tsny

& u1030ut Jujpuig pre Juouniehy

W A0 AIROINCS FSRVIRUOMAD W aWAZA0 YIARAND DM

OrIseit
O35S

vO3IELT

035917

wTOIST
L8305
ez

BSECOTEOL

DS OUP 130 € Axnsoh

"5y
wt

wt

11 aseuaBo;piqap (£16q-LT| prosashns
w392 wu
SUAN3 Puinuoy Aywepadns winqofiounu s
15U DR X IARIEU
FeBEURARIW-N JuWEA opL
+10qua “ywe) ymoid o J0uqui
(EUPUOLDOI URI0NS BRI Sl
T aseeydsoydoucw-|y 30)T-(eAw) pasou
£ oseup aeydsoydenay pasou
i3
w30d Burpuig YN T 109 amasll gy unsu
T 343000 FUIPUS] J010E) YIMOIT Iyt |nsus
£ NGNS xagdwiod Joressans
& Wungns xapdwos soyesBau
£ eydje wdann
SH J0uq (UENQO() eyaje-T
T 3In3ow Loraype |31
g 16 PaIPU| elwed UOIBAILY
630120} AsOINNEA) OIS
VY V10 PINPULLOIIETA
owreu ouon

GEZOVSY
BIEOSHS

0L06TS

0L008ET
BSEOELY
SOETEOT
SEIDIST

90L06EENT
T6506750T

$S00LLT
110009
9S00e5Z
TET06TE
ZOTOLES

PI3g0id Plaqosy

£EE0SYS €075 6020594 20
6Lt 1] Toe13lu wo
SGT0LHT  BITOLYT $IT0T  S9TOCKT LT TRBLIS000% HezH
05£0505 2T 0rTRS005 £9q1sH
007 T'S63890005  YIHGOOEECOTTT
YTOTSST0RS TPdsH
80 ZLTESTSPS eziedsy
u 2950
1 Z'9TSETO0RS sy
LT

6020019 BLZOOTY 620013 6eT0019 S8TT9E6TRN 1daay
£520985 YOU TTTLLESERS THwan
£29] £90TTONY | 07309000 | LOKPDOTSZ| U 19-99H
9F00EZZOT DE9I £SOt TONYI u 19994
$291910T10NV102I09000X2 | 80r8Z00LSZ 1Y 19994
CTTTETSS TS
LTVTS00PS  NHETAISONTEL

05E0STYOT 97 T'S9ESTO0RS

T200£TEOT T 1955000095
WSOTZy  TRSOTTY wsotZY  TESOTZY LT 9ERSSERs fubuy
TLEOSPT  ELEOSPT SLE0SPT  ELECSHT 06 T'E96PTO0RS 1924
€600VTE 96 £6105100 SOTH
PPOOKOL 2V 115051000 621
$OT0EL PEE TTLOSTIRS FEYTEM
T2005590T BT TV TSTTIRS HHTEIH
871191610005 BT
T TTLR6TS T1IePH
SCTTTTTHLOSS sieg
25 T 79006235 zexoy
2650589 487 1'683601095 2auoH
¥S105%9 6 TVERSIOOT FRROH
TZODS3E0T  TZ00SBEOT  TZ00SSEOT  [Z00SBEOT AITTHBTOONETIN  WMTTHETCOTTT
5§ TTLET000RS SZSsMd
520008t SOL 159088078 sesid
1 UrLsSto Ty
P TETTYS95095 vy
HETEIVL T'SLI0SPS 1éfeyy
6T T TERERS £36P5H
297UV TIOS ssuq
1217189690008 "
T 1Zpee1zo0ms W
0200262 OZOOZEZ 0Z0ZET  OZOOZEZ SETL6RIS s
977§ 6L08T0R" v
11STXZH0EESIN  NSIIOOESS
STTEIMTTO0S Tedw|
SBT TOGETOSA®  ¥YL0ILO00ERD
..... sdan®l
TG RENT sy

oezz| T2ee
eavousy 61762 PEISEPS £oly)
105 8RTT 962108 5481
STT T L LIP6ERS 2w
TITS SvI9T008 diBy
97 TY0EDI0RS 5%
6L T'L96T000P5  HHOTVISDOERY
PI3qoId  PIaqoxd Plaqedd  piagoid Pl 3qeig wursuen requits-fje
AN U ANO WS U ALO WL U] AUO 150313 WIS 1SIR P MW WES R Ewwe| A R WS euny

TOPOEZO AN
GLSESONY
105L9T0°WN
BLFOTONY
T6ZETZ0 N
12189207 N
TLLEOTO KN
G61SLTWN
90TEONY
206900 N
9TTYRONY
T9PSET0 N
TYBEEET AN
£I0TTOXY.
£50L10MY
STOLIONY

TVZVEI0 KN
T9YE0E0 WN
192019078
T0L6T00NY

TRLOSLT WN
16619007 WN
VEIELO AN
GEEOTOTAN
TESOSLT AN
9595LT WN.
£595LT AN
VBTEMWT WN
TT653LT AN
TTSHOI0 AN

TZEOVET KN

TZELETO AN
TTSLET0TNN
TITES0 N
S8EET0 AN
9SBOSONY
L58920T KN
EPEEET AN
TTIRESOTAN
TEROZIOTAN
TEIPLOOTUN
BYEE00 N
VSPEEET WN
TYBOEONY
UT92E50 AN
VETORLT WN
9500604y

