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ABSTRACT

A great amount of controversy exists in the literature
concerning the determination and inductive processes which
occur prior to the differentiation of cartilage from cranial
neural crest cells. Therefore, an in vitro culture system
was used to investigate various aspects of the induction and
differentiation of cartilage from the cranial neural crest in
the Mexican axolotl, Ambystoma wmexicanum.

The self-differentiative ability of the cranial neural
crest cells was tested at various developmental stages
between early neurulation, and the stage at which these cells
complete their migration between the e:todérm and mesoderm
and begin their medial migration to surround the mesodermal
cells and form the visceral arches. Even at the latest of
these stages, the processes through which cartilage
determination occurs are far from complet=2: only a very small
number of these cultures contained cartilage, although all
appeared healthy and contained melanncytes and abundant
mesenchyme.

At all of these stages, pharyngeal endoderm is the only
inductor required for cramial neural crest cells to
differentiate into cartilage. Over $0% of cultures

:bntaining new-al crest and pharyngeal endoderm produced
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mature cartilage nodules. The time course for chondrogenesis
in vitro is similar to that which occurs In situ, which
suggests that the culture system provides an accurate
assessment of what ocours in vivo.

Only those cells which normally contribute to skeletal
elements have the capacity to do so. Neither trunk neural
crest cells nor the cells of the transverse {anteiior—-most)
neural fbld can produce cartilage, even when placed in
intimate contact with inductive tissues. Similarly,
inductive endoderm is only found in the head, which is the
origin of, and ultimate location of, all chondrogenic cells
of neural crest origin. A sharp boundary, which occurs at
the junction of the pharyngeal wall and the pharyngeal floor,
divides the inductive from the non~inductive endoderm. ALl
anterior endoderm is capable of inducing mature cartilage
formation in virtually all cases, whereas cartilage formation
occurs only rarely in the presence of posterior endoderm.

Axolotl embryos which are homozygous for the premature
death (p) gene do not develop past stage 37, which i< well
before cartilage differentiation usually occurs. They also
display a variety‘cf abnormalities in the gills, heart,
pharynx, and liver, among others. Based on these and other
observations, it was suspected that the mutation affected the
endoderm. When mutant tissues were tested for the ability to

form cartilage, however, the neural crest component of the
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caltuwre, and not the pharyngeal endoders, was found to be

cdefective. The lack of cartilage is not caused by an

4]

zation of chondrogenic neural crest, nor doos

.

abnornal local
the migration of the cranial neural crest appear to he
affected.

The normality of the chordamesoderm and the sctoderm of
mutant gastrulae was tested through the production of
secondary newral structures. These studies determined that
the chordamesoderm, which is the initiator of the events
leading to neural crest specification, is normal in the
mutant; the defect is in the ectoder. o° mukant embryos.

The hypothesis that a number of neural crest functions
are defoective in the mutant appeared to be supported by the
results of rescuc attempts involving the transplantation of
wild-tyme neural folde, and by the appearance of wi1d4type
embrycs which developed without neural cresh cells. Thues, it
would appear that the premature death mutation affects a
subset of neural crest derivatives, and could therefore prove
useful in the study of both *the specification and

differentiaktion of neural crest cells.,
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RESUME

Il y a beaucoup de controverse en ce quli concerne la
determinaticon des celluls .suecs de la créte newrale
céphalique. Un syshéme de cultuwre in vitre a donc éta
utilisé pour étudier 1’induction et la différenciation de
cartilage & pértir des cellules de la créte neurale
cephalique chez 1 'Uredéle Ambystoma mexicarum.

Los cellules de la créete neurale céphaligque n'ont pas de
capacité d’auto-différenciation pour le cartilage, quoique
les prélévements ont ¢té faits & plusieurs stades
embryonnaires, du jeune newula jusqu’auw ztade ol les
cellules commencent leuwr migration médiale de la formation

dos arches viscéeraux. Meme lors de ces derniers stades, il

ezt évident que les processus deonnant liew & la détermination

ri

pour la chondrogénése ne sont qu’a peine commencéds; trés peuw

des cultwres de crétes newrales iso?

i

oz avalent du cartilage,
guoiqu’elles avaient tcoutes des cellules pigmentaires et
mesenchymateuses.

I1 n’y a gu'un seul tissu inducteuw~ dans ce systéme,
1 ‘endoderme pharyngien. La présence de ce tissu provoque la
formaticn de cartilage dans une vaste majorité de cultures de
cretes céphaliques. La chronelegie de la chondrogéndse Iin

vitro resemble beaucoup & celle In zitu, ce gu indiquerait



—iu=-
la normaliciteé du systéme in vitro.

