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ABSTRACT

The focus of this thesis work was toward advancing our
understanding of the normal and pathological development of the
diaphragm. This included: (1) studies of the embryology of the primordial
diaphragm tissue, the pleuroperitoneal fold (PPF), as it relates to congenital
diaphragmatic hernia (CDH), and (2) investigating the relationship between
migrating Schwann cells, phrenic axons and muscle cells in the developing

diaphragm.

The primary method of investigation was immunolabeling of the
phrenic nerve, Schwann cells, muscle cells and the amuscular cellular
component of the PPF and the diaphragm using the nitrofen model of CDH

and transgenic mouse models.

Together, these data provide the foundation for novel directions of
research into CDH pathogenesis and specifically advance our understanding
of: (1) the mechanism of CDH pathogenesis with special focus on PPF
mesenchymal cells; and (2) the mechanism of axonal guidance and

intramuscular branching.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1.1 Objectives

General overview: The work described in this thesis is divided into
two parts. The first general aim was to improve our understanding of
primordial diaphragm development with a focus on the stage most relevant
to the pathogenesis of congenital diaphragmatic hernia (CDH). The second
aspect expanded upon previous work on diaphragm embryogenesis by
examining unresolved questions pertaining to the interactions of migrating
phrenic axons, primordial Schwann cells and muscle precursors.

Previous data from multiple rodent CDH models in conjunction with
analysis of postmortem human diaphragms from CDH cases, strongly
suggests that the initial diaphragmatic defect originates with the formation of
the primordial diaphragmatic tissue, the pleuroperitoneal fold (PPF).
Specifically, it appears that there may be a defect in the non-muscle
component of the PPF. To date, very little is known about the embryogenesis
of the various cell types within PPF and how they relate to CDH pathogenesis.
The main objectives of the first part of my thesis are to: (1) examine the
embryogenesis of the rat PPF from embryonic day (E) 12 when it first
emerges from the lateral body wall through to E14 when it is fully formed
with a special emphasis on the arrangement of mesenchymal cells; (2) test
whether those cells originate from the mesoderm; (3) and test the hypothesis

that the pathogenesis of CDH is associated with a reduced number of



mesenchymal cells and the aggregation of muscle precursor cells in the PPF
and defective diaphragm.

Our laboratory has been studying the basic mechanisms associated
with phrenic nerve and diaphragm embryogenesis. In the broader context of
developmental biology, the phrenic nerve-diaphragm system has
characteristics that make it an excellent model for studying mammalian
nerve-muscle functional unit, including the fact that it is anatomically
localized from other striated muscles, and receives efferent innervation from
a single nerve (e.g. compared to the limb where many embryonic muscles
and nerves are co-mingled). I used transgenic mouse models in the second
part of my thesis to examine hypotheses: (1) that Schwann cells lead the
migrating phrenic axons toward the PPF and during the process of
intramuscular branching; and (2) phrenic axon migration and intramuscular

branching is abnormal in the absence of migrating muscle cell precursors.

Chapter 1 is a general introduction providing the necessary
background regarding the etiology and pathogenesis of CDH, followed by a
description of diaphragm embryogenesis. This provides the basis for
understanding the significance of my research and its contribution to the
field of CDH and some basic principles associated with mammalian nerve-

muscle development.



Chapter 2 is the methods section outlining techniques used to reach
the results which are discussed in chapter 3. Chapter 4 is a general discussion

and outlines future studies that would extend upon my contributions.



INTRODUCTION

1.2 Diaphragm Anatomy and Function

As far back as 300 million years ago, vertebrates had a primitive
amuscular diaphragm that served as a barrier between an upper feeding
compartment and a lower digestive tract [reviewed in 47] The lungs were
positioned caudal to the diaphragm in dinosaurs and other reptile and
amphibious species [reviewed in 47] As warm-blooded mammals evolved, the
lungs became positioned rostral to the diaphragm I[reviewed in 471 Through
evolution, the diaphragm became muscularized and is the primary muscle
controlling ribcage expansion and lung inflation and is present in all

mammalian species examined [reviewed in 47],

The word diaphragm is derived from the Greek dia (in between) and
phragma (fence) [reviewed in 47] The diaphragm is a musculo-fibrous dome-
shaped membrane between the thoracic and abdominal cavities [reviewed in 47],
In humans, the diaphragm develops between 4 and 10 weeks of gestation and
in mice between E10.5 and E15.5 (gestation= 18.5 days) [reviewed in: 1;39] [t has
a similar characteristic appearance in both humans and rodents, prominently
muscularized peripherally and a fibrous, non-muscularized central tendon
which remains attached to the liver by the falciform and coronary ligaments
[reviewed in: 1; 47] [n addition, it has three major openings: the caval opening for

the inferior vena cava, the esophageal hiatus for the esophagus, and the



aortic hiatus through which the aorta, the thoracic duct and the azygos vein

pass [reviewed in: 1; 47]

In mammals, the diaphragm serves two very important functions.
First, it is the primary respiratory muscle. During inhalation, the diaphragm
contracts and thereby induces the expansion of the thoracic cavity, creating a
negative intrathoracic pressure to help air move into the lungs. In contrast,
on exhalation the diaphragm relaxes to allow air to be drawn out passively
from the lungs by elastic recoil. Second, the diaphragm forms a physical
barrier between the thoracic and abdominal cavities to prevent the
abdominal organs from moving into the thorax [reviewed in: 15,39] [t s this latter
function which is impaired in CDH during early embryologic development
and, because of this defect, the viscera move into the chest cavity, impeding

the development of the lungs and resulting in pulmonary hypoplasia (figure

11) [reviewed in: 15, 39, 47]_

Other non-respiratory functions of the diaphragm include: helping to
expel vomit, feces, and urine from the body through increasing intra-
abdominal pressure and preventing acid reflux through exerting pressure on

the lower esophageal sphincter [reviewedin 47],

1.3 Congenital Diaphragmatic Hernia (CDH)

1.3.1 Clinical Aspects

CDH remains the most life-threatening cause of severe respiratory



failure in term infants [reviewed in 56] [ts incidence is approximately 1 in 2500
live births and accounts for ~ 8% of all major congenital anomalies [reviewed in:
16, 561, Phenotypically, CDH can be characterized into subtypes based on the
location or nature of the defect [reviewed in 15] [n humans, there are four
principle types of hernias: a posterolateral Bochdalek-type (greater than
95% of the cases), an anterior Morgagni-type, a central tendon hernia, and
eventration of the diaphragm [reviewed in: 15,16, 84] " Eijghty-five percent of the
major Bochdalek-type hernias occur on the left side, 13% on the right side,

and only 2% are bilateral [reviewed in 84],



Figure 1.1 Congenital Diaphragmatic Hernia (CDH).

Ventral view showing abdominal contents herniating into the thorax through a hole
in the left diaphragm Causing lung hypoplasia [Adapted from 2009 Nucleus Medical media, Inc.]



CDH occurs as an isolated birth defect (isolated CDH) with a mortality
rate ranging from 20 to 60 % mainly due to differences in case selection, or is
associated with additional malformations (non-isolated CDH) including
congenital heart disease, abnormalities of the central nervous system and
urogenital anomalies with a mortality rate as high as 909 [reviewed in: 25, 55, 84;27],
Several predictors of mortality include early prenatal diagnosis,
polyhydramnions, presence of associated anomalies, right-sided
diaphragmatic hernia, intrathoracic stomach and/or liver, low lung-to-head
ratio and low Apgar scores [reviewed in25],

Postnatal treatment strategies include nitric oxide administration,
high-frequency oscillatory ventilation, exogenous surfactant administration
and extracoporeal membrane oxygenation (ECMO) with limited impact on
prognosis and considerable morbidity among survivors [reviewed in: 28, 55, 84]
Prenatal treatments have also been attempted in CDH such as open fetal
diaphragmatic repair and fetoscopic tracheal occlusion with the survival
benefit being questionable [reviewed in: 28, 55, 84] Total acute-care costs are
estimated to be ~ $350,000 per patient. Further, the problem with these new
treatment modalities is that they are designed for treating the sequelae of
CDH, replacing mortality with a higher morbidity due to the absence of
sufficient lung protective strategies [reviewed in: 28, 84] Towards improving
prenatal screening, treatment, or reducing the incidence of this anomaly, it

will be important to better understand the etiology and pathogenesis of CDH

[reviewed in: 55, 84]



1.3.2 Surgical Models of CDH

Surgical models are based on the surgical creation of a diaphragmatic
defect most commonly in sheep and rabbits relatively late in gestation [reviewed
in: 39,84], In sheep, the hernia is created at gestational days 72-75 (term is 145-
149 days), equivalent to gestational age 10 weeks in humans, with the
abdominal bowel positioned into the chest to optimally mimic that aspect of
human CDH. This corresponds to pseudoglandular stage of lung development
and the moment of pleuroperitoneal canal fusion during diaphragmatic
development [reviewed in 391" [ ater, rabbits were used as a surgical model
because of its shorter gestational period (term is 31 days with the hernia
created at day 23), larger litter size, easy availability and reduced relative
cost [reviewed in 39]

The surgical models were especially suitable to investigate
interventional therapies in CDH such as administration of corticosteroids, in
utero repair of diaphragmatic defect and prenatal induction of pulmonary
growth by tracheal occlusion [reviewed in: 39, 84] However, the disadvantage of
the surgical models is that the diaphragmatic defect is created relatively late,
following substantial normal lung and diaphragm development [reviewed in: 39,
84]

As a result, to better understand and study the etiology and
pathogenesis of CDH, rat dietary, teratogenic and recently genetic mouse
models of CDH have been introduced. The various models and potential

overlapping mechanisms of actions between the models are discussed below.



1.3.3 Etiology of CDH

A- Retinoid Hypothesis of CDH Etiology

Vitamin A nutrition is essential during embryonic development as
noted by early nutritionists who observed fetal death or congenital
abnormalities in the offspring of mothers with insufficient vitamin A uptake
during pregnancy [reviewedin90]  AJ] retinoids, vitamin A and its metabolites, are
obtained from the diet either as a preformed retinoid (primarily as a dietary
retinol or retinyl ester) in animal meat or as pro-retinoid carotenoid ester
(primarily as (-carotene) in vegetables [reviewed in: 25, 41] Retinoids serve an
important function in several biological processes such as cellular growth,
proliferation, differentiation, reproduction and morphogenesis [82].