TRLSTO N,
LYIOPOXNY
GILSEONY
TSISETO AN
TTVZLT AN
TREROT0 WN
TBELSTO AN
TESER00 AN
TTLBEEL N

vorssany

225



Appendices

00+30000
00+30000

00430000

£0-3007 1

03006 T

W03IMEE

00+30000

03000 €

INEAE IR I TN INEAD WES D WS INRAD P D4 ewy

"%
e

SEE

e

str

0T

Lot

99

L134

0o

et

"%z

$0-30008

$0-3000'S
£0-3005°€
£0-3007°T
£0-3008°T
00430000
£0-3000 €
£0-300€2
$0-30008
$0-3000'9
00+3000'0

$0-3000°C
00430000
$0-3000'T
$0-30007
$0-30009

$0-3000'T
£0-3001°1
$0-3000%
103000
£0-3001°T
$0-3000°€
$0-3000'6
10-30007
$0-3000T
$0-3000°€
$0-2000T
E0-3001°€

£0-3005 T
$0-3000'6
€0-3006 T
£0-3009°7
£0-300€ T
€0-30057
£0-3000°2

030077
$0-3000°€
$0-3000%
£0-300£7
£0-3005€

£0-30007

£0-300L°T
£0-300€ ¥

$0-3000°¢
$0-30008
00+3000'0
$0-3000%
$0°30008
€0-300T T

8t

w?
14
mt
091
(10

%1
(A0
a9t
W%

%51
S8€
[£ 2

a
et

91
872

wr
9¢
3y
(153
(%3
81
s

@t
ot
0
ws
vy
891
961
(42

(153

97
s
E81

sl
Lixd

£t

€61
%€

ot
ey
o
87
1
2

L0 36811
POIEL0T

030611
PO 3ENLT

C0-3v998

0r3e60'9
S0-3891T
$0IT80T

S0-3169'1

S0-3T50°8

038169
9038067

039511
SO3SEST
PO39ELT
S0-3629'T
orivets
$0-3999'T

SO3L5T6

PO30EET

POISITE

$0-38662

u®nt

0

ST

uo

60

®o

B 0N0/7 UOATINIWAHAWOD ARIVYGIP

10031 WaPOs IUAURLIIGH-S50/{20a) YOI 00£0¥TT TTITTE6TLORS 90
TZELTPY 930anbas passaida YIT0E9 9¢598658 19 ey
EZ09¥OlY 33anb3s passaided 615096€ 601 TVELTGIORS £20979IV
PO LORTIUALAHIE0) “RIWIIE IW0OUR Y 200902 65 2'IB0PIO0OS ey
1 2y
¥ST1TS61T8 994
PRICPOTSR A0 PUR S50 I9) BE509000T 0uLt o
asei0uphy dpnue poe Anej ELE08PEOT L6t yeey
12 unoad %0q-4 £LE06920T 96t
PE U0 %34 9200569 0975 BE6RLORS vEongy
by UII0M X0Q-§ 0oLy TLEOAY K0y TLEOALy LEV 3 TTSEDS yragy
apucadhod eunue? ') Ayuye yig ‘39 20308381 34 020055 SUTSOPESTRS ey
A BulbAEos VIEwep Wi 950029501 oETEl6E PONBLOOETOIY 1a
1 Meinpes ey TEOEY  2650LE9 WH0LEI  TEILEY €T ST6RITIN s,
T wi0id JuneanIe 40390335 49 $05050¢ 07 VSLSEEZ000S thesy
T eabsosd Dugeande 0130 494 T600807 £ET TL3T00095 ey
T Juned B0 1494 8ES09 2LTTL6T5L500% zdotusy
Faniencs-owop ASds pue € oAy Eu...!.”“ 945069 €67 11509050 1054
2 13quid NwE) HOMAL 51056€ T8TS0EZ0S05  NHTTILTONET
vaesie) ocgortt SEELEVIONS ]
¥4 %0 €0} 7200629 T9E BT ¥ERSYRS ydnoy
¥4 %0q Py ZTT050¢0T
Ty SETOZSE 832 TS 1LY0038 ]
T o) 9ESTISESETONV T u Tuwy
£ SUIRWOR NN Y © pue 4no 6IE060T TOSTEREYTS o4
£ SUEWSP NN jley € pue anoy 4100597 ST TSLT00095 o
Borowoy [ wipuls UOREPIID) 1L X (Bl 000) Ty
T AIGAGISNS SUIA PUISE 2010628 LETEERTO0OS ™
(enydosoiq) ey Boyouwoy Ay TPEOSGTOT *| TTHPOOTEZIN  WHTZHIOCOTEZ
Sxiungns epq Uil § 1910212 63020531 199
STT 0142291 pagdnod-umosd o STO0BE9 500869 S2008E9  SZOOREY 08 B1'86590% 57109
97 40143033 P3En- uiaosd 9 6090569 SET0T'SYREEL0RS 9<nido
LLT 2143001 PUINOS-UIION & TETOLSEOT 171'88070009%
40 'e9i0sd Ruiping wadas vo 1o£08ey £27 150000000 edgen
€ 123q hungas —
5035 (evevE) PIE SANGoumEeuaies 0pFOROSOL 612010092618 €qaen
1 i voscactot LTI LELOS Lqaes
B2 BLaT0D LIeWop Ja¥ul U YIVD 5610539 LITTTYSEITO0N  PHLIQVIO0EYD
{HIN) ‘9z¥T 19pow #u3% To¥00690T $AT0508E719 SESIBEDO0T
(1BIN) “9€ € 19pow 3uad PIO06TEDNT 02528802719 ££50v2I01
(1BIN) “£85 19pow: auad £VE060T T6TLLEEST1D 85wy
TV 1) 2000 wOpGIsUR)) [©3a0ad OTI06ES ¥ 1T09ER00S TeZRY
1 eudje 1030000 =
Ay JoPe) SnCORCMIY PINIP Y (193 [EFT TR backaediecsf e
2oy dum Ay SO 0LTOTEY £€7996EER0RE =9
Tasepsoand £090vCT €Y Y'IMRETS 199
(1 eydie) Tvdiny “dosiocor a LTISTEVE 1D Teun
12 PUdIe) 2V “»0/10u0} W0idedas MRWEINT B30080S 617 2°008K 100 Teun
eumond) § wurey Hi0000) Hodie S._aa.“u LTLOTLE 0 ETTYITERS SW9
wopInnd TLy0TSE 2T € T69T609 L)
hs 952E | 559
sy PTSO9ET 93T OT'6OL6ERS  PUSTHOZOOTSZ
U0 (pu Sujurie/supkd 00T025E0T SETETEIETRS  WUETOEROOTET
opadadhicd e1ag ‘q) uiesosd oW 5L008LE TR0 qqtda
g ueNaAT 240060101 £ TRIRELORS $d
¢ 'e Apwegrs udio8 ‘ualaueoye @03 £8909£50T VL0000 £95TR0AY
1 uywasd ORTOVEE SO T098R1P% Twaun
T U104 PaIeOsSe TND 6t00€2108 1340
DF Y3104 PUNOG 103N J038) Yimord 9E£095V0T " 0199,
GuwleuousD  piagoid  PIIqoM Piaqid  Plaqor Plageld  piagosd Pl 3qoig wursues roquits-fie

AN U ANO WS U| AL BWL| U) AUO 159313 WES 1501 1 S WS g e

5 g wes ‘ewny

1T00820TWN

‘OIZEEOT00 WN
1096351 WN
1'S86£007WN

BEYSEONY
BIPEL AN
SEBIFONY
BLOZEDNY
TES9LOXY
1962060 N
TTOvELT N
ZSET0T0 AN

BLLTSOXY
91600 KN,
TERSSETIAN
TERSSET N
18129207 WN
TRLIESTAN
18626207 WN
1990800 N
129820 WN
GTSEBONY
VOEZOTO KN
SESETONY
TEIZOTO WN
TRENTIAY
BEBORONY
TEROTO KN
BETE00XY
TBIEST0TAN
TEI0ZET X
TYEEEST AN
TORBSTONY
590800 WN
T£0800TN

BEFIO NN
TTOEGET AN
TTUBLSE WX
1205007 X

‘0566001007 WN
TSEESLE WN
TBLZ0T0T N

VETTED KN
TEIS020 N
TSITH00 AN
TOPSET0 WN

BITH00 WN.

BOTESO WN

SEVEEOXY
1'BESSZ0 AN

SSPSEY X
TZZEOTOTWN

TZBITO NN

ISBERONY
TRIBTI0 WN
LEBLEONY
9PITTONY
voyssaY

226



Appendices

00430000

00+30000

00430000

00+30000

030062

00T

00430000

00430000

00430000
00+30000
YO0 L
£0-300TT

00+3000'0

030151
00430000

00430000

INEACGIIN IJ 1IN INEAC WES §WES INEAd P 34 Ty

9%

0

"we

"ws

ore

%S

T

we

SYo9

"ws
5605

652

W

"we

£33

€0-3001 v
£0-300¢ T
€0-3001'€
00430000
$0-3000T
£0-3007°€

£0-300€°7

£0-300T°T

£0-300TT

£0-3006 T

£0-3005T
10-3000°€
00430000
03006 T
£0-3006T

$0-3000'%
£0-3001 2
€0-30052

00430000

10-30008

£0-30057

85T
61
SET

svst
E€1

€1
€67
¥ES

ot

€2

ST
LA

€€

(18

(421

ST
T
51

EET
891

97

6T

ofE
(23]
vl

(333
ol

osE

03I
SO-3EST6

03898
OF-3850°T

o319

039191

0-38SHT

LUslavi s
SO

FOITIVE

03229°€

TIrTe
WvTee

036657

032817
POISE6T

90-3vs9'9

v0-3666'7
03500

«T
wt

8T
ore

ESL)

“%T

wT

T

T
w1

S50
osr

JOVI034 PN 19T TARFEROU/THIP
Aseuny dursouendieosp.
T sesaswen k-0 100N E AP
{epydosasq) ¢ Sopwoy snoveydep
7 paymesq

01019 OLTOLYE 0LT019€
LexovEROT
BE50581
26S0EY
£T£0BTI0T  CTLORTIOT  LTLORTIOC

73
T angp-asewpiunddoipiyp

T oy)|-5v Juipuig-d19 Apuse) Sviia

[e11ug050.0) T Bopwoy pagesip

T10quidss Apue) 10303008 UIPWOP UIMOSIR

£ w00

paenosse-Jojowoy  (wudososq) e SIS
(enudosoq) ¢ Bojowoy alsey ‘ssip

PassaIdns

QI AN N A10iS Jukem, ‘9 JYD TIwas YND
£ wuiues ygorpw altwep-yng

£ U0 Juriop

e AX0QIe2P DdOp

09 ‘23 syanop

womGnop

1 50Ur] g URDIINOP

2 Iseury g uis0manop

£°1quuI) Ag paejndas umop

(Paeand) 97 Isereydsoyd Aydyads [enp

§ dsmieydsond Aoyaads jenp

v umeup

739MP0PEos BInE iy uR AP

¢ 1018y uopdpsues 573

9 401e) VoRdLISUEN 377

2 J010; 42>-g hpea

£ SSRINDPOGO30GD /IS YOS OO
BPAOHINUONI

§ FHEINEDIPOULTOGI/ ST IEYLIOYO0ING
2paoapnUCH

T Bupperucs

VIO BUEIQUIAISUES LN uidone 493
{suellag *) € Bopwoy duw 193

(402 3) T Joppwoy Hepe

Jgeanued ‘7 dseiseyd

1D VSR O) £ A0S 0I0

WOISIA  jeunouge R dJuokigus) A3

S300ELPOT
UTOPIT
TOEOVEL
0810225 0810228 0810228

ETIOvSY
Te00ZTE
£LE0Z680T

€808
L¥ECET
808049

EL9050L
260069

GPL0I0P0T

TLv0LEs

BEEORLT

rtot6esor
LST06EE

PT00S8Z

14 vl

¥ M-S0 EOR/YUNS TOI/TNAS|

spoe Ay uew Buop Aaw P ogeduop

it

TusIopUI

T aushzus Junawiod ugagiopua

1 asejeydsoyd-aseious
A

£ B 1EWOP SEIPAY ¥
[Lr e

TR WO SERIpA) Y AWAIUA0) G
78 Joudosas ud3

19543

S TP PURq URIOIE TOOAIAII

EEEOTTS ETEOTTS EEE0TTS

aczoty oczote aLz019

L¥00LLT

EEO0LBE E600L8E £600£8E
STL0VR

57009t

248063T0T

TBI0GLEOT  TRTOGTEOT  TSTOGIEOT
00€0065

5Ty

©omepnBos voneau P POk

T 5000821 LOGRAURIILIP PIOARAIS

udsa

2 0usd weuen 53

VT 305565 UOQERI UOREISUEA 3A0AIEYNI.