Les cellules de la creéte neurale qui, normalement, ne
donnent pas de dériveées squelettiques n'en ont pas la
capacite, méme lorsqu’elles sont en présence d'un inducteur
actif. Il v a aussi une frontiere distincte entre
l’endaoderme inductif et non-inductif, qui se trouve & la
division usuelle de 12 tete et du corps de 1 "embryon.

L ‘endoderme de la tete (1 endoderme pharyngien) induit la
formation du cartilage dans presque tous les cas, aleors que
1‘endoderme provenant de niveaux plus posterieurs n‘en induit
que rarement.

Les embryons d’axolotes qui sont homozygotiques pour le
gene g {(premature death) arrttent de se developper au stade
37, gqui est bien avant la différenciation de cartilage. Ces
embryons ont aussi des difformités aux niveaux des branchies,
du coeur, du pharynx, et du foie, entre autres. Ces
ocbservations, et les résultats d‘autres experiences, ont mené
4 1la conclusion gque la mutation affect 1 endoderme. La
formation de cartilage a donc &té mis & 1l 'epreuve, en
veilisant le systéme in vitro avec les tissus de mutants.
Les raeésultats de ces culturec ont démontrés que la cr&te
neurale, et non 1'endoderme pharyngien, est défectueuse. Le
manque de cartilage n’'est da ni & une mauvaise localisation
de la crete chondrogénique, ni & une migration anormale des

cellules de la crete céphaligue.
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La formation de structures neurales secondaires a été
effectuée avec des tissus de gastrulae mutants. Le
chordamésoderme, qui est 1'initiateur des événements qui
spécifient la crete neurale, est normal chez le mutant; le
defaut se trouve dans 1'ectoderme des mutants.

La supposition que, & part la chondrogéngse, d’autres
fonctions de la crete neurale serait affectées chez le mutant
a ete appuyée par les résultats des transplantations de
bourreiats medullaires de type sauvage chex le mutant, et par
1’apparence d’embryocns de type sauvage dépourvus de
bourrelets médullaires. Ainsi, la mutation premature death
semble affecter plusieurs, mais pas toutes, des dérivées de
la crete neurale, et donc, pouwrrait s’'avérer trés utile pour
l'étude de la specification et la différenciation des

cellules de la créte neurale.
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CHAPTER 1

INTRODUCTION

I~1. The neural crest:

The amphibian nervous system dévelops from presumptive
ectoderm, due to the inductive influence of the underlying
tissues (see Spemanﬁ, 19462; Saxén and Toivonen, 1962;
Nieuwkoop et al., 1985, for reviews). The neural folds are
raised structures found at the periphery of the neural plate,
at the boundary between the neurectoderm and ectoderm. The
neural crest is a population of cells first found within the
neural folds, although the cells do not remain with the other
neurectoderm cells, which are destined to form the central
nervous system.. The neural crest cells undergo extensive
migration folldwing specific pathways to their final
destinations, where they differentiate into an amazingly
diverse array of derivatives. In urodeles, migration begins
after the folds have begun to fuse to form the neural tube.
The cells begin migrating first from the mesencephalic
regions, and then in more anterior and posterior regions.

Neural crest cells have been the subject of much study and
controversy since their discovery in the chick by His in 1848
(reviewed by Hérstadius, 19503 Hall and Hérstadius, 1988).

The neural crest cells disperse throughout the embrvo and are
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extremely invasive, which has complicated the study of their
migration and differentiation. To overcaome these
difficulties, a variety of markers has been used to follow
the cells and determine their derivatives (see Weston, 1967;
1970; Le Douarin, 1982).

The first sucﬁ markers were based on the intrinsic
differences in pigmentation and yolk platelets between the
neural crest cells and mesoderm in amphibians, and on vital
stains applied in situ (Detwiler, 1937; Detwiler and Kehoe,
1939; de Beer, 1947). These caused the least amount of
disruption to the embryos, but did not always allow positive
identification of the neural crest cells (particularly
individual cells) or their derivatives, since these markers
cthanged with time, faded, and sometimes 1abelled neighboring
cells through diffusion of the dye.

Xenoplastic transplantations of neural +fcolds between
species with cells of different sizes and pigmentation
(Raven, 1937; LeDouvarin, 1982) and different nuclear staining
patterns (Sadaghiani and Thiébaud, 1987; Krotoski et al.,
1988) have also been used. The origins of the cells were
2asily identified, although the results may have been
affected by developmental differences between the species or
even by actual interactions between the cells of the two
species (Chibon, 1947; Krotoski et al., 1988).