In enterocytes, these dietary retinoids are then processed and
packaged with other dietary lipids as retinyl esters into chylomicrons by the
enzyme lecithin: retinol acyltransferase (LRAT) [reviewed in 41] Most of the
dietary retinoid is stored as retinyl ester in the stellate cells of the liver but
may also be found in the lung during embryonic life [reviewed in: 25, 41] These
hepatic stores can then be mobilized into the circulation as retinol bound to
plasma retinol binding protein (RBP) which is itself complexed with
transthyretin [reviewed in: 25 41]  Distal tissues acquire retinol from the
circulating retinal-RBP complex or post-prandially from chylomicrons and
oxidize it enzymatically [reviewed in 41] At the cellular level of these target
tissues, retinol binds to cellular retinol binding proteins (CRBP1 and 2) and

stored either as retinyl esters or converted into retineldyde (retinal) by

10



cytosolic alcohol dehydrogenases (ADH) and ultimately into retinoic acid
(RA) by an irreversible oxidative reaction via retinaldehyde dehydrogenases
(RALDHSs) and in particular RALDH2 which is considered the main enzyme in
regulating RA synthesis [reviewedin: 25,41] RA signal transduction is mediated by
binding of ligand to its cognate receptors which drive expression of retinoic-
acid responsive genes. There are two families of nuclear receptors: retinoic
acid receptors (RARs) with 3 different isotypes o, p and vy, activated by both
all-trans and 9-cis RA, and retinoid X receptors (RXRs), including o, B and v,
activated only by 9-cis RA. RARs and RXRs are both members of the
steroid/thyroid hormone superfamily of ligand-inducible transcriptional
regulators [reviewed in 25 82]  RARs seem to operate only as heterodimeric
RAR/RXR. RXRs can also act either as homodimers or heterodimers
enhancing the binding of RARs, vitamin-D3 receptors and thyroid hormone
receptor, to their responsive elements [reviewed in 25;82] The RAR/RXR complex
then binds to a specific DNA sequences called retinoid responsive elements
(RARE and RXRE respectively) usually upstream of retinoid regulated genes
[reviewed in 25; 82]

The “retinoid hypothesis” of CDH etiology was based on animal and
human data [% 17 48] showing a correlation between diaphragmatic hernia
and:

(D Vitamin A deficiency
(2) Retinoid receptor double null mutant mice

(3) Exposure to teratogens that interfere with RA synthesis

11



(4) The expression pattern of the components necessary for RA
synthesis and signaling within the diaphragm

(5) Pilot study showing abnormal retinoid homeostasis in human
newborns with CDH

One of the first pieces of evidence linking retinoids with CDH was
published in 1946, whereby some off-spring of vitamin A deficient dams
revealed many congenital anomalies such as underdeveloped lungs,
incomplete pleural chambers around the pericardial cavity, spongy heart
muscle, hypoplastic kidneys and diaphragmatic hernia with a possible
protrusion of the liver into the thoracic cavity [85],

In 1994 Mendelshon et al. reported posterolateral diaphragmatic
hernia in a subset of af32 and one out of four af32+/- double mutant mice in
conjunction with lung hypoplasia, heart and urogenital defects [5Z reviewed in 55;
61],

The most common teratogenic model of CDH in rodents, used for the
past two decades to investigate CDH anomalies is the nitrofen model [6%
reviewed in 84] ' Nijtrofen (2,4-dichlorophenyl- p -nitrophenyl ether), is a diphenyl
ether originally used as a herbicide [40; reviewed in 84] AJthough administration of
a single dose of nitrofen during mid-gestation, typically between E8 and 10
had no apparent affect on pregnant dams, it did cause developmental
anomalies in their embryos including diaphragmatic hernia which were
similar in location and extent to human CDH and associated pulmonary

hypoplasia, pulmonary hypertension, cardiovascular and skeletal defects [15

12



20; reviewed in 84]_

Several hypotheses have been put forward to explain the possible
teratogenic effects of nitrofen [64l. Initially, based on its structural similarity
with thyroid hormone (TH), nitrofen was suggested to cause CDH by altering
TH levels and thyroid hormone receptor (THR) functions [40. 64, However,
studies of the direct impact of nitrofen on thyroid hormone signaling were
ultimately inconclusive suggesting an alternative mode of action [#0l. Nitrofen
did not antagonize THR action at the administered levels, nor did it cause a
perturbation of the thyroid response element (TRE) action or there was a
reduction in the incidence of CDH when nitrofen was administered with TH
[40; 64]

Subsequently, it was discovered that nitrofen caused a decline in -
galactosidase activity of RARE-LacZ genetically modified mice and there was
a reduction in the incidence of CDH and increased lung growth following
Vitamin A administration in the nitrofen rat model [13; 40; 56; 61; 80], Recently, a
study by Noble et al. using in vitro cell assays in conjunction with whole
animal rodent models confirmed nitrofen-induced suppression of RALDH2
activity rather than expression [#0; 64, Three other CDH-inducing teratogens
have been identified: 4-biphenyl carboxylic acid (BPCA), bisdiamine [N, N-oc-
tamethylenebis (dichloroacetamide)], and SB-210661. BPCA is a breakdown
product of a thromboxane-A2 receptor antagonist, bisdiamine is a
spermatogenesis inhibitor, and SB-210661 is a benzofuranyl urea derivative

developed for inhibiting 5-lipoxygenase. These drugs have similar chemical
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structures to each other and to nitrofen, and also induce CDH in rats by
RALDH2 inhibition [15: 53],

Recently, Clugston et al. demonstrated the expression of proteins
necessary for RA synthesis from retinal, transport to the nucleus and signal
transduction via its nuclear receptors within the primordial diaphragm [17].
The study showed a wide expression of CRABPII (cellular retinoic acid
binding protein II), RALDH2, RARa, RARy and RXRa. The expression of RARa
within the PPF was of particular interested because of its location in
mesenchymal cells of the dorsolateral region typically affected in CDH
primordial diaphragm cells [171.

Two clinical studies further support the link between vitamin A
deficiency and CDH previously noted in experimental animals. In the first
study, the plasma retinol and RBP levels were 50% less in the CDH newborns
compared to the control, while retinol levels of CDH mothers were higher
than control mothers [“8l. Recently, a second larger study confirmed lower
levels of retinol and RBP in CDH newborns, but there was no difference in
retinol and RBP between CDH and control mothers [°l. These clinical studies
suggest that there may be: (1) disturbed fetal vitamin A signaling due to
defective receptors, converting enzymes, binding proteins in the embryo
during early gestation, or (2) impaired retinol transport from the yolk sac to
the fetus [9 481,

An alternative hypothesis of nitrofen teratogenic mode of action “the

apoptosis  hypothesis”  suggests  nitrofen-induced apoptosis  of
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undifferentiated cells. This is supported by an observation of excessive cell
death in the presomitic mesenchyme surrounding cervical somites 2, 3 and 4
of fetal rats and increased caspase-3 activities and DNA fragmentation in
multiple teratocarcinoma cell lines [ 401, However, no evidence of apoptosis
in the developing diaphragm tissue in any of the rodent CDH models has been

reported.

B- Genetic Etiology of CDH

In addition to the recently proposed “retinoid hypothesis”, the genetic
origins of CDH are of significant interest, largely due to the characterization
of mutant mice with abnormal diaphragm phenotypes and genetic screening
in infants with CDH [191. Chromosomal abnormalities were identified in 10-
20% of CDH cases with a higher rate in cases with associated malformations
[reviewed in 27]  The existence of so-called CDH-critical regions, parts of
chromosomes where recurring structural abnormalities have been found in
multiple cases, suggest the presence of genes that cause or predispose one to
the development of CDH [19 reviewed in 27] Seyeral techniques have been used to
identify chromosome abnormalities including R- and G-banded analysis, FISH
and most recently array-based comparative genomic hybridization (aCGH)
[reviewed in 27] [n addition, genetic studies using knockout mice have begun to
shed light on the function of genes linked to CDH by making the gene of
interest inoperable [reviewed in 40,84]

The first and best characterized critical region to be identified is
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located at 15q26, the deletion of which account for ~ 1.5% of CDH cases and
is associated with very high mortality [reviewed in 191 COUP-TFII (Chicken
ovalbumin upstream promoter transcription-factor II) is one of the four
known genes residing within this critical region [reviewed in 1; 21; 87] [t js a
member of the steroid/thyroid hormone receptor superfamily with an
important role in embryonic development. It is expressed in the lung, the
foregut mesenchyme, the primordial diaphragm and the septum transversum
(21, 871, Coup-tfll null mice die prior to diaphragmatic embryogenesis due to
many malformations including defects in angiogenesis, heart development,
and renal malformations [reviewedin1;21;87] 'However, Nkx3-2 Cre-induced Coup-
tfll conditional null deletions restricted to the foregut mesenchyme survive
to later stages and exhibit Bochdalek type CDH, the most common form of
CDH l[reviewed in 1; 21; 87],

Similar to Coup-tfll, Wt1 null mice also demonstrate a Bochdalek
hernia phenotype and Wt1 expression is required for the development of the
genitourinary system, the spleen, the heart and the diaphragm [reviewed in 1, 84],
However, besides a few reports of mutations of WT1 (Wilms’ Tumor-1) in
human case reports on syndromic CDH such as WAGR and Denys Drash, no
relationship between the presence of the WT1 mutation and isolated CDH
was found [reviewed in 84]

Several other regions of the human genome have been identified as
putative CDH-critical regions including 8p23.1 and 8q22-23 which harbor

GATA4 and FOGZ2 respectively [191. FOG2 is a transcription cofactor for the
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GATA family of transcription factors. Its interaction in vivo with GATA4 is
essential for normal development of the lungs, heart, diaphragm and gonads
[reviewed in 1] Fog2 is expressed in mesodermal tissues including the
mesothelium and primordial diaphragm [reviewed in 1] There has been a case
report of an infant with a specific mutation in the FOGZ gene and who
suffered from diaphragmatic eventration [reviewed in 1; 191 Furthermore,
although FogZ2 null mice die from cardiac defects prior to diaphragm
development, mice with a homozygous hypomorphic mutation in FogZ2 have
posterior membranous diaphragms and an abnormal pattern of
muscularization [reviewedin 1,191 Similarly, Gata4 heterozygous mice have many
developmental defects such as midline diaphragmatic hernia and cardiac

malformations [371.

1.3.4 Pathogenesis of CDH

Although the mechanisms underlying the pathogenesis of CDH are not
fully resolved, there are a number of theories pertaining to the pathogenesis
of the disease:

(1) Diaphragm tissue malformation secondary to mal-development of
the adjacent lung tissue

(2) Failure of pleuroperitoneal canal closure (i.e. fusion of the
primordial diaphragm with the body wall): most commonly cited
hypothesis in text-books

(3) Diaphragmatic muscle malformation due to a perturbation of the
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normal innervation of the diaphragm by the phrenic nerve
(4) Improper myotube formation within the region of diaphragmatic

hernia [4; reviewed in 28]

Theory (1): Central to this hypothesis is that the primordial diaphragm
is regulated or influenced directly by the development of the adjacent lung
tissue [71. This notion is not supported for two important reasons. First, Kluth
et al. concluded based on visual inspection with scanning electron
microscopy, that the lungs were normal prior to invasion of the abdominal
contents into the thoracic cavity [#2l. Second, in Fgf10 (-/-) null mutant mice
that do not develop lung tissue, the diaphragm forms normally and nitrofen
induces CDH without any necessary signaling from the lung [8l.