(@10q)

T HUNgNS 7 J030e) UOTER V| LORETSUEA JHOAIENNI

B HUNGNS '§ 203304 LOQRUI UORTISLEA JQ0AIYNS

£ ewwd p Inokeyna

W0LE9
¥310685
700661
S61025€
0010805

LEYOIBE  (8POIBT 8vorse

oweu suon

PI3g0id Pl3qosd P 2qoid Plagoxd Pl ageid P1agoid
AN U ANO WS U ALO WL U] AUO 150313 WIS 1SIR P MW WES R Ewwe|

0LLorse 69T PTSESITPS sug
o0 Ty » g
STTOT TR tiedg
Y2 7617950008 0]
LTL08T90T 03T TTT6ITT 1[0
961€ WNOTIETHZESY
€55 TL6ESHS Tishdg
626 1'99380700% 1500
BSTEILLOTEORT  AWIOIRIO0ESD
0erozzs VLT T EREEYOS Tpa
9017 0T'£99757095 £deig
VB TETLPISYOS tha
82T |99YZS0NV |ETINGT00KA|S120800€PQIM  WHBTIOEO0ERA
07TV IzEsERs apa
P T IBIE0008 €oq
ST TSHIETO0RS pa
B3 T 66266595 qz00
96 T'ERLET000S g
£LU1SLEETO0RS Tpwesd
TSTTZ966TZO%  AUGOINSTROEED
2071 T59vR008 erquig
GOTUSBEGEERS  WULONEROOTER
95TSBOBE 19 U90v2I01
07 T599L90% yupg
620 T TRZEERS azsug
0F 950737008 W
08 T
BIT LT LITINS R
60LTI£556804V] £1310000141STIT000ERA |4 £daNd
2LETS690908 5ddu3
86T LTONTDH w3
Fudy
e
e
SETTLSSTORS e
090£ 124 SBYOXY | TOMTL o 1)
FETOCES T 96ESSE o
0ezor9 6T 6 ETLETORS qu3
9 TS TSR TPl
£600L8E ST T TZLT0000S 193
QTITYSITAS  WHSTOLSOOTER
£ S0TLETIRE P43
593
TBTOSTE0T AIE26EX0ELSIV 2qud3
96 TECSELEERS g3
9 TLTBLEIT Siteqd3
0ELZ|TOEELONY | £ |
0671 ZH60L 1005 e
017 T e0L100% ps
T TET99rETs a3
LSTTsIStERs ey
0617E E6615 e
LevoTee 8T8 LIRS Rt
rysrosons 65613
ozst i
Pl 3qoig wrsues loquits-fie

1A R wes eunay

TSIGZST N
BEOEOONY
T9P00T0 AN
1069610 WN
220010 KN
£TSITONY
SS6600 KN
TLITSHT AN
TESTLLT AN
T¥BSL00 N
TBTS36T N
TESSOVTAN
PIRTSONY

TLERLOO N
TBELETOTWN

TERLLLT WN
PROSLONY
7960010 WN

£55680XY
TE00ZE0TAN
TZILEEV WN
VEETSZ0 WN
T'SSZES0TAN
1ZISEE0TAN
TLBV0T0 AN
ZLSIPONY
TTRESVT WN
TOFEDTO WN
TEOTOT0 WN
LOEE6T N
1T WN
EBOTHT0 N
29:380XY

OEQLTONY
TIVII0 AN
T905SPTWN

TOESLONY
TZIEEET AN

ZIEEET N
TSSET0 N
1656£007 N
£0ZI010TWN

DEOIZO NN

TOIEEEL WN

E£696T0MY
LSSy

227



Appendices

00430000 €1

00+30000 §SE

£0-3006T 0T

£0300TT LST
00430000 TLT

00430000 0T

INEAE 1IN I TN INEAD WES D WS INRA D P D4 ey

£0-3009°T
£€0-3007°T

£0-300T T

€0-300€ T
£€0-300T T
$0-3000°€
£0-300LT

$0-3000T
10-3000°S
$0-3000T
10-3000°€
00+30000
£0-30007
$0-30006
£0-3000'Z
00+30000
00430000
$0-3000%

T

SOILIEE

S0-3086'%

FO36ET
036977
SO 3TSKS
SOIEETT

S0-3625°1

Q0-3660'T
SO36IT'S

$O-INSE

Euelilind
BO-IEINL

#0105
L0 39Lr9

6039658

SO ITEET

099 T

Q03057

SO30EET

<90

ST
9T
80
Wt

%0
&1t

®o
wT

ot
wr

wz

9 Bupiesuod

Yewop JRow EYGiE JUS PUT 1eadal Bukyue
6 VIEWOP 12adas wukyue

95 vIewop 1eadas uukyue

iy wanoidodiode

1) winosdodode

901 1 uiaudodijode

001006501

PEO0ETS
PIE0TS9

Tezoec

JOUGIYY UOREALYE 5ed5ES Ss0000e

T 21eaINUOPUS U PIuLAd eSuLnde

(1560A) Boowoy 2 uaioud PaLeaIulde Zayy
T®3Q ‘wnssue

103 "wusaur

el urdeiedse

B AU g T uiewop SLpaig 41V

HUNGNS LOPSTEa ‘e OY

14 [eupuopoI Bugiodsuesy 45 "aseyiuds gly
T Joquidw Y8 3dA | ssep>

Wdv) Puodsurs prdioydsoydounue ‘asedly
Q0L 064y 'n s58)> 'ased 1y

£ s9quow

(RY) v Awepgns ‘ensssed  Supugdly
£ squi

eY) v Alwepens  Suasse  Jupua-diy
€

FHOOPES0T

FRIOSESOT

QA ‘(W) O Alwe;-Qns I 41y
[xsead) Qy poyesas Afeydoine

[35e04) Oy poreras-ABeydoine

T paseindasdn TNIXY

{uewsny) Sojousay v awospuls |parg4pieg

1 Jupaeruo0 b ewp Zive

T Senarsuod B rwop 2ive

poualiouriye poIER0TE-7108

(d FSRUNSURNIASOLO NN I

T FwasunyLuoNINE-ET-Mag

ES00€2T

00¥09TZ0T
95009580
VEPOSPEOT

(enudoso) Sojowey 105 42999 7710259

(e11dos0.q) Bojoway ros Agqoq

T ua30s6 3qaualioydious uoq

T 92UANbIS POAIICWT CLOCUAED 1582)G
(e1149050X0) URIOIE FUIPUIG YNY 'S -0unig
£ Suniejuod uewop (704 519

9 Bunieiuod urewop (704) 919

9 WP

£ M0 ICN-O $5ED-UINIS OV 40T UUIYPEY
9T - upes

FHI-BE U0 BUBUIG wn31es

£ 3ungns

cwwed opusdapoieran Uy umE)
uii0

WA NWSEdOPUY  USEISOINOY  WIE
P

009060T0T

ELEOVRY
EL

2800012
ouzoesy
00095

69E08LY

' Fseury URI0ID Luap
£30q ' aseury

astuy  waoxd
udawer

1 apogowes

[35E04) T U030 PIIECOSIE-35TRAd SLEAUIDE 'gvD
L BPRFUEAOPNS

N)
0 sseiphyhue Huogars
T vienpol Auagaes
£ SRIISHANOGIE)
opncadiod 1 eydse 7 aseuny uiases
T URI0.E BUBSEIN) XSV
T USI8 FURIITIUI NSYD
T USIIE PURIeINU XSYD
suseu ooy

0050259

9900922

Z0t008E
L9T0505
TE1050T0T

195090001

Pi3q0id Pl3qosd

GIS06TE

z65082Y

BFOOTT
TS0ELy

BLZOSIT

800625

SEDO8S

Pi2qoid Plagey

BISDSTE

265082y

830011
TPS0ELY

BLIOSIT

Pl aqoid

01082

GISOETE

0£50592
610697
L89001L
LESOREY

EIEOPELOL

9£T062€

65082y

P6S08E
TI0E0T

30011
TYSORLY

S£003%00T

ETTOPVEOT

RLT059T

00501L€

P19goid

AN U ANO WS U| AL BWL| U) AUO 159313 WES 1501 1 S WS g e

Y6ETEVIZIEDS 1o

FCTLLTVIEITPS  WHIZHLGVOELS

¥TLORTIONS Zeody

9TTENITES Dody

209 ¥ TIOLYS  WHTTORIZOETS

I L

338 Tl AHIOVETO00LT

GTS06TE 637 20LE9805 ady

0607 oV

1971000 Tquy

€27 £'68960100% Tauy

V6T VT 6T605 sy

ST SRR 1998ER1V

5TTTSTRIS agdiy.

