The Identification of the Cardiac Neural Crest and its Role in the
Premature Death (p) Mutation in Ambystoma mexicanum

by Naazish S. Bashir

Thesis submitted to the
School of Graduate Studics and Research
University of Ottawa
in partial fulfillment of the requirements for the M. Sc. degree in the

Ottawa-Carleton Institute of Biology

! Thése soumise &
I'Ecole des études supérieures et de la recherche
Université d’Ottawa
en vue de I'obtention de la maitrise &s sciences 2

L’Institut de biologie d’Ottawa-Carleton

. Naazish 8. Bashir
Université d'Ottawa

Novembre 1996



Nationat Lib
L I

Acquisitons and

Bibliothéque naticnale
du Canada

Direclion des acquisitions et

Bibliographic Services Branch  des services hibliographiques

395 Wellinglon Street
Qnawa, Ontano
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis,
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellinglon
Onawa {(Onlang)

Your il Volre rotérence

Qur e Nolre rélérence

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thése a la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protége sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation. '

ISBN 0-612-19928-2

Canada



= UNIVERSITE D’'OTTAWA
UNIVERSITY OF OTTAWA



Acknowledgements

First. 1 would like to thank Dr. John B, Armstrong for his guidance, support and
undying patience throughout the last several years, (thanks for giving me a chance). 1 hope
someday his enthusiasm and drive would rub off on me.

I would like to thank Bea Valentine and Andrew Vaillant for their invaluable
assistance with the microscopy.

I would also like to thank Rob Langilie, and the members of my committee for their
technical advice.

Thanks aiso go to Bill Fletcher and to Christof Nolte for their axolot] expertise--a
rare and valuable commodity.

I would like to thank Zareen Bashir for her help in putting this thesis together. 1
must thank my family for “putting up with me”, and “putting me up” through all this.

Last. but not least, [ would like to mention the axolotls, because without their
tolerance and cooperation. this work would not exist. 1 would also like to thank them for
showing me that amphibians can have a sense of humour too.

iii



Abstract

The cardiac neural crest is a subpopulation of neural crest cells necessary for normal
development of the cardiovascular sysiem. The cardiac neural crest has been mapped (o a
defined region of the cranial neural crest in the developing chick and mouse embryo, and
has been shown to primarily contribute to the development of the outflow sepiation of the
heart. However, litde is known as to the location of the cardiac neural crest and its
contribution to cardiovascular system in the developing amphibian embryo. [ have
attempted to identify and define the boundaries of the cardiac neural crest in the neurula
stage wild type axolol! (Ambystoma mexicanum) embryo by labeliing the cardiac neural
crest cells with the fluorescent lineage label, Dil. Cardiac neural crest cells were found to
be located posterior to the hindbrain region of the neural folds, and above the first two
somites, before migrating ventrally to provide ectomesenchymal support in the anterior
outflow portion of the heart. My results indicate that the role and location of the cardjac
neural crest in the axolotl are similar to the role and location of the cardiac crest in other
veriebrates.

While attempting to isolate the cardiac neural crest, | also labelled other regions of
the cranial neural fold in the stage 20 axolot! embryo. 1 constructed a fate map of the
cranial neural folds in the late neurula stage embryo. Anterior neural fold cells contributed
to the anterior structures of the brain and visceral skeleton. while more caudally located
neural fold cells formed more posterior structures. My fate map corresponded to those
previously constructed at earlier stages in neurulation.

I have also examined the development of the cardiac neural crest in axolotl embryos
exhibiting the premature death (p) mutation. Homozygous (p/p) embryos develop up to
stage 37 after which the superficial tissue begins to disintegrate, secondary gill filaments
fail to form, a plug of undifferentiated cells replaces the endocardium in the anterior regions
of the heart and circulation is never established. It has been suggested that the mutation
affects a subpopulation of neural crest cells and possibly cardiac neural cells. I examined
cardiac neural crest development in (p/p) mutants with Dil-labelling. Any deleterious
effects of the premature death mutation were not detectable in cardiac neural crest.
However, the migration and specification of the cranial neural crest involved in gill
formation was noticeably hindered, thus substantiating that certain neural crest cells in the
mutant fail to respond to inductive signals.’
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Résumé

La créte neurale cardiaque est une sous-population des cellules de la créte neurale
nécessaire au développement normal du systéme cardio-vasculaire. La créte neurale
cardiaque a éié localisée dans une region définie de la crite neurale céphalique dans les
embryons de poulet et de souris, et il a été aussi démontré qu'elle contribuc au
développement des divisions artérielles du coeur. Toutefois, I'on sait peu A propos de
I'emplacement de la créte neurale cardiague et de sa contribution au systtme cardio-
vasculaire chez les embryons d’amphibiens. Nous avons tenté d'identifier et de définir les
limites de la créte neurale cardiaque A un stade tardif de neurulation chez I'embryon du
V'urodele, Ambystoma mexicanum , en marquant ses cellules constituantes avec I'éliquette
fluorescente de lignage “Dil". Nous avons observé que les celfules de la créte neurale
cardiaque se retrouvent derriére la région postérieure du cerveau dans les bourrelets
médullaires. et au-dessus des deux premiers somiles. La créte cardiaque migre
ventralement pour fournir un support ectomésenchymateux dans la portion antérieure de la
circulation cardiaque. Nos résultats indiquent que le réle et I'emplacement de la créte
neurale cardiaque chez les amphibiens sont semblables 4 ce I'on a décrit chez les autres
vertébrés,

Alors que nous tentions d’identifier la créte neurale cardiaque, nous avons également
marqué d'autres régions des bourrelets médullaires céphaliques au stade 20 du
développement d’A. mexicanum. Nous avons élaboré un “plan de destination™ des
bourrelets médullaires céphaliques 2 un stade tardif de ia nevrulation. Nous avons observé
que les cellules antérieures des bourrelets médullaires antérieurs contribuent aux structures
antérieures du cerveau et du squelette criuien, alors que les cellules des bourrelets
médullaires situés plus caudalement forment des structures postérieures. Notre “plan de
destination” correspond aux plans preparés antérieurement 2 partir d’embryons plus jeunes.

Nous avons aussi étudié le développement de la créte neurale cardiaque chez les
embryons d”axolotls homozygotes pour la mutation de Ja mort prématurée (p, premature
death, mutation) . Les embryons homozygotes (p/p) se développent jusqu'au stade 37, 2
partir duquel le tissu superficiel commence A se désintégrer, les filaments des branchies
n’arrivent pas a se former, une masse de cellules non-différenciées remplace i'endocarde
dans les regions antérieures du coeur et la circulation n'est jamais etablie. I} a été suggéré
que la mutation affecte une sous-population de cellules de la créte neurale et possiblement
les cellules neurales cardiaques. Nous avons suivi le développement de la créte neurale



cardiaque avec le "Dil™. Nous n’avons noté aucun effet pernicieux de la mutation sur la
créte neurale cardiaque. Cependant, la migration el la spécification de la créte neurale
céphalique impliquée dans la formation des branchies ont été notablement inhibées. Ainsi,
nos résuitats supportent I'hypothése que certaines cellules de la créte neurale chez les
embryons mutants ne peuvent pas répondre aux signaux inducteurs.
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Chapter I

Introduction

This project consists of the examination of the cardiac neural crest, a subpopulation

of . cranial neural crest cells involved in heart development. We have focused on
determining the exact location of cardiac neural crest in the amphibian Ambysioma
mexicanum and have accomplished this via a lineage labelling technique, specifically by
using the fluorescent vital dye, Dil. We have also further investigated the premature death
mutation (p/p), 2 naturally occurring recessive mutation affecting A. mexicanum embryos.
Embryos affected by the premature death (p/p) mutation arrest in development at an early
stage and slowly begin to disintegrate. So far it has been established that the mutation
affects ~hondrogenic neural crest cells, a subpopulation of cranial neural crest cells. We
have examined whether the cardiac neural crest is also one of the several targets of the
mutation’s pleiotropic effects. The following pages describe the neural crest (specifically,
the cardiac neural crest), lineage labelling and fate mapping with Dil, and the development
of the Mexican axolotl. These elements, elaborated on separately, are intrinsically linked in

this project.



1.1 The Neural Crest

In vertcbrates, the neural tube differentiates into the central nervous system (the
brain and spinal cord). The neural crest, an entity unique to vertebrate embryos, is a
transient structure that develops at the time of closure of the neural tube and the fusion of
the epidermis at the dorsal midline (reviewed in Le Douarin, 1982; Hall and Horstadius,
1988). The neural crest cells detach themselves from the neuroepithelium and migrate
laterally and ventrally between the epidermis and the spinal cord (see Fig. 1A) to form
neurons and glia of the peripheral nervous system, and various non-neural derivatives

(reviewed below, and in Bronner-Fraser, 1993) (see Fig. 1B).

The neural crest extends along the entire craniocaudal axis, but neural crest cell
migration occurs first rostrally. Migration is supported by various components of the
extracellular matrix along these pathways: fibronectin, laminin, tenascin, collagen and
proteoglycans (Newgreen and Thiery, 1980; Krotoski et al., 1986; Duband et al., 1987;
Perris et al., 1991a; 1991b; Tan et al., 1991). Whether these components play an active
role in determining migration pathways is controversial and is outside the scope of this

chapter.

The neural crest is divided into two regions based on the developmental capabilities
of each region ( Le Douarin 1982; Noden, 1984; Hall and Horstadius 1988). In the chick
embryo, the neural crest extending from the mid-diencephalon to the level of the fifth
somite is referred to as the cranial neural crest and the rest of the neural crest extending
from somite six to the caudal limit of the neural tube is referred to as trunk neural crest

(reviewed in Kirby, 1991).

The trunk neural crest cells migrating along the dorsolateral pathway under the
ectoderm form pigment cells. Those migrating along the ventral pathway through the
rostral half of each sclerotome form the dorsal root ganglia, sympathetic ganglia and

adrenomedullary cells (reviewed in Bronner-Fraser, 1993). Celi types derived from the



trunk neural crest include neurons, chromaffin cells, non-neuronal supporting cells,

including Schwann cells and satellite cells, and melanocytes.

The cranial neural crest cells migrate ventrally in segmental sheets below the
ectoderm (reviewed in Graveson, 1993). They contribute to the parasympathetic ganglia,
the proximal ganglia of the cranial nerves V, VII, IX, and X, the enteric nervous system,
. [including all the cell types derived from trunk neural crest (reviewed in Kirby, 1991)], and

a variety of non-neural derivatives. These include:

* thecartilages and connective tissues of the head, pigment cells, the meninges, and the

dentine of the teeth (Hall and Horstadius, 1988)

* the mesenchymal components of the glands arising from the pharyngeal and buccal

epithelium, such as the pituitary and salivary glands (Le Douarin, 1982)

* the connective tissue of the thymus, the thyroid and the parathyroids (Le Lié¢vre and Le
Douarin, 1975)

* the connective tissue of the tongue, eye, and ventrolateral part of the neck (Le Lidvre

and Le Douarin, 1975; Johnston et al., 1979 Le Douarin, 1982).



. Figure 1. A) Pathways of avian trunk neural crest migration. These are: 1) a
dorsolateral pathway between the ectoderm and somite to give rise to pigment
cells; 2) a ventral pathway in the intersomitic space, to give rise to portions of
the sympathetic ganglia; 3) a ventral pathway through the anterior half of the
somite to form the sensory and sympathetic ganglia. EC=ectoderm (pulled
back); DM=dermamyotome; SC=sclerotome; NT=neural tube: N=notochord;
(adapted from Le Douarin et al., 1984; and Bronner-Fraser, 1983). B) Neural
crest derivatives. Diagram showing that neural crest cells arising from different
axial Ievels.follow different pathways of migration and give rise to divergent cell
types (redrawn from Bronner-Fraser, 1993).
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1.2 The Cardiac Neural Crest

The cardiac or vagal neural crest, a subdivision of the cranial neural crest,
contributes to parts of the cardiovascular system (Kuratani and Kirby, 1992; for reviews
see Kirby and Bockman, 1984; Kirby and Waldo, 1990; Kirby, 1991). Though most
studies of cardiac neural crest have been in avian embryos (Le Litvre and Le Douarin,
1975; Kirby et al., 1983; Stewart et al., 1986; Phillips et al., 1987; Rosenquist et al., 1990;
Takamura ¢ al., 1990), some work has also been done in the rat (Fukiishi and Morriss-

Kay, 1992) and in the frog, Xenopus laevis (Sadaghiani and Thiébaud, 1987).

The cardiac neural crest is located at the boundary between cranial and trunk crest,
Just posterior to the hindbrain neural crest cells. In the chick, the cardiac neural crest is
defined as the region between the otic placode and somite 3 (see Fi g. 2A) (Kirby, 1991).
The cardiac neural crest migrates from the neural fold into pharyngeal arches 3, 4, and 6
(Miyagawa et al., 1989). In the pharyngeal arches, the cells derived from the neural crest
provide support for the endothelium of the aortic arch arteries (Bockman et al., 1989).
Some cells migrate from the pharyngeal arches into the outflow tract where they form the
aorticopulmonary septum and populate the truncal folds (see Fig. 2B} (Bockman et al.,
1989). Others contribute to the tunica media of the great arteries, to the connective tissue
of the thyroid, thymus and parathyroids, and to the calcitonin-producing cells of thyroid
glands (Kirby, 1991). The largest population of neural crest cells in the outflow tract is
derived from the region of the neural fold that will populate pharyngeal arch 4 (Phillips et
al., 1987).

In the rat, Fukiishi and Morriss-Kay (1992), observed that labelled cells between
occipital somites 1 and 2, or 3 and 4, migrated within and dorsal to the third and fourth

pharyngeal arches respectively, and into the outflow tract of the heart (see Fig. 3).



Figure 2. A) Diagrammatic representation of the avian neural crest highlighting
the region of the cardiac neural crest. The division between the trunk and
cranial neural crest is at somite 5. The cardiac area is located between the
midotic placode and somite 3. This area of neural crest migrates into the
pharyngeal arches 3, 4, and 6 (adapted from Kirby and Waldo, 1990).

B) Diagram illustrating the cranial neural crest migratory pathway through the
pharyngeal region in the embryonic chick. Some of the neural crest celis in
pharyngeal arches 3, 4, and 6 continue their migration from the pharyngeal
region into the outflow tract of the developing heart where they participate in the

formation of the aorticopulmonary and truncal septa (adapted from Kirby and
Waido, 1980).






Figure 3. Cranial neural crest migration pathways in the embryonic mouse.

Cells labelied between occipital somites 1 and 2 or 3 and 4 migrate within and
dorsal to the third and fourth pharyngeal arches and into the outflow tract of the
heart. The colours and numbers represent the different axial levels of the
neural crest and their migratory pathways. Region “6" (orange) indicates the

area of cardiac neural crest in the developlng mouse embryo (adapted from
Fukiishi and Morriss-Kay, 1992),






While specific boundaries for the cardiac neural crest have been established in chick
and rats, the Jocation of cardiac neural crest has not been as well defined in amphibians.
Sadaghiani and Thiébaud (1987) observed that. in Xenopus embryos, the branchial crest
segment (the neural crest cells from the posterior part of the rhombencephalon) contributes
to the branchial arches, and its cells were later seen in the loose connective tissue under the
pharyngeal epithelium and in the mesenchyme of the gills. They also noted that some of
these cells penetrate into the wall of the truncus arteriosis. The vagal crest cells, which
originally denoted crest celis over the first and second somites, differentiated into Schwann
cells, neuroblasts and had also penetrated into the mesentery of the digestive system
(Sadaghiani and Thiébaud, 1987). However, they did not mention whether vagal crest
cells. which are located posterior to the branchial crest segment, made any contribution to

the developing cardiovascular system.

Other studies have focussed largely on the pathways of trunk crest, and have not
concentrated on the establishment of a specific cardiac neural crest (Krotoski et al,, 1988;

*

Collazo et al., 1993). Our study, in the axolotl, is the first to define a specific boundary for

the cardiac neural crest in amphibians.

Most of the information on the role of the neural crest in cardiovascular
development has been obtained from lineage labelling (see next section), and neural crest
ablation (Kirby et al., 1983; Stewart et al., 1986; Kuratani et al., 1992). Cardiac neural
crest ablation has resulted in malformations such as nonseptation of the outflow tract
(Kirby and Waldo, 1990). These cardiovascular abnormalities, observed in the chick, are
comparable to those found in patients with DiGeorge Syndrome and Down Syndrome
(Kirby and Waldo, 1990; Kirby, 1991). This suggests that the neural crest cells may be
implicated in congenital heart defects. The possibility of such a connection was the

rationale for our investigation of the possible involvement of the neural crest in the

11



abnormal cardiovascular development in the axolot! premanere death (p) mutant (see next

chapter).

1.3 Lineage Labelling of Neural Crest Cells

Due to the dynamic nature of neural crest cell migration and differentiation, an
appropriate cell marker must be used to monitor the cells during development. The marker
or label must not be deleterious to the cells, nor alter their differentiation or migration. The
label must not fade or be dituted over short periods of time. The marker must be specific to
the labelled cells and should not be able to diffuse between marked and peighbouring
unmarked cells. Finally, it should be easily visualized. Several types of neural crest
markers have managed to fill most, if not all these criteria. Some examples of lineage
labels include the use of chimeras, immunocytochemistry with specific antibodies,
fluorescent vital dyes, radioactive labels and intrinsic genetic markers (reviewed in Ruiz i

Altaba, 1994).