Theory (2): Is not supported due to the fact that the diaphragmatic
hernia often occur medial to the pleuroperitoneal canals, a pair of narrow
channels in the dorsolateral region of the developing diaphragm connecting
the peritoneal and pleural cavities, and prior to closure of the left and right
pleuroperitoneal canals in all rodent models studied [31.

Theory (3): A study by Allan and Greer [l demonstrated that prior to
naturally occurring programmed cell death (PCD) (E15-E16), the numbers of
phrenic motoneurons and axons in CDH rats were similar to those in control
rats on both ipsi- and contralateral sides of the hernia, whereas post E16 a
large reduction in the number of phrenic motoneurons was observed on the
ipsilateral side, in animals with large diaphragmatic hernia [4l. This can be

explained by the fact that the number of neuronal cell axons and bodies that
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remain after PCD is determined by the target tissue which is malformed in
CDH 41,

Theory (4): This hypothesis suggests that myotubes in the region of
the hernia are structurally weak due to an abnormality in density and/or
distribution, and thus rupture in response to the pressure of the growing
abdominal contents and the shear forces associated with the diaphragmatic
contractions in utero 4. However, Allan and Greer demonstrated enhanced
thickening around the defect most likely being due to the aggregation of
muscle precursor cells in the region of the hernia that would normally spread
out to populate the entire diaphragm [4].

Collectively, the above data support the idea that the initial defect can
be traced back to a malformation of the primordial diaphragmatic anlage, the
PPF. In fact, Iritani and Kluth demonstrated a nitrofen-induced defect as early
as E13-E14 in the PPF area [reviewedin 28] Greer et al. further supported data by
providing three-dimensional reconstructions of control and nitrofen-exposed
E13.5 rats for a clear visualization of the regional defects within the posterior
and caudal regions of the PPF [30],

Subsequent data confirmed an initial PPF defect and went on to
implicate amuscular-mesenchymal component of the PPF. Babiuk et al.
showed that C-met (-/-) mice, which have a totally amuscular diaphragm due
to the loss of necessary signaling for muscle precursor migration from the
somites to peripheral muscles, including the diaphragm, have Bochdalek-

type diaphragmatic defects induced by nitrofen with the liver herniating
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through the defective mesenchymal sheet [7l. Furthermore, it was
demonstrated that in the nitrofen-exposed rat embryos, the mesenchymal
substratum in the dorsolateral region of the left PPF, through which the liver

was protruding, is missing (figure 1.2) [8l.

1.3.5 Summary

In conclusion, what is clear from the above studies is the importance
to understand the embryogenesis of the PPF, with an emphasis on the
amuscular component, as a major focal point for elucidating the pathogenesis

and etiology of CDH.
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Figure 1.2 Animal model showing basics of the hypothesis that a defect in the
mesenchymal substratum of the pleuroperitoneal fold (PPF) underlies CDH
pathogenesis.

(A) A schematic representation of a transverse cross-section through a rat embryo
showing muscle precursor cells (MPCs) (red) migrating to the triangular-shaped PPF
between embryonic day (E)12-E14, from which they later spread to populate the entire
diaphragm (E14-E17). In CDH, we hypothesize that a specific region of the dorsolateral
PPF is missing prior to MPCs arrival at the PPF (shaded area is missing). Panel (B) is a
transverse section of a nitrofen-exposed E13.5 rat embryo showing a malformed left PPF
immunolabeled with Pax3/7 for MPCs and the liver herniating through the missing

dorsolateral region (arrow). MPCs aggregate in the medial region of the PPF. Scale bar=
100 um (Adapted from Babiuk et al. [8]),
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1.4 Embryogenesis of the Amuscular Mesenchymal Component of the
PPF

The focus on Wtl and the developing amuscular component of the
PPF in this study is based on four important observations:

(1) Similar PPF malformation in WT1-null mutant mice and nitrofen-
treated and vitamin A deficient rats

(2) Wtl does not colocalize with Pax3-positive muscle precursor cells
and is thus only expressed in the nonmuscluar mesenchymal component of
the PPF as shown by immunohistochemistry

(3) Coexpression of Wtl and members of the retinoid signaling
pathways mainly RALDHZ2, RARa and RXRa

(4) Coexpression of Wtl and other CDH associated genes including
Fog2, Gata4 and Coup-tfll within cells of the PPF [16;17;19]

The WT1 gene consists of 10 exons spanning 50 kb of genomic
sequence. The WT1 gene product consists of four COOH- terminal C2H> zinc
fingers [57; reviewed in 77] Jts NH, terminus contains both transcriptional
repression and activation domains [reviewed in 77]  Additional motifs are
essential for self-association, nuclear localization, and RNA recognition and
processing [reviewedin 771 More than 20 WT1 gene products are generated by a
combination of alternative mRNA splicing, initiation of translation at variable
start codons, and RNA processing [57; reviewed in 77],

Wt1 is involved in a number of cell functions during embryogenesis.

Extensive in situ analysis has shown that Wtl is expressed in the
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intermediate mesoderm, kidneys, gonads, diaphragm and in a domain in the
limbs indicating its role in limiting the domains of chondrogenesis and/or
interdigital apoptosis and in the mesothelium as early as E9.5 mice embryos
and stage 12 chick embryos [36 57 58]. The domains in which Wt1 is expressed
suggests that it plays a role in enabling cells to flip between mesenchymal
and epithelial cell fates [57],

During early nephrogenesis, Wt1 is expressed at low basal level in the
metanephric mesenchyme, mammalian kidney precursor, and is upregulated
during mesenchymal condensation to induce epithelial conversion [34].

During early cardiac development, Wtl is expressed in the
mesenchymal proepicardial villi on the cranial surface of the diaphragm in
the mouse of E9, and it marks the epithelial epicardial cells that migrate from
the proepicardial organ onto the surface of the myocardium [57]. Later the
epicardial cells begin to delaminate from the epicardium to form
subepicardial mesenchymal cells known as epicardial derived cells (EPDCs)
which give rise to coronary smooth muscle cells, perivascular fibroblasts, and
intermyocardial fibroblasts [57]. Following terminal differentiation, Wt1 is no
longer expressed in these cells [571. In Wt1 null mice the epicardium does not
form correctly with large gaps in the cranial part and complete absence of the
epicardium over the ventral surface of the aorta and the myocardium is thin,
a phenotype that resembles RA-depleted and RXR-alpha knock-out mice 57
68]. Furthermore, a recent study performed in normal avian and in quail-to-

chick chimeric embryos found that Wt1 and RALDH2 are coexpressed in
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EPDCs and become down-regulated as EPDCs differentiate and express
lineage-specific markers [68]. They also concluded that the function of Wt1 in
myocardial development is to maintain the RA expression to prevent
premature differentiation of EPDC [68l,

Similarly, in the liver the expression of Wtl coincides with that of
RALDH2 in coelomic epithelium, whose expression is also down-regulated as
these cells delaminate and disperse among the hepatoblasts, thereby
contributing to the stellate cell population and the sinusoidal endothelium.
Furthermore, both Wt1 and RXRa-null mice suffer from liver hypoplasia [351.
Similar to the heart, it has also been concluded that in the liver Wt1 is

required to maintain RALDH2 expression for normal development [351,

1.5 Diaphragm Embryogenesis

1.5.1 Overview of Diaphragm-Phrenic Nerve Embryogenesis

The literature in the majority of embryology text-books states that the
diaphragm musculature arises as a composite from a number of
embryological sources: the septum transversum (of anterior endodermal
origin), the PPF, the dorsal (or esophageal) mesentery, and the thoracic body
wall [8 241, However, data from several studies identified the PPF as the sole
source of diaphragmatic musculature [8 24 301, The PPF is a wedge-shaped
tissue composed of the fusion of the primordial pleuroperitoneal and
pleuroperciardial tissues. This fold tapers medially from the lateral cervical

wall into the esophageal mesentery and fuses ventrally with the dorsal aspect

24



of the liver and septum transversum (figure 1.3) [7; 30]. Subsequently, muscle
precursor cells from the dermomyotome of cervical somites and the phrenic
nerve that form the neuromuscular component of the diaphragm migrate
into the PPF [7 30l The PPF becomes a well recognized structure between
E12.5 and E13.5 in the rat (gestational period is 21 days) and it is the

expansion of these structures that leads to the formation of the diaphragm (7

30],
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Figure 1.3 Schematic diagram demonstrating the location of the PPF relative to the
surrounding tissue.

At E13.5, the triangular shaped PPF extends medially from the lateral body wall to
adhere with the esophagus medially and with the septum transversum and the liver
Ventrally (Adapted from Allan et al. [3]),
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Cervical axons emerge from the spinal cord at E11 and migrate
dorsoventrally, slightly obliquely, to join the other cervical axons and form
the brachial plexus at E12.5 [3; reviewed in 29] Dyring E12.5-E13, the plexus is at
the rostrocaudal level of C6 at the base of the forelimb bud. Subsequently, the
two populations diverge as phrenic axons continue to grow ventrally toward
the PPF and brachial axons turn laterally to grow into the limb bud [3; reviewed in
29]. A few pioneer cells, p75-receptor and neural cell adhesion molecule
(NCAM)-expressing cells, advance ahead of the bulk of phrenic axons that
grow along this well defined track of cells into the PPF [3; reviewed in 29] The
cellular composition of the migratory track and the identity of guidance cues
has not been determined. By E13.5, phrenic axons reach and converge
medially within the PPF (figure 1.4) [3; reviewed in 29] Syhsequently, as the heart
and lungs enlarge within the thoracic cavity, the PPF and the contacting
phrenic nerve descend caudally to the final position of the diaphragm Bl. By
E14.5, branching of the phrenic nerve within the diaphragm and myotube
formation had commenced [3; reviewed in 29] Polysialylated (PSA)-NCAM plays an
important role in phrenic axon segregation at the brachial plexus and

intramuscular branching by promoting axonal defasciculation [21.
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| R Phrenic nerves

Figure 1.4 The medial location of the phrenic nerve within the PPF.