L6576E LTSN Tepdiy

SELOELLTPS ot

vZERI0I5 ey

STV LEIRERS ey

s 111 Py

£ST T OMOSEZOORS Pridy

18 OTSIZLE pridy

S6Y §'SITSE TPy

7650820 01 BT'SILSERS vsag
1881/, TZASSO0ETDIY

0561 [6£180XY| 203

EELTIET91SONVI TTOSBT00%4I TT10000€T01  M¥TTIO900€T0

597 T°E639£0005 Tidgn

287 T8050L009% ag

P6S €T G0VEYIS g

T9ETTELEDOORS towg

£977'0969£000% g

ST VTILRIERS ounsg

ST 17993220008 0019

SE00TT L6 ¥'9956600 99019

THS0ELY B TETTLELYS 94FD

Y TTVESLOLORS £552)

1Z7ST60RE00S 0101WD

64T STTETIORS 1652

$97THO6IR0: ey

LE6ISTSCIoNVIL Iv (5
8671220700005

909" ST'R03EEPS uig

T T6ELETS T

8LT055T 99T TTEEZIONS 196

BLTTLIOSSPS 089

200625 v TTLRLIERS e

S5 TR TITEERS v

OETTFTOBYHERS L]

GSET| LIOTEONY| €Z4£5000%d IZTNTIPOE08IY €53 TO7WSD

£175TERITONS tuppe)

9571710100000 TP

Pl 3qaig Wursues| |oquits-j

5 g wes ‘ewny

DS6TEONY
TEBRETOTIAN
TOLSLT WN
TRLVETD WN
T63v£007 NN
TOZBLET N

BRLLLONY

PEBSO0XY.

£89600° KN

PTOEEDNY
0L NN
T0ZBLT N
1550210 WN
TEBSEET AN
TERBSLO AN

LRLE00TWN
TGREEST AN
SSEEL0TWN

TOSEET0 WN
ZSETRONY

BESSEST WN
ERSEST AN
TLBTEST NN
TSTESLT WN
LBYTRONY
TEETHOXY
STOTSONY
1Z6L6207WN
PIVLTO KN
TIVLI0 AN
TSS5L600TAN
TSTBEZ0 AN

BRIEET WN
STSLTIONY
TBI0380XY

[
$06600 KN
1091E20 N
T865L007AN

TSILIZO KN

S6E3LT WN
11290007 WN
1'D0TESOT AN

LTOTEONY
2LEBLTO WN

LEBLTO N

DLEVTONY
vorssany

228



Appendices

00430000 STV 10-30008  SZ9 < Val e i e R
0-3005T  LLE oseinw nesAdoydoudna €' BESOGLTIOT
00+30000 159 PO 3ISRT uw (ewespoand 7 5L ¥ SdU00) JOUNP--2
03000t vt [ 904 “dseualiaaphy op areapngheospAy ¢ 06£058Z
£0-3001T  S07 SOIFEE T ap-seualiixop deaniddhuaydieonhy-y
030062 W07 |EpLOy3a W HEpROIPAL- 'S 6S009ESOT
03006 (97 erujewop » z0008€
ANE BT wum ladds ushioxdal) cue Bowo ¢
€0-3001T  SET T uRiad 00ur tyid) 50Uty avion
€0-300r7  SET 1B UN0I0 Jouie (] Dseuny Yy 2500625
03001 b9 01 Sumnieruod
€0300LT  £91 Qvt Sumieises uewop sesplyge 8900088
. (eyry@esosxa)
haesaddl LA T amdopwoy adwod  FNSTEYR 0070599
€0-300rT  6ET T U0 PILENOSSE WY VT 50900501
£0-3005% 691 R RISV 00w T Bwwed U 08T08LY
00430000 20'0 $0-30008  p9S 2032606 185 v 01} wogduzuen Suuenne
00430000 St'w 00430000 5L 6036671 w0t uedd Supdes i £ 03} wogdudues Sugeape
Lisitizy 6E upey> Juoq “aseuataiphyap v swizuao) ghoe
00ET 002 £ UIRWOD 44 UOWIESILI BUSOIO SO uaiond ideoe S7£08050%
$O000T 09T 90ISED B0 unonc nw p-gy Keitwod uoad partRoUdEpe
. (PE151A359) "5} Jojowoy
08T TST  POISTT 65D pau 4 uoedsuil ‘sseswesp dusouspe
€0-300LT  IST  S03E9T 090 Sseunyoang 1WIpUSIIP-gaY
o T
€0-300FY  9ET W Jugieande ased19 K0uey
T
€0-3005% 91 491010 Turleade 458410 J01e) LOREASOQL-AQY 8SE06ES
€0-3000T 991 £ DHIONEY VoLTIAIOqU-JaY S2L0695
00430000 £00 S D0 VOUEASCA LAY THROTET
£0-3008€ 591 Z €Waq "dseuny s0ndadas ddlauape QS0L6T0L
€0-3001T 082 P1 eydje 2016930; 3dauape Sg008E
$0-3000T ST 90-3209°L ®0 7 uosd Supuig 3y
$O-F000E 86T WIUES wt T U0 Jupuig 3y
€0-3000T 86 Ind) k4 NUIe
£0-300L8  6UE 03006  6LE TV ARURQs T Ay a5evadopAiBp AR
€0-300ry 55T oudd Buaeiuod waussp Aojendas uigoid eydie PI00T0%
WIsSET 1T SSOMICIAIND. OUE eSOt IEIDU UOLEDINIAI AW ‘Bwoiouks Lod SEVOREE
€03001T  §ST  S0IUET  H0 2 JuRWies UIEWOp HEIRAOPAUT
£0-3007T 6571 EUOINDU ‘T |BULEYI UOLES IMISUS-IPLCHRUT SoposKa
00430000 15T $0-3000E ST T uaaz0:d iyaonmasd (py) €aq projue
00430000 1T $030009 EZZ 03INLLS e ET WnG s X010 JURoW0IE ISTycruT
€0-3008T  8LT ZIuIIN00 UITLOP ONAW PUE 103335 UUAYUE ooa0er
INEAGIIN I N INEADWES ) Wes InfeAd w4 ey QWL OUID  pagold  PIIGON

S200989

£1T009% 00¥ 8 TZOVERS PETEPUIIZA
9R1 wicg
0820253 0 101910000 g
BT TISILO0E yesl
E0S021E 9V L TLvEEDIt 660¥E026
DTTT00KS #YE0IETOOT0Z
1570Y0T 1'960902¢ epwepy
665 |
¥817Z'0v91T00RS ey
T TPEIYS0RS 1deny
E¥8E ] Wyt
TEYY0ISIERS  WIHTCRETOONST
Y EYSaERs sy
B61 096 TPE8LTAS  HUTZIEO0009Z
02T 10T 96L827% Ty
SEIOMCT  SETOMLT <6l0Met  SGLOMLT 1€ 1 H0520000¢ Ay
91063 HLIDSIT 910697 SLTO6ST STETEREVSOS diepy
05 1'906000%5 wey
90L0RYT VB TTTRLIEES Twidy
ag0zst TEPTEERS Tpea
¥aT002Y TTTRTTL009 icay
LT TITEON0 10edy
OUBE00vIS8 £y
65 TETYSIO0RS  MHTZJOTHOTST
9¥s1 11 )
15 UUSTIms presy
€762 TE0ET8I Y zdqay
¥5T05590C S26T] L36590XY| L1I09T00K4 |97 OTEEOETAI Y Zdqay
T903PESET 19 ey
291004501 1071/ 0ESELORY [Z13ESTO0XA|0TI9000£8Y] U £eTupY
087 2'B9TLTO0RS 2t
617 2°99095000¢ TRy
8660989 TRTOTSIZ0NNS  AYTTILSHORLS
8YSOT'9TSLYOS oy
9ETOTYION 95T T1ESPLA0NY | FONTE000X4 IS009TZOETIIL  WHSOI9TZ0ETS
IPHOORE  SYVOORE SHHOCSE  ILHO0BE 6117701069005 £1deuy
VT TELPLIZOONS Thuopy
PIaqid  Plaqox Plaqedd  piagoid Pl 3qoig wursues requits-fje
PAU U ANO s U)ALO B U AUD 159313 WES 1SIN F EWIWY WS Ewiw| A R WS euny

TZ6LIT0TWN
BETLEDNY
VEEBITO WN
ELUSIUWN
TISLITWN
SRISEONY
I WN
L6LSEDNY
T'BPO600 N
TOLrLI0 KN
SOLYBONY
TE9620 WN.
TESSI0 WN
ELELTOT KN
10196007 AN
9126007 WN
TIUSI0 AN
TT8ELO0TWN
[
958£00° WN

TBRLSTO N
TTZISZ0AN
SEETSONY.