Early methods of tracing neural crest cell migration involved the labelling of cells
with 3l-l-thymidinc, in which cells synthesizing DNA would be labelled (Weston, 1963;
Chibon, 1964; reviewed in Le Douarin, 1982; Hall and Horstadius, 1988; Bronner-Fraser,
1993). However, the label was diluted by each new round of DNA synthesis and so could

not be followed for long periods of time.

rd

Later, intrinsic genetic markers were used to distinguish between labelled and
uniabelled cells. This type of labelling usually involves the transplantation of cells with a
unique and easily perceivable genetic marker into a genetically different host. Coasiderable
data concerning the migration of avian neural crest has been accumulated employing this
technique. (Generally, quail cells are grafted into chick hosts.) The quail-chick marker.
system exploits the differences between quail and chick nuclei. The quail nucleolus is

concentrated with a mass of heterochromatin and the puclej can be distinguished guite

12



easily under light microscopy from chick nuclei (Le Douarin, 1982). The mesenchymal
derivatives of the avian neural crest were first determined using this marker system (Le

Liévre and Le Douarin, 1975; Le Douarin, 1982; Phillips et al., 1987).

A similar interspecific chimera can be created in frogs. Xenopus borealis nuclei
exhibit a punctate pattern of fluorescence when stained with quinacrine and can be
- distinguished from the uniformly staining X . laevis nuclei when grafted into X. laevis
hosts (Thiébaud, 1983; Sadaghiani and Thiébaud, 1987).

The use of interspecific chimeras for the study of neural crest migration is,
however, somewhat limiting since it restricts the species in which experiments can be
performed. Also, one must be wary of making generalizations concerning all vertebrates

from the results of experiments conducted in such isolated systems.

In other amphibians, particularly in axolotls, intraspecific (as opposed to
interspecific) genetic markers have been developed. One example is the use of triploid-
diploid chimeras. Triploid cells contain three nucleoli while diploid cells contain two.
Triploid axolotls can be generated by exposing newly fertilized eggs to heat, cold or
hydrostatic pressure (reviewed in Armstrong and Muneoka, 1989). After staining with a
nucleolus-specific stain, the triploid and diploid cells can be distinguished in histological

sections or whole mount preparations.

Another common genetic marker used for following celis is pigmentation. In
axolotls, darkly pigmented wild-type cells have been transplanted to lightly pigmented
albino hosts. The migration pattemn of the transplanted cells can easily be traced by
observing the paths taken by the dark cells (Graveson, 1995).

More recently, recombinant vectors have enabled the introduction of easily-
assayable histochemical markers into cells that previously did not endogenously contain
these markers. The most widely used lineage label of this type is the transfection of cells

with a vector containing the exogenous Escherichia coli lac Z gene. B-galactosidase
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uctivity can then be detected histochemically and viewed easily under light microscopy.

The lac Z gene can be injected into a fertilized egg and, if incorporated into the genome,
will be inherited by all the progeny of the injected cell. The cells containing the ke Z gene
can be distinguished from cells that do not contain the marker. The lac Z genetic marker
has been successfully used in lineage labelling experiments in rodents (Sanes et al., 1986;
- Tumner and Cepko, 1987), and also in the axolot| (Whiteley, 1990). The biggest advantage
to this type of marker is that it is intrinsic to the cell and cannot diffuse into neighbouring
cells. However, this approach also has one significant limitation, namely the variable
expression of the foreign gene. If the expression of the marker transgene is transient or

variable, detection of the labelled celis may be difficult.

Specific antigens have also been used to follow neural crest migration. The
monoclonal antibody HNK-1, first generated to human natural killer cells (Abo and Balch,
1982}, recognizes a carbohydrate epitope that also occurs on neural crest cells and their
derivatives in birds, mammals, and fish (Vincent et al., 1983; Bronner-Fraser, 1986:
Sadaghiani and Vielkind, 1990) and differentiating neurons of many vertebrates including
fish, amphibians, birds and mammals (Bronner-Fraser, 1986; Holley and Yu, 1987;
Schwarting et al., 1987; Norlander, 1989; Metcalfe, 1990). _‘NAC-l is similar to HNK-1 in
its immunoreactivity (Tucker et al., 1984). Although labelliﬁg with these antibodies has
been used to target neural crest cells, there are some inconsistencies. The antibodies do not
recognize all neural crest cells or all their derivatives (Kruse et al., 1984; Teillet et al.,
1987), nor are they completely specific to neural crest cells, This is particularly true when
dealing with cardiac neural crest. For example, it has been shown that in the avian
embryonic heart, structures that showed HNK-1 immunoreactivity were not always of
neural crest origin, and that the outflow tract cushions were HNK-1 positive prior to the
neural crest cells entering that area (Luider et al., 1993). The other major problem with
HNK-1 antibody labelling is that most non-neuronal neural crest derivatives lose their

reactivity with HNK-1 antibody as migration progresses. This has been seen in Xenopus
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(Norlander, 1993), chicks (Vincent and Thiery, 1984), and fish (Sadaghiani and Vielkind,
1990).

One of the most common methods of lineage labelling has been vital staining,
These types of labelling techniques overcome the often cumbersome transplantation and
grafting operations as they can be done in situ in live embryos. Several types of vital dyes
- or exogenous cell markers have been used to study peural crest migration. Early
techniques of staining neural crest cells involved the labelling of the neural crest cells with
the vital dyes Nile Blue sulphate and Neutral Red (Detweiler, 1937; Detweiler and Kehoe,
1939; Horstadius and Seliman, 1946). The major drawback of these two vital dyes is

fading.

Two other labels are wheat germ agglutinin-gold conjugate and horseradish
peroxidase. The wheat germ agglutinin-gold conjugate has been successfully used to label
and follow presumptive cephalic neural crest in the rat and mouse (Tan and Morriss-Kay,
1986; Smits van Prooije et al., 1986; Chan and Tam, 1988). Horseradish peroxidase has
been especially successful when used as a heritable intracellular label to mark and follow
amphibian blastomere derivatives in the central nervous system (Jacobson and Hirose

1978, 1981; Smith and Slack, 1983).

1.4 Use of the Vital Dye, Dil, as a Cell Marker in the Axolotl

Recently, the advent of fluorescent vital dyes has allowed mote detailed exploration
of neural crest migration. The fluorescent nature of these dyes allows us to exploit
epifluorescent and confocal laser scanning microscopy when examining specimens.
Morphogenetic movements of labelled cells can be further scrutinized, adding to data
collected from light and electron microscopy. Several types of ﬂuoresgent dyes are
available as cell tracers. The three most common types of dyes are the lysinated fluorescent

dextrans (such as lysinated-rhodamine dextran.and lysinated-fluorescein dextran), the
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carboxyfluorescein tracers (such as carboxyfluorescein diacetate succinimidyl ester and
carboxydicholorofluorescein diacetate succinimidyl ester), and the carbocyanine dyes such

as Dil (1,1-dioctadecyl-3,3,3° 3’-tetramethylindocarbocyanine perchlorate) and DiO
(3.3’ -dioctadecyloxacarbocyanine perchlorate).

Lysinated fluorescent dextrans can be injected into single cells and the labelled
progeny can be followed for up to 10 cell divisions (Ruiz i Altaba et al., 1994). Lysinated
fluorescein dextran has been used as lineage tracers in the labelling of single blastomeres in
amphibians (Gimlich and Cooke, 1983) and in tracing neural crest migration in zebrafish
(Schilling and Kimmel, 1994; Raible and Eisen, 1994). The dextrans can however be quite

viscous, making the injection of small cells difficult (Armstrong, personal communication).

Carboxyfluorescein tracers have been used to study epithelial-mesenchymal
transformations during palatal fusion in mouse embryos (Griffith and Hay, 1992).
Carboxydichlorofluorescein diacetate succinimidyl ester (CCFSE) diffuses across the cell
membrane, where intracellular estziases cleave off the acetates to release the fluorophore as
a water soluble compound that cannot diffuse out of the labelled cells. This stable
cytoplasmic marker can easily withstand formaldehyde fixation and paraffin embedding

(Griffith and Hay, 1992).

By far the most common vital dyes used currently for the labelling of neural crest
cells and neuronal derivatives are the fluorescent, lipophillic dyes Dil (1,1-dioctadecyl-
3.3,3",3'-tetramethylindocarbocyanine perchlorate) and DiO (3,3’-dioctadecyloxacarbo-
cyanine perchlorate). The carbocyanine Dil is a brightly fluorescent dye with an excitation
maximum of 550 nm and an emission maximum of 565 nm, similar to that of rhodamine,
while DiO has an excitation maximum of 484 nm and an emission maximum of 501 nm.
Dil has been used more often since it yields more satisfactory staining results in living cells
than DiO (Honig and Hume, 1986).. Dil can also be photoconverted with diaminobenzidine

to an insoluble, electron-dense product for visualization at the ultrastructural level
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(Gansmuller et al., 1992; Lubke, 1993; Ruiz i Altaba et al., 1994). Once injected onto, or
into the cell, the long-alkyl chain carbocyanine dye diffuses laterally within the plasma
membrane, superficially embedding itself in the lipid membrane (see Fig. 4). The dye is
not toxic to cells. Transfer of the dye between intact membranes is negligible, and it will
last, without marked fading, for at least two to three weeks in living tissue and for several
- months in fixed tissue (Ruizi Altaba et al., 1994). The dye does not alter cell surface
properties and, as a result, does not alter the migrational pattern of cells (Pomeranz et al.,

1991) making it an ideal label for following the migration of neural crest cells and their

derivatives.

Dil labelling has been exceptionally useful in the retrograde labelling of neuronal
cells in culture (Honig and Hume,1986). Other cell types labelled with Dil in culturc
include erythrocytes (Unthank et al., 1993), hepatocytes (Soriano et al., 1992), endothelial
and smooth muscle cells (Ragnarson et al., 1992). Dil has been used extensively for
neuronal tracing experiments in a variety of vertebrates with either live or fixed tissue.
Some of these experiments include the tracing of axons in the brains of salmon {Holmgqvist
et al., 1992), zebrafish (Kaethner and Stuermer, 1992), Xenopus (Fraser and O’Rourke,
1990), axolotl (Krug et al., 1993), hamster {Pires-Neto and Lent, 1993), mouse

(Gransmuller et al., 1992), cat (Elberger, 1993) and man (Meyer and Gonzalez, 1993:
Wadhwa et al., 1993),

Dil has been proven to be a very successful lineage label in neural crest migration
studies in several embryonic systems. Trunk neura! crest migration has been studied in
zebrafish (Raible and Eisen, 1994), Xenopus (Collazo et al., 1993), chick (Serbedzija et
al., 1989; 1991; Pomeranz, 1991) and mouse (Serbedzija et al., 1991). Cranial neural
crest migration has been investigated in the chick (Kuratani and Kirby, 1992; Scherson et
al., 1993) and mouse (Serbedzija et al., 1992; Trainor and Tam, 1995). Our stud'y is the

first to use Dil as a [abel for cranial neural crest migration in amphibians.
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Figure 4. Diagram illustrating the Dil molecuie superficially embedded in the
phospholipid bilayer of the plasma membrane once it is injected. The dye
diffuses laterally within the plasma membrane, thus labelling it. (Molecule is

not drawn to scale.)
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Cardiac neural crest has been labelled and followed with Dil in the chick embryo
(Kuratani and Kirby, 1992; Kirby et al., 1993). Dil has shown to be an invaluable
technique for fate mapping studies even prior to neural crest migration in certain vertebrate
embryos. The fate map of the primitive streak of the early mouse embryo and of Hensen's
node in the chick embryo were constructed using Dil labelling (Selleck and Stern, 1991:
~ J.L. Smith et al., 1994). The fates of presumptive small mesenchymal cells have been
determined from labelling studies of blastula stage sea urchins (Ruffins and Ettensohn,
1993). Dil has also been used to label the blastopore lip in the early Xenopus gastrula
(Gont et al., 1993).

Due to the wide-spread and successful use of Dil in recent fate mapping
experiments, we decided to use Dil as the marker of choice for tracing the fate of the
cardiac neural crest in neurula stage A. mexicanum embryos. When we began this project,
the only published work on Dil in the axolotl involved the labelling of nerves in fixed adult
tissue (Krug et al., 1993; Nagai, 1993). Krug et al. (1993) examined afferent and efferent
connections of the thalamic eminence in the brain of the adult axolotl, while Nagai (1993)
studied the IX nerve and the innervation of taste buds in the lingual epithelium. In 1995,
Barlow and Northeutt published a study in which they labelled the presumptive cephalic
endoderm of early axolotl gastrulae with Dil and found that it contributed to the

development of the taste buds.
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L5 Gross Morphological Development of the Amphibian Heart

In order to analyze the relationship between cardiac neural crest and other cardiac
primordia we must first try to understand the sequence of events in early heart
development. The morphogenetic movements of mesodermal heart primordium in
Ambystoma have been described by Copenhaver (1926) , Wilens (1955) and Lemanski
- (1971). These early studies focussed mainly on the morphology of heart development.
More recent studies have been concerned more with initial heart induction by the
pharyngeal endoderm (Jacobsen, 1960; 1961; Jacobsen and Duncan, 1968; Sater and
Jacobsen, 1989; Smith and Armstrong, 1990).

The following brief synopsis of heart development is based primarily on the work
of Lemanski (1973). During gastrulation, the right and left mesoderm halves become
located laterally on each side of the blastopore lip, and remain paired in late neurula and
early tailbud stages. Following neurulation, the two mesoderm sheets thicken and
converge toward the ventral midline of the embryo. In early tailbud stages, the leading
edges give rise to a small number of loosely-organized pre-endocardial cells. These cells
accumulate as a longitudinal strand which eventually hollows out to form the thin-walled
tube of the endocardium. The tube then bifurcates at both ends and becomes continuous .

with the linings of adjoining blood vessels.

During endocardial development, thickened borders of the right and left mesoderm
sheets fuse to form a *“trough” of prospective myocardium, which continues to grow and
surround the endocardium. The location of the heart field mesoderm in a stage 20 A.
mexicanum embryo can be seen in Figure 5. Growth occurs in a dorso-ventral direction.
Heart beat and completion of the heart tube occur at approximately stage 34-35 (see Table 1
in Appendix 11, for staging). The tubular heart is straight at first, and later develops
convoluted chambers:; l)_the sinus venosus; 2) the atrium; 3) the ventricle; 4) the conus

arteriosis (see Fig. 6). At stage 39, the conus arteriosis is continuous with the ventral
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aortae anteriorly and extends posteriorly to join the ventricle at a sharp angle. The ventricle
is elongated at this stage, and is positioned almost laterally with respect to the longitudinal
axis of the embryo. The atrium is oriented longitudinally and the sinus venosus is
continuous with the vitelline veins and located anterior to the liver. After stage 41, the heart
acquires its adult form. The atrium and sinus venosus enlarge but retain their thin walls

while the ventricle also increases in size and acquires a thicker-walled appearance.

The contribution of neural crest in Ambystoma heart development has not been
previously examined. However, since the heart is primarily of mesodermal origin, it is
important to understand the morphogenetic movements of the heart field mesoderm during
heart development, prior to possible neural crest involvement. Since it has been shown that
neural crest is involved in cardiovascular development in other vertebrates, we hypothesize
that the neural crest of Ambystoma embryos is also involved in heart development, but
plays a part in the later stages of cardiovascular development, during arterial outflow tract

development.
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Figure 5. Diagram showing the location of the heart-forming mesoderm in the
stage 20 axolot! embryo. The diagram shows the right side of a stage 20
embryo with the epidermal ectoderm removed. The orange-coloured region
defines the location of the heart-forming mesoderm (H) at the anterior edge of
the mesodermal mantle. Me=mesoderm; M=mandibular mesoderm:
EN=underlying endoderm; NF=neural fold; S=somites; A=anterior of embryo;

P=posterior of embryc; D=dorsal side of embryo; V=ventral side of embryo;
(redrawn from Smith and Armstrong, 1993).
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Figure 6. Frontal view of a stage 40 A. mexicanum heart. The drawing shows
the convoluted nature of the developing heart and its subdivisions. B=bulbus;
C=conus; V=ventricle; A=atrium; S=sinus venosus; magnification = 80x.
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1.6 The Mexican Axolot]

Ambystoma mexicanum, a native of Lake Xochimilco near Mexico City. is a
neotenous urodele which has been used extensively in developmental biology studies. This
salamander possesses many qualities which make it useful for vertebrate developmental
experiments. Adults can be allowed to mate and eggs can be collected throughout the year.
" Each successful spawning yields 300-600 eggs (Armstrong et al., 1989). The eggs are
approximately 2 mm in diameter when laid and can easily be surgically removed from their
protective, transparent, jelly coat. The large size of the embryo and the ability to withstand
surgical manipulation without severe disruption in development has made these organisms

very popular for transplantation and extirpation experiments.

Axolotls have been raised in laboratories for over a hundred years. As a resuit,
much has already been ducumented about their development and physiology. A detailed
staging table has been constructed to monitor embryological development (Bordzilovskaya
et al.. 1979). Several genetic mutations have also been characterized which may aid in

elucidating the patterns involved in normal development (Armstrong, 1985).

We have chosen to use the axolotl for our study of the neural crest for several
reasons. First of all, axolot! embryos were easily obtained from the University of Ottawa
Axolotl Colony. Secondly, the large size of the embryos and of the neural folds
themselves allowed easy access to the underlying neural crest. Thirdly, cranial and trunk
neural crest migration has been well documented in amphibians (Hall and Horstadius,
1988), but cardiac neural crest has yet to be well defined to a particular region of the neural
folds. Fourthly, we were interested in examining the role of cardiac neural crest in the
premature death mutation (p), a recessive mutation particular to the axolotl affecting a

subpopulation of neural crest cells.
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1.7 Previous Fate Maps of the Urodele Cranial Neoral Crest

Over the past few decades, several researchers have successfully created fate maps
of the cranial neural crest in neurula stage urodele embryos. They have examined several
species and looked at various stages of neurulation, focussing primarily on early and mid-

neurula stages.