Transverse section from an E13.5 rat embryo immunolabeled with the low affinity
nerve growth factor (p75) receptor for the phrenic nerve and muscle tissue within the
PPF. Lu, lung; E, esophagus; A, aorta; VC, vena cava (Adapted from Greer etal. [30]),
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Muscle precursor myogenic cells migrate from the cervical somites to
the brachial plexus. Subsequently, a subpopulation then continues into the
PPF to reach it by E12.5 [reviewed by 49] The precursor cells then begin to
proliferate and differentiate. After E13, there is a radiation of muscle
precursors from the PPF towards the dorsolateral costal, sternal costal and
crural regions from the centre of these axes to the mediolateral and
dorsoventral directions of the diaphragm [% 8. By E17, muscle cells have
reached all the regions that will be muscularized in the diaphragm, leaving
the central tendon and a small tendinous area between the crural and costal

regions amuscular [% 8],

At E14.5, the phrenic nerve in the PPF defasciculates into three
intramuscular primary branches which extend in the same three axes as the
muscle precursors, into the dorsolateral costal, sternal costal and crural
regions of the diaphragm (figure 1.5 A) [2 3: 81, At the earliest time of phrenic
nerve branching, myoblasts at the point of contact with the nerve began to
fuse and form distinct myotubes [% 3; 8. As the nerve migrates through the
various sectors of the diaphragm, myoblasts along the nerve’s path begin to
fuse and form additional myotubes [2 3; 8. There was always a radiation of
myotube elongation from the point of nerve innervation at the centre of the
fibers medially toward the central tendon and laterally toward the lateral
edge of the diaphragm [2 8], These observations are in agreement with the
general idea that in all mammalian muscles the end-plate is usually located in

the centre of the fiber and that motor axons normally impose regulatory
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influences on muscle cells from the point of contact that mediate and
facilitate myotube formation via electrically or activity mediated effects [2 3
8]. A higher magnification view revealed that the growth cones of phrenic
axons lag behind the advancing wave of muscle precursors and developing

myotubes by about 200um (figure 1.5 B) [2].
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Figure 1.5 Relationship between phrenic nerve intramuscular branching and
myotube formation during diaphragm development.

(A) Whole mounts of rat diaphragms isolated at different developmental ages: E14.5
(top left), E15.5 (top right), E16 (bottom left), and E17.5 (bottom right). Phrenic axons
and myotubes are immunolabeled with PSA-NCAM demonstrating that during
intramuscular branching myotube formation (mediolateral striations) occurs along the
nerve’s path. (Right sternal branch indicated by arrows). E, esophagus; VC, vena cava; A,
aorta; CT, central tendon; S, sternal; M, medial. (B) A higher magnification of an E15.5 rat
diaphragm showing primary myotubes ahead of phrenic axons. Scale bars: A= 500 um
and B= 100 um (Adapted from Allan et al. [2]),
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1.5.2 Summary

Based on what is known so far about diaphragm embryogenesis, there
are two basic questions related to nerve-muscle development that require
further clarification: (1) what are the cues that guide phrenic axons toward a
very localized point within the primordial diaphragm? (2) what determines

the characteristic pattern of intramuscular branching within the PPF?

1.6 Schwann Cell Precursor Migration and Axon Interactions

Harrison showed that in Rana esculenta, motor axons lacking neural
crest cells still followed their normal path to the abdominal myotomal
muscles [reviewed in: 62, 63] Thjs was explained by pointing out that myotomal
muscles form close to the ventral root exit zone, so motor axons only have to
migrate a short distance to reach them, which they can do without neural
crest cells [reviewed in: 62, 63] However, when their target is further away such as
the limbs, motor axons do not migrate in the absence of neural crest cells as
seen in Amblystomalreviewedin: 62, 63] Many studies have implicated the absence
of Schwann cells, which are derived from the neural crest cells as the cause of
this failure [62 63]. A study by Noakes and Bennett demonstrated that in the
developing chick forelimb, Schwann cells are located ahead of the main limb
nerve and within the early myotube clusters ahead of the nerve branches that
innervate the limb muscles [¢2l. Later, another study by Noakes et al. tested
the effects of neural crest removal in the chick embryo, which demonstrated

that motor axons reached the base of the limb in the absence of Schwann
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cells, but did not enter the limb bud and innervate limb muscles [63],
Furthermore, the motor axons at the base of the limb were scattered and

failed to fasciculate and form the main limb nerve trunks [63],

In contrast to the above and in a different study investigating the role
of Schwann cells in the guidance of axons during mammalian development,
Splotch-mutant mice were used as a genetic model to generate Schwann-cell
free lumbo-sacral peripheral nerves in a non-surgical manner B1l. Using light
and electron microscopy to visualize the hindlimb nerves, it was observed
that despite the absence of Schwann cells the lumbo-scaral nerve trunks and
their branches entered the hindlimb in the correct position and contacted the

muscle precursor cells, but the cutaneous branches were missing [311.

Furthermore, following a muscle nerve crush and ligations, Schwann
cells proliferate at the site of lesion and their associated basal lamina forms
bands of Bungner (Schwann cell tubes) that connect proximal and distal
regions of the lesion allowing the axons to re-establish their neuromuscular

relatlons [reviewed in 54; 63].

In summary, based on the above studies, it is not clear whether

Schwann cells lead axon pathfinding and/or intramuscular branching.

1.7 Guidance Cues that Determine the Pattern of Intramuscular

Branching within the Diaphragm
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There is always a correlation between phrenic nerve branching and
muscle precursor cells that show a greater density along the center of the
axes of the diaphragm, around the nerve branches. Furthermore, the growth
cones of the phrenic nerve lag behind the migratory muscle cells by about

200um during intramuscular branching [2I.

Therefore, muscle precursors could be providing guiding cues to the
phrenic axons, whereby Harris (1981) and Lin et al. (2001) demonstrated
that there is a concentration of acetycholine receptors (AChR) in the centre of
the developing myotubes in the absence of neural innervation, thus providing
a target for advancing intramuscular axons, alternatively, common molecular
cues from the mesenchymal substratum could provide guidance for

migration and proliferation of muscle cells and phrenic axon outgrowth [3; 8

reviewed in: 29, 49]_

It has been shown previously that in the absence of muscle cells in
chick limb buds following X-irradiation of somitic mesoderm, the main limb
nerve trunks and their cutaneous branches formed normally, but the side
nerve branches that innervate individual limb muscles were absent [#4. In
another study, whereby the somites were removed surgically, it was shown
that unlike the previous report, the branches did form in the amuscular chick
limb bud, but did not form higher order branches and then degenerated in

older embryos [69].
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In summary, it appears that muscle cells play a role in establishing

and /or maintaining intramuscular branching pattern.

1.8 Summary

CDH is a life-threatening birth defect characterized by a hole in the
diaphragm that originates in the amuscular PPF. Regarding PPF
embryogenesis and CDH pathogenesis, I determined (1) the embryology of
the nerve, muscle and mesenchymal components of the PPF during the
critical CDH related period embryonic day (E)12-E14; (2) that the
mesenchymal cells of the PPF are of mesodermal origin that undergo
epithelial-mesenchymal transformation (EMT) during the critical period of
CDH pathogenesis; and (3) in the defective PPF, there is an increase in the

density of muscle cells and a decrease in the density of mesenchymal cells.

The phrenic nerve-diaphragm is an excellent model to study the
development of the neuromuscular system. My results indicate that phrenic
axons and Schwann cells migrate in tandem to the PPF and during the
process of intramuscular branching, and that in the absence of migrating
muscle precursors, phrenic axons migrate normally to the PPF but

intramuscular branching is markedly abnormal.

35



CHAPTER 2. MATERIALS AND METHODS

2.1 Tissue Collection (Rats and Mice)

Timed-pregnant Sprague-Dawley rats and transgenic mice were
housed within the animal breeding facility at the University of Alberta and all
experiments were carried out in accordance with the guidelines established
by the animal welfare committee at this institution. To obtain pregnant
females, animals were set up for overnight breeding. The day in which a
morning test reveals the appearance of sperm plugs is designated E0. On the
desired day and prior to surgery, rat or mouse dams were anaesthetized with
halothane (~3%) using carbogen (95% O and 5% CO2) as the carrier gas,
and maintained at 37°C by radiant heat. A laparotomy was performed to gain
access to the abdominal cavity and the gravid uterus and the embryonic and
fetal tissue was removed. Embryonic age was confirmed by measuring the
crown-rump length (CRL) of the embryos; for rat tissue a previously
published growth-curve was used [6]; for mouse tissue we generated our own
growth-curve using data from multiple sources [3% 38 74 75 81] Collected
embryos were decapitated, and the hindquarters removed, and the
remaining trunk placed in 4% paraforaldehyde (PFA) for fixation for at least
24 hours at 4°C. For fetuses, a dissecting microscope (Leica Wild M3(;
Wetzlar, Germany) was used to isolate the whole diaphragm which was then

rinsed in phosphate-buffered saline (PBS) and fixed in 4% PFA. To genotype
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transgenic mouse tissue, tail and head tissue was removed and frozen

immediately.

2.2 Transgenic Mice

2.2.1 Mutant Mice

A full description of how C-met and Pax3-Cre mice were generated has
previously been published [9 and 22 respectively)

For genotyping, genomic DNA was isolated from fetal tail or head
tissue according to standard protocols. To amplify a 650-bp C-met wild type
allele, the following  primers were used: WMet8s (5°-
CTTTTTCAATAGGGCATTTTGGCTGTG-3’) and WMet10 (5-
GTACACTGGCTTGTACAATGTACAGTTG-3’). For the 300-bp C-met mutant
allele, the following primers were used: NeolL (5°-
CCTGCGTGCAATCCATCTTGTTCAATG-3") and WMet5 (5’-
CACTGACCCAGAAGAGTGG-3’). For the wild-type and mutant bands, the DNA
underwent 43 cycles of amplification consisting of denaturing (94°C, 40 s),
annealing (65°C, 30 sec), and extension (72°C, 15 sec + 1 sec/cycle). 10 ul of
the sample was then run on a 1.2% agarose gel to analyze the results of the
PCR reactions.

For Pax3-Cre, the following primers were used: mutant primers (5'-
CTG CAC CTA AGG GAC TCC TC-3") and (5’-GTG AAG GCG AGA CGA AAA AG-
3’) to generate a 190-bp mutant fragment; wild-type primers (5’-AGG CAA
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ATT TTG GTG TAC GG-3’) and (5’-GTG AAG GCG AGA CGA AAA AG-3’) to
generate a 169-bp fragment. DNA was amplified for 35 cycles: (30 sec at
94°C, 1 min 65°C, 1min 72°C). Genotyping was performed initially by me, but
then by Transnetyx Inc. (a molecular diagnostics company in Memphis,

Tennessee) to expedite results.

Wntl-Cre mice crossed with ROSA line dams were generously
provided by Dr. Simon Gosgnach to label neural crest derived Schwann cells.
To identify the Wnt1-Cre mice expressing GFP the following primers were
used: Cre4 (5- CAATTTACTGACCGTACAC-3) Cre3 (5-
TAATCGCCATCTTCCAGCAG-3’) and eGFP1 (5-GACGTAAACGGCCACAAGTT-
3’); eGFP2 (5’-GAACTCCAGCAGGACCATGT-3’). DNA underwent 2x30 cycles
of amplification (1min at 94°C, 1min annealing, 1min at 72°C), followed by
5min at 72°C. Genotyping was performed by Ken Wong, technician in Dr.

Gosgnach’s lab.