TOASYTNN

TRILET0TWN
TVE6ZET WN
£3L8KONY
T0ET0 AN
BEBSHONY
LRBSHONY
TE0S86T WN
DESEPOXY
T6ISIBL AN
TIERET0 N
SEGZLT WN
T 2656007 KN
BSTLEONY
TTSEIST AN
TOIESLE WN
vorssany

229



Appendices

THREE-DIMENSIONAL CEREBRAL VASCULATURE OF THE CBA MOUSE
BRAIN: CIRCLE OF WILLIS

A MCA B -
’
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PeomA SCA Internal Auditory
Artery
AICA AICA
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Figure A 1 Circle of Willis on mouse brain surface and all arteries on brain surface and a slice plane
(A) Circle of Willis on mouse brain surface with lobar regions depicted. The brain is shown from the inferior
view at a small angle, enabling the best view possible of all arteries involved in the Circle of Willis. (B) Circle of
Willis on semi-transparent mouse surface, also viewed inferiorly from an angle. (C) Arteries superimposed on a
sagittal slice, midline. Insert represents the level at which the slice was taken. The MCA is excluded to allow
better viewing of the internal arteries. (D) All major cerebral arteries with a semi-transparent mouse brain
surface, left view. Refer to Dorr et al for a description of procedures and also abbreviations for the terms shown
in this figure. Adapted from (Dorr et al., 2007).
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Appendices

THREE-DIMENSIONAL ANALYSIS OF VASCULAR DEVELOPMENT IN THE
MOUSE EMBRYO

15-16ss (3 19-20 ss

Figure A 2 Development of the cephalic plexus between the 5 and 20 somite in the mouse embryo

(A) The vasculature in the 5-somite mouse embryo is a series of disconnected clusters of PECAM-1-expressing
cells. The DA and the heart are surface rendered red, PECAM-1 expression throughout the cephalic
mesenchyme is surface rendered orange, and the autofluorescence of the mouse embryo is volume rendered
with a hot metal colourmap. (B) By 11 somites, the cells have aggregated into a rudimentary vascular plexus.
Larger vessels such as the PHV (blue arrowhead), the PMA (yellow arrowhead) and the ICA (green arrowhead)
are visible (see also Supplemental Video S1). The PHV at this stage is a single large vessel that runs in an
anterior-posterior direction starting from the cephalic flexure down to the first intersegmental vessel. (C) The
cephalic plexus has remodeled into a more stereotypic pattern by 15 somites. The cephalic veins are easily
distinguishable (green bracket). (D) At 19 somites the cephalic plexus has become more refined into
recognizable structures. The cephalic veins are still visible at this stage (green bracket). All scale bars represent
100 microns. Figure and description from Walls et al, 2008.
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MICROARRAY VALIDATION BY QPCR

Table A 1 Genes used in the validation of microarray data
Nestin, Notchl, Pax6 and Sox2 were not detected by microarray but were used as positive controls. This table
summarizes the results presented by Dale McAninch (McAninch, 2008). WT, wild-type; NA, not applicable.

NOTE:
This table is included on page 232 of the print copy of
the thesis held in the University of Adelaide Library.
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Table A 2 Average intensity values for Xist, Sox3, f-Actin and Gapdh

Samples represented by number 1, 2 or 3. Background value of approximately 30. All Sox3-null (KO) samples
were male, thus no expression of Xist was detected; whereas wild-type (WT) samples 1 and 3 were female and
showed high intensity values, WT sample 2 is the pooled sample containing 3 males and 1 female giving a low
intensity reading. Sox3 shows no expression in KO samples and expression in WT samples. Both g-Actin and
Gapdh show consistent readings for all samples (McAninch, 2008).

NEINE
A bt b
clo|o|m
<8~ (3[R
£ P
g NN
oloin|~
27 [5|R
< /o|o|®
MlIﬂNIﬂ
olo|e|o
~
w-itN
S et bt B 4 b
<lonolo mio|s|wn
N TN SN M|
c ~NiN ~ ®O
” ™M ~NO
g NN N
o~ ale = ™o N~
szNBl | [TIESSIR
~Nnio ¢ v|o|o
2|3 E olw|~N|m
< | ~ oo
oM ~N|™
iad 2] ~Ni~N
mjninlole
Al A i P
~Nis o N . N N
o N~ DO 3083
b4 NS - el e
22 ~N|o
™NIN
N]© ~
213 | [“RIRIRS
271213 23533
212 olx|o|m
o~ TN
™NiN
“I2IRI21E] ] " gsleln
el |ed| e 30t b4
N0 | 355
> bA 23aR
~N| N “IQ
~
< =
LB |8l
cu"L‘SX c~x33
o) @
o= 3I3|3] | |8]=R|S|3

233



Appendices

GENERATIOIN OF MOUSE WARS ISOFORMS

The following method outline of the generation of Wars isoforms is extracted from
Chin Ng’s Honors thesis (Ng, 2010). Please refer to this body of work for detailed

information.

The cloning strategy is outlined in the Figure A 3. First, the expression vector,
pET32a-TEV-Kpnl and pGEM-T Easy vector containing the inserts (either FL-Wars, mini-
Wars, or T2-Wars) were digested with Kpnl and EcoR1 enzymes. This isolated the
insertswhich were then ligated into pET32a-TEV-Kpn1 vector. Digestion of pET32a vectors
with Kpnl and EcoR1 confirmed the ligation of Wars inserts. All the constructs were
sequenced and confirmed that the pET32a vector contained the relevant Wars isoforms; in

frame with the N-terminal His6 tag with no PCR-induced errors.

In order to investigate the effect of the Warsl3P mutation on WARS protein
activity, the Wars coding region, containing the 220T>C mutation, was generated by site-
directed mutagenesis (QuickChange™ Site-directed Mutagenesis). Site directed
mutagenesis was performed using the pET32a-FL Wars as plasmid template. Sequencing
results confirmed successful mutagenesis where the codon CTC encoding Leucine at
residue 30 was substituted with CCC encoding a Proline. The sequencing results did not

show any random mutations that may have been introduced during PCR.
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NOTE:
This figure is included on page 235 of the print copy of
the thesis held in the University of Adelaide Library.

Figure A 3 Cloning strategy used for generating mouse Wars isoforms
Cloning of different Wars isoforms insert (full length, mini and T2- Wars) into pET32a-TEV-Kpnl expression
vector that is restricted by Kpnl and EcoR1. Successful cloning of the Wars isoforms was confirmed by

sequencing. The full length Wars was then used as template for the synthesis of L30P Wars in the site-directed
mutagenesis (Ng, 2010).
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1. Introduction

The hypothalamus influences a broad spectrum of physiologi-
cal functions, including pituitary hormone synthesis and secretion,
autonomic nervous system activity, energy intake and expendi-
ture, body temperature, reproduction and behavior. Despite its
physiological importance, we are only beginning to understand
the molecular mechanisms underlying neural differentiation and
development within the hypothalamus and the ontogeny of its
connections with the pituitary. The hypothalamic parvicellular
neurosecretory neurons are of particular interest due to their role
in controlling anterior pituitary (AP) hormone secretion. For this
reason, many studies have focused on the signaling molecules and
transcription factors that control hypothalamic momphogenesis and
the emergence of the seven known parvicellular neurosecretory
neuronal subtypes (described in detail below). While much of the
early research into hypothalamic development and function has
been conducted in rats, recent advances in murine transgenesis
and mutagenesis techniques have established mice as the principal
model for the analysis of the central nervous system (CNS) devel-
opment. Therefore, in this review we have focused primarily on
rodent hypothalamic development but have also included key find-
ings from otherdevelopmental models, such as chick and zebrafish,
which have contributed to our understanding of this field.

2. Functional anatomy of the neuroendocrine
hypothalamus

The vertebrate hypothalamus is located ventral to the thalamus
and dorsal to the pituitary gland, at the mediobasal region of the
CNS, It extends from the optic chiasm (located anteriorly) to the
mammillary body (located posteriorly) and is organized into four
distinct rostral-to-caudal regions: preoptic, anterior, tuberal, and
mammillary. It is also divided into three medial-to-lateral areas:
periventricular, medial and lateral. The periventricular hypothala-
mus contains fourdistinct cellclusters: the paraventricular nucleus
(PVN), arcuate nucleus (ARC), supra-chiasmatic nucleus (SCN), and
the periventricular nucleus (PeVN; Fig. 1A). The medial hypotha-
lamic zone is comprised of the medial preoptic nucleus, the
anterior hypothalamus (AH), the dorsomedial nucleus, the ventro-
medial nucleus (VMN) and the mammillary nuclei. The lateral
hypothalamus consists of the preoptic area (POA) and hypotha-
lamic area. Located throughout hypothalamus are hypothalamic
neurosecretory cells that are divided into two populations: the par-
vicellular and magnocellular neurosecretory systems. The former
consists of neurons controlling the release of specific AP neuro-
hormones: thyrotropin-releasing hormone (TRH; located within
the medial part of the medial parvicellular subdivision of the
PVN), corticotropin-releasing hormone (CRH; located within the
lateral part of the medial parvicellular subdivision of the PVN),
growth hormone-releasing hormone (GHRH; located within the
lateral part of the ARC), somatostatin (SS; located within the
PeVN), gonadotropin-releasing hormone (GnRH; located within
the medial POA), dopamine (DA: located within the medial part
of the ARC and detected by the enzymatic activity of tyrosine
hydroxylase) and, the recently discovered gonadotropin-inhibiting

hormone (GnlH; located within the dorsomedial nuclei in rodents;
Fig. 1B). The magnocellular neurosecretory system consists of
neuronal cells secreting two neurohormones, vasopressin (AVP)
and oxytocin (OT), whose axons project directly into the poste-
rior pituitary (neurohypophysis) and release peptides systemically
in response to various homeostatic cues (osmotic, cardiovascular
and reproductive). The primary focus of this review is the devel-
opment and function of the parvicellular neurons. For in-depth
information and discussion on the magnocellular neurosecre-
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tory system we refer the reader to the paper by Caqueret et al.
(2006).