One of the earliest fate maps created for the neural crest in the bead was by
Landacre (1921) in Plethodon glutinosis (Ambystoma jeffersoniam) . He observed the
embryos through several stages of neurulation and neural crest migration. Landacre noted
that most of the dorsal portion of the migrating neural crest sheet gives rise to the general
cutaneous and general visceral portions of cranial ganglia V, VI, IX, and X, while the rest
of this portion of neural crest forms mesenchyme, The ventral portion of the neural crest
sheet migrates downwards into the head region and iato the mandibular and branchial bars
and later differentiates into loose ectodermal mesenchyme and dense cartilage primordia.
The resulting visceral cartilages from the neusal crest include the anterior portion of the
trabeculae, Meckel's cartilage, the palatoquadrate bar, and all the branchial cartilages except
the second basibranchial. The fate map constructed by Landacre for the Plethodon head is
shown in Figure 7A.

A few years later, Stone corroborated Landacre’s results with extirpation studies in
Ambystoma punciatum (1922, 1926) and in the anuran, Rana palustris (1929). Stone
confirmed that the cranial neural crest contributed to the formation of Meckel's cartilage, the
palatoqu;ldrate, the anterior portions of the trabeculae and the hyobranchial skeleton, except
for the second basibranchium. Stone also maraged to map out which regions of the cranial
crest contributed to which areas of the visceral skeleton (see Fig. 7B). Similar studies on
trunk neural crest migration in Ambystoma were performed by Raven (1931) and
Detweiler (1934, 1937).
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In 1946, Horstadius and Sellman meticulously marked 8 different sections along
the anterior neural ridge at open neural plate stages (ie. stage 16 in A. mexicanum embryos)
to determine which section of the neural fold contributed to which cartilaginous element of
the visceral skeleton. Using vital staining techniques, they found that certain areas of the
neural fold specified particular members of the chondrocranium (see Fig. 8). They also
" found that there was some crossover across the midline between cells on opposite {olds.
Their results were reminiscent of those from Stone and Landacre but were more specific

and mapped out the fate of crest cells earlier in neurulation (mid-neurula stage).

More recently, Chibon (1966) defined specific axial levels of the stage 17
Pleurodeles waltlii neural fold, and determined the fate of each axial level with respect to
elements of the visceral skeleton (see Fig. 9 for outline of axial levels). He found that the
area defined by 0°-30" produced no skeletal elements. The area between 30"-50" formed
the anterior portion of the trabeculae. The area defined by 50°-70" formed the posterior
portions of the trabeculae, the basal plate and the palatoquadrates. The area marked as 7('-
100° specified Meckel’s cartilage and the hyoid arches. 100°-120" formed the first
basibranchial, the hypobranchials and the anterior branchial arches, while the areas
designated as 120°-150° formed the posterior branchial arches. Chibon’s results were very

similar to those of Horstadius and Seliman for urodele mid-neurula stages.

We have constructed a similar fate map for the cranial neural crest in late neurula
stage (stage 19-20) A. mexicanum embryos. We have used specific landmarks on the
embryo only distinguishable at this late stage to demarcate specific areas of the neural fold.
These landmarks include the varying thickness and bulbous quality of the neural fold at the
forebrain, fore-midbrain and mid-hindbrain regions, and the appearance and extent of
emerging somites. We have mapped out the contribution of different sections of the
anterior neural fold to the visceral skeleton at the stage when the neural folds are about to
fuse at the dorsal midline. Our fate map is the first, to our knowledge, to use easily
identifiable landmarks on the A . mexicanum embryo as reference points for injection of a
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fluorescent vital dye. It is also the first fate map of the anterior neural folds and cranial

neural crest at the late neurula stage in A. mexicanum.
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Figure 7. A) Diagram showing the early migration of the anterior neural crest
sheet (blue) over the mesoderm (beige) in a 3 mm long Plethodon larva.
Op=optical vesicle; M=mandibular bar; X IX, V|, V, refer to cranial nerves;
N=notochord; Ne=neural canal (adapted from Landacre, 1921). B) Diagram
showing the extent of the cranial neura! crest (purple) and its derivatives in the
stage 26-27 Ambystoma punctatum embryo. Bre=branchial ectomesenchyme:
Au=auditory  vesicle; He=hyoid ectomesenchyme;  Me=mandibular
ectomesenchyme; Op=optical vesicle (redrawﬁ from Stone, 1926).
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Figure 8. Horstadius and Sellman’s fate map. . A) Diagram of open neural-
plate stage (stage 16) Ambystoma mexicanum embryo with the head neural
ridge divided into eight zones. Shown are the right side positions of the
presumptive anterior trabeculae (AT), mandibular arch (Ma), hyoid arch (Ha),
and gill arches (Ga 1, 2, 3, 4), in relation to zones 1-8. A=anterior; P=posterior.
B) Diagram of the stained (shown as stippling) ectomesenchyme migrating
under the epidermis along the endomesodermal mandibular, hyoid, 1, 2, and 3
+ 4 gill arches. (From Horstadius and Sellman, 1946.)
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Figure 9. Dorsal view of a stage 17 Ambystoma embryo indicating the axial
levels defined by Chibon (1966). The derivatives of the neural fold between the
areas defined as 30 degrees and 150 degrees from the dorsal midline were
mapped. Chibon used angle measurements to designate areas of the neural
fold (redrawn from Chibon, 1966). A=anterior of embryo: P=posterior of embryo.
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1.8 The Fate Map of the Cranial and Cardiac Neural Crest in the Axolotl

The purpose of this project is to define the boundaries for the cardiac neural crest in
the axolotl. The cardiac neural crest Plays a significant role in the development of the
cardiovascular system in other vertebrates. Defects in the cardiac neural crest can lead to
several congenital heart abnormalities in avians and mammals. It is for this reason that we
thought it would be advantageous to investigate the cardiac neural crest in amphibtans. Just
as we have seen in birds and mammals, determining the role of the cardiac neural crest in
amphibians may aid in elucidating the mechanisms involved in abnormal amphibian
development. Keeping this thought in mind, we decided to investigate the possible
connection between the cardiac neural crest and the manifestation of the premature death (p)

mutation in the axolot! (in chapter 11 of this thesis).

While determining the boundaries of the cardiac neural crest, we also mapped out
the fate of the cranial neural crest in the stage 20 axolotl embryo. We have found that the
cardiac neural crest is located at the region defined above the first two somiles in the late
neurula stage embryo. The amphibian cardiac crest follows a ventral migratory pathway
towards the rostral end of the endocardial cavity and goes on to form the ectomesenchymal
support of the truncus arteriosis and the aortic arches. The neural crest located anterior to
the cardiac crest forms the components of the cranial skeleton and the brain. The neural

crest posterior to the cardiac crest does not contribute to the visceral skeletal components
‘but forms pigment cells. Determining the fate of cranial and cardiac neural crest in the
axolotl can allow us to examine further the mechanisms involved in neural crest

development in amphibians and in vertebrates in general.
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Materials and Methods

2.1 Embryos

Wild-type A. mexicanum embryos were o.btained from spawnings performed at the
- University of Ottawa axolotl colony. The embryos were kept in small bowls containing
modified 25% Holtfreter's solution (see Table 1 in Appendix I) at 1820 °C.

Developmental stages were determined using the staging table and diagrams prepared by
Bordzilovskaya et al. (1989; also see Table 1 in Appendix II) for A. mexicanum. Stage 19-
20, late peurula stage embryos (neural folds are in contact throughout but have not yet
fused in the anterior region of the embryo) were used in the microinjection labelling
procedure. Prior to microinjection, the jelly coat and vitelline membrane were removed
from each embryo with 2 watchmaker's forceps. Stage 19-20 embryos were passed
through one rinse in filter-sterilized 100% Steinberg's solution (see Table 2 in Appendix I)
with 0.1 % gentamicin prior to being transferred to an operating dish containing filter-
sterilized 100% Steinberg's solution with gentamicin. Operating dishes consisted of glass
petri dishes containing a Permoplast-Paraplast mixture which was moulded to keep the

embryos in place during operations (Frost et al., 1989).

2.2 Microinjection of Dil

A 03% stock solution of the vital dye, 1,1-dioctadecyl 3,3,3°,3°
tetramethylindocarbocyanine perchlorate (Dil, Molecular Probes Inc.) was made up in 30%
dimethylformamide. This stock solution was further diluted in a 0.3 M sucrose solution

for a final concentration of 0.03% Dil.

Borosilicate micropipets (Drummond Inc.) were pulled on a Vertical Pipette Puller
Model 700C (David Kopf Instruments) to give a tip diameter of 10um. The pipets were
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attached to a microinjection apparatus similar to that described by Stephens et al. (1981). A
schematic diagram of the set-up is shown in Figure 10. Dil injections were made by
inserting a micropipet into the neural fold and expelling a small amount of the pink dye
solution. Approximately 50-100 nl of the dye solution was injected per embryo. A Zeiss

dissecting microscope was used to observe the injection.

The neural folds of each embryo were divided into five different adjacent zones
from the anterior to posterior end as shown in Figure 11. Each embryo was labelled in one
unilateral zone of the neural fold. Both right and left sides of the neural folds were labelled
in separate embryos. Visual inspection of the embryo confirmed that the bright pink dye
was confined to the area labelied. After the injection, the embryos were allowed to heal in
the operating dish for approximately one hour. The injected embryos were transferred to
24-well dishes (Falcon) containing 100% Steinberg’s solution with gentamicin ovemight,
and then transferred to 24-well dishes containing 25% Holtfreter’s solution with 0.1 mg/ml
penicillin and 0.1mg/ml streptomycin the next momning. The embryos were allowed to
develop for approximately two weeks, until they reached stage 44-45, by which time the
heart has completely developed and is beating and the visceral cartilage has completely

formed. During development, the embryos were kept at 18°C in the dark.
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Figure 10. Diagram showing the experimental set-up of the microinjection
apparatus. The rubber tubing is approximately 2 cm in diameter and flexible.
The injection of the dye onto the embryo is done by holding the tubing and the
needle with one hand and releasing the dye using the air pressure incurred
when the finger hole is covered with a finger from the experimenter's other
hand, all while observing the injection process through the dissecting
microscope. A 3-tiered valve controls either air pushing through the needle or
the vacuum sucking up the dye solution into the needle. The embryo is
immobilized in the operating dish prior to injection.
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. Figure 11. Lateral view of the right side of a stage 20 axolotl embryo indicating
the zones demarcated along the neural fold. Each region was defined using
visible landmarks (such as indentations along the neura! fold and the
appearance of somites) in the embryo as reference points for the different
sections. Zone “1” comprises the most anterior part of the neural fold, or the
presumptive anterior forebrain region. Zone “2" refers to the fore-midbrain
region of the fold. Zone “3” defines the more dorsall ' located mid-hindbrain
region. Zone “4" indicates the extremely dorsal area marked by the first two
visible somites. Sections “a” and “b”" are each one somite in iength. Zone “5”
refers to the more posterior, straight, dorsal part of the fold which is also two
somites in length., Each section was labelled individually in order to determine
its particular derivatives. This diagram shows only the right neural fold.
However, some embryos were unilaterally labelled in a similar fashion along
the left neural fold.
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2.3 Cryostat sections and microscopy

After reaching stage 44, the control and labelled embryos were anaesthetized in
0.02% tricaine methansulfonate (MS-222, Sigma Chemical Co.), and then fixed in 4%
paraformaldehyde/0.25% glutaraldehyde in PBS (phosphate buffered saline} for at least 12
hours. Embryos were rinsed three times in lmg/ml sodium borohydride in PBS, then
. rinsed three times in PBS, and soaked in a 15% sucrose solution for 12 hours at 4 °C.
They were embedded in a 15% sucrose/7.5% gelatin (Sigma, bloom 300) solution for 2
hours at 37°C and then rapidly frozen in liquid nitrogen. Embryos were sectioned at a
thickness of 14-20 #m on an Ames cryostat. Sections were mounted on slides with Geltol
(Lipshaw Immunon} and covered with glass coverslips for viewing under epifluorescence
on a Zeiss Axiophot microscope and a confocal laser scanning microscope. Photographs of
the sections were taken using Iiford XP2 ASA 400 film and Black’s colour ASA 400.
Photographs were manipulated (ie. montages and labels were created) with the Adobe

Photoshop 3.0 software.
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Results

3.1 Dil Labelling of the Neural Fold

Wild-type axolot] embryos were microinjected with the Dil solution upon rexaching

stage 19-20. The right or left neural fold was injected with the Dil solution in one of five

zones defined in Figure 11'. The injection was made to specifically target the neural crest
cells in the neural fold. Each embryo was injected with approximately 50-100 nl of the dye
solution. The injection needle was inserted under the surface of the converging neural
folds and the viscous liquid dye was expelled with air pressure. The dye then diffused into
immediately surrounding cells. The area injected was restricted to one of the regions along
the neural fold outlined in Figure 11. The bright pink dye was easily visible under the
dissecting microscope. After the injection process, the embryos were allowed to heal for
one hour.

To ensure that only a specific region was initially labelled, and that the dye had not
diffused into neighbouring areas of the neural fold, several stage 20 embryos were fixed
after the one hour healing period following the injection. The embryos were then
embedded, cryosectioned and observed under the epifluorescent microscope to see the
extent of the labelled area. These embryos were used as standards for the labelling
procedure. The dye remained confined to the “zone” (along the antcrior;posterior axis) that
it was intentionally injected into, and had not diffused into a more anterior or posterior
region on the fold (see Fig.12). For example, if zone 2 was labelled along the neural fold,
the dye did not creep into zone I or zone 3.

In observing sections taken from stage 19-20 embryos, we also saw that the dye
was confined to the converging neural folds and presumptive neural tube, thus primarily

targeting premigratory neural crest cells. As seen in Figure 13, the region that contains the

! Throughout the rest of the chapter, zones “1”, 2", “3", “4" and “5" refer o the regions along the neural
fold of the stage 19-20 axolotl embryo defined in Figure 11 (in the Materials and Methods section),
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majority of the label is the neural fold. The ability to target neural crest cells of a specified

area, made the Dil labelling technique a useful method for fate mapping experiments.
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Figure 12. (A) Transverse section through the anterior neural folds of a stage
19 axolotl embryo. A juxtaposition of the fluorescent image over the phase-
contrast image of the same section is shown to indicate the boundaries of the
dye after the injection. This embryo was injected along the left neural fold
{(shown on right) in zone *2" (the presumptive fore-midbrain region, see Fig.
11). The dye was targeted to the presumptive fore-midbrain region and is
confined to that area. The arrows indicate the indentations in the neural fold
which were used as landmarks to define the boundaries between the fore-
midbrain region and the mid-hindbrain region (smali arrcw), and between the
forebrain and fore-midbrain region (large arrow). Note that there are some
cells which also got iabelled on the contralateral side of the neural fold.

rh=presumptive right anterior hindbrain; rm=presumptive mid and forebrain;
rf=right forebrain; Ih, Im, If, indicate the same regions but on the left neura} fold.
Bar, 100pm. (B) Diagram of the lateral view (shown on left) and dorsal view
(shown on right) of a stage 19 axolotl embryo indicating the plane of section

(shown on lateral view) of the embryo in (A). a=anterior; p=posterior; d=dorsal:
v=ventral, '
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Figure 13. (A), (B) Cross section through zone “4” (refer to Fig. 11) of the neurat
fold. Fluorescent image (A) indicates the areas in the neural fold and the
neural tube (nt) labelled with Dil. This stage 19 embryo was injected in the
right neural fold (rnf) in zone 4, targeting the neural crest celis (nc) of this area.
(B) Phase contrast image of the same section as in (A). Bar, (A, B), 100 um.
(C) Lateral view diagram of the right side of a stage 19 axolotl embryo
indicating the plane of section in (A) and (B); a=anterior; p=posterior; d=dorsal:

v=ventral,
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3.2 Labelling Pattern of the Dil

After the Dil microinjection, the embryos that had not been fixed at stage 20, were
allowed to develop until they reached stage 44-45 (approximately 400 hours old). Upon
reaching stages 44-45, at which time the cartilaginous visceral skeleton had completely
formed, heart development had reached its juvénile stage, and secondary gill filaments were
. prominent, the embryos were anaesthetized and fixed. Following fixation, the embryos
were embedded in a sucrose/gelatin solution and cryosectioned. Sections were observed
under epifluorescence with either a confocal laser scanning microscope or a Zeiss
Axiophot.

The Dil labelling of the neura! crest derivatives was very bright and very distinct.
The red fluorescent label appeared around the perimeter of the cells corresponding to
labelling of the cell membrane. The label did not uniformly stain the cell membrane and the
intensity of the label varied from cell to cell (see Fig. 14). We observed that not all the cells
of a particular area were labelled, confirming that the dye does not diffuse between
neighbouring labelled and unlabelled cells. Once Dil labels a cell, it remains in that cel} and

its progeny, thus making it a stable lineage label, The fluorescent label was stable for at

least two weeks in living axolot] tissue, without fading,
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Figure 14. The staining pattern of Dil-labelled cells of neural crest origin. (A)
Phase contrast image of chondrocytic celis in the Meckei's cartilage. (B)
Confocal laser scanning photomicrograph of the same chondrocytic cells as in
(A) (arrows refer to two typical Dil-labelled cells). The arrows in (A) and (B)
denote the same cells. Note the fluorescence around the perimeter of the
labelled cells. (C) A confocal image of chondrocytic cells is shown. Note that
the intensity of the Dil label varies among cells of the same region and within
the individual cell. (D) Confocal image of the anterior outflow portion of the
axolotl heart (h) and cells of the posterior left branchial arches. Arrow indicates
one intensely labelled branchial arch cell. (E) Confocal image at higher
magnification of the cell in (D). Note the labelling pattern of the cell membrane.
No label is visible inside the cell. Also note that not ail cells of a particular
region are labelled. Scale bars for (A, B, C, and D), 100 um; scale bar for (E),
50 um.
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3.3 Controls

No significant abnormal development was observed in injected embryos. To
ensure that the Dil was not deleterious to the development of the embryos, and that the
fluorescence observed was from the vital dye, we compared the development of Dil-
injected embryos to that of controls. The control embryos were injected with 30%
. dimethylformamide (DMF) in 0.3M sucrose (the dye solution without the Dil). The
development of uninjected embryos was also observed from the same spawnings. Neither
the Dil, nor the DMF injection caused any developmental problems in the embryos (see
Table 1).