2.2.2 Tie2-LacZ

At E14.5, Tie2-LacZ (Jackson laboratories) embryos were collected and their
tails were immediately isolated for genotyping. The isolated tails were rinsed
in ice cold X-rinse (2 mM MgClz, 0.01% sodium deoxycholate, 0.02% Nonidet
P-40 in 0.1 M PBS) for 5-10 minutes and then incubated for 4-6 hours in X-gal
staining solution (1.0 mg/ml X-gal [5-bromo-4-chloro-3-indyl-3-D-

galactopyranoside], 2 mM MgCl;, 0.01% sodium deoxycholate, 0.02%
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Nonidet P-40, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,

20mM Tris).

2.2.3 Mesp1-Cre/R26R

Embryonic tissue from E12 Mesp1-Cre/R26R mice, X-Gal stained and
fixed in 4% PFA, were provided by Dr. Iseki from Tokyo Medical and Dental

University for immunohistochemistry [51; 76],

2.3 Nitrofen Delivery

On E9.5, timed-pregnant rats were treated via gavage feed with the
CDH-inducing compound nitrofen (2,4-dichlorophenyl 4-nitrophenyl ether;
obtained from the China National Construction Jiangsu Company [Nanjing,
China]. Dams were anaesthetized lightly with halothane and a mixture of 150

mg nitrofen dissolved in 150 ml olive oil was administered.

2.4 Tissue Preparation

Paraffin embedded tissue: Fixed tissue was dehydrated in an
ascending series of graded ethanol-water mixtures, dewaxed in xylene and
then transferred to plastic moulds containing liquid paraffin for incubation in
an oven at 55°C. After ~4 days, the moulds were removed from the oven and

the tissue orientated immediately. Serial, transverse sections of paraffin
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embedded tissue was then cut using a rotary microtome (Leica RM2135;
Leica Microsystems, Wetzlar, Germany) at a thickness of 6 um and mounted

on pre-subbed glass slides.

During immunolabeling, sections were dewaxed in xylene and then
rehydrated using a graded series of alcohol. Sections were then rinsed in PBS,
microwaved in 0.01M sodium citrate buffer, pH 6, at 600 W for 5 minutes

before continuing with the immunolabeling protocol.

Whole mount diaphragms: Diaphragms were washed in PBS,
immunostained while free floating and then mounted on pre-subbed glass

slides.

2.5 Immunolabeling

A list of antibodies used in this study can be found in table 2.1. Note
that the concentration of primary antibodies is lower for free floating tissue.
Unless stated otherwise, a minimum of three distinct litters were used for
each group to confirm the results. All experiments were repeated in triplicate
by using three embryos per litter, including negative controls, to confirm the
pattern of staining, and representative examples were chosen for

presentation.

Immunohistochemistry: Sections were pretreated with 1% hydrogen
peroxide in 100% methanol for 30 minutes. Sections were treated with 10%
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donkey serum in 0.4% Triton X-100/PBS for 30 minutes before incubation
with the appropriate primary antibody. All primary antibodies were diluted
in PBS with 1% donkey serum and 0.4% Triton X-100; the antibodies were
left to incubate overnight at room temperature. After incubation with
primary antibodies two different approaches were used to visualize primary
antibody localisation: i) chromogenic visualization and ii) fluorescent

visualization (double and triple-labeling).

For chromogenic visualization, sections were thoroughly washed with
PBS and incubated with the appropriate biotin conjugated secondary
antibody for 60 min at a 1:200 dilution. The slides were then washed in PBS
and incubated with a 1:100 avidin-biotinylated peroxidase complex solution
(ABC kit, PK4000, Vector Laboratories, Burlingame, CA) for 60 min. A final
wash step was followed by antigen visualization via Nickel intensified 3,3-
Diaminobenzidine tetrahydrochloride (DAB) labeling (0.04% DAB, 0.04%
hydrogen peroxide, 0.6% ammonium nickel sulfate, in 0.1 mol/l Tris buffer)

before mounting with Entallen.

For fluorescence, sections were washed with PBS and incubated with
the appropriate fluorophore-conjugated secondary antibody (1:200-1:300;
with lower concentration for free floating tissue) mixture diluted in PBS and
1% donkey serum albumin for 2 hours. After incubation with the secondary
antibody sections were further washed in PBS and coverslipped with

Fluorsave mounting medium (Calbiochem, San Diego, CA).
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2.6 Microscopy

DAB-labeled tissues were visualized using bright-field microscopy and
fluorescent-stained sections were visualized using confocal microscopy.
Digital images and figures were prepared for publication using Adobe

Photoshop 6.0 (Adobe Systems, Mountains View, CA).

2.6.1 Bright-Field Microscopy

Free-floating tissue was examined and photographed with a bright-
field microscope (Leica Wild M3C) attached to a Nikon 990 digital camera
(Nikon, Tokyo, Japan). Mounted tissue sections stained with DAB were
examined using a conventional optical microscope (Olympus BX40; Olympus
corp., Tokyo, Japan) and photographed using the SPOT imaging suite

(Diagnostic Instruments, inc.; Sterling Heights, MI).

2.6.2 Confocal Microscopy

Immunostained sections were scanned with a Zeiss Axioplan
microscope using an LSM 510 NLO laser configured to a computer running
ZEN software (Zeiss, Jena, Germany). For Cy3 fluorescence, excitation (HeNe,
1 mV) was set to 543 nm, and emissions were collected using a 560-nm long-
pass filter. For Cy5 excitation (HeNe, 1 mV) was set to 633 nm, and emissions

were collected using a 630-nm long-pass filter. For Alexafluor 488 and
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fluorescein, excitation (Argon, 40 mV) was set to 488 nm, and emissions

were collected with a 505 nm long-pass filter.

2.7 Statistics

In all experiments, the data represents the mean number of cells per unit
area = SEM using student’s unpaired t test. The number of sections collected
from all animals used for each group was considered as the sample size [n].
The statistical difference was considered to be significant if the p-value was <

0.05. All statistical analyses were performed using Sigma Plot.
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Table 2.1- Table of Antibodies used

Antibody

Mouse antibodies:

Coup-tfll

MyoD

Wtl

GAP-43

neurofilament

E-cadherin

Goat antibodies:

Pax 3/7

Rabbit antibodies:

Anti -galactosidase

N-cadherin

Chicken antibodies:

Dilution

1:250

1: 50

1:50

1:1000

1:200-1:300

1:300

1:150-1:300

1:1000

1:1000
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Source

(Catalogue number)

PPMX H7147

Dako M3512

Dako M3561

Sigma 3C11

DSHB 2H3

BD 610181

SCBT 7748

MP A-11132

AB 12221



GFP 1:500 Aves lab GFP-1020

DSHB: Developmental studies hybridoma bank, University of lowa; SCBT:
Santa Cruz Biotechnology; BD: Becton-Dickson Biosciences; AB: Abcam.;

PPMX: Persus Proteomics; MP: Molecular Probes.

[ treated gavaged animals, isolated the embryos and the diaphragm,
performed X-gal staining and the initial genotyping of C-met and Pax3 mutant
mice, took and analyzed the light and confocal microscopy photos, did the
statistics and prepared the thesis figures.

Immunohistochemistry was performed with the help of Wei Zhang.
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CHAPTER 3. RESULTS

3.1 PPF Development in Rodents

In order to study the developing PPF, a series of rat embryos were
collected ranging in crown-rump length from 5 mm to 9 mm, which covers an
approximate period from E12-E14 (corresponds to gestational weeks 4-6 in
human embryos)[rviewedin 16],

There are three components of the PPF that must be differentiated
when examining the embryology of the PPF: muscle precursors, the phrenic
axons, and the non-muscular component onto which the muscle precursors
and nerve migrate.

Recent work by Robin et al. using haematoxylin and eosin staining in
combination with immunohistochemical staining with Pax3 for muscle
precursor cells (MPCs) and neurofilament for the phrenic nerve (figure 3.1)
(18] demonstrated that the MPCs start to be clearly evident within the PPF
at~E13 while the phrenic nerve is not yet visible in this structure (figure 3.1
F). Over the next ~36 hours, as the PPF grows in size, a further increase in
MPCs is observed with a bundle of neurofilament-positive fibers in a very
localized and consistent target within the medial angle of the triangular PPF
(figure 3.1 G-H).

The next step was to delineate the relative developmental chronology
of the normal amuscular PPF as a basis for its defective formation in CDH.
Previous work has determined that the transcription factors Wt1, Coup-tfl],
Gata4 and Fog2 are specifically co-expressed in the non-muscular
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mesenchymal component of the PPF [191, Wt1 and Coup-tfll were clearly
detected via immunohistochemistry providing the cleanest signal and the
mutant mouse models have Bochdalek-type diaphragmatic hernia similar to

the nitrofen and vitamin A deficient models [16; 191,

Rat embryos were collected from E12, the earliest age when the PPF
is first visualized to E13.5 when it is fully formed. In agreement with previous
data, Coup-tfll and Wtl are expressed in the nuclei of cells throughout the
PPF, increasing in number (based on visual inspection) as the PPF develops
and grows medially (figure 3.2). Outside the PPF, Coup-tfIl positive cells are
also found in the adjacent lung mesenchyme; while the expression of Wtl is

more restricted to the mesodermal tissue, the mesothelium (figure 3.2).
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Figure 3.1 Sequential arrival of MPCs and phrenic nerve into the PPF during
development.

Hematoxylin-stained transverse sections of the developing PPF from embryonic day E12 (A),
E13 (B), E13.5 (C), and E14 (D) rat embryos. The lower row of panels shows a series of
confocal microscope images showing immunoflorescence for MPCs (Pax3/7, green) and the
phrenic nerve (neurofilament, red) at corresponding ages of E12 (E), E13 (F), E13.5 (G), and
E14 (H). Scale bars: A, E = 100 um; B, C = 150 um; D = 200 pm; F, G, H = 125 pm (Adapted from

Clugston et al. [18]),

48



——r ] OO

Figure 3.2 Timeline of amuscular PPF development in rat embryo.

Each section shows a column of two single channel confocal images of Coup-tfIl (upper
channel, red) and Wt1 (lower channel, green) immunolabeling at E12 (A), E12.5 (B), E13
(C), and E13.5 (D) in the PPF. Outside the PPF, Coup-tfll is expressed in the lung
mesenchyme, while Wt1 is expressed in the mesothelial cells. Scale bar= 100 um.
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3.2 The Origins and Cell Types within the Amuscular Component of the
PPF
Given that the amuscular component of the PPF is the focus for
understanding the original defect in CDH, it is important to understand the
cellular origins and phenotypic transformation of the mesenchymal cells that
make up this amuscular substratum. There was very little data in the
literature that provide insights into the origins or cellular makeup of the non-

muscle component of the PPF.

A previous study in our laboratory tested the neural crest hypothesis
using Wnt1-Cre/R26R transgenic mouse model that has a lacZ reporter in
neural crest derived tissue based on the fact that nitrofen had been shown to
target neural crest cells 88l However, only the Schwann cell precursors

surrounding the phrenic nerve within the PPF were labeled [171.