3. Hypothalamic induction and the role of signaling
pathways

The hypothalamus develops from the ventral region of the
diencephalon (Figdor and Stern, 1993) and, in the mouse, its pri-
mordium is morphologically evident from approximately 9.5 days
post-coitum (dpc; where 0.5 dpc is defined as noon of the day on
which a copulation plug is present). Developmental studies per-
formed in mice, chick and zebrafish indicate that sonic hedgehog
(SHH) signaling plays an important role in the induction and early
patterning of the hypothalamus (Manning et al., 2006; Mathieu et
al., 2002: Szabo et al., 2009). Secretion of SHH from the murine
axial mesendoderm, from 7.5 dpc, is essential for correct pat-
terning of the anterior midline. In humans as well as in mice,
mutations in the SHH/Shh gene (and several other components
of this pathway) result in holoprosencephaly due to a [ailure of
hypothalamic anlagen induction and optic field separation (Chiang
et al,, 1996; Schell-Apacik et al, 2003). Increased SHH activity
leads to ectopic expression of hypothalamic markers in zebrafish,
suggesting that SHH signaling has an instructive rather than a
permissive role in shaping the hypothalamus (Barth and Wilson,
1995; Hauptmann and Gerster, 1996; Rohr et al., 2001). Stud-
ies in chick have shown that once the hypothalamic primordium
is established, down-regulation of Shh is critical for the progres-
sion of ventral cells into proliferating hypothalamic progenitors,
at least within the ventral tubero-mammillary region (Manning
et al, 2006). In addition, Shh down-regulation is mediated, to
some extent, by local production of Bone Morphogenetic Pro
teins (BMPs), which belong to the transforming growt h factor-beta
(TGFB) super-family of signaling proteins (Manning et al., 2006).
This antagonism between SHH (ventral gradient morphogen) and
BMP (dorsal gradient morphogen) in the hypothalamus is remi-
niscent of their opposing actions in dorsal-ventral patterning of
the neural tube. However, in the developing hypothalamus this
incorporates a temporal aspect (SHH early-BMP late) that appears
necessary for establishing region-specific transcriptional profiles
(Ohyama et al., 2008: Patten and Placzek, 2002). Although axial
secretion of another member of the TGFf super-family, NODAL,
is also necessary for hypothalamic induction, the early lethality
of Nodal mutants has precluded detailed assessment of its role in
hypothalamic development in mice (Brennan et al.,, 2001: Conlon
et al., 1994; Varlet et al., 1997). Genetic studies in zebrafish have
shown that the Wnt signaling pathway is required for specification
of the hypothalamic anlagen, its regionalization and neurogenesis
(Kapsimalietal., 2004; Leeet al.,2006). Toget her. these studies have
shown that hypothalamic induction and pattern formation depends
on the activities of major protein signaling pathways involved in
patterning, regional identity and cell fate determination.

4. Patterning the hypothalamic primordium

Embryonic neurogenesis in vertebrates follows a stereotypical
progression that begins with the generation of the neural tube,
which is composed of a pseudostratified columnar epithelium
of cycling stem cells. As a general rule, these neuronal precur-
sors acquire distinct positional identities, commit to a neuronal
fate, exit mitosis, migrate away from the periluminal progeni-
tor zone and terminally differentiate. A large body of evidence,
gained principally from mouse and chick embryos, has established
that transcription factors belonging to the homeodomain and basic
Helix-Loop Helix (bHLH) families play a major role in neurogene-
sis (reviewed in Guillemot, 2007). Regionally restricted expression
of these factors is induced in response to local signaling cues

(see above), establishing a transcription factor “code” that directs
the generation of distinct neuronal cell types at each neuroaxial
level. Mouse mutagenesis has identified several transcription factor
pathways critical for the development of the parvicellular neurons
in the POA, PVN, PeVN, VMN and ARC, which together provide the
foundation for a rudimentary “hypothalamic transcription factor
code” and are outlined below.

4.1. Sim1/Amt2-Br2 pathway

The bHLH-PAS transcription factor SIM1 is expressed in the
incipient PVN, supra-optic nucleus (SON), and anterior PeVN
(aPeVN) from 10.5dpc and is maintained in these regions into post-
natal development {Caqueret et al., 2006; Michaud et al., 1998).
Homozygous Sim1 mutants die shortly after birth and exhibit sig-
nificant hypoplasia of the anterior hypothalamus. Histological and
molecular markeranalysis has revealed that these mutants lack vir
tually all neurons of the SON and PVN, including those expressing
TRH and CRH. SS neurons in the aPeVN and other populations of
TRH neurons in the lateral hypothalamus and in the POA region are
also missing. Interestingly, mutant mice lacking the Sim1 dimerisa-
tion partner ARNT2 have a strikingly similar phenotype, indicating
that these proteins function cooperatively in the AH (Hosoya et al.,
2001; Keith et al,, 2001). A key downstream target of SIM1/ARNT2
is Brn2, which encodes a POU domain transcription factor and is
required for the differentiation of CRH (as well as OT and AVP) neu-
rons of the PVN/SON. Brn2 expression in the prospective PVN/SON
region is absent in Sim1 and Arnt2 mutants, indicating that Brn2 is
regulated by SIM1/ARNTZ, although it is not currently known if this
is a direct or indirect interaction.

42 Otp

The homeobox gene Orthopedia (Otp) is expressed in neurons
giving rise to the PVN, SON, aPeVN and ARC throughout their
development. Otp mutants die as neonates and fail to generate
the parvicellular and magnocellular neurons of the anterior PeVN,
PVN, SON, and ARC (Acampora et al., 1999; Wang and Lufkin, 2000).
These defects are associated with reduced cell proliferation, abnor-
mal cell migration, and failure of terminal differentiation. Like the
Sim! and Arnt2 mutants, Otp null embryos fail to maintain Brn2
expression. However, OTP does not appear todirectly interact with
SIM1 or ARNT2 (Caqueret et al., 2006) and SIM1 and OTP do not
regulate each other’s expression (Acampora et al., 1999), suggest-
ing that OTP and SIM1/ARNT2 operate in parallel or convergent
pathways.

43 Nkx2.1

During early CNS development, signals produced from the ante-
rior axial mesendoderm induce expression of the homeodomain
transcription factor gene Nkx2.1 (also known as T/ebp) in the over-
lying presumptive hypothalamus (Ericson et al., 1998; Kimura et
al., 1996). Nkx2.1 mutant mice die at birth and, in addition to
lung and thyroid defects, exhibit profound abnormalities in the
ventral hypothalamus, including agenesis of the ARC and VMN.
Interestingly, null mutants also fail to generate the Rathke’s pouch
(which does not express Nkx2.1), confirming the ventral dien-
cephalonfinfundibular recess is essential for induction of the AP
(Kimuraet al., 1996: Takuma et al., 1998).

44. Sfi
The SfI gene encodes an orphan nuclear hormone receptor that

is required for normal development of the gonads and adrenals and
function of pituitary gonadotropes (Ingraham et al., 1994; Shinoda
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et al., 1995). Within the CNS, Sf1 is specifically expressed within
the VMN and is required for multiple phases of VMN development.
Analysis of SfI null embryos indicates that this transcription factor
is initially involved in the survival and migration of VMN precur-
sors from the ventricular zone and at later stages is required for
aggregation and condensation of the VMN nucleus and terminal
differentiation.

4.5, Hmx2/Hmx3

Two closely relared homeobox genes, Hmx2 and Hmx3, are
expressed in overlapping domains of the ventral hypothalamus
from 10.5dpc (Wanget al., 2004), While single gene mutants do not
have any discernable hypothalamic phenotype (although it bears
noting that ear development is affected), Hmx2:Hmx3 null mice
exhibit postnatal dwarfism and a severe deficiency of GHRH neu
rons in the ARC, but not the VMN (Wang et al., 2004). Expression of
the homeobox gene Gsh1, which overlaps with Hmx2 and Hmx3 and
is required for Ghrh expression, is also absent in Hmx2:Hmx3 null
embryos. Neuronal cell numbers inthe ARC are not significantly dif-
ferent in double mutants indicating that, despite their widespread
expression, Hmx2 and Hmx3 are not required for early determina-
tion of neuroprogenitors in this region of the hypothalamus.

4.6. Mashi

MASH1 is a proneural protein that belongs to the bHLH family of
transcription factors and is required for neurogenesis and subtype
specification in many regions of the CNS (Parras et al., 2002). Mash1
is expressed throughout the ventral retrochiasmatic neuroepithe-
lium from 10.5 to 12.5 dpc. Mash1 null embryos exhibit hypoplasia
of the ARC and VMN nuclei due to neurogenic failure and increased
apoptosis (McNay et al., 2006). Using a knock-in strategy, McNay et
al. (2006) elegantly showed that this phenotype could be rescued
by ectopic expression of Ngn2, which is also a member of the bHLH
proneural gene family. Mash1 also appears to have a role in subtype
specification (that cannot be rescued by Ngn2), and is absolutely
required for expression of Gsh1 and the subsequent generation of
Ghrh-expressing neurons.