Sections of embryos injected with only the Dil solvent (dimethylformamide and
sucrose) were observed to ensure that any significant fluorescence observed was from the
Dil and not due to background fluorescence. Each control embryo was injected in a
different zone (refer to Fig. 11) along the anterior neural folds. Irrespective of the zone that
was injected, all embryos (at stage 45) showed some background fluorescence in the liver
and the gut, but none elsewhere (see Fig. 15). The heart region did not show any type of
autofluorescence (see Fig. 15H). These observations assured us that any type of
fluorescence that we did see in the Dil labelled embryos, other than in the gut or the liver,
was not an artifact. If any embryo did show labeiling in the gut or in the liver, it was not

significantly distinguishable from the background flucrescence and thus was disregarded.
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Table 1. The Development and Survival of Embryos Following Microinjection.

# of embryos with
Total # of embryos | # of embryos with abnormal
normal development | development or that
(%) aborted (%)
Embryos injected .
{ with Dil solution 54 47 (87.0%) 7(13.0%)*
(Dil + DMF
+ sucrose)
Embryos injected
with DMF solution 18 17 (94.4%) 1(5.6%)*
(DMEF + sucrose) _ _
Uninjected embryos 6 6 (100%) 0(0%)*

Table 1. The development of embryos was followed after injection with the Dil solution
to see whether the Dil caused any observable abnormalities in development. Control
embryos consisted of those injected with only the Dil solvent [dimethylformamide
(DMF) + sucrose]. No significant difference in development or survival was observed
between these two classes or between uninjected embryos. These observations indicate
that the Dil solution and the injection procedure did not affect embryonic development.

* Not significantly different using the Chi-square test (p,, ;).
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Figure 15. Frontal sections of stage 45 “control” embryos injected with only
' dimethylformamide and sucrose (Dil solvent). These embryos were observed
to test the degree of autofluorescence in the axolot| embryo. (A) Phase contrast
image of the liver (I) in a stage 45 embryo. (B) Fluorescent image of the same
section as in (A). Note the dim autofluorescence in some hepatocytes.
(C) Phase contrast image of the the posterior cartilages of the visceral
skeleton. (D) Fluorescent image of the same section as in (C). Note the lack of
fluorescence in any of the cartilaginous elements. For (C and D): (mc).
Meckel's cartilage; (ba), branchial arch; (hb), hypobranchial. (E) Phase contrast
image of the lumen of the gut (9). (F) Fiuorescent image of the same section
as in (E). Note the autofluorescence in the enteric region. (G) Phase contrast
image of the anterior portion {truncus arteriosis) of the heart (h).
(H) Fluorescent image of the same section as in (G). Scale bars for (A-H),
100 pm. For all panels the anterior of the embryo is at the top of the plate.
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3.4 General Results after Labelling the Five Neural Fold Zones

Typical lincage labelling experiments were performed in which Dil was injected
into one of five zones (defined in Fig. 11) along the amphibian neural fold in the hopes of
determining the derivatives of the cranial neural crest and neural tube. Stage 20 embryos
were injected and stage 44-45 larvae were observed for fluorescently labelled cells. The
~ derivatives and progeny of the originally labelled neural cells exhibited 2 bright red
fluorescence around the cell membrane. The following three tables (Tables 2, 3, and 4)
give an account of our general results. The tables outline the numbers of embryos that
were labelled in each zone and the number of times fluorescently labelled cells were
detected in a particular element. Each cartilaginous element, brain region, or other organ
was scored positive if five or more distinct cells in that element were fluorescently labelled
in that area.

Using the Chi-squared stalistic, we found that finding labelled cells in a particular
region is dependent on the zone of the neural fold that was originally stained. In other
words, neural crest and neural tube derivatives have a specific fate depending on their
origin along the antero-posterior location along the neural tube. The following tables give a
qQuantitative account of our results. In the tables, each zone comprises of embryos that
were labelled on either the right or left neural fold. We found that both sides of the neural
fold produced the same derivatives, so the data was pooled. Table 2 indicates the neural
crest derivatives of the cranial skeleton. Table 3 outlines the contribution of different zones
of the neural fold to different sections of the brain, and Table 4 shows the non-cartilaginous
and non-neuron.al derivatives of the neural crest. A detailed description of the outcome of
labelling the different neural fold zones is given in the sections following the tables. Our
original goal of identifying the cardiac neural crest was achieved. We found that it was

located at the posterior end of the cranial neura! fold—in zone “4”,
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3.5 The Fate of Cells From Zone “1” of the Anterior Neural Fold

Dil injected embryos were sectioned upon reaching stage 4445, Embryos that had
initially been labelled at stage 20, in the most rostral right or left neural fold (zone 1)
displayed fluorescently-labelled cells in the anterior forebrain region at stage 45. The
original neural fold cells of zone 1 developed into the neuronal network of the anterior
" prosencephalon (sce Fig. 16),

No labelled cells were found in any other region of the embryo. Cells from zone 1
did not contribute to any cartilaginous structure of the cranial skeleton or to any other organ
rudiment. Zone | cells did not have any chondrocytic derivatives. This can be seen by the
lack of labelling in the trabeculae (see Fig. 16). These results indicate that the anterior
neural fold cells from zone 1 are restricted to form only neuronal derivatives in the
prosencephalic region. This suggests thal these neural fold cells have a limited fate and do
not migrate a great distance from their point of origin.

Three embryos were labelled in zone 1 of the left neural fold, and three embryos
were labelled in zone 1 of the right neural fold. The cells on one side of the neural fold
largely remained on that side. For example, celis labelled on the left neural fold in zone |
(at stage 20) later comprised cells of the left half of the prosencephalon, while cells labelled
on the right neural fold were located in the right half of the prosencephalon (see Fig. 16).
This indicated that there was litle crossover between cells from the anterior-most
contralateral folds, Our results show that, in general, cells from zone 1 form the neuronal

cells of the anterior forebrain.
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Figure 16. The fate of zone “1" cells. (A) Phase contrast image of a frontal
section through the anterior prosencephalon (pro) of a stage 45 embryo. This
embryo was initially labelled in zone “1” along the left neural fold: (at), anterior
trabeculae. (B) Fluorescent image of the same section asin (A). The label is
found in the left haif (shown on right, since ventral view) of the anterior
prosencephalon (pro). No label was found in any other area. Bar (A and B),
100 pm. (C) Diagram of stage 45 axolot| embryo showing the plane of section
in (A) and (B). Arrow indicates the head region depicted in (A) and (B). In (A)
and (B) the anterior of the embryo is at the top of the plate.
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3.6 The Fate of Cells from Zone *“2”

The cranial neural crest cells that were labelled in zone 2, on either the right-side
neural fold or the left side neural fold, contributed in a large part to the visceral skeleton of
the head. These cells also made up most of the posterior forebrain region in the stage 45
larva.

The cartilaginous element of the visceral skeleton that contained the most cells from
zone 2 was the Meckel’s cartilfage. Neural crest cells which were labelled in zone 2
migrated ventrally to form chondrocytic cells of t]ie anterior Meckel's cartilage (see Fig.
17). Cells labelled on the right side of the fold contributed mainly to the right half of the
Meckel's cartilage, while those cells labelled along the left-side neural fold contributed to
the left half (see Fig. 17). However, cells from the right-side neural fold also made a
minor contribution to the left half of the Meckel’s cartilage and vice-versa.

Zone 2 cells also contributed to the ceratohyal cartifage, and to elements of the
neurocranium (see Fig. 18). In Figure 18, we have shown that the neural crest cells end up
as chondrocytes of the cornu and anterior trabeculae, but do not contribute to the posterior
elements of the neurocranium such as the posterior trabeculae or the basal plate. Both the
left and the right halves of the neurocranium showed signs of labelling even if only one
side of the neural fold was initially dyed. This indicates that there was substantial
crossover between cells of parallel folds. The other cartilaginous elements of the viscera!
skeleton that zone 2 cells contributed 10 were the palatoquadrates (see Fig. 19).

Non-cartilaginous elements of the head were also derived from zone 2 neural crest
cells. There was bright labelling in the craniofacial mesenchyme, the pigment cells of the
head and in cranial ganglia (see Fig. 19).

With respect to the brain region, zone 2 neural crest derivatives were highly
concentrated at the forebrain-midbrain border. Labelled cells were scattered throughout the
prosencephalic region but were concentrated more dorsally and posteriorly, in the

telencephalon (see Fig. 20). As we have shown previously, zone 1 cells also form the
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neuronal network of the prosencephalon. Our results show that the forebrain region is
made up of a combination of cells from both zone 1 and zone 2. Zone 1 cells have a more
anterior neuronal fate, while zone 2 cells are generally located in a more caudal position.

Surprisingly, the mesencephalon (midbrain) contained very few cells from zone 2.
This suggests that in the stage 20 embryo, the region along the neural fold demarcated as
" zone 2 (refer to Fig. 11), does not totally consist of presurnptive midbrain cells, but
contains cells which remain in the posterior region of the prosencephalon. From our
results (also see Table 3), we have shown that cells from zone 2 contribute to many areas
of the anterior brain. Labelled neuronal cells were largely concentrated around the
forebrain-midbrain junction, but some cells were also scattered more anteriorly in the
prosencephalon and posteriorly in the mesencephalon. These results suggest that the fate
of zone 2 cells is not severely restricted to a highly specialized location of the brain.

In Figure 20, we noticed that both sides of the brain contained labelled cells. This
observation suggests that cells from one side of the fold can also contribute to elements on
the contralateral side. However, it may be possible that at the time of the labelling
proccduré. some of the dye could have labelled the contralateral side of the fold of the same
zone (as seen in Fig. 12).

The neuronal derivatives of zone 2 cells are not only confined to the brain. Very
bright labelling of neural cells was also seen in the optic nerve (see Fig. 20) and in certain
cranial ganglia (see Fig. 19). In summary, we have shown that zone 2 cells contribute to
the majority of the cranial skeletal elements anterior to the branchial arches and to the

posterior forebrain.
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Figure 17. Zone “2" cells in the Meckel's cartilage. (A) Confocal laser scanning
image of a frontal section of the right half (ventral view shown) of the Meckel's
cartilage in a stage 45 axolotl embryo. This embryo was labelled along the
right neural fold in zone “2". Note the presence of the red fluorescent label in
the chondrocytic cells of the Meckel's cartilage (mc). Most of the labelled cells
were found in the right half of the cartilage, rather than the left. (B) Phase
contrast image of the same section as seen in (A); (mc), Meckel's cartilage.
Scale bars (A and B), 100 um. (C) Diagram of the head of a stage 45 axolotl
embryo indicating the location of the plane of section shown in (A) and (B). In
(A) and (B}, the anterior end of the embryo is at the top of the plate.
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Figure 18. Labelled cranial neural crest cells from zone “2” in the neurocranium
and the hyoid arch. (A) Frontal section of the head of a stage 45 axolotl embryo
(phase contrast image; ventral view). This embryo was initially labelled along
the right neural fold in zone “2". For {A) and (B): (at), anterior trabeculae; (ct),
cornu trabeculae; (bp), basal piate; (cl), ceratohyal; (ol), olfactory vesicle; (e),
eye; (p), posterior trabeculae. (B) Fluorescent image of the same section as in
(A). Labelled cells (indicated by arrows) are seen in the anterior trabeculae
(at), and the comu trabeculae (ct), but not in the basal plate (bp). Labelled cells
are aiso seen in the left (shown on right) ceratohyai cartilage (cl) of the hyoid
arch. Other labelled cells represent craniofacial mesenchyme, concentrated
around the olfactory vesicles (o), and eye (e). Scale bars (for A and B), 200 pm.
(C) Diagram of a stage 44-45 axolot! head, indicating the plane of section for
(A) and (B).
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Figure 19. Labelled cells from zone “2" contribute to the development of the:
palatoquadrates, cranial pigment cells, and cranial ganglia. {A) Frontal section
through the right side of the head of a stage 45 axolotl larva. Phase contrast
image (ventral view) indicating the location of the palatoquadrate (pg),
mesenchyme (m), tissue surrounding the optic cup (o), cranial ganglia (cn),
and pigment cells (arrows). (B) Fluorescent image of the same section as in
(A). Labelled neural crest cells originally from zone 2 form the chondrocytes of
the palatoquadrate (pq), the mesenchyme (m) and neuronal tissue
surrounding the optic cup (0), and certain cranial ganglia (cn). Zone 2 cells
also contribute to the pigment ceils of the head (arrow). This embryo was
originally labelled in zone “2” along the right neural fold. Scale bars (A and B),
100 pym. (C) Schematic drawing of the head of a stage 44-45 axolotl indicating
the location of the plane of section in (A) and (B). In (A) and (B), the anterior end
of the embryo is at the top of the plate.
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. Figure 20. The contribution of zone “2" neural fold cells to the posterior
forebrain. (A) Frontal section through the brain region of a stage 45 axolotl
(phase contrast image shown; ventral view). This section indicates the location
of the prosencephalon (pro), the forebrain-midbrain junction, referred to as the
telencephalon (tel), the optic nerve (op), and the anterior trabeculae (at).

(B) Fluorescent image of the same section as in (A). Labelled cells are seen
throughout the prosencephalic region (pro) but are highly concentrated at the
posterior end of the forebrain or the telencephalon (te!). The cells are highly
concentrated at this region which marks the boundary between the forebrain
and the midbrain. There is substantial label in both hemispheres of the brain,
even though this particular embryo was labelled along the left neura! fold in
zone 2. There is also significant labelling of the optic nerve (op) and of the
anterior trabeculae (at). Scale bars (A and B), 100 um. (C) Schematic drawing
of the head of a stage 44 axoloti embryo indicating the plane of section for (A)
and (B). The arrow indicates the location along the body-axis of the section
shown in (A) and (B). In (A) and (B) the anterior end of the embryo is at the top
of the plate.
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3.7 The Fate of Neural Fold Cells from Zone *“3"

Neural fold cells originating from zone *3" of the stage 20 axolot! embryo had
migrated primarily towards the branchial arches of the cranial skeleton. However, some
neural crest cells, albeit a very small number, were also found in the hyoid arch and in the
posterior end of the Meckel's cartilage (refer to Table 2 for general results),

The labeiled cells populating the branchial arches were concentrated in the first,
second and third branchial arch (see Figs. 21A and 21B). The labelled neural crest-derived
cells formed the chondrocytic core of the branchial arches. Interestingly, hardly any
labelled chondrocytes were seen in the more posteriorly located fourth branchial arch.
Figure 21B shows the typical labelling pattern of the chondrocytes in the branchial arches
of the stage 45 axolotl. In this figure, no fluorescence was detected in the chondrocytes of
the fourth branchial arch. This suggests that the neural crest cells of zome 3 migrate
ventrally tow.ards the first three branchial arches and do not migrate posteriorly enough to
target the fourth gill arch.

Zone 3 cells also made a minor contribution to other cranial cartilaginous elements
(see Fig. 21C-F). As seen in Figure 21D and 21F, fluorescently labelled chondrocytes
were seen in the ceratohyal, the first hypobranchial, and in the postgrior Meckel's cartilage.
These results suggest that each element of the cranial skeleton is not specified by only one
smali area along the neural fold. We bave shown that the Meckel's cartilage comprised of
cells from both zone 2 and zone 3. Zone 2 cells contributed to the more anterior portion of
the element, while zone 3 contributed to the posterior portions of the element. These
results suggest .that the location of the derivatives along the antero-posterior axis of the
embryo also plays a hand in establishing which zone contributes to which portion of a

particular element.
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Figure 21. Frontal sections of stage 44 axolot! embryos through the cranial
skeleton after zone 3 labelling (ventral views shown); (a and p) in all the

images, refer to the antero-posterior axis of the embryo. (A) Phase contrast
| image showing the left branchial arches; (ba1), first branchial arch; {(ba2),
second branchial arch; (ba3), third branchia! arch: (ba4), fourth branchial arch.
(B) Fluorescent image of the same section as in (A), through the branchial
arches. Note the labelling in the chondrocytic core of the first three branchial
arches (ba1, ba2, ba3, respectively). Some labelling is also seen around the
epithelia of the first three branchial arches. No labeliing is observed in the
fourth branchial arch (ba4). This embryo was originally labelled in the left
neura! fold in zone 3. (C) Phase contrast image through the hyoid arch; (mc),
Meckel's cartilage; (ch), ceratohyal; (hb), hypobranchial 1; (bb), basibranchial 1.
(D) Fluorescent image of the same section as in (C). Note the presence of
labelled cells in the posterior end of Meckel's cartilage (mc), the ceratohyal
(ch), and hypobranchial 1 (hb). Few labelied cells were found in these regions
compared to the branchial arches. Aithough the labeliing shown is in the right-
side elements, this embryo was originally labelled along the ieft neural fold in
zone 3. (E) Phase contrast image through the left-side ceratohyal (ch) and
posterior end of Meckel's cartilage (mc). (F) Fluorescent image of the same
section as in (E). Labelling is shown in the posterior end of Meckel's cartilage
and the ceratohyal cartilage (ch). This embryo was originally labelled in the left
side neural fold in zone 3. Scale bars (A-F), 100 pm.
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The brain region that zone 3 cells corresponded to was the midbrain region (see
Fig. 22). The intense fluorescence observed in Figure 22B, indicated that the
mesencephalon is highly populated with neuronal cells from zone 3. Our observations
indicate that zone 3 cells contribute more to the midbrain region than the cranial skeleton.