A study by Zhou et al. using WT1CreETRZ /ROSA26 f5LZ to determine the
fate of WT1 proepicardial and epicardial cells, showed co-expression of [3-
gal-positive cells with endothelial cells [83]. Based on this observation, I
tested the hypothesis that in the diaphragm, Wtl-mesenchymal cells are
derived from endothelial cells using E14.5 Tie2-LacZ transgenic mice,
whereby LacZ is expressed in all endothelial-derived cells. However, only
vascular endothelial cell were labeled within the diaphragm (data not

shown).
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Given the fact that Wt1 was expressed in the non-muscle cells of the
PPF and that it has been implicated in mesodermal EMT, we tested the
hypothesis that amuscular PPF cells are of mesodermal lineage using Mesp1-
Cre/R26R transgenic mouse model (embryos from Dr. Sachiko Iseki, Tokyo)
that expresses a clearly visible lacZ reporter in cells of mesodermal origin. As
shown in figure 3.3 A, there was a clear lacZ labeling in the non-muscular
Pax3/7-negative PPF cells of E12 transgenic mouse embryos indicative of a

mesodermal origin.

We continued investigating the “mesodermal origin hypothesis” by
testing the hypothesis that EMT is an important contributor to PPF formation
and could be a target for further analyzing CDH pathogenesis. A number of
protein markers are typically used to detect various stages of EMT. We
initiated our studies by examining the expression of cadherins, cell adhesion
molecules known to be important for tissue organization during embryonic
development. Specifically, we examined the spatiotemporal distribution of E-
cadherin (expressed prior to EMT) and N-cadherin (expressed during and
after EMT). As shown in figure 3.3 B, there is a wide-spread N-cadherin
expression in the non-muscle cells within the PPF of E13.5 rat and an intense
expression of E-cadherin in the mesothelial cells surrounding the PPF. We
have not yet studied earlier stages to determine when E-cadherin expression

is prominent.
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Figure 3.3 Data indicative of mesodermal origin of non-muscle cells that undergo
epithelial-mesenchymal transition (EMT) within a fully formed rodent PPF.

(A) Right PPF (*) from an E12 Mesp1-Cre/R26R Lac-Z mouse. The blue deposit in the
PPF non-muscle cells is indicative of a mesodermal cell lineage. Brown staining is Pax
3/7 immunolabeling of MPCs. (B) Triple labeling of an E13.5 rat left PPF (*) for Pax 3/7
(blue), E-cadherin (green) and N-cadherin (red). The N-cadherin positive non-muscle
cells at this stage, indicative of EMT. E-cadherin is expressed in parts of the lung bud and
mesothelial cells (green) that have not undergone EMT. Scale bars= 100 um.

52



3.3 Characterization of Muscle and Mesenchymal Cells in Defective PPF

and Diaphragm

Previous data from the teratogenic, vitamin A deficient and transgenic
CDH models in conjunction with examination of human CDH diaphragms,
demonstrated a consistant thickening of the diaphragm tissue adjacent to the
defect [4 161, This led to the hypothesis that muscle cell precursors migrate to
a defective PPF mesenchyme and occupy the remaining tissue, thus leading
to an increased density of cell distribution. Here, I tested that hypothesis by
performing immunohistochemical evaluation of Pax3/7 and Wt1 expression
in the muscle precursor cells and mesenchymal cells respectively within the
PPF of an E13.5 nitrofen exposed rat embryo model of CDH and then in E18
whole diaphragms in rats exposed to nitrofen. Further, the Wt1 expression
data allowed for addressing the secondary question of how the amuscular
cells were organized in a defective PPF. Specifically, whether or not
amuscular cells were also distributed with a higher density adjacent to the

defective area.

The rostral border corresponds to the first serial transverse section
with a visible PPF protruding medially from the lateral cervical body wall
while the caudal boundary refers to the point at which the PPF is no longer

discernable from the underlying liver tissue (figure 3.5 A).

To determine whether there is a difference in the arrangement of

Pax3-positive and Wt1-positive cells, three to four embryos from each group
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were collected and randomly selected middle and caudal PPF transverse
sections, where the defect is always most severe, were used to count the
number of cells per unit area. A representative example of the chosen
sections from rostral to caudal are shown in figure 3.4 for both control and
nitrofen treated rat embryos. Statistical analysis (Student’s unpaired t test)
showed a significant increase in the density of muscle cells (figure 3.5 B:
control= 29 +3.1246 [n=3]; nitrofen= 41 £1.4142 [n=5]) and a significant
decrease in the density of mesenchymal cells (figure 3.5 C: control= 75 £8.5
[n=3]; nitrofen= 52.4 +4.02[n=5]) within the defective PPF regions when

compared to control.

To determine how the above results fit into the thickening observed
around the defect which reflects the hallmark of CDH pathogenesis, we used
random sagittal sections from a normal diaphragm and a diaphragm with a
posterolateral hernia (figure 3.7 A, B). The sagittal sections are thicker at the
periphery of the hernia compared to control (figure 3.6 A, C). Three to four
embryos for each group were used to determine the density of Pax3/7 and
Wtl-positive cells at 20X (figure 3.7 A, B) and 40X (figure 3.6 C, D)
magnification. As in the defective PPF, statistical analysis (Student’s unpaired
t test) showed a significant increase in the density of muscle cells (figure 3.7
C: control= 26.6667 + 0.8819 [n=3]; nitrofen= 39.3333 £ 1.3333 [n=6]) and a
significant decrease in the density of mesenchymal cells (figure 3.7 D:

control= 42.6667 + 2.0276 [n=3]; nitrofen= 31.8333 £ 0.4773 [n=6]) around
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the diaphragmatic hernia relative to control at 20X magnification. This
significant difference in the number of muscle and mesenchymal cells was
further confirmed at 40X magnification (figure 3.7 E, F: control muscle cells=
25 £+ 0.5774 [n=3]; nitrofen muscle cells= 36.4 + 3.1718 [n=5] and control
mesenchymal cells= 45 + 2.8868 [n=3]; nitrofen mesenchymal cells= 29 +

1.9235 [n=5]).

Together, these results confirm that the aggregation of muscle cells
around the defect is the cause of the observed thickening. The Wtl
expression data is suggestive of reduced number of mesenchymal cells both
in the defective PPF and around the diaphragm defect, perhaps due to a

decrease in proliferation or increase in apoptosis.
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Figure 3.4 Pax3/7 and Wtl immunolabeling within control and nitrofen-induced
right-sided PPF defect at E13.5.

Rostral to caudal (upper to lower panel) series of transverse sections through normal (A, B,
C, D) and CDH (E, F, G, H) PPF (*). In each section, the left column shows Wt1-positive non-
muscle cells (green), the middle panel shows Pax3/7-positive MPCs (red), and the right
panel shows a merged image. Scale bars= 200 um.
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Figure 3.5 Increased MPCs and reduced non-muscle cell density within the nitrofen-
model of PPF defect at E13.5.

(A) A transeverse plane at the cervical level of an E13.5 rat embryo. Bar graphs comparing
the density of Pax3/7- positive MPCs (B) and Wt1-positive non-muscle cells (C) in the PPF of
normal and CDH-PPF. (*) P < 0.05 mean + SEM.
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Figure 3.6 Pax3/7 and Wt1 immunolabeling within control and nitrofen-induced
diaphragmatic hernia at E18.

Sagittal sections of control (B, D) and defective diaphragm (4, C) at 20 X (A, B) and 40 X
(C, D) magnification. In each section, the left column shows muscle cells (Pax3/7, red),
the middle column shows non-muscle cells (Wt1, green) and the left column shows
merged images. Scale bars: A, B= 200 um, C= 100 um, and D= 50 um.
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Figure 3.7 Increased MPCs and reduced non-muscle cell density within the
malformed diaphragm at E18.

Dashed lines in (A) and (B) demarcate the sagittal plane for both control and malformed
diaphragm. Bar graphs comparing the density of MPCs (C, E) and non-muscle cells (D, E)
in normal and malformed diaphragm at 20X (C, D) and 40X (E, F) magnification. (*) P <
0.05 mean = SEM.
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3.4 Identification of Schwann Precursor Cells around the Phrenic Nerve
during its Initial Migration to the Primordial Diaphragm and during
the Process of Intramuscular Branching within the Diaphragm

Previous studies by Allan et al. had demonstrated that phrenic axon
growth cones migrate approximately 150-200 um behind migrating muscle
precursor cells toward the PPF [ 3], Further, growth cones of phrenic nerve
intramuscular branches extended a similar distance behind migrating
myoblasts and recently formed primary myotubes [8l. As discussed in the
next section, this raised questions about the potential interactions between
phrenic axon guidance and muscle precursor migration. In addition, as
addressed in this section, there was an interest in determining the migration
of Schwann cell precursors in relation to the axons and myoblasts.

Our labs previous attempts at examining Schwann cell precursors
with immunohistochemical markers were unsuccessful; likely due to poor
expression of typical Schwann cell related proteins by early stage precursors.
However, | took advantage of Wnt1-Cre mice that when crossed with ROSA
line label neural crest derived Schwann cells. Triple labeling of an E10.5
mouse embryo with GFP, GAP-43 and Pax3/7 to delineate Schwann cells and
phrenic axons from muscle cells clearly show that a few muscle cells begin to
reach the PPF as early as E10.5 while Schwann cells and phrenic axons
apparently migrate in tandem to the PPF (figure 3.8 and 3.9 A, D). With
further development, the number of muscle cells within the PPF increases as

the phrenic nerve and Schwann cells arrive into the PPF surrounded by
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muscle precursor cells (figure 3.9 B, C, E, F).

Similarly, double labeling of an E14.5 whole mount diaphragm with
neurofilament for phrenic axons and GFP for Schwann cells seems to show
the tandem arrival of Schwann cells and phrenic axons during the process of
intramuscular branching, although due to the thickness of the tissue, the
extent of axon branching is not as clear as within the PPF sections (figure

3.10).
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Figure 3.8 Sequential arrival of MPCs, phrenic nerve and Schwann cells into the
PPF of E10.5 Wnt1-Cre/ROSA mutant mice.

Lung

Triple labeling of left PPF (*) from an E10.5 Wnt1-Cre/ROSA mouse. The top panel
shows confocal images at 20X magnification (A), and the bottom panel shows the same
images at 40X magnification (B). Each section shows four columns from left to right:
MPCs (Pax3/7, red), phrenic nerve (GAP43, green), Schwann cells (GFP, blue) and
merged images. Scale bar: A= 200 um, and B= 50 um.
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Figure 3.9 The sequential arrival of MPCs, phrenic nerve and Schwann cells into
the PPF of Wnt1-Cre/ROSA mice from E10.5-E11.5.

Triple labeling of left (A, B, C) and right (D, E, F) PPF (*) from E10.5 - E11.5 Wnt1-
Cre/ROSA mouse. Each section shows four columns from left to right: MPCs (Pax3/7,
red), phrenic nerve (GAP43, green), Schwann cells (GFP, blue) and merged images. Scale
bars= 200 um.
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Figure 3.10 Intramuscular branching of phrenic axons within an E14.5 whole
mount diaphragm of Wnt1-Cre/ ROSA mice occurs in tandem with the arrival
of Schwann cells.