4.7, Sox3

Sox3 is a member of the SOX (Sry-related HMG box) family
of transcription factor genes and is located on the X chromo-
some (Lefebvre et al.,, 2007). This gene was initially implicated
in hypothalamic development from clinical and genetic studies
of families with the male-specific congenital disorder X-linked
Hypopituitarism (XH). XH males have GH deficiency and, in
some cases, additional pituitary hormone deficiencies as well as
intellectual disability (Solomon et al., 2002). Magnetic resonance
imaging analysis of affected males has revealed abnormalities of
the hypothalamic region including ectopic posterior pituitary and
thin pituitary stalk, indicating that XH results primarily from a
hypothalamic defect (Woods et al., 2005). Interestingly, XH is asso-
ciated with duplications and mutations in SOX3, suggesting that
over-expression and loss-ofl- function mutations result in a similar
developmental defect (Solomon et al., 2002; Woods et al., 2005).
Although the mechanism by which altered SOX3 dosage causes XH
is not fully understood, genetic studies in mice have provided some
clues. Sox3 null animals exhibit multiple pituitary hormone defi-
ciency, variable dwarfism and CNS abnormalities, indicating that
SOX3 function is broadly conserved in mice and humans (Rizzoti et
al., 2004; Weiss et al., 2003). Importantly, Sox3 is expressed in the
developing hypothalamus (see below) but has minimal expression
inthe AP, suggesting that hypothalamic (and not AP) dysfunction is
the primary cause of pituitary hormone deficiency in Sox3 mutants.

Fig. 2. SOX3 is expressed in the developing murine hypothalamus, (A) Nissl stain of
the hypothalamus (Hyp) in the sagittal orientation. (B) Neighboring section show-
ing SOX3 exp ion (green) 19! the hypothalami pithelium (HNe),
medial preoptic area {(MPOA), median eminence (ME), arcuate nucleus (ARC) and
paraventricular nucleus (PVN). 3rd V: third ventricle, OC: optic chiasm, OR: optic
recess, OT: optic tract, P: pons, SPH: sphenoid cartilage, Th: thalamus.

Studies from our laboratory have shown that Sox3 is expressed
in the hypothalamus from inception to maturity suggesting
that it may have multiple roles in hypothalamic development
and function (Fig. 2 and data not shown). Analysis of Sox3
mutants has indicated that early expression in the ventral dien
cephalonfinfundibular recess (at 10.5 dpc) is required for normal
induction and morphogenesis of the AP, but, remarkably, not AP
function (Rizzoti et al., 2004). From approximately 12.5 dpc, Sox3
expression is restricted to multiple hypothalamic regions/nuclei
including the hypothalamic neuroepithelium, median eminence,
ARC, PVN, medial POA and VMN (unpublished data). Interest-
ingly, all of these nuclei contain parvicellular neuronal subtypes.
It is therefore possible that the multiple pituitary hormone defi-
ciencies in Sex3 null mice (and some XH patients) may reflect
a specific requirement for SOX3 in the generation and/or main
tenance of some, if not all, parvicellular neuronal subtypes.
Alternatively, or in addition, defective development of the median
eminence, which also expresses Sox3 (Rizzoti et al, 2004 and
our unpublished data), may compromise the functional connec-
tion to the portal vasculature, resulting in altered regulation of
AP hormone synthesis and secretion by parvicellular neuronal
factors.
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respond to distinct waves of neurogenesis (Caqueret et al., 2006). 2
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Hypothalamic control of the AP became an accepted principle g g E
and the entire field took a major step forward with the discovery e § 5
that (pyro)Glu-His-Pro(amide), synthesized in the hypothalamus, c2l|s ]
acted as a releasing factor for TSH (Guillemin et al,, 1963). Along ad g T =
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with the discovery of additional hypophysiotropic factors, sub- g = |3 g . E
sequent research has focused on better understanding of the § = g 3 é =]
expression of these factors in the hypothalamus and the mecha- g~§ ?—_" % 5 g
nisms by which they exert physiological activity at the pituitary. T2 E = E 3
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The availability of genetically engineered mouse models has '§ i = E E
added a new dimension to studies of the ontogeny of parvicellular = ‘§ 4 E o = = o -{5_ E
neuronal subtypes. In recent years, a clearer picture has emerged 2z2 ::% I g = g P E E &=
of the precise steps in development and the factors involved in the E&Z2 Al TS
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differentiation of and acquisition of function by cells that secrete
hypothalamic releasing factors. Below we outline some of the key
advances in this field.

7.1. GnRH

A total of 14 forms of GnRH have been described (for review
see Wray, 2002), with the physiologically most important form
being GnRH-1 (referred to here as GnRH). GnRH is a central regu-
lator in the hypothalamic-pituitary-gonadal axis and is produced
by neurosecretory cells located throughout the basal hypothala-
mus including the preoptic nucleus and AH. The release of GnRH
triggers the synthesis and release of the gonadotropins, luteinizing
hormone (LH) and follicle-stimulating hormone (FSH), which reg-
ulate gonadal steroidogenesis and gametogenesis (for review see
Lee et al., 2008).

Unlike all other parvicellular neurons that arise from within the
hypothalamic anlagen, GnRH neurons originate in the olfactory
placode (Wray, 2002) and migrate through the ventral forebrain.
In mice, GnRH neuron migration terminates in the medial sep-
tum, POA and anterior hypothalamic regions (Wray, 2001). Recent
evidence indicates that the initial population of GnRH neurons
(9.5-10.5 dpc) is generally located rostral to later-born (11.5-12.5
dpc) GnRH neurons and that the GnRH neurons located at differ-
ent rostral-caudal positions may be functionally distinct (Jasoni et
al., 2009). Several extracellular cues that direct the emergence and
migration of nascent GnRH neurons have been identified which
include Fibroblast Growth Factor 8 (Chung et al., 2008), hepa-
tocyte growth factor (Giacobini et al,, 2007) and secreted-class
3 semaphorins (Cariboni et al., 2007). Of particular interest is
semaphorin-4D (Sema4D) which belongs to the semaphorin pro-
tein family group of axon/cell guidance proteins and is expressed
along GnRH migratory route (Tran et al., 2007). The Sema4D recep-
tor, PlexB1, is expressed in migratory cells that are exiting the
olfactory placode (Giacobini et al, 2004). PlexB1 deficient mice
exhibit aberrant migration of the principal GnRH fibers that project
to the ME (Giacobini et al., 2008) confirming the importance of
SemadD{PlexB1 interaction during GnRH cell migration.

A number of transcription factors have been implicated in GnRH
differentiation such as GATA-4 and Activator Protein-2cc (AP-2ac).
GATA-4, a member of the GATA family of zinc finger-domain tran-
scription factors, binds to the GnRH enhancer and regulates GnRH
gene transcription (Lawson et al, 1996). In the 13.5 dpc mouse
brain, GnRH neurons express GATA-4 along their migration from
the olfactory placode into the brain (Lawson and Mellon, 1998).
The Activator Protein transcription factors are critical regulators of
gene expression during embryogenesis, AP-2a has been detected
in olfactory placode epithelium (Mitchell et al, 1991). It has been
reported that GnRH neurons express AP-2« as they migrate into
the forebrain (Kramer et al., 2000).

7.2. GnlH

GnlH was recently discovered in the Japanese quail and acts
directly on the pituitary to inhibit gonadotropin release (Tsutsui et
al., 2007; Tsutsuiand Ukena, 2006). The identification of GnlH arose
when neurons immuno-positive for the molluscan cardioexcita-
tory neuropeptide Phe-Met-Arg-Phe-NH; (FMRFamide, Price and
Greenberg, 1977) were found in the vertebrate nervous system to
contain an unknown, but similar, neuropeptide (Raffa, 1988). In the
amphibian brain, some of these neurons were seen to project to
the hypothalamic region close to the pituitary (Raffa, 1988; Rastogi
et al., 2001). In turn, in the Japanese quail brain, clusters of these
distinct neurons were seen localized in the PVN in the hypothala-
mus, with wide distribution in the diencephalic and mesencephalic
regions and the most prominent fibers within the ME (Tsutsuiet al.,

2007). Recent studies have confirmed the effects of GnlH in rodents
and sheep (Ducret et al., 2009; Johnson et al., 2007; Kriegsfeld et al.,
2006: Murakami et al., 2008). Birth-dating and neuronal migration,
however, have yet to be examined.

73. DA

DA is a catecholamine neurotransmitter, which in the pitu-
itary is primarily involved in the inhibition of prolactin (PRL)
release. In order to detect DA and the cells that produce it, tyrosine
hydroxylase (the rate-limiting enzyme in synthesis of dopamine)
expression is used as a surrogate marker. Secretion of PRL is
regulated by three populations of hypothalamic dopaminergic neu-
rons, originally identified in rats (DeMaria et al, 1999): (1) the
tuberoinfundibular (TIDA) dopaminergic neurons, arising from the
dorsomedial ARC and project to the external zone of the median
eminence (Bjorklund et al., 1973); (2) tuberohypophysial (THDA)
dopaminergic neurons, arising from the rostral ARC and project
into the hypothalamic-hypophysial tract and into the intermedi-
ate and neural lobes of the pituitary gland (Fuxe, 1964); and (3) the
periventricular hypophysial (PHDA) dopaminergic neurons, arising
from the more rostral PeVN and their axons terminate within the
intermediate region of the pituitary gland (Goudreau et al., 1992).
The PHDA neuronal populations control basal regulation of PRL
secretion. Early immunohistochemical detection shows the first
appearance of dopaminergic neuronsat 11.5dpc in the rat (Daikoku
etal, 1984).