As expected, cranial pigment cells were also of neural crest origin (see Fig. 22).
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Figure 22. Labelled celis from zone 3 are located in the mesencephalon.

(A} Frontal section through the midbrain of a stage 44 axolotl embryo (phase
contrast image; ventral view shown). The mesencephalon, (me)} located
posterior to the prosencephalon is shown. A dark cranial pigment cell is also
shown (arrow). (B) Fluorescent image of the same section as in (A). Note the
intense labelling of neuronal cells in the right half of the mesencephalon, {me).
This particular embryo was labelled along the right neural fold in zone 3. Also
note the labelling of cranial pigment cells (arrow). Scale bars (A and B), 100
Km. (C) Schematic drawing of a stage 44 axolotl head indicating the plane of
section shown for (A and B). Arrow indicates the region along the antero-
Posterior axis of the section in (A and B). In (A) and (B), the anterior end of the
embryo is at the top of the plate.
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3.8 The Fate of Neural Crest Cells from Zone 4: The Isolation of the
Cardiac Crest

The prime objective of the fate mapping experiments performed in this chapter was
to identify the location and role of the cardiac neural crest in the axolotl. This was
accomplished through Dil iabelling of the neural fold and detecting the presence of
. fluorescently labelled celis in the cardiac cavity later in development. Fluorescent cells
were detected in the developing pericardial cavity only after cells from zone 4 (refer to
Figure 11) had been labelled. Zone 4 includes the neural fold cells located at the boundary
between the cranial and trunk neural folds. This section of the fold is dorsally located on
the stage 20 axolotl embryo and was arbitrarily demarcated as two somites in length.

Neural crest cells from this region migrated ventrally to contribute to the formation
of the anterior outflow tract and lining of the heart (see Fig. 23). At stage 45 of
development, the truncus arteriosis (anterior to the conus) is responsible for arterial blood
flow. The large aortic arches branching off from the truncus arteriosis were lined with
labelled ectomesenchymal cells of neural crest origin (see Fig. 24). These cells provided
structural support to the hollow aortic tubes. Labelled cells were found in the aortic arches
in both sides of the heart regardless of the neural fold side that was labelled. The walls of
the truncus arteriosis itself were also populated with labelled crest cells (see Fig. 23 and
Fig. 25B). These cells were scattered throughout the walls of the truncus and appeared to
provide structural support. In 3/15 embryos, the walls of the conus arteriosis also
contained labelled cells (see Fig. 25B). However, the more posteriorly located ventricle
and atrium walls were not labelled (see Fig. 25E).

Neural crest cell derivatives from zone 4 were also detected as labelled
chondrocytes in the third and fourth branchial arches of the stage 44-45 embryo (see Fig.
25B and ZSE): Very few labelled chondrocytes were found in the second branchia! arch
(see Table 2). A “stream” of labelled cells connected the truncus arteriosis outflow tubes to

the fourth and third branchial arches (see Fig. 25B). These labelled cells represented the
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ectomesenchymal component of the aortic arches, as opposed to the mesodermal
component. |

In the brain, cells from zone 4 of the neural fold were found in the
rhombencephalon (hindbrain) of the stage 45 axolot! embryo (see Fig. 26). Craniofacial
mesenchyme surrounding the otic vesicle, as well as cranial pigaent cells were also derived
" from the zone 4 neural fold.

" No labelling was found in any region other than what we have mentioned above,
As opposed to other vertebrates, no labelling was detected in the thymus or the
parathyroids. It is possible however, that these elements had not become sufficiently
distinguishable by stage 44.

The presence of flucrescently labelled cells in the anterior portion of the heart after
the labelling of zone 4 of the neural fold, strongly suggests that zone 4 is the location of the
cardiac neural crest in the axolotl embryo. Zone 4 was defined as a two-somite long region
along the dorsal neural fold. To narrow down the exact boundary of the cardiac neural
crest, zone 4 was further divided _into two sections (area 4a and area 4b), each one somite
in length (refer to Fig. 11). Stage 20 embryos were labelled with Dil in either area 4a or 4b
of the neural fold. Three embryos were labelled in zone 4a and four embryos were labelled
in zone 4b. (The data from these embryos were puoled with the rest of the data from zone
4 in Tables 2,3 and 4.) The location of the labelled cells with respect to the developing
heart was examined. No difference was detected between the labelling patterns of cells
originally labelled in area 4a as opposed to 4b. Both areas contributed to the same elements
of the cardiac outflow tract and to the posterior branchial arches. Therefore, we can
assume that the cardiac neural crest extends throughout the whole length of zone 4, which
passes over two sornites along the neural fold.

In our experiments we did notice, however, ‘that the embryos labelled on the right
side of the zone 4 neural fold consistently displayed a larger number of labelled cells in the

truncus arteriosis and the aortic arches than the left-side fold (4 embryos were labelled on
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the right fold and 4 were labelled on the left), However, both sides of the fold contributed
1o the same elements (ie. the walls of the aortic arches on either side of the embryo)
regardless of the side the element was located. This suggests that the right-side neural fold

contributes more to the cardiac crest than the left neural fold.

83



- Figure 23. The location of zone “4” cells in the heart region. (A) Frontal section
through the anterior poriion of a stage 44 axolot! heart (phase contrast image,
ventral view is shown). The truncus arteriosis, (ta), is the most anterior region
of the heart from which the major arteries branch off. Blood flows towards the:
gill arches (arrows indicate the direction of blood flow); (rta), right-side aortic
arch; (lta), left-side aortic arch. (B) Confocal iaser scanning image of the
section shown in (A). Note the brightly fluorescing cells (arrowheads) in the
outflow arteries and in the lining of the truncus arteriosis. These cells
represent the cardiac neural crest in the axolot!. Scale bars (A and B), 100 um.

In (A) and (B), the anterior end of the embryo is at the top of the plate.
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- Figure 24. Cells lining the arterial walls are of neura! crest origin. (A) Confocal
laser scanning image (higher magnification than Fig. 23) of the aortiz arch
emerging from the right side of the truncus arteriosis seen in Figure 23. Dil-
labelled cells (fluorescing red around the periphery of the cell), are seen to
provide support for the walls surrounding the hollow arterial tubes. Arrow
indicates a typical ectomesenchymal cell of neural crest origin. (B) Phase
contrast image of the same frontal section as seen in (A). Arrow refers to the
same labelled cell as in (A). (C) Confocal image (higher magpnification) of the
left aortic arch seen in Figure 23. The fluorescently labelled cells are shown to
provide support for the aortic arches on both sides of the embryo. This embryo
was initially labelled along the right neural fold in zone 4. Arrow indicates an
intensely labelled cell lining the arterial tube. (D) Phase contrast image of the
same section as in (C). Amrow refers to the same ectomesenchymal cell
labelled in (C). Scale bars (A-D), 10 pm. '
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Figure 25. Zone 4 cells in the branchial arches and the anterior heart.
(A) Frontal section through the anterior portion of the stage 44-45 axnlot! heart
and gill filaments. In this phase contrast image, (ventral view), the location of
the gill filaments in relation to the truncus arteriosis (ta) of the heart is shown.
The location of the plane of section for this embryo is indicated in (F), {b4), gill
" arch 4; (b3), gill arch 3; (b2), gill arch 2: (ca), conus arteriosis. ( B) Fluorescent
image of the same section as in (A) indicating the labelled areas of the cardiac
region. Labelled cells from zone 4 are shown to line the walls of the aortic
arches (small arrows). Labelied cells (indicated with double-headed arrow)
are also scattered throughout the walls of the truncus arteriosis (ta) and the
conus arteriosis (ca). Chondrocytes of the posterior gill arches are also
derived from zone 4 cells. Note the labelling of cells in the third (b3) and fourth
(b4) gill arches. This embryo displayed the typical labelling pattern in the
cardiac and gill region after Dil injection of zone 4. This particular embryo had
been labelled along the right neural fold in zone 4. (C) and (D) Frontal section
through the truncus arteriosis and gills of a stage 45 embryo; (phase contrast
and fluorescent image, respectively). This embryo was used as a control for
background fluorescence. The embryo was only injected with the Dil solvent
solution (no Dil). The embryo was fixed and processed in the same manner as
labelled embryos. Note the lack of any type of fluorescence in the anterior heart
or gill arches. Therefore, no background fluorescence was detected.
(E) Fluorescent image of a cross section through the posterior heart region in a
stage 44 embryo originally labelled in zone 4. Note the lack of fluorescent label
in the walls of the atrium (a), the sinus venosus (sv), and the ventricle (v).
Cardiac neural crest was not present in the posterior heart. Labelled cells are
seen in the fourth gill arch (g4). (F) Schematic drawing of a stage 44-45 axolotl
embryo indicating the plane of section for (A) and (B). Arrow indicates the
location along the body axis of the anterior heart. Scale bars (A-E), 100 ym. In
all panels, the anterior of the embryo is at the top of the plate.
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Figure 26. The rhombencephalon contains cells from zone 4. (A) Frontal
section through the hindbrain (rh) of a stage 44 axolotl embryo (phase contrast
image; ventral view ). The location of the otic vesicle (ot) in the relation to the
rhombencephalon (rh) is shown. Arrow indicates cranial pigment cell.

(B) Fluorescent image of the same section as in (A). Note the presence of
tabel in the rhombencephalon (rh) and in the mesenchyme (me) surrounding
the otic vesicle (ot). Cranial pigment cells are also labelled (arrow). Scale bars
(A and B), 100 pm. (C) Schematic drawing of a stage 44 axolotl embryo
indicating the plane of section for (A) and (B). Arrow indicates the location
along the body axis of the section in (A) and (B). In (A) and (B), the anterior end
of the embryo is at the top of the plate.
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3.9 The Fate of Cells from Zone “5"

To ensure that the boundaries established for the cardiac neural crest did not exceed
zone 4, we labelled the area behind zone 4 along the neural fold. This area, defined as zone
5. extends over two somites and marks the beginning of the trunk neural crest.

Al stage 44-45, labelled zone 5 cells were found in the pronephric tubules, the
spinal cord, and were found as pigment cells in the trunk region (see Fig. 27). Expectedly,

| pigment cells were the most obvious derivative of zone 5 cells (see Fig. 27 and 28).
Interestingly, the walls of the pronephric tubules were labelled. This labelling would most
likely represent the neural crest origin of the adrenal medulla (Le Douarin, 1982). Zone 5
cells also contributed to the neuronal network of the developing spinal cord midway along
the body axis of the embryo.

No labelled cells were found in the cardiac region of the embryos after zone 5

labelling. This suggests that the boundary of the cardiac crest is restricted to zone 4 of the

neural fold.
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Figure 27. Zone 5 neural fold cells form pigment cells and contribute to the
pronephric tubules. (A) Frontal section through the somites (s) just posterior to
the gill filaments of a stage 44 axolotl embryo. Arrow indicates pigment cell.

(B) Fluorescent image of the same section as in (A). Zone 5 neural crest forms
pigment cells as indicated by the bright labelling in the pigment cells (arrow).

(C) Frontal section through the pronephric tubules (pn) of a stage 44 axolotl
embryo. Fluorescent image showing the bright labelling of pigment celis
(arrowhead) surrounding the pronephric tubules. The walls of the pronephric
tubules are also labelled. Labelling in the epithelium of this region is indicated
by the long arrow. (D) Phase contrast image of the same section as in (C)
showing the darkly pigmented cells (arrow) around the pronephric tubules (pn).
Scale bars (A-D), 100 ym. (E) Schematic drawing of a stage 44 axolotl embryo
indicating the plane of section for sections shown in (A-D). The arrow indicates
the general location along the body axis for the sections shown in (A-D). In {(A-
D). the anterior end of the embryo is at the top of the plate.
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Figure 28. Zone 5 neural foid cells contribute to the spinal cord. (A) Frontal
section (phase contrast image shown; ventral view: anterior end is up) through
the spinal cord (*) of a stage 44 axoloti embryo. The arrow refers to a pigment
cell in this region. The location of this section along the body axis is indicated
in (C). (B) Fluorescent image of the same section as in (A). Zone 5 cells are
found in the spinal cord (*), posterior to the hindbrain and as pigment cells
(arrow). Scale bars (A and B), 100 ym. (C) Schematic drawing of a stage 44
axolotl embryo indicating the plane of section shown in (A) and (B). The arrow
indicates the location of the sections along the body axis.
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3.10 The Fate Map of the Cranial Neural Folds in the Late Neurula-Stage
Axolotl Embryo

From the data pooled from our labelling studies, we have constructed a generalized
fate map of the cranial folds of the stage 19-20 axolotl embryo. We have examined the
contributions of different zones (defined in Fig. 11) along the anterior neural fold to the
. stage 44 cranial skeleton, brain and heart. Our data has shown that neural crest cells
originally from an anterior position along the neural fold, migrate ventrally to form anterior
elements of the cranial skeleton. There is a direct correlation between the position of the
neural fold cells along the antero-posterior axis of the neural fold and the position along the
antero-posterior axis of their derivatives later in development. The fate map is shown in

Figure 29.
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Figure 29. The Fate Map of the Stage 20 Axolot! Neural Fold. (A) Drawing of the
lateral view of a stage 20 axolot! at the late neurula stage. The drawing
indicates the zones (1-5) that we demarcated along the neura! fold. The zones
~ were labelied with Dil at stage 20, and their lineage was examined at stage 45.
The derivatives of the “coloured” zones are seen in (B), (C), and (D) with the
corresponding colours. (B) Drawing of the dorsal view of the stage 45 craniat
skeleton. The colours indicate the origin along the neural foids for the different
cartilaginous elements. The Meckel's cartilage, hyoid arch, palatoquadrates,
and trabeculae are derivatives of zone 2 (in green). Zone 3 (blue) contributes to
the anterior branchial arches and the posterior hyoid arch. Zone 4 (pink)
derivatives are in the posterior branchial arches. Mc=Meckel's cartilage;
Hy=hyoid arch; Ba=Branchial arches (1,2,3,4); A Trab=anterior trabeculae of
the neurocranium; Pgq=palatoquadrates; Bp=basal plate. (C) Drawing of the
ventral view of a stage 45 axolotl heart. The pink colour indicates the scattering
of cardiac neural crest from zone 4 in the truncus arteriosis (TA) and the aortic
arches. B=bulbus cordis; C=conus arteriosis; V=ventricle; A=atrium; S=sinus
venosus. (D) Drawing of the dorsa! view of the stage 45 axolotl brain. The
colours indicate the zone of origin along the neural fold for the different regions
of the brain. Zone 1 (yellow) neural cells contribute to the anterior
prosencephalon. Zone 2 (green) neural cells contribute to the posterior
prosencephalon. Zone 3 (blue) neural derivatives are found in the
mesencephalon at stage 45. Zone 4 (pink) cells are found in the
rhombencephalon and zone § neural cells (purple) are found in the spinal cord.
Pro=prosencephalon; Me=mesencephalon; Rhom=rhombencephalon;

Sp C=spinal cord.

98



Stage 45 Cranial Skeleton | Stage 45 Heart Stage 45 Brain

B 200pm C D

Lateral View of Stage 20 Axolotl Embryo
Dorsal

Neural Fold
~

Anterior

Ventral side

A | 2mm |




Discussion

Using the Dil fluorescent labelling technique, we have been successful in
identifying the region along the neural fold which forms the cardiac neural crest in the
. axolotl. We have also confirmed that Dil can be-used as a successful liceage label in the
axolotl. Prior to our study, only one other case of Dil being used as lineage label in the
developing embryonic axolotl has been documented. Barlow and Northcutt (1995)

demonstrated, by using Dil, that the axolotl taste buds arise from the cephalic endoderm.

4.1 The Amphibian Cardiac Nemral Crest

We have defined the region of the cardiac neural crest as being located from the
anterior of somite 1 to the posterior en& of somite 2 along the cranial neural fold in a stage
20 embryo. This area corresponds to zone 4 outlined in Figure 11. The neural crest cells
migrate ventrally towards the posterior branchial arches {(branchial arch 3 and 4) and the
anterior portion of the heart. By stage 37 of development, the neura! crest cells have
reached their ventral position anterior to the developing heart tube. By stage 44 the cardiac
neural crest cells have taken on their role of lining the truncus arteriosis of the heart and the
walls of the aortic out{low tract. Our results demonstrate that the cardiac neural crest cells
line the artery walls leading to the posterior branchial arches. The function of the cardiac
neural crest and its position along the neural fold in the axolot] embryo correspond well
with the location and role of the cardiac neural crest in the chick (Kirby, 1991) and in the
rat (Fukiishi and Morris-Kay, 1992),

In the chick the cardiac neural crest is defined by the region between the otic
placode and somite 3 (Kirby, 1991). In rat embryos neural crest cells from the first 3
occipital somites migrate to the cardiac outflow tract (Fukiishi and Morris-Kay, 1992).

This area can be considered analogous to the hindbrain region within the first two somites
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in the axolotl. This suggests that the components and development of the cardiac outflow
tract in amphibians is similar to that of other veriebrates. Therefore the axolot] heart can be
used as a suitable model for vertcbrate cardiac development. Sadaghiani and Thiébaud
(1987) had noted that in Xenopus some cells from the branchial arch segment (at the
posterior part of the rhombencephalon) penetrated the wall of the truncus arteriosis. Qur
* results indicate that in amphibians, it is these posterior rhombencephalic cells, and also cells
located further posteriorly from the crest over the first two somites which encompass the
full extent of the cardiac neural crest. Since Sadaghiani and Thi¢baud did not investigate the
cardiac derivalives of any region posterior to the branchial arch segment, these results do
not contradict their observations, but simply add on to their findings.