Extirpation of neural crest has also been used
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(Hérstadius, 1950; Chibon, 1968). Although this method did
not allow migration to be followed, it did aliow for the
identification of some cell functions. The deficiencies and
abnormalities seen after neural crest removal were indicatﬁve
of neural crest involvement, although it was impossible to
distinquish between structures which were derived from neural
crest and those which were merely dependent on the neural
crest for their proper development through inductive
interactions. The analysis of these experiments was further
complicated by regulative events, which could partially or
completely correct defects resulting #rom some of the less
extreme operations (Hérstadius, 1950; Chibon, 196&).

Chibon (1966) performed an extensive study of the neural
crest in Pleurodeles waltl, using a marking technique which
vielded much more reliable results. Segments of tritiated
thymidine—labelled neural folds were transplanted onto
unlabelled host embryos of the same species. Not only were
the normal neural crest derivatives of different axial levels
established, by homotopic transplantatione, but the
developmental potential of the segments was tested by
performing heterotopic transplantations. The use of this
method resolved many of the controversies caused by the
limitations of the other techniques.

According to Chibon {(19466), the neural crest gives rise

to most of the pigment cells, major portions of the
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peripheral nervous system (both sensory and autonomic),
including such supporting cells as Schwann sheath cells and
parts of the meninges, and chromaffin tadrenal medullary)
cells. In a role usually associated with mesoderm, neural
crest cells also give rise to mesenchyme.

Quail-chick chimeras have been extensively used to
expand the list of known neural crest derivatives, in birds,
te include portions of the endoerine and paraendocrine
systems (carotid body type I and II cells and calcitenin
cells), and head connective tissues (muscles and the
connective tissue components of the pituitary, lacrymal,
salivary, thyroid, parathyroid and thymus glands; see Le
Douarin, 1982). It is not yet known whether amphibian neural
crest is capable of forming all of these derivatives.

It has been proposed that the final fate of neural crest
cells is determined through a series of stebwise restrictions
of developmental potential (Bronner-Fraser and Cohen, 1980;
Nieuwkoop et al., 1985; Le Douarin, 1986). Various workers
have characterized possible intermediates in birds, using a
variety of techniques. For example, Ciment and Weston (1985)
found that, whiile premigratory rhombencephalic neural crest
could give rise to connective, neural, and glandular tissues,
as well as melanocytes, by the t}me they had ceolonized the
branchial arches, the cells no longer had melancgenic

potential. By this time, anterior amd posterier branchial
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arch cells were different with respect to their
immunoreactivity to the monoclonal antibody E/C8, and their
differentiative potentials (connective tissues can form from
both populations, though the newronal and glandular
derivatives are only formed by the posterior cells). Le
Douarin (1984) has suggested a sequence of restriction steps
for trunk neural crest cellg, from the results of
heterochronic transplantations of quail peripheral ganglia
into chick hosts (Le Liévre et al., 1980; Le Douarin, 198&4).
Soon after their emigration from the neural tube, the sensory
and autonomic precursors would be segregated from a common
pre:uﬁsor. In the ganglia developing in close proximity to
the central nervous system (CNS), the sensaory precursors
would become post-mitotic within seven days, while the
autonomic precursors would persist without differentiating.
In the autonomic ganglia, farther from the CNS, some
autonomic precursors would become post-mitotic, although some
would remain in the undifferentiated state, at least until
hatching. The sensory precursors which Qere initially
present would rapidly disappear from these ganglia, possibly
due to the lack of a growth factor being emitted by the CNS.
The environment through which the neural crest cells
migrate and localize appears to play an important role in
their differentiation. Culture conditions have affected the

cell types which differentiated from chick neural crest cells
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In vitro (see Le Douarin, 1984; Bronner-Fraser and Cohen,
1980). Furthermore, when avian or amphibian neural crest
cells are transplanted to other axial levels, the cells give
rise to derivatives not normally formed by cells of the donor
axial level, but which are normal for neuwral crest cells of
the host site (Chibon, 196465 1970; Le Douarin, 1982; Noden,
1978a, ).

While these models address the multipotentiality of the
neural crest cell population, the status of the individual
cells is unknown. Each cell may indeed be multipotent, and
external factors would therefore be directly responsible for
_the developmental decisions made by the cell. Alternatively,
each cell may already be determined prior to migration
(although the population would be heterogenecus). The
pathways and final locations could allow the expression of
only one of the possible cell types, or they could be
preferentially chosén by the appropriate precursors. There
is evidence that at least some neural crest cells are
multipotent. Some clones of individual neural crest cells
have given rise to both melanocytes and neurons (Sieber~Blum
and Cohen, 1979). Even more striking were the results of
microinjecting single neural crest cells with a fluorescent
lineage marker in situ; as many as 4 different cell typés
differentiated from a single precursar cell (Bronner-Fraser

and Fraser, 1988).