Double labeling of whole mount diaphragm from an E14.5 Wnt1-Cre/ROSA mouse.
The top panel shows confocal images at 20X magnification (A), and the bottom panel
shows the same images at 40X magnification (B). Each section shows three columns
from left to right: phrenic axons (neurofilament, red), Schwann cells (GFP, green)
and merged images. Scale bar: A= 200 um, and B=100 um.
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3.5 Intradiaphragmatic Branching of Phrenic Axons within Amuscular
Diaphragms

Two mutant mouse lines were used to test the hypotheses that in the
absence of muscle precursor migration to the PPF, phrenic axon migration to
the target area of the PPF and subsequent branching within the diaphragm
would be abnormal. Both C-met /- and Pax3¢¢/c¢ mice have amuscular
diaphragms due to loss of signaling necessary for the normal migration of
muscle precursors to peripheral muscle, including the PPF. However, C-met
null mice were used for PPF studies while Pax3 null mice were used for
diaphragmatic studies, since unlike C-met null mice which typically do not
survive beyond ~E14.5, Pax3 null embryos survive to term.

In figure 3.11 (A-F), immunolabeling with MyoD for MPCs and
neurofilament for phrenic axons demonstrated that in wild type and
amuscular PPF, the phrenic axons consistently converge at a position
medially within the PPF at E12. In contrast, immunolabeling with
neurofilament in an E14.5 amuscular diaphragm demonstrated an abnormal
branching pattern within the diaphragm with very few axons compared to
control which shows three typical intramuscular branches innervating the

sternal, costal and crural regions of the diaphragm (figure 3.11 G-]).
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Figure 3.11 The phrenic nerve arrives into the amuscular PPF but has an
abnormal pattern of branching within the amuscular diaphragm.

Transverse sections from an E12 wild type (A- D) and C-met mutant mice (E, F) cut at
the level of the PPF. The PPF is immunolabeled with either neurofilament only that
labels the nerve (A, B) or neurofilament and MyoD to delineate muscle cells (C, D, E, F).
Mutant mice show that in the absence of muscle cells, the phrenic nerve enters the PPF
at the same medial position as in wild type mice (C, D and E, F). Whole mount
diaphragms labeled with neurofilament from E14.5 wild type (G, H) and Pax3/7 mutant
mice (I, J]). The amuscular diaphragm shows an abnormal intramuscular branching
pattern compared to wild type (G and I). Magnifications: A, C=5X; B, D, F, G, I= 10X; E, H,
J=1.25 X. Scale bars= 100 um.
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CHAPTER 4. GENERAL DISCUSSION

4.1 General Discussion

My thesis work addressed both a clinically relevant aspect of
diaphragm development with studies of the PPF and basic developmental
biology questions pertaining to the interaction of axon pathfinding and

myoblast/primordial Schwann cell migration.

4.2 Insights into PPF Embryogenesis and CDH Pathogenesis

Past studies into the pathogenic origin of CDH pointed to the
mesenchymal component of the PPF as the primary source of diaphragmatic
defect [7; 8], This notion was supported by Iritani and Kluth et al. who noted a
defect in the region of the PPF as early as E13-14 of a nitrofen-treated rat.
The same PPF malformation was also found in the vitamin A deficient and
Wt1-null mouse model [1¢l. In humans, a similar triangular structure on either
side of the body and adjacent to the developing lungs was observed [18l. In
addition, as seen in nitrofen and vitamin A deficient models of CDH, there
was a thickening of the diaphragmatic musculature around the

diaphragmatic defect in humans [16l,

Collectively, this relationship between teratogenic and genetic models
of CDH and humans with CDH implies that the defect arises from an
abnormal PPF. The results presented in the first part of my thesis determined
the: (1) precise timing of PPF embryogenesis and the nature of its

mesenchymal cells; and (2) pathogenesis of PPF formation in rodents hernias
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as it relates to CDH. Data provide a better understanding of the likely

timeframe and mechanism of PPF malformation in human cases of CDH.

The data can be summarized as follows. (1) The amuscular component
of the PPF forms between E12 and E13.5 when the PPF is fully formed. This
corresponds to approximately 4 - 6 weeks in humans. This timeframe is
considerably earlier than 8-10 weeks, which is often cited in text-book
versions that assume a failure of the diaphragm to fuse with the body wall as
being the underlying pathogenic mechanism. (2) The amuscular PPF contains
cells of mesodermal origin that undergo EMT; during the stage of PPF
malformation in CDH models. Thus, studies of EMT formation are a primary
focus of newly established research in the lab. (3) There is an increase in the
density of muscle cells in the defective PPF and around the diaphragmatic
hernia of nitrofen model of CDH. This explains the thicker diaphragm
muscular arrangement in rodent models and human CDH cases. In contrast,
the mesenchymal cell density is lower suggesting a primary problem in
proliferation, migration and/or apoptosis, areas that will be explored within

our laboratory.

4.3 Potential for a Role in Abnormal EMT in the Developing PPF

The expression of Wt1, a gene that encodes a zinc-finger transcription
factor, is tightly regulated during embryonic development [57 58], The gene is

expressed in the kidneys, gonads, proliferating coelomic epithelium and the
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sub-coelomic epithelial mesenchyme which gives rise to several structures.
This pattern of expression implies that Wtl1 plays an important role in

mesenchymal to epithelial and epithelial to mesenchymal cell type transition

[57; 58],

After the formation of the epicardium, the epithelial layer around the
myocardium, a group of cells undergo EMT resulting in the formation of the
EPDCs which invade the myocardial tissue and differentiate into coronary
smooth muscle cells, coronary endothelium and perivascular and
intermyocardial fibroblasts [68l. The colocalization of Wt1 and RALDH2 in
avian and mouse epicardium and subepicardial mesenchyme, and the
hypoplastic myocardium in RA-depleted and RXRa, RALDHZ, Wt1 knock-out
mice collectively suggest that the function of Wt1 in EMT may be mediated by

RA signaling pathway [57; 65; 68],

Similarly, a recent study demonstrated reduced expression of
RALDH2 in the coelomic epithelial cells around the liver of Wt1 null mice,

which might explain the small liver size observed in those mice [35 66],

EMT is a process that mediates both normal embryogenesis and tissue
repair and disease progression including fibrosis and cancer cell invasion and
metastasis [22 791, In addition to upregulation of promigratory molecules and
extracellular proteases, a critical event in EMT is altered matrix recognition
and adhesion which is achieved by the loss of E-cadherin mediated cell-cell

contact and the gain of a mesenchymal associated plasma membrane protein
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such as N-cadherin, a process known as “cadherin switching” [22 59, E-
cadherin can be downregulated by Snail and Slug zinc-finger transcription
factors. For example, a study using human embryonic stem (hES) cells as a
model system to study EMT which occurs during hES differentiation
demonstrated an E- to N-cadherin switch associated with an up-regulation of
the E-cadherin repressors Snail and Slug proteins which can also function to
inhibit apoptosis [22I. Similarly, a study examining EMT in pancreatic
carcinoma observed an increase in N-cadherin expression which may be the
cause of metastasis [¢0]. Interestingly, recent work by Tamiya et al. on the role
of cell-cell contact on EMT and proliferation of retinal pigment epithelial
(RPE) cells observed that the loss of cell-cell contact induced by increased
expression of N-cadherin led to increased cell proliferation by transactivation
of cyclin-D1 which is a regulatory subunit required for the transition of cells

to the S-phase [79],

An insight into the molecular mechanism underlying reduced EPDCs
and its derivatives was performed using conditional knock-out mice whose
Wt1 was deleted from epicardial cells 501 It supported the role of Wtl in
generating EPDCs from the epicardium via EMT through direct
transcriptional activation of Snail and transcriptional repression of E-

cadherin [301,

Similarly, RA has been shown to sustain the expression of N-cadherin

as a mechanism to prevent progression from precartilage condensation to
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cartilage nodules [14l. In the heart, N-cadherin null mouse ES (embryonic

stem) showed impaired response to all-trans RA mediated cardiomyogenesis

[11],

Thus, based on the above mentioned data we can hypothesize that the
PPF mesenchymal cells originate from the mesoderm and undergo EMT by a
mechanism that requires co-expression of Wt1l and RA to induce the up-
regulation of N-cadherin and thus increase cell proliferation. Furthermore, a
disruption of any of those components leads to an abnormal proliferation of
the amuscular mesenchymal PPF cells which later translates to a hole in the
diaphragm with enhanced muscle accumulation around the defect. A
systematic study of EMT related markers will be undertaken in our

laboratory to test the hypothesis.

4.4 Future Studies of PPF Formation

The data presented in this thesis so far have provided the basic
understanding of when and how the PPF develops as well as its pathogenesis
when it is fully formed using a nitrofen model of CDH. To better determine
the development and mechanism of CDH pathogenesis, it is essential to
perform additional studies using both rats and mice for a more definitive
determination. The following is an outline of key experiments that can be

performed:
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(1) The precise timing of the initial PPF defect via
immunohistochemical detection of Wt1 and Coup-tfll-positive mesenchymal

cells of the PPF at multiple developmental stages.

(2) The potential role of retinoid signaling in the modulation of Wt1

and Coup-tfll expression.

A nitrofen and a vitamin A deficient model of CDH can be used to
examine the effects of decreased retinoid levels on Wtl and Coup-tfll
expression pattern within the PPF mesenchyme during E12-13.5 via
immunohistochemistry. To complement the protein expression studies,
WT1-lacZ transgenic mice can be used to detect Wt1 activation pattern
within the PPF in response to decreased and increased retinoid levels. A

colony of WT1-lacZ mice will be generated by our laboratory.

(3) The effect of retinoid signaling on EMT, cell proliferation and

apoptosis of mesenchymal cells within the PPF.

We can examine the effect of CDH-inducing teratogens on the
expression pattern of E- and N-cadherin during PPF embryogenesis as means
of following normal and abnormal EMT. Further, cell proliferation and
apoptosis will be determined wusing BrDU (bromodeoxyuridine)
incorporation and terminal uridine deoxynuleotidyl transferase dUTP nick
end labeling (TUNEL) respectively in CDH model during E12-E13.5. The use
of C-met null mouse tissue for the above labeling will provide the advantage

of eliminating muscle precursor cells.
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(4) The hypothesis that abnormal signaling through the retinoid
receptor RARa is of particular importance in CDH etiology. This is based on
the observations of restricted expression of RARa in the middle dorsolateral
and throughout the whole caudal region of the mesenchymal component of
the PPF which reflects the missing region of tissue in the nitrofen model of
CDH 0171,

A recent study by Clugston et al. demonstrated that the administration
of the pan RAR antagonist BMS493 induced a Bockdalek-type CDH in rats [171.
Those data in conjunction with the fact that RARa expression overlaps with
the region of the PPF malformed in CDH, I followed up with a study using a
specific RARa antagonist. | administered increasing concentrations (5mg/kg,
10mg/kg, 15mg/kg and 20mg/kg) of the RARa antagonist BMS 614 to mice
at 12-hour interval from E9-E11. The embryos were collected at E14.5 with

no diaphragmatic abnormality (data not shown).