Our results indicate that, in the axolotl, the region of the posterior cranial neural fold
(zone 4) also gives rise to chondrocytic cells in the posterior branchial arches (branchial
arch: 3 and 4). These results are also concomitant with those in mammals (Fukiishi and
Morris-Kay, 1992; Trainor and Tam, 1995) and birds (Kirby, 1991).

The region defined as cardiac neural crest in avians also has been shown to
contribute to the formation of the thymus and the parathyroid and thyroid glands (Le Liévre
and Le Douarin, 1975). However, we did not observe any distinct label in these glands.
At stage 45 only the anterior heart, the posterior branchial arches and the caudal hindbrain
region displayed any signs of the fluorescent label. Two reasons may account for this. It
is possible that the cardiac neural crest does not contribute to these components in the
axolotl, or the labelled glandular tissue was not distinct enough from other labelled areas.
The latter situation does not seem likely because, by stage 44, the thyroid should be easily
distinguishable.

Our results establish, for the first time, the involvement of cardiac neural crest in
axolot! heart development. This finding has several implications in the study of: cardiac
specification. The heart is primarily of mesodermal origin and is induced by the pharyngeal

endoderm (Smith and Armstrong,1990). Lateral plate mesoderm moves towards the ventral
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mid-line of the embryo slowly coming into contact with the inductive endoderm. Induction
begins during the neurula stage before the mesoderm reaches its final location at the ventral
midline (Smith and Armstrong, 1990). However, the time when cardiac neural crest is
specified and induced to migrate is unknown, and was not examined in our experiments,
Experiments would have to be performed to determine if induction of the neural crest and
mesodermal component of the heart coincide or whether one is induced after the other. The
most plausible inducer of the cardiac neural crest would be the pharyngeal endoderm. The
pharyngeal endoderm not only induces lateral plate mesoderm to form heart but also
induces cranial neural crest to form cartilage (Graveson and Armstrong, 1987).

The role of the cardiac neural crest in the axolotl heart appears to be a minor one.
Qur results have shown that the cardiac neural crest provides ectomesenchymal support for
the anterior walls of the heart and the aortic arches. This implies that it is involved in
circulation. In avians, cardiac neural crest ablation causes “persistent truncus arteriosis”
which results in severe disruptions in circulation (Nishibatake et al., 1987). This result has
two significant implications. One being that the cardiac neural crest (at least in birds) is
required for proper circulation, and secondly, that the cardiac neural crest is determined
early on in development and not subject to regulation by other neural crest cells.

In amphibians, cardiac neural crest ablation studies have not becn specifically
performed to determine the extent of the cardiac crest’s role in circulation. Graveson and
Armstrong (1994) showed that the ablation of cranial neural crest cells (which happened to
include the region of cardiac neural crest) caused circulation to be hindered initially but was
eventually restéred. This suggests that cardiac neural crest is not vital to the establishment
of circulation (in amphibians), and regulation by other cells can take over the function of
the cardiac crest. Further studies specifically aimed at examining the role of cardiac crest
in the axolotl could verify this notion. In vitro clonal analysis in avians has demonstrated
that the early migratory cardiac neural crest is a heterogenous population of pluripotent

cells, some of which have a partially restricted developmental potential, while others are
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commitied to a particular cell lineage (Ito and Sieber-Blum, 1991). The developmental
potential of the cardiac neural crest was not examined in our experiments. However, we
did cstablish that the neural crest cells originating from the same region along the neural
fold as cardiac neural crest have the ability to form chondrocytes of the posterior branchial
arches. From our results we cannot exclude the possibility that the neural crest cells from
* zone 4 are composed of twe distinct populations of cells: the cardiac neural crest and the
cells that have the ability to form chondrocytes.

In our observations, we noticed that the right side neural folds contribute more cells
to the cardiac region that the left side neural folds. This difference between adjacent lateral
folds may be accounted for by the asymmetry of the heart itself. This asymmetric
phenomenon regarding the cardiac ncural crest and the heart is also seen in chicks
(Rosenquist et al., 1989; Takamura, et al., 1990).

We also noticed that afier labelling only one side of the fold, fluorescence can be
found in both sides of the heart. Crossing over of migrating crest over the dorsal midline
has been documented previously for cranial neural migration (Hall and Horstadius, 1988)
in amphibians. However, in the rat, after unilateral labelling, no crossing over of cardiac
crest cells was detected (Fukiishi and Morriss-Kay, 1992). Our results are probably due to
the inadvertent diffusion of the dye into the contralateral side of the fold of the same zone.
Even if both sides of adjacent folds did get labelled, the derivatives of the adjacent folds are
the same and thus would not greatly affect the outcome of our experiments.

We have shown that by stage 44-45 of axolotl development, the cardiac neural crest
has migrated ventrally and has formed the ectomesenchymal support structure of the aortic
arches and the anterior heart. We did not examine the development or further
differentiation of cardiac ectomesenchyme beyond stage 45. Stage 45 represents the stage
at which the cardiac neural crest has just begun to serve its function in the heart. Prior to
this stage the cardiac neural crest has just managed to complete its ventral migration

towards the cardiac cavity (see next chapter).
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In other vertebrates, it has been observed that later in development, cardiac

ectomesenchyme forms the smooth muscle of the runica media of the large arteries

(Le Douarin and Teillet, 1984), and expresses a-smooth muscle actin (Rosenquist et al.,

1990). We have yet to examine the further differentiation of the cardiac ectomesenchyme in
the axolotl. Studies at older stages of development, such as immunoassays for smooth
muscle proteins would help in establishing the final fate of the cardiac neural crest in the
heart of the axolotl.

The work presented in this thesis represents the beginning stages of examining the
role and differentiation of cardiac neural crest in amphibians. Although we have only
identified the presence and location of cardiac neural crest in early cardiovascular
development, our work provides a good foundation for further studies of cardiac neural
crest in amphibians. The study of cardiac neural crest in avians and mammals has provided
some insight into the pathogenesis of certain congenital abnormalities (Van Mierop, and
Kutsche, 1986; Wells et al., 1986; Siebert, et al., 1985; Bellah, e al., 1989). The
examination of the cardiac neural crest in axolotls may provide similar insight into the
mechanisms involved in axolotl mutations such as the cardiac (¢) and premature death (p)

mutation, and hopefully in mutations of other vertebrates as well.

4.2 The Fate of the Cranial Neural Fold from the Stage 20 Axolot! Embryo
The secondary objective of these experiments was to create a fate map of the cranial
neural crest in the stage 20 (late neurula) axolotl embryo (see Results section p.65).
Previous fate maps have been created in early neurula stage embryos (Horstadius and
Sellman, 1946; Chibon, 1966). We have focussed primarily on the formation of the
visceral skeleton of the head and the developing brain. We have not examined smaller
neuronal components such as cranial ganglia. Itis important to note that as seen in Figure
13, we have not only labelled the premigratory neural crest, but the converging neural

folds, which form the neural tube. Therefore, our results are not restricted to the fate of
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neural crest cells alone, but of neural tube cells as well. Neural derivatives that have
migrated away from the dorsal neural folds, such as chondrocytes, represent neural crest
derivatives while elements such as the brain, originate from the neural tube (Le Douarin,
1982).

We have found that the anterior most region of the cranial neural fold (zone 1)
* contribules to the anterior prosencephalon of the brain, once the embryos have reached the
larval stage. No cartilaginous elements originated from this region. As expected, these
results correspond exacly with those of Chibon (1966) and Horstadius and Sellman
(1946).

Further posterior along the cranial neural fold, our results differ slightly from those
obtained by Chibon and Horstadius. The main reason for this was the fact that both
previous fate maps divided the neural fold into at least 6 regions, while we have only
divided this region into 3. We have used the landmarks outlining the presumptive brain
regions as guides for defining our boundaries.

In our experiments we found that zone 2 cells (refer to Fig. 11) formed the
Meckel’s cartilage, the anterior portion of the trabeculae, part of the hyoid arch and the
palatoquadrates. This region would correspond to regions 3, 4 and part of 5 in Horstadius’
drawing (refer to Fig. 8). According to Horstadius and Seliman, these regions form the‘
trabecular material, the mandibular arch and the hyoid arch. Similarly in Chibon’s map,
our “zone 2” would correspond to the area defined as 30°-90°, which forms the anterior
and posterior trabeculae, the basal plate, the palatoquadrates, Meckel’s cartilage and the
hyoid arches. Our results show that the posterior trabeculae and the basal plate were not
from zone 2 cells. Our results agree with Horstadius and Sellman’s, but not with
Chibon’s. Horstadius and Sellman (1946) mentioned that the posterior trabeculae and the
basal plate were not of neural crest, but of endodermal origin. The lack of labelled cells in
the posterior trabeculae and the basal plate after labetling from any zone agrees with this

suggestion.
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Our results also show that zone 2 cells form the posterior prosencephalon. This
agrees with the brain regions outlined in Baker and Graves (1939) for Ambystomu
punctatum. The fact that zone 2, the posterior prosencephalic region of the fold. also
forms the trabeculae corresponds to results obtained by Langille and Hall (1988). in the
lamprey. When the presumptive posterior prosencephalic region was ablated, the
" trabeculae had not formed (Langille and Hall, 1988).

Our results showed that zone 3 cells contributed to the anterior three branchial
arches, the hypobranchials, and even some posterior portions of the hyoid and Meckel's
cartilage. These last two elements do not correspond with Chibon’s and Horstadius
results. According to our results zone 2 and zone 3 form the great majority of the visceral
skeletal components. We also noted a slight overlap between the origin of certain
componeats. Qur results show that if an element has a large domain in the rostral-caudal
direction (such as the Meckel's cartilage and the hyoid arch), then the anterior portions of
the element are derived from anterior regions of the neural f old, while posterior portions of
the element are formed from more caudal regjons of the neural fold. This suggests that the
regional specificity between zone 2 and 3 is not extremely strict once the neural folds fuse.
Cells corresponding to these regions do mi grate into similar regions of the head, according
to Landacre (1921). However, it is possible that this result was achieved because of
discrepancies in experimental technique. It is possible that when labelling zone 3, some
cells at the caudal end of zone 2 may have also been labelled with the dye. In any case, the
correlation between the anterior-posterior location of the element and the anterior-posterior
location along the neural fold, still remains.

We have also shown that zone 3 cells also contribute to the anterior branchial
arches. This result corresponds to Chibon's (1966} for the stage 17 embryo and to
Horstadius and Sellman’s (1946). Our results for zone 2 and 3 suggest that these two
regions contribute to the majority of the components of the cranial skeleton. We have also

shown that zone 3 cells of the neural tube form the mesencephalon. The fact that this
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region also houses the anterior branchial arch crest corresponds with ablation studies
performed by Langille and Hall (1988).

We have shown that the posterior branchial arches and the hindbrain contain neural
crest cells from zone 4, the region also specifying cardiac neural crest. This corresponds o
similar observations in birds and mammals (Kirby,1991; Fukiishi and Morris-Kay, 1992).

As expected, pigment cells were found to be derived from every zone examined.
Anteriorly located pigment cells were derived from the anterior neural fold, and likewise,
posteriorly located pigment cells had their origin in a more posterior region of the fold.
This was a general trend with respect to neural fold derivatives. Thus, substantiating that
neural crest migration occurs mainly in a ventral direction.

Fluorescence was detected in the liver and gut of most embryos. This could have
been attributed to ganglionic derivatives of the neural crest in these regions (Le Douarin,
1982). However it was difficult to distinguish this type of fluorescence from background
fluorescence since it was very dim, so consequentiy, we disregarded these results.

Qur results concerning the fate of the cranial neural crest mirrors the work of other
studies. The fate map that we created allowed us to establish the definitive boundaries
along the neural fold of various neural derivatives at the late neurula stage. Previously, if
one wanted to define the boundaries of the derivatives of the stage 20 neural fold, one
would have to extrapolate the data from fate maps created for early-mid neurula stages.

Our lineage labelling experiments concerning zone 1,2, 3, and 5 did not contradict
any of the previous work published on the amphibian neural crest, but it did reconfirm
what has already been known. With respect to these zones we did not attempt to gain any
new insight into the mechanisms of neural induction. We simply wanted to ensure that the
fate maps for early to late neurulation stages of development correlated with each other.
And, as seen by our results, they did correlate. The isolation of the amphibian. cardiac

neural crest however, did provide new insight into amphibian cardiovascular development.
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Chapter II

Introduction

1.1 The Premature Death Mutation of the Mexican Axolotl]

The premature death mutation (p) of A. mexicamum is a recessive lethal mulation
and causes a variety of abnormalities in the homozygous (p/p) state. The mutant embryos
develop up to stage 37 after which the superficial tissue begins to disintegrate (Trotticr and
Armstrong, 1977). The embryos are incapable of normal swimming and righting
movements. Primary gill filaments form, but secondary gill filaments never develop and
bulb-like structures form at the distal ends of the primary filaments (see Fig. 30) (Mes-
Hartree and Armstrong, 1980). However, pigment cell appearance and migration is not
affected in the homozygotes. The eyes are often underdeveloped. Internally, the
morphology of the pharyngeal pouches and the midgut is abnormal. The liver and
myotomes appear underdeveloped, and undergo rapid degeneration after stage 37. A plug
of undifferentiated cells replaces the endocardium in the anterior regions of the heart
(ventricle and conus arteriosis) (Trottier and Armstrong, 1977). Though the heart begins to

beat weakly, circulation is never established.

Because most of the affected tissues were either endodermally derived or induced,
Trottier and Armstrong (1977) hypothesized that the p mutation caused a defect in the
endoderm. Ho.wever, more recently Graveson and Armstrong (1990) discovered that a
subpopulation of cranial neural crest cells is affected by the mutation. The mutant neural
crest cells were incapable of chondrogenesis and could not form mature cartilage in vitro
(Graveson and Armstrong, 1990). However, other neural crest derivatives such as
pigment cells, Rohon-Beard cells and the mesenchymal portion of the dorsal fin appeared

to differentiate normally (Graveson and Armstrong, 1990). Graveson and Armstrong
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(1994) have shown that the spatial and temporal migration patterns of mutant (p/p) neural
crest is normal when transplanted onto a normal host. However, when wild-type neural
crest is transplanted into a mutant host, the mutant environment supports cartilage
development and there is also a slight improvement in the extent of gill development.
However, the life span and other mutant characteristics of these embryos stay the same.
This suggests that the mutation affects not only chondrogenic neural crest precursors, but

also other subpopulations of neural crest.

Neural crest ablation in wild-type embryos results in similar gill structure to that of
p/p mutants (Graveson and Armstrong, 1994). Blood pooling and a delay in the
establishment of circulation are also seen in neural crest deficient wild-type embryos
(Graveson and Armstrong, 1994). However, the phenotypes observed in neural crest
deficient embryos are transient and they soon regulate themselves to normalcy (Graveson

and Armstrong, 1994),

S.C. Smith et al. (1994) established that the p/p mutation also affects the
development of the lateral-line system, a derivative of placodal ectoderm, in the axolotl.
They observed that the migration of lateral-line primordia and differentiation of
mechanoreceptive neuromast organs are disrupted in p/p embryos and arrest at stage 37.
They also showed that mutant placodes develop abnormally in wild-type hosts, suggesting
that it is not the mutant environment that causes the arrest in lateral line development. Their
results suggest that certain neural crest cells are not the only targets of the p/p mutation, but
that at least one type of ectodermal placode, the precursor to the lateral-line primordia is
also affected. Clearly, the mutation selectively affects certain ectodermal derivatives, such

as chondrogenic neural crest and lateral line primordia, but not others.
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The complete extent of the mutation's effect on the neural crest is presently
unknown. Since mutant and the neural crest deficient embryos exhibit circulatory problems
and other abnormalities associated with heart development, the cardiac neural crest. a non-
chondrogenic population of the cranial neural crest, may also be affected by the premature
death mutation. Neural crest cells normally contribute to proper heart devclopment in
chicks and in Xenopus (Sadaghiani and Thiébaud, 1987; Kirby and Waldo. 1990). We
have established that the neural crest is also involved in heart development in the axolotl,
and we have also established the location of this cardiac crest in the axolot] embryo (see
chap.] of this thesis). In the following pages, we examine the effect of the premature death
mutation on mutant cardiac neural crest in vivo. We unilaterally labelled the region of
cardiac neural crest in the stage 20 neural fold of the mutant embryo with Dil, and observed
its progression prior to disintegration of the embryo (stage 37). We have characterized the
distribution and morphology of mutant neural crest cells in the axolotl heart, and have

shown that the plug of undifferentiated cells in the endocardium of mutant heart is not of

cardiac neural crest origin.

Since cardiac neural crest plays a minor role in heart development and only appears
in the hean region much after the embryo has already begun to disintegrate, we conclude
that mutant cardiac neural crest does not appear to be a major contributor to the circulatory

problems observed in the mutant.
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Figure 30. (A) Lateral view of a phenotypically wild-type axolotl embryo. (B)
Dorsal view of a p/p axolotl embryo. The embryos shown are of the same
chronological age (stage 37). Note the simple, unbranched nature of the
mutant's gills, with the characteristic bulb-like structures at the distal ends of
the primary filaments (thick arrows). Note also the curved nature of the body
axis in the mutant. The wild-type embryo has, by this stage, long primary gill
filaments (thin arrows) and an elongated body axis. Bars, 1.7 mm; ( photos
courtesy of Tom Trottier).
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Materials and Methods

2.1 Embryos

A pl+ x p/ + A. mexicanum spawning was performed to obtain +/+, p/+,
_ and p/p embryos. These embryos were injected with Dil at stage 19-20 using the technique
described in Chapter I. All embryos were injected on the right side neural fold in the area
designated as "zone 4" (see Figure 11). At stage 20, the premature death (p/p) mutant is
not distinguishable from the wild-type, so several embryos had to be injected to obtain
some labelled mutants. The embryos were otherwise treated in the same manner as

outlined in Chapter I (see Materials and Methods section).