Insight into the role of specific transcription factors in the devel-
opment and differentiation of dopamine neurons, specifically the
THDA and PHDA subtypes is limited. The LIM-homeodomain tran-
scription factor Lmxla has been shown to play critical roles in
the determination of midbrain dopaminergic neurons during brain
development (Failli et al., 2002). More recently, it was identified
that Lmx1ais expressed at high levels within the posterior hypotha-
lamic area, ventral pre-mammillary nucleus, sub-thalamic nucleus,
ventral tegmental area, compact part of the substantia nigra and
parabrachial nucleus from birth to adulthood (Zou et al., 2009).
However, the exact role of Lmx1a in the dopaminergic neurons that
regulate secretion of prolactin is yet to be determined. Otp has also
been found tobe a key determinant of hypothalamic differentiation,
including the DA neurons (Blechman et al., 2007). Recent studies
have begun to uncover the factors that regulate OTP expression and
function. In zebrafish, Blechman et al. (2007) have shown that Otp is
transcriptionally regulated by the zinc finger-containing transcrip-
tion factor Fezl. Furthermore, epistasis and cell culture experiments
indicate that signaling via the G-protein-coupled receptor PAC1
increases the level of OTP protein by promoting OTP synthesis.
Further research into the role of transcription factors, such as
Lmx1a and Otp, on postnatal maturation, survival and/or function
of midbrain dopaminergic neurons will help to provide a better
understanding ofthe complexity of PRL inhibition and its regulation
of secretion.

7.4. GHRH

GHRH stimulates the release of growth hormone (GH) from the
pituitary. GHRH is expressed during the later stagesof development
and is essential for the expansion of somatotropes. Hypophys-
iotropic GHRH neurons are confined to the ventrolateral part of the
ARC (Niimi et al., 1990; Sawchenko et al., 1985) and first appear at
11.5 dpc in rat {Markakis and Swanson, 1997),

The development and transcriptional control of GHRH neurons
has been studied in mouse models using both gene disruption and
transgenic approaches. One example of GHRH reduction has been
identified using targeted disruption of Gsh 1, a homeobox gene iden-
tified as a direct transcriptional activator of Ghrh (Murtsuga er al.,
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2001). Targeted disruption of Gsh1 leads to the complete absence
of Ghrh expression resulting in severe attenuation of growth and
an associated decrease in overall pituitary size (Li et al., 1996).
The haematopoietic transcription factor lkaros is also expressed
in GHRH neurons and is required for Ghrh expression (Ezzat et
al., 2006). In contrast, GHRH over-expression in a mouse model
harboring the human GHRH gene coupled to the murine metalloth-
ionein | promoter(Hammer et al., 1985) results in massive pituitary
hyperplasiaand anoverabundance ofsomatotropes (Kinemanetal.,
2001; Mayo et al., 1988). These transgenic mice also exhibit pitu-
itary tumors, albeit with incomplete penetrance, indicating that
sustained elevated GHRH exposure predisposes somatotropes to
neoplastic transformation.

7.5. S§

SS acts as an inhibitor of GH and TSH secretion. The inhibi-
tion of GH by SS appears to be independent of GHRH, although
the precise mechanism remains unknown. GH secretion stimulates
somatostatinergic neurons in the PeVN to secrete SS from the nerve
terminals located at the ME into the hypothalamo-hypophysial
portal circulation for delivery to the AP (Chihara et al., 1981). SS
neurons that project into the ME are located within the rostral PeVN
and the PVN. They first appear at 12.5 dpc in the rat {Markakis and
Swanson, 1997). To date, transcription factors that specifically reg-
ulate the differentiation of hypothalamic SS neurons have not been
identified, although it is possible that similar pathways to those
that control SS neuron differentiation in other parts of the brain
(e.g. the cerebral cortex) may be employed (Du et al., 2008).

72.6. TRH

TRH-synthesizing neurons exert multiple, species-dependent
hypophysiotropic activities. However, for the purpose of this
review, we will [ocus on the effects of TRH on TSH. Anatomically,
the TRH neuroendocrine cells are situated in the hypothalamic
PVN. TRH stimulates the secretion of TSH from the anterior pitu-
itary thereby initiating thyroid hormone synthesis and release from
the thyroid gland (Engel and Gershengorn, 2007; Nikrodhanond
et al., 2006). TRH, identified by mRNA expression of the biosyn-
thetic precursor pre-pro-TRH, was initially localized within the
rat lateral hypothalamus at 13.5 dpc, and in the presumptive PVN
at 15.5 dpc (Burgunder and Taylor, 1989). Immunohistochemical
analysis of the TRH peptide revealed the first TRH-immunoreactive
perikarya at 16.5 dpc as well as 17.5 dpc within the presumptive
PVN (Okamura et al, 1991). There are four populations of TRH
neurons (appearing at different developmental stages in the rat):
(1) lateral hypothalamus (14.5 dpc); (2) VMN (15.5 dpc); (3) PVN
(16.5dpc): and (4) the POA (17.5 dpc). Thus, the differentiation and
development of these neuronal populations will differ. Addition-
ally, the identity and origin of the cues that direct TRH neuronal
differentiation are poorly understood. However, it has been shown
that brain derived neurotropic factor (BDNF) effects TRH neuronal
differentiation by tropomyosin-related kinase B receptors during
early development (Huang and Reichardt, 2001), BDNF also regu-
lates the expression of pre-pro-TRH throughout development and
into postnatal life in the rat (Ubieta et al., 2007).

7.7. (RH

CRH-synthesizing neurons are the principal hypothalamic reg-
ulators of the glucocorticoid axis and, like the TRH-synthesizing
neurons, are closely situated in the hypothalamic PVN. Immuno-
histochemical analysis in rat embryos shows CRH expression as
early as 15.5 dpe, with immunopositive fibers seen at 16.5 dpc in
the ME (Daikoku et al., 1984). Crh mRNA expression studies have

also identified CRH expressing cells from 16.5 dpc (Grino et al.,
1989). Given that most CRH neurons are born at around 13.5 dpc
(Markakis and Swanson, 1997), it appears that approximately 3
days is required for CRH neuron differentiation. While this pro-
cess is poorly understood, one protein that has been shown to be
required for generating CRH neurons is the homeodomain tran-
scription factor OTP (Acampora et al., 1999). As discussed above,
Otp is expressed in the developing PVN, SON, aPeVN and ARC and
mutants lack CRH, as well as TRH and SS neurons (Acampora et al.,
1999).

7.8 Other hypothalamic releasing hormones

In addition to the well-characterized hypothalamic releas-
ing/inhibiting hormones, described above, there are several other
hypothalamic specific factors that play a role during hypothalamic
neuron differentiation and development and impact on pituitary
function. For simplicity, we will not examine the other hypothala-
mic releasing/inhibiting hormones in this review because our pur-
pose is to provide an in-depth review that covers hypophysiotropic
factors that have a direct impact in AP function, However, of the
well-characterized hypothalamic releasingfinhibiting hormones it
is worth briefly mentioning kisspeptins. Kisspeptins, a family of
peptides that activate G-protein-coupled receptors (GPCR), are
strongly implicated in puberty onset as well as in the regulation of
the hypothalamo-pituitary gonadal axis in mammals (Mikkelsen
and Simonneaux, 2008). By directly stimulating GnRH release and
subsequent LH release (Messager et al., 2005), achieved through a
GPCR(KISSTR), kisspeptins prepare entry into puberty and the pre-
ovulatory LH surge. Kisspeptin neurons located in discrete regions
ofthe hypothalamus make close appositions with GnRH. However,
the distribution of neurons varies between species.

8. Summary and future perspectives

The past decade has witnessed significant progress in the
identification of genetic determinants that control hypothalamic
development. Although the full cast of characters is yet to be iden-
tified, it is clear that distinct sets of transcription factors play a
role in the differentiation of hypothalamic progenitor cells into
neurons and the commitment of subsets of neurons into cells that
secrete hypophysiotropic factors. These [actors provide an impor-
tant framework for further functional studies that may lead to
the generation of a transcriptional code for hypothalamic devel-
opment. This process will likely be informed by parallel studies of
other brain regions where knowledge of neuronal subtype spec
ification and differentiation is further advanced. While parallel
studies will provide useful intellectual synergy. it will also be nec-
essary to focus on the discovery of novel hypophysiotropic cell
molecules and pathways. This will be facilitated by recent advances
in molecular and cellular biology including the identification of
hypothalamic transcription factor gene targets using ChiP sequenc-
ing analysis, directed differentiation of ES cells into hypothalamic
neuronal fates (Wataya et al., 2008) and characterization of novel
mouse models using N-ethyl-N-nitrosourea (ENU) mutagenesis.
Together, these approaches will help address critical issues such
as the role of morphogens in establishing regional identify in the
hypothalamic primordium, the timing and mechanism of parvicel-
lular neuronal subtype specification, and the composition of the
genetic program controlling terminal differentiation. As the role of
new hypothalamic genes is deciphered it may become possible to
detect patterns that will lead to a clearer understanding of brain
development and evolution of the neuroendocrine system. This
information will also advance our understanding of the molecular
pathogenesis of hypothalamic dysfunction in humans and, perhaps,
lead ro improved therapies for related disorders.
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