It is possible that the BMS 614 compound was not getting into the
embryo sufficiently. I will extend the studies to allow the fetuses to develop
to later stages and examine for indications of retinoid signaling perturbations
(e.g. craniofacial abnormalities). Alternatively, we subsequently learned that
BMS 493 is actually an inverse receptor agonist, whereas BMS 614 is a
receptor antagonist [26; 431, Unlike antagonists which simply inhibit the
recruitment of coactivators, an inverse agonist enhances corepressor

interaction with nuclear receptors, thus decreasing the basal activity of
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unliganded DNA-bound receptors [26;: 431, My current experiments are directed
towards comparing the efficiency of the pan RAR inverse agonists BMS 493
and AGN 193109 with the RARa antagonist Ro 41-5253 in inducing CDH in

mice.

It will be an important contribution if we can identify another means
of inducing CDH in mice. For instance, I attempted to use Pax3¢r¢/cre mice that
have amsucular diaphragms to more clearly examine the non-muscle cells of
the PPF. Based on previous study by Babiuk et al. using C-met null mice, I
administered a mixture of nitrofen and bisdiamine at different
concentrations (nitrofen= 14.5 mg and bisdiamine= 14.5 mg; nitrofen= 14.5
mg and bisdiamine= 12 mg; nitrofen= 14.5 mg and bisdiamine= 10 mg;
nitrofen= 14.5 mg and bisdiamine= 7.5 mg) at E8.5 to induce CDH in Pax3
cre /cre mice [7; 231, These homozygous mutant mice typically survive until E18
on a mixed (129/Sv X C57 BL/6]) genetic background with a spectrum of
abnormalities including severe neural tube and cardiac defects (data not
shown) [7; 23], However, upon mixture administration, no homozygous
embryos survived beyond E12.5. The experiments will be repeated when the

appropriate drug that targets RAR is determined.

4.5 Diaphragm Embryogenesis

The work presented in the second part of this thesis shows that

muscle cells are not required for pathfinding of phrenic axons and that
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Schwann cells and phrenic axons arrive together into the PPF as early as
E10.5. Once in the PPF, Schwann cells continue to arrive in tandem with
intramuscular branches of phrenic axons. The target muscle cells play an
important role in establishing and/or maintaining the pattern of

intramuscular branching within the diaphragm.

The observation that Schwann cells accompany phrenic axons during
their migration into the PPF and as intramuscular branching proceeds within
the diaphragm suggests that Schwann cells do not lead during pathfinding.
However, there are data showing an important role in motoneuron survival,
organization and bundling, and synapse development. First, erbB2 and erbB3
are members of the erbB family of tyrosine kinase receptors that are
expressed in Schwann cells and at the neuromuscular junctions (NM]) of
muscle cells [7Z 86], Since, erbB3 has no or little tyrosine activity due to its
altered kinase domain, once it binds neuregulin (NRG), it requires the
coreceptor erbB2 to transmit the biological activities of NRG [7% 861, A study
using erbBZ2 and erbB3 rescued mice that lack Schwann cells demonstrated a
severe loss of motoneurons at the cervical and lumbar levels of the spinal
cord at E18.5, which may be due to the heterogeneous identity of
motoneurons and thus different sensitivity to trophic factors [8¢l. The trophic
factors maybe provided by differentiating Schwann cells or Schwann cell
precursors and could affect motoneuron survival either by providing soluble
trophic factors or by direct contact with the axons [8¢l, Similarly, erbB3 null

mutant mice confirmed motor and sensory neuronal cell death in the absence
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of Schwann cells which peaked at approximately E12-E14 and E15-E18

respectively [72],

Second, the intercostal nerves of erbB2 and erbB3 mutant mice split
into several bundles with disorganized and poorly fasciculated branches [8¢l.
Furthermore, in the absence of Schwann cells the phrenic nerve of erbB2 -
deficient mice was severely defasciculated from E12-E14 followed by

complete absence of motoneurons after E16.5 [46],

Third, the phrenic axons of erbB2-deficient mice transiently formed
synaptic contacts in normal locations within the diaphragm at E14 which
maybe explained by the fact the Schwann cells play a role in synapse
stabilization by inducing agrin synthesis via some unknown factors that
effect neurons and which in turn increases AChR clustering at the

neuromuscular junction NM] [46; 67],

The second intriguing question is whether muscle cells are important
for intramuscular branching within the PPF? Comparing the pattern of
intramuscular branching within muscular and amuscular PPF and
diaphragm, demonstrated that the phrenic nerve reaches the PPF
independent of muscle precursor cells which then play an important role in

determining the pattern of intramuscular branching.

Synapse formation in the PPF begins as early as E13.5 in a small
population of myotubes, so that when the phrenic nerve reaches the

myoblast pool in the medial portion of the PPF, axons form synaptic contact
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on these cells. This is evident by the observation of AChR clusters colocalized

with nerves and their larger size compared with aneural clusters at this age

[45],

AChR cluster formation in the central region of the developing
myotubes act as a target for the advancing intramuscular axons [reviewed in 8],
This is supported by data from Harrison (1981) and Lin et al. (2001) who
demonstrated the presence of concentrated AChR clusters in the centre of
myotubes in the absence of innervation [reviewed in 8] This is in agreement with
electrophysiological studies demonstrating that the cervical motoneurons
are electrically excitable and can transmit action potentials at E14, the
earliest age studied [reviewed in 29,45] Another study showed the responsiveness
of diaphragm myotubes to agrin, a heparansulfate proteoglycan that is
secreted from motor neurons, in the central region at E14.5 [45]. Together
these observations indicate reciprocal interactions driving the formation of

synapses between neurites and their target cells [43],

The process of AChR aggregation in the central region of developing
muscle has received considerable attention. According to neurocentric model
of synapse formation, AChR clusters form in response to nerve-derived agrin
[451, This model has been challenged by the myocentric model, whereby AChR
clusters form in the central region of the diaphragm independently of motor
neurons [33; 45; reviewed in 49 Ag 3 result, it was suggested that postsynaptic

specialization is pre-patterned and subsequently refined by the nerve [331. In
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the central region of the diaphragm where the concentrations of muscle
specific-kinase (MuSK), an agrin-receptor in muscle, and its downstream
signaling molecules are sufficient for MuSK autoactivation and aneural AChR
cluster formation B33 46, Thus, the probability that a motor neuron will
encounter a preformed AChR and become stabilized by activate MuSK in this
region is higher than in the adjacent myotube regions with lower MuSK
concentration and requiring nerve-secreted agrin, a positively regulating
neuronal signal, for activation [33: 45, However, neurotransmitter secretion

acts as negatively regulating/destabilizing signal [33; 451,

Other signals that may play a role in phrenic axon guidance during
intramuscular branching are RPTP-a, and RPTP-5, members of the leukocyte
common antigen-related (LAR) subfamily of receptor protein tyrosine
phosphatases (RPTP’s), since RPTP-a and RPTP-6 double knock-outs lack
phrenic nerve branches in the diaphragm [83]. Although the mechanism of
LAR-RPTP signal transduction mechanism are not well understood, it has
been shown that the extracellular domain of RPTP-a binds skeletal muscle

myotube, but the ligand has not been yet identified [831.

4.6 Future Studies of Diaphragm Embryogenesis

The above findings lay the foundation for addressing the following questions:
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(1) What is the molecular mechanism that guides the phrenic axons
into the PPF? It is striking that the phrenic axons migrate to precisely the
same region of the mesenchyme of the PPF. Clearly, there must be a distinct
set of guidance cues involved. netrins 1, 3 and 4 are a family of secreted
proteins that are structurally related to laminins [7% 711 During the
development of the nervous system, netrins are bifunctional, directing the
growth cones of axons to appropriate targets either as attraction or repulsion
guidance cues depending on the type of receptors expressed on the cell
surface [70: 711, Attractive effects of netrins is usually mediated via Deleted in
Colrectal Cancer (DCC) and neogenin receptors, while repulsive effects are
mediated via UNc5a, b, ¢ and d family of receptors that can act as

homodimers or heterodimers with receptors such as DCC [70],

It has been demonstrated that mice homozygous for the null mutation
in the netrin receptor UNc5c on a C57BL/6] (B6) inbred background die
perinatally because of a respiratory distress [12l. When examined, the motor
innervation of the diaphragm was severely defective [12l. At E18.5, there was
a wide range of abnormalities that varied from a complete absence of
innervation to a partial lack of innervation on either the left, the right or both
sides of the diaphragm [12l. Furthermore, at its point of contact with the
diaphragm, the diameter of the phrenic nerve was reduced with a significant
asymmetrical decrease in the number of axons in the B6.C57BL/6] mutant
mice [2l. Similar abnormalities were observed in E13.5 mutant mice,

confirming that phrenic axons fail to reach the diaphragm during early
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embryogenesis. Unlike B6.C57BL/6] mutant mice, B6.Dcc /-, B6. Neol-/-, and

B6. Ntn1-/-had normal pattern of diaphragmatic innervation [121.

This can be explained by the functional redundancy of the DCC and
neogenin receptors and netrins 1, 3 and 4. It has been shown that netrin 3 is
expressed on motor neurons as well as a subpopulation of sensory and
sympathetic ganglia neurons and their axons [78l. Furthermore, another in
vitro study demonstrated that netrin4 can promote axon outgrowth and that

it can bind to netrin 1 receptors namely DCC and UNC5H1 (701,

Determination of coexpression of DCC, neogenenin and UNC5
receptors within the phrenic nerve, and netrins 1, 3 and 4 along the phrenic
axons pathway and within the PPF cells will be interesting toward
delineating the mechanism of phrenic axonal guidance by the netrin signaling

pathway.

(2) Do intramuscular branches form and then degenerate in the absence of
muscle cells? And if so, do Schwann cells still accompany the phrenic axons as

they branch?

These questions can be answered by collecting the diaphragms of C-
met or Pax3 mutant mice that have amuscular diaphragm, at different stages
of development (E14-E15) and double immunolabeling the diaphragms with
neurofilament or GAP-43 and S-100 for phrenic axons and Schwann cells
respectively, assuming that the Schwann cells express S-100 by that stage of

development.
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4.7 Summary of Thesis Contribution

The work presented in this thesis provided the first studies toward
understanding the embryogenesis of the amuscular mesenchymal
substratum of the PPF, the mesenchymal origin of its cells and the potential
for EMT related mechanisms as being a foundation for generating new
hypotheses toward understanding the pathogenesis and etiology of CDH. In
addition, data from my thesis clarified some of the outstanding questions
relating axon, Schwann cell precursor and muscle cell migration to the

diaphragm, a model neuromuscular system.
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