Once the embryos reached stage 37-38, the p/p mutants could be distinguished due
to their characteristic phenotype and their failure to progress further in development. All
embryos were allowed to develop until the normal embryos from the spawning reached
stage 39. At this point, the p/p mutants had already begun deteriorating, and the embryos
with a normal phenotype looked healthy. The normal-looking injected embryos from the
same spawning served as controls. The injected normal and p/p mutants were fixed,
processed and sectioned using the technique outlined in the Materials and Methods section
of Chapter I.
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Results

3.1 The Internal Gill Morphology of the p/ p Mutant

Ap+ x p+ spawning.was performed. From this spawning, 28 eggs were

injected with the Dil solution at stage 20 in zone 4 (the location of the cardiac neural crest

and posterior branchial arch crest) of the right-side neural fold. The embryos were allowed
. to develop for six days. At that point it was determined which embryos displayed the
characteristic p/p phenotype and which embryos exhibited the normal stage 39 wild-type
phenotype. Six of the 28 injected embryos had “stubby”, unbranched primary gill
filaments and seemed to have arrested in development, indicating that they were
homezygous for the p/p mutation. The other embryos appeared to have a normal stage 39
wild-type appearance with well developing primary gill filaments. The 6 p/p embryos -and
the other +/4+ or p'+ embryos were then fixed, sectioned and examined. The distribution
pattern of the Dil-labelled neural crest cells in the embryos was compared between the plp
mutants and the wild-type embryos.

All six of the mutants exhibited very similar intenal morphology. The most
obvious difference between the p/p mutants and their wild-type counterparls was the
organizational pattern of the labelled neural crest cells. In the wild-type stage 37-39
embryos, the neural crest cells which formed the gill arches, migrated as three defined
“streams” of celis and populated the gill buds (see Fig. 31). The labelled neural crest cells
in the mutant did not follow this pattern of migration. The mutant labelled neural crest cells
were found in the vicinity of the gill arches but exhibited g bhaphazard “clumping” pattern
(see Fig. 32). The mutant primary gill filaments were surrounded by an epithelial layer of
labelled cells, (similar to that of wild-type gill filaments), but were internally very sparse of
neural crest tissue (see Fig. 31B, 32B). It appeared that the cell population in the budding
gill filaments of the mutant was lacking because of the clustering of cells proximal to them.
The migration of the labelled cells appeared to have been altered by the mutation both
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temporally and spatially because the labelled cells had not migrated into the gill filaments by
the appropriate developmental stage. Any of the labelled cells could not be classified as
being in ectopic locations because they had initially migrated along their proper pathways
but had just fallen short of reaching their proper destination corresponding to their
developmental stage. The zone 4 cells initially migrated towards their intended position in
. the branchial arches (established in Chap I, indicating that the mutation did not completely
obliterate the regional specification of these cells.
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Figure 31. The pattern of neural crest migration toward the gills in the p/p
' mutant and wild-type embryo. (A) Frontal section (phase-contrast image;
ventral view shown) through the developing primary gill filaments of a typical
stage 37 p/o embryo. (B) Fluorescent image of the same section as in (A). The
fluorescent label shows an unorganized migration pattern of the neural crest
cells towards the gill filaments. In (A) (B),(C), and (D): g1=first primary gill
filament, g2=second primary gill filament; g3=third primary gill filament.
(C) Frontal section through the primary gill filaments of a stage 37 wild-type
embryo. (D) Fluorescent image of the same section as in (C). The arrows
indicate the direction of flow of the “streams” of fluorescently labelled neural
crest cells towards the developing gill filaments. Note the differences in the
migrational “flow” between the mutant (B) and the wild-type embryo (D). The
number of labelled cells in the mutant gill filaments appears to be much less
than in the wild-type embryo. In the mutant, the fabelled cells are not organized
into three streams flowing into the primary gill filaments as in the wild-type
embryo. Scale bars for (A-D), 100 um. In (A-D) the anterior of the embryo is
towards the top of the plate.
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Figure 32. The typical primary gill filaments of the p/p mutant.. (A) Frontal
" section through the left second and third primary gill filaments of the stage 37
p/p embryo. For (A) and (B), g2=second primary gill filament; g3=third primary
gill filament. (B) Fluorescent image of the same section as in {A). Thereisa
lack of neural crest cells in the actual gill flaments. There is also an abnormal
clustering of labelled cells {arrow) proximal to the third gill filament. It appears
as if these labelled cells have failed to assume their proper position (according
to their developmental stage) in the developing gill filaments. Scale bars (A

and B), 100 um. In (A} and (B) the anterior of the embryo is at the top right of the
of the plate.
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3.2 The Effect of the Premature Death Mutation on the Cardiac Neoral Crest

The cardiac neural crest does not seem to be affected by the (p) mutation. ln the
mutant embryo, the cardiac neural crest (from zone 4 of the neural fold) migrated ventrally
towards the heart region as initially specified (see Fig. 33B). Zone 4 neural fold cells
normaily migrate ventrally towards the anterior heart in wild-type embryos (see Fig. 33D
. and Chap ). By stage 39, they have migrated to the branchial arches and are about to enter
the cardiac cavity (see Fig. 33C and 33D). At this point the aortic arches and the truncus
arteriosis have not completely developed, so fluorescent labelling of cardiac crest was not
detected in these elements. Our results show that the characteristic plug of undifferentiated
cells in the conus of the mutants was not of cardiac neural crest origin (as seen by the
absence of label in the cells of the plug, see Fig. 33A and 33B). From these figures, we
can see that the cardiac neural crest has migrated toward the developing heart but has not
reached the couus arteriosis in the mutant (Fig. 33B) or in the wild-type embryo (Fig.
33D). The characteristic “plug” of cells (in Fig. 33A) is ventral to the position of the
labelled cardiac neural crest. It is also important to note that cardiac neural crest is found in
the anterior outflow tract of the truncus arteriosis, and not in the other more posterior
regions of the heart such as the ventricle or the atrium, The gross migrational pattern of the
cardiac neural crest appeared normal (Fig. 33B). There were no signs of abnormal
“clumping” in the labelled cardiac crest cells near the heart (see Fig. 33B), such as seen in
the rudimentary gills. It is interesting to note that in Figure 33B, we see that the cardiac
neural crest has migrated ventrally towards the heart region but the adjacent primary gill
filament does not contain any labelied cells, contrary to a normal embryo of this stage (see
Fig. 33D). This suggests that the neural crest cells from zone 4 which are fated for the
posterior gill arches are affected by the mutation but cardiac neural crest cells, originating

from the same area, are not affected.
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Figure 33, The plug of undifferentiated cells in the conus arteriosis is not of
cardiac neural crest origin. (A) Cross section of the stage 38 p/p mutant
embryo (phase-contrast image) indicating the dark piug of undifferentiated
~ cells (arrow) in the conus arteriosis (c) of‘the heart. The location of the otic
vesicle (ot), rhombencephalon (rh), pharynx (p) and ventricle (v) are also
shown. (B) Fluorescent image of the same section as in (A). Labelled zone 4
neural fold cells are seen in the rhombencephalon (rh) and are shown to
migrate ventrally towards the heart. The conus (c) does not contain any
labelled cells. Therefore the "plug” of undifferentiated cells is not of neural
crest origin. The neural crest cells in the mutant do appear to be migrating
normally. No abriormal clumping of cells is seen as the cardiac crest is
migrating ventrally. (C) Frontal section through the stage 38 anterior heart of a
wild-type embryo. The fourth branchial arch leading to the giil filament (gf) is
indicated. The location of the developing truncus arteriosis (ta) and conus
arteriosis (c) are shown. (D) Fluorescent image of the same section as in (C).
Note that at this stage of development, the migrating cardiac crest has not yet
reached its final destination in the truncus arteriosis. Labelled cells are seen
in the developing gill filament. Note also in the mutant (B), that there is an
absence of labelled cells in the gill filament (gf). (E) Diagram of the stage 37
axolotl indicating the plane of section along the body axis for the section in (A)
and (B). Scale bars (A-D), 100 pm.
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3.3 The Mutant Hindbrain

As stated in the previous chapter, zone 4 cells of the neural fold are involved in the
development of the hindbrain. Therefore, the resultant labelling of zone 4 cells in the stage
39 hindbrain of the mutants and the wild-type embryos was also compared. The hindbrain
region, adjacent to the otic vesicle, did not appear grossly abnormal in the mutant embryos.
 However, this area did appear thinner than in the wild;type embryos (see Fig. 34), but
there was not any obvious aggregation of labelled cells in the rhombencephalic region. In

the mutants the spinal cord also appeared slightly crooked.
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Figure 34. Labelling in the hindbrain of the mutant and wild-type embryos.

(A) Angled frontal section (phase contrast image) through the
' rhombencephalon (rh) in a typical p/p embryo at stage 37. The location of the
otic vesicle (ot) is also shown. Note that in (A), (B), (C), and (D), a line drawn
between *a" and "p” would indicate the anterior-posterior axis of the embryo.
(B) Fluorescent image of the same section as in (A). The labelled cells are
from zone 4 of the neural fold. Note that the labelling pattern in the
rhombencephalon (rh) appears normal. The cells from zone 4 are not
ectopically located but, as in the wild type embyo, are located in the
rhombencephalon in close proximity to the otic vesicle (ot). No abnormal
clustering of cells is visible. However, it does appear that the cells in this
region are not as uniformly labelled as in the hindbrain of the wild-type embryo,
[(C) and (D)]. (C) Angled section through the stage 37 embryo originally
labelled in zone 4 of the neural fold. The region of the rhombencephalen (rh) is
shown at the ievel of the otic vesicle (of). (D) Fluorescent image of the same
section as in (C). Note the uniform labelling pattern of néural tube cells from

zone 4. (E) Diagram of a stage 37 axolotl embryo indicating the plane of
section for the sections in A-D. Scale bars (A-D), 100 pm.
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34 Summary of Results

By using the Dil labelling technique, we focussed on one particular area of the
neural fold and examined the p mutation’s effect on those specific neural crest cells, namely
cardiac neural crest cells. The labelling allowed us to determine that cells abnormally
clustered together, such as those among the gill filaments, were of neural crest orj gin. The
- technique also allowed us to distinguish between abnormally clustered cells of neural crest
origin and those of either mesodermal or endodermal origin. For example, the Dil labelling
indicated that the aggregated cells around the gill filaments of the mutant were neural crest
cells, but the plug of undifferentiated cells in the conus arteriosis was not derived from the
cardiac neural crest.

The cardiac neural crest cells which go on to become part of the walls of the
outflow tract do not seem to be affected by the mutation. However, the cells from the
same, initizi “zone 4" region which are involved in gill development are affected by the
mutation.  Therefore, it is safe to assume that, so far, only the prechondrocytic

subpopulation of the cranial neural crest is a target of the mutation, while the cardiac neural

crest is not.
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Discussion

We have attempted to further characterize the targets of the premature death
mutation. Previously, it has been established that the mutation affects the chondrogenic
differentiation of cranial neural crest cells (Graveson and' Armstrong, 1994; 1996), the
. migration of the lateral-line primordia, and the differentiation of the mechanoreceptive
neuromast organs (which are derivatives of placodal ectoderm) (S.C. Smith et al., 1994).

Because gill development is abnormal in the p/p mutants and because mutant
embryos contain a plug of undifferentiated cells in the conus arteriosis, we hypothesized
that the cardiac neural crest may also be a target of the p/p mutation. After establishing the
premigratory location of the cardiac neural crest along the neural fold of the axolotl (see
chapter I of thesis), we tagged the area with a fluorescent dye and compared its
development in mutants and wild-type embryos. OQur results indicate that the cardiac
neural crest does not appear to be a target of the p mutation. However, cranial neural crest
cells involved in gill formation, from the same original location along the neural fold, are
affected.

The main reason for assuming that cardiac neural crest is not affected by the
mutation is the fact that the cardiac crest did not exhibit any migrational problems in
reaching the cardiac cavity, and did not exhibit the same characteristic “aggregation” or
clumping of migratory cells. However, from our results we cannot determine whether the
cardiac crest is affected by the mutation after it has reached the cardiac area, because by this
time, degeneration of the embryo has already taken place. Even if the cardiac crest is
affected by the mutation after stage 37, we can rule out the possibility that the cardiac crest
is the major cause of death of the embryo. Two reasons account for this. First, if we
assume that the lack of circulation in the mutants could be attributed to the plugs cf
undifferentiated tissue in the heart, then the fact that these plugs are not derived from

cardiac neural crest, “absolves” the cardiac crest from being a factor in the prevention of
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circulation. Secondly, we have established (see chapter I of this thesis) that the amphibian
cardiac neural crest contributes little to the whole cardiovascular system at stage 37 and
only plays a minor role in circulat.ion. Our results show that the role of the cardiac neural
crest is to aid in lining the walls of the truncus arteriosis and the vvalls of the branchial
aortic arches, and that this role is established much after stage 37. We have shown that by
_ Stage 44, after further heart development, and the development of the aortic arches, that the
function of the cardiac crest is fully established. Thus, at stage 37, the time at which the
mutants begin to disintegrate, heart development has not progressed to the point where the
cardiac crest is even a minor player in the cardiovascular system in the axolotl. At stage 37,
the cardiac crest only makes its way to the heart region, which, as we observed, was not
hindered in the mutant. Furthermore, Graveson and Armstrong (1994) showed that the
ablation of the posterior cranial neural crest in wild-type embryos can still result in the
eventual establishment of circulation. Thus, indicating that even without the presence of
cardiac neural crest, (which also happened to get ablated), blood can still circulate.

So, the question still remains. What causes these embryos to die? Our results
indicate that the migration of neural crest may be more affected that originally anticipated.
The migration of neural crest in the mutants has been studied before. Graveson and
Armstrong (1994) showed that the migration of cranial neural crest cells in the mutant
followed the same pathway as wild-type cranial crest. These obsewaﬁons were made by
the transplantation of mutant cranial neural folds onto albino host embryos. The migration
of the pigmented mutant crest was then followeti along the surface of the albino embryo
until the embryo had reached stage 32 and the pigmented branchial neural crest had
migrated too deeply to be clearly visible through the unpigmented ectoderm. These
experiments examine mutant cranial neural crest migration only up to stage 32 and only
superficially through the ectoderm. Our work lias taken these experiments one step further
and looked at internal mutant crest migration up to stage 38. Our results cérTeSpond witk -
those of Graveson and Armstrong (1994) in that we also observed that initially during
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migration, mutant cranial crest cells follow the same pathways as wild type cranial crest.
However, our resulls also show that migration in the mutant does not follow the same
organizational pattern of flow as that of the wild-type embryos. When the mutant cells
have reached the general area of their final destination, they appear to have stopped
migrating and become clustered together in a haphazard arrangement. Also, their migration
has not progressed as far as their wild-type counterparts of the same age. Our results imply
that cranial neural crest migration is affected in the p mutants but only at a later stage of
development. Since Graveson and Armstrong showed that cranial neural migration appears
normal up to stage 32, then we can infer that migration is perturbed sometime between
stage 32 and stage 37.

This late-onset cessation of migration has also been observed in the lateral-line
system of the p/p axolotl mutants. S.C. Smith et al, (1994) observed that early migration
and development of the lateral-line primordia appeared normal in mutant embryos, but at
stage 37, migration of the middle-body lateral-line primordia arrested, and neuromast
differentiation did not occur. Upon close scrutiny, we can notice the parallels between the
effects on the lateral-line system and the gill arch primordia in the mutants. In both
systems, we see a cessation of migration late in development and a subsequent inability to
undergo further differentiation. In the lateral-line system, the middle body lateral-line
primordia arrests in migration at stage 37 and further neuromast differentiation does not
occur (S.C. Smith et al., 1994). In the gill arches, branchial arch crest migration halts (see
results section) and subsequent chondrogenic differentiation is inhibited (Graveson and
Armstrong, 1990). Clearly from these two examples, something in the mutant renders the
cells incapable of completing migration beyond a certain point and undergoing further
differentiation. From previous studies it has been established that it is not the mutant
environment which causes the phenotypic effects because certain mutant primordia
transplanted into normal hosts are not rescued (Mes-Hartree and Armstrong, 1980; S.C.

Smith et al., 1994). Therefore, it is certain populations of cells which are directly affected
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by the mutation. It still remains unclear as to what exactly causes these cells 1o arrest in
development. From our labelling experiments, we have shown that there are no ectopically
located cells originating from the cranial neural folds. This reinforces the statement that
axial specification of the mutant cells is normal (Graveson and Armstrong, 1994),
However, other factors regarding neural crest specification may be involved.

It has been suggested that the p gene renders certain cell populations incapable of
normally responding to inductive signals (Graveson and Armstrong, 1990; 1996; S.C.
Smith et al., 1994). Qur results, with respect to mutant cranial neural crest cells not being
able to complete their migration into the gill arches, corresponds with this theory., The fact
that these cells do not follow an organized stream-like pattern: in their migration suggests
that these cells are unable to maintain an organized path of migration. The reason that they
do not migrate in an orderly manner may be because they have not been properly induced to
do so. In the wild-type embryo, it appears that the gill-forming cranial crest has been
instructed to migrate ventrally and assume a position in the gill arches. The mutant crest
manages to migrate ventrally, but cannot complete the task in the gill arches. Either the
crest has not been specified to participate in gill formation once it has completed its ventral
migration, or the mutant crest cannot respond to the instructions that it has been given,
Some evidence points to the latter possibility. Graveson and Armstrong (1996) showed
that when wild-type dorsal lips were transplanted into p/p hosts, secondary neural
structures were induced but these secondary neural structures could not form cartilage. The
authors suggested that the ectoderm was unable to respond to the inductive signals
provided by the mesoderm. Our results also point to an inability to respond to an inductive
signal. However, it is unclear whether it is the ectoderm that is defective, or whether it is a
more specialized cell lineage, like the chondrogenic cranial neural crest, that has the
problem. Qur results suggest that it may be only certain specialized cell lineages that are the
target of the mutation since chondrogenic cranial crest appears to be affected, but cardiac

crest is not. This also implies that the cardiac neural crest, the cranial chondrogenic neural
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crest, and even lateral line primordia, may have different hierarchal positions in a cascading
series of neural specification. This idea may be supported by the fact that cardiac neural
crest ablation in the chick is not subject to regulation by other neural crest cells and may be
determined at an even earlier stage than other cranial crest (Kirby, 1989). The early
determination of cranial neural crest has also been suggested by Noden (1983).

Why the mutation affects certain populations of cells and not others is still
unknown. Neuropal brain cells are not grossly affected and neither are pigment cells, but
chondrogenic neural crest cells are affected (Trottier and Armstrong, 1977). We have
shown that the mutation affects the cranial neural crest cells from zone 4 (refer to Fig.11),
which go on to form parts of the gill filaments, but does not affect the cardiac neural crest
from the same area along the neural fold. It is important to note however, that from our
results, we cannot fully determine if the mutation completely bypasses the cardiac neural
crest, or if it.does, in fact, target the cardiac crest, but manifests its effects only beyond
stage 39, the point at which the cardiac crest becomes involved in aortic arch development.
It would be difficult to assess in sifu whether aortic arch development is affected by the
mutation since complete development of the cardiovascular system does not occur until the
mutant embryos are in a severe state of disintegration. Transplantation of Dil labelled
mutant cardjac neural folds into wild-type hosts may give us further. insight into the pattern
of development of mutant cardiac crest beyond stage 39.

Abnormal heart development, depicted by the appearance of plugs of cells in the
endocardium is a main feature of the premature death mutation. Qur results have shown
that this plug of cells is not of neural crest origin. Since cardiac myocytes are mesodermal,
it is highly likely that it is of mesodermal origin. This can be determined by similarly
labelling, with Dil, the heart field mesoderm in p/p embryos. The results from this
experiment would confirm that migration of mesodermal tissue is also affected by the
mutation. Graveson and Armstrong (1990) showed that p/p mesoderm is capable of
forming normal, beating heart tissue in vitro, but whether this tissue can develop further,
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and form a functional heart capable of circulation remains to be seen.

In the p/p mutants there is strong evidence that there is an inability by the target cells
to respond to an inductive signal (Graveson and Armstrong, 1996). If these cells are
deficient in receiving inductive signals or lack the machinery to carry out their instructions
once they have received them, then regardless of the time the cells are specified, the mutant
+ would exhibit the same phenotype. Clearly, particular mutant cells fall short of reaching
their final destination and are unable to undergo subsequent differentiation (our results and
S.C. Smith et al., 1994). It may be possible that these cells lack the ability to undergo
proper migration and subsequent differentation because of a deficiency in a cell surface
receptor.

Several studies have been performed in which antibodies to cell surface receptors
were injected into embryos and as a result, neural crest migration was severely disturbed.
Bronner-Fraser (1985) noted that upon addition of jG22 (an antibody recognizing a 140-
kD cell surface complex in neural crest adhesion that interacts with fibronectin and
laminin), neural crest cells plated on a fibronectin or laminin substrate became detached
from the culture dish and formed aggregates of rounded ceils. These and other experiments
involving the addition of antibodies have also shown that only certain cell populations
display abnormal morphology (Bronner-Fraser, 1985; 1986; Poole and Thiery, 1986;
Bronner-Fraser and Lallier, 1988; Kintner, 1988: Bronner-Fraser et al., 1992; Milos et al.,
1993). For example, cranial crest cells are more affected by the addition of JG22 than
trunk crest (Bronner-Fraser, 1985) and antibodjes against galactoside-binding lectins
specifically cause abnormal development in melanophore patterns, the cranial cartilages, the
heart, and the gut (Frunchak and Milos, 1990; Milos et al., 1993). These experiments
show that abnormal effects can be linked to particular cell populations, but that these cell
populations may not arise from the same germ tissue. The experiments also suggest that a

deficiency in a cell surface receptor common to certain mi grating primordia may account for
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the abnormalities observed. It may be this same phenomenon which is occurring in the
premature death mutant of the axolotl.

Bronner-Fraser’s observation (1985; 1986) that addition of antibodies results in the
aggregalion of cranial neural crest cells may be analogous to the “clumping” of cranial crest
cells that we have observed in the developing gill filaments. It is possible that the
- clustering of cells that we observed is due to a lack, or block of a cell surface receptor
involved in cell migration which expresses itself at a late stage in development, and that this
deficiency may also prevent subsequent differentiation. The varying temporal expression
of cell adhesion molecules involved in cell migration has been previously established
(Thiery et al., 1982; Hatta et al., 1986). The resultant death of the embryos may also be
attributed to the lack of proper migration and differentiation of certain tissue. It is possible
that the “clumping” of cells, that we observed near the gill, prevents circulation from being
established. The correlation between gill development and circulation has been alluded to
previously by Graveson and Armstrong, (1994). They found that a return to normal gili
morphology corresponds to a return in circulation in neural-crest deficient embryos after a
period of regulation (Graveson and Armstrong, 1994).

From our observations and those of other experimenters, we have tried to suggest
possible explanations for the phenotype exhibited by the premature death mutation in the
axolotl. We believe that the mutation affects the ability of certain cell populations to
respond to an inductive signal. The reason these cells cannot carry out their instructions
may be because the signal can’t get through due to a lack of a cell surface receptor. At
present, none of these hypotheses have been tested. Experiments using antibodies to
perturb cell migration might answer some questions regarding the premature death
mutation. Such experiments may also result in a p mutant phenocopy.

The many pleiotropic effects, on se;feral cell types in the premature death mutation,
make the mutation a useful model for studying the commonalities between cell types and

their responses to inductive signals for migration and differentiation. The pleiotropic
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effects of the mutation also liken it to several human congenital abnormalities such as
DiGeorge syndrome (Van Mierop et al., 1986), Down’'s Syndrome (Kirby, 1991),
CHARGE association (Siebert et al., 1985), neurofibromatosis (Riccardi and Eichner,
1986) etc. Each of these congenital defects results in patients with a multitude of
abnormalities in organs originating from various cell types, but which are somehow linked.
By further studying the premature death mutation and elucidating its very elusive “modus
operandi,” we may shed further light on the mechanisms involved in congenital
abnormalities found in other organisms, and the general mechanisms involved in tissue

differentiation.
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Appendix I

Tables of Culture Media

NaCi 346 ¢
KCl 0.05¢
CaC 0.10 g
MgS0O,.7H,0 020 g
NaHCO, 0.20g

per litre of dechlorinated tap water
pH 7.4

This medium was diluted to a working concentration of 25% and 0.10 g of penicillin and 0.10 gof
streplomycin was added to the solution.

Table 2. Steinbere’s Medium :
NaCl 340 ¢
KCl 005¢
CaCl, 005¢
MgSO,.7H,0 021¢g
Tnis 056 ¢

per litre of distilled water
pH 7.7

This medium was used at full concentration with 0.1% gentamicin added.
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Appendix IT

Table 1. The stages of embryonic development in Ambystoma mexicanum (see following pages)

Measurements: L=length; H=height; B=breadth: D=diameter
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Actual data

Table 1
Stages of normal development of Ambystoma mexicanum
(incubation at 20°C)
Time from the
cleavage furrow I ’ Features, size, in um
N of In hours In number
Stages and minutes of To
1 2 3 4
1 Freshly laid fertilized egg in membranes
Egg diameter without membranes - 1.85 - 2.00 wm
1% Activated epg, a broad perivitellin space formed.
D=2.0
2- 0 0 First appearance of the I cleavage furrow on
animal pole. Baginning of time reckoning (picture
fails). D = 2.0
2 &5 0.72 2 cells. D= 2.0
3 2.40 1.7 4 cells., D= 2.0
4 4.12 2.7
: . 8 cells. D= 2.0
s _
3.22 3.5 16 cells. D= 2.0
6 6.45 4.5

32 cells. D = 2.0




7 8.26 5.5 64 cells, D = 2.0

8 16.06 10.5 Early Elastula (Fall of mitotic index in animal
blastomeres (Rott a. Beritashwili, 1974), p = 2.0

9 21.28 14 | Late (epithelial) blastula. The surface is smooth.

9l 24,32 16 Beginning of morphogenetic function of nuclei

(Igna-ieva, 1972). D= 2.0

10 - 26.00 17 Early gastrula I, First signs of dorsal
: blastopore 1lip formation. D = 2.0

10% 32,10 21 Early gastrula II. Invagination continues.
Blastopore is a slit going almost horizontally
(one quadrant). D = 2.0

10 3/4 37.00 24 : Middle gastrula I. Dorsal lip of blastopore
_ forms a semicircle. D = 2.0
11 38.30 25-26 Middle gastrula II. . Blastopore i{s three

quadrants of circle. Lateral lips of blastopore

formed, ventral lip only marked by pigment

accumulation. Yolk plug reaches maximum
"diameter, d = 1.2 mm; D = 2.0 '

11% 40-42 27-28 Late gastrula I. Blastopore forms a eircle.
Invagination continues, yolk plug decreases,
d= 0.6 sm; D = 2.0
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12 47.30 31 Late gastrula II. Blastopore has an oval or
circular form. Size of yolk plug: 0.40 x 0.45;
- D=2,0 : : _
12% 49-51 32-34 Late gastrula IIT. Closing oval blastopore.
: Size of yolk plug: 0.15 x 0.20 mm; D = 2.1
13- 50.30-54 33-35 Stage of slitlike blastopore. Boundaries of
neural plate are still not distinct
13 55-56.30 36-37 Early meurula I. Blastopore is a narrow vertical .
' glit. Groove in the midline of the ncural plate.
Boundaries of neural plate are outlined but
neural ‘folds are not yet elevated above the
surface. of the embryo. The dorsal side is slightl;
flattened, D = 2.1
i . ntrr -

14 58.15 38 Early neurula II. Neural plate is broad. WNeurz
folds are outlined and begin to raise above the
surface in the head region. Embryo becomes
slightly elongated. Length = 2,2; Breadth = 2.(

15 . 59.50 39 . Early neurula III. Neural plate has the shape

- of a shield. Neural folds are raised and bind
all the reglons of the neural plate. L = 2.25;
B=2.1
16 _ 63 41 Middle neurula II. Neural folds become higher,

the spinal region of neural plate narrows, the
neural plate becomes sunken. L = 2.25; B = 2.1




17 64.30 42

Late neurula I. Neural folds higher especially

in the head region. Further narrowing and
deepening of the neural plate both in the head

and in the spinal regions. Hyomandibular furrow
limiting the mandibular arch is outlined {yet very
slightly). The segmentation of mesodermal

material begins. 2 pairs of somites formed.
L=2.,35 B=2.0

18 66 43-44 Late neurula IX. The neural plate is deeply

' sunken. Heural folds are developing and are
especially high in the head region where three
expansions (still yet very slight) corresponding
to fore, middle and hind brain vesicles are out-
lined. The neural folds of spinal region are
about to come into contact, Hyomandibular furrow

becomes more marked. 2 pairs of somites. L = 2.4;
B =1.9

’1a 11T. Neural folds are coming in
¥ 990 “ z:;iaziuiﬁroughout but yet do not fuse. Brain
curvature is quite distinct in profile; fore,
middle and hind brain vesicles are also distinct.
The swelling of optic vesicles are outlined.
Hyomandibular furrow becomes deeper. 3 pairs of
somites. L = 2.7; B = 1.7; Height = 2.1
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Late neurula IV. Neural folds fused in spinal
region. In brain region they are only in contact.
Optic vesicles are distinct and increasing.
Grooves in ectoderm appear at the level of the
hindbrain. Very slight swelling of the future
gill region is faintly marked. Mandilbular arch
becomes prominent. 4 pairs of somites. L = 2.7;
B = 1.5; H = 1.7

21 72 47 . Neural folds are completely fused. The hind

' boundary of gill region becomes more distinct.
Pronephros begin to outline (very slight swelling
4 pairs of somites. The ventral side of embryo

is a lightly concave line; the head region (from
the level of mandibular arch) is somewhat down~
wardly curved. The dorsal side is a semicircle;
occeipital and parietal brain curvatures become
-apparent,

The gill region and the pronephros are now more

. distinet. The tail bud is outlined (but still
very slightly). 5-6 pairs of somites. The vent-
ral side of the embryo becomes more concave in
relation with a preater curving downward of the
head. L = 2.8; B = 1.4; H = 2.3

The primordium of the ear outlined as a shallow
depression in ectoderm in the region above the
future hyoid arch. In the dorsal region of .

the g111 swelling the hyobranchial furrow appears

outlining the boundary between the hyoid arch
and the branchial arch I.
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24 80 52 Ear pit becomes more distinct. The hyobranchial
furrow dontinues to lengthen running to the

ventral side. The pronephric svolling is clearly
outlined and not only the prone| aros 1itself are
well seen but the beginning of the pronephric

duct also: 8-9 pairs of somites. L = 3.0; B = 1,3
H=1.85 .

e .

The gill swelling continues to increase, the
hyobranchial furrow lengthens further. The

. branchial furrow I appears (still faintly

outlined) in the dorsal region of the gill swelling.
The tail bud continues to be small. 9 pairs of
somites:; The body of the embryo continues to
'lengthen, the ventral side becomes more concave,
the head protudes more downwardly. L = 3.25;
B=1.45; H= 2.0

Ear pit is quite distinct. The branchial furrow

I becomes more marked and longer. The whole

gill region is a considerable, distinctly outlined
swelling, the height of which 1s accentuated by

a deep groove formed between the developing pronephr
and the gill region. Pronephric duct is seen along
6 somites. The primordium of the olfactory organ
appears as a tubercle in the anterior part of

the head. The tail bud gradually increases. The
body of the embryo is stretched, the head is curved

down. 10-11 pairs of somites. L = 3.25; B = 1.45;:
H= 2.0

27 86 56 The branchial furrow IT appears in the dorsal
(54-59) Part of the gill swelling (still very faintly
marked). 12 pairs of somites. L = 3.35; B = 1,6;
Ha=1.85, : :
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28 92.30 60 Further stretching of the body of embryo. Maximu:
(57-63) downward curvature of the head is shown. The
" olfactory pit 1is distinctly outlined in front of

the eye. 14 pailrs of somites., L = 3.55; B = 16,
H=1.75 )

The straightening of the body of embryo begins
but that can be seen only by somewhat less curvat:

of the head. The tail bud increases. 16 pairs
"of somites. L = 4.2; H=1.75

30 102 - 67 The straightening of the head curvature continues
{65-68) and the dorsal curvature of the body reduces.-

The body elongates and the tail bud becomes greate

The fin fold appears for the first time. The dor:

fin fold begins on the level of the 1l4th somite.

L =4,5; H= 1.65 .




31% 109 ° 71 19 pairs of somites. In the region of the lens
(69-74) ) primordium a groove appears. The branchial fur
' 111 becomes apparent in the dorsal part of the
gill region. The dorsal fin fold begins on the
level of the 12th somite. L = 4.7 H = 1.7

32 - 113 74

20 pairs of somites. The dorsal fin begins on
the level of 10th somite. L = 5.0 He 1.7

13 71 21-22 pairs of somites. The dorsal fin begins
33 ! ) _on the level of the 8th somite., L = 5,25; H = ]
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4 115 75

24-25 pairs of somites. The dorsal fin begins
on the level of the 7th somite. L = 5.5; H=1.

3960
2Mnr
(% - |
167~ 3567
35 122 80 From this stage on the body axis from the hind-

brain to the tail base 1is quite straight. Thre
external gills show as nodules on the surface ¢
gill swelling. The lateral line reaches to the
6th somite. The dorsal fin begins on the level

~of the 5th somite. The first chromatophores
appear -and also heart pulsation bepins. 'The
somites are now difficult to count. L = 6.25;
H= 1.6 .

16 . 130 85-98 External gills have the form of short sprouts

directed to the side from the gill swelli
L=7.1; H= 1,7 & "8
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37% .

177

115

Gills elongate and push ventroposteriorly. TI

" 1limb buds fail. L = 7.5; H = 1.7

38%

178

In the gills the filament sprouts appear as
nodules, two in each gill. The primordium of
operculum becomes visible as a fold upon the
hyoid arch. At this stage both rudiments of
operculum do not yet reach the mid-

line. The 1limb buds are still slightly outline
L=17.9 H=1.8 ' )

cmis-4g

39

220

144

146

The gi11 I has 2 pairs of filament sprouts, tl
gills II and ITI - 3 pairs. The gills cover 1
limb buds. Both rudiments of operculum almost

approach the midline, The angles of the moutt
begin to show., L = 9,0; H= 1.9 '




. 4y 4y 137 Lne gilis become longer and the number of filame.

increases: on the gill I are & pairs of filament
on the gills IX and IIX - 6-7 pairs of filaments.
Both rudiments of operculum join at the midlipe.
The angles of the mouth are marked more distinctl
The limb buds form small tubercles. L = 9.3;

H=2.1

Q\
R
N
Q
w5

3L

oy

A . - J
Y05 .. i
41 265 173-177 The gills continue to elongate. The number of

filaments increases; filaments alsc become
longer. The mouth is distinctly outlined. The
lateral line 2 runs on the flank toward the lir
bud and passes around it on the ventral side.
The forelimb buds are still small tubercles.
this stage hatching begins. L = 10.0; H = 2.2

Ll it

42 296 193 The gills reach far from the level of the fore-
limb buds. The mouth is completely outlined bu
is not broken through. L = 10.5; H = 2.1
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43

342

223

The breaking through of the mouth or the mout
is already open. L = 11.3; H = 2.3

o 2 Mt :
P09 80
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