While some newral crest cells are multipotent, not all
neural crest cells are identical. In the heterotopic
transplantations mentiomed above, not all grafted cells
developed according to the host site. In some cases, the
localization and differentiation was normal for neural crest
cells, although at a non-host axial level. In other cases,
the development was abnormal for neural crest cells, sucﬁ as
the participation of neural crest cells in vertebral
cartilage formation (Le Douarin, 1?82). In amphibians, anly
trunk neural crest cells have the ability to form Rohorn-Béard
cells, whereas chondrocytes and odonteblasts are strictly

cranial derivatives (Hirstadius, 1950; Chibon, 1964).

1=-2. Contributions of cranial neural crest ta the amohibhian

cranio—visceral skeleton:

The ability to form mesenchyme differs between head and
trunk neural crest in amphibians (Hérstadius, 19350; Chibon,
19646). Trunk neural crest normally gives rise only to dorsal
fin mesenchyme In situ, and cannot produce cartilage and
odontoblasts {(normal derivatives of the cranial neural crest)
when transplanted to the head. The majority of cranial
neural ctrest cells, however, normally differentiate into
mesenchymal derivatives, although they also possess the
ability to form both neural tissues and pigment cells.

The cranial neural crest is the source of the entire
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visceral skeleton, except for the second basibranchial., In
the cranial skeleton, the antericr portions of the trabeculae
and the palatoquadrates are neural crest-derived. The neural
crest also contributes to the farmation of the posterior
trabeculae, basal plate, and parachordal cartilages. Table
1.1 correlates these skelotal elements with the asial levels
of cranial neural crest which form them, according to the
notation devised by Chibon (19466; see Fig. 1.1).

Puring develeopment, the proper differentiation of many
tissues and organs is dependent on interactions with other
tissues. At the end of the induction(s), as these
interactions are called, the tissue is said %o be determined,
and is capable of final cifferentiation even if removed from
its normal environment (sece Hamburger, 1988).

While many neural crest eell derivatives have been
identified, the timing of their determination to form these
structures has been more difficul+ to ascertain., The stage
at which cranial neural crest is determined for
differentiation into cranio-visceral cartilage has been
tested (in amphibians) by tranmsplanting it to the flanks of
host embryos (Raven, 1935; Hérstadius, 1950; Newth, 1954).
The presence of ectopic cartilage in host larvae was taken as
an indication that the neural crest cells had already
received all the inductive signals required for

differentiation. The critical assumption of this system was



TABLE 1.1

Skeletal Neural Crest Deriwvatives?

Neural Crest Region=® l Skeletal Elements
0°* - 30° No skeletal elements
3G° - 30° Anterior portions of trabecul ae
SO"— 70° Fosterior portions of trabeculae

Bazal plate
Fal atogquadrates

70 = 100° Meckel ‘s cartilage
Hyoid arches f

100° - 120° Basibranchial I
Hypobranchials
Anterior branchial arches

12Q°% ~ 150° Fosterior branchial arches

' Translated from Chibon (19464).

2 Axial levels as defined by the system depicted in Figure

i.1.



Figure 1.1:
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Dorsal view of a stage 17 embryc indicating the
notation used to describe axial levels of
Eranial neural crest cells which have been
found to contribute to the cranio-visceral
skeleton of amphibians (adapted from Chiboen,

19646) .






that the graft site did not affect the differentiation of the
transplanted cells.

Even when this technique was repeated within one
species, however, different workers obtained very different
results. Raven (193%) found ectopic cartilage in nearly all
cases of transplanted neural folds from mid-neurul ae of
Andystoma mexicanum. According to Yérstadius (19350) ,
however , ectopic cartilage was only seen when specific
tissues were co-transplanted with the cranial neural Tolds,
or when certain host tissues (somites) were damaged in the
vicinity of the transplant. Newth (1953) repeated these
studies, again using axolotl neurulae, and was able to show
that the longer culture periods used by Raven (193%5) were not
the cause of the discrepency. Newth’'s (1954) results,
however, were at neither of the two extremes of the previous
studies; approximately 19% of the host larvae contained
ectopic cartilage.

fnother source of concern is that the graft sites
contained mesoderm, which is known ko have chondrogenic
potential (it forms the entire axial and appendicul ar
skeleton). Therefore, the ectopic cartilage could have been
derived from host mesoderm due to the unnétural influence of
either the grafted tissues or the surgery itself (as
suggested by Hﬁrstaaius,fi?SO). Thus, it would appear that

the embryonic flant: may not be the neutral environment which
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is required for testing the gself-diffgrentiative capacities
of the cramial aswral crest.

As mentioned previously, Hirstadius {(193C) oblained
cartilage formation when the newal folds were co-
transplantod wilth other ltissues. When the other tissue was
pharyngeal endoderm from the gill area, nolt only was
cartilage formed in the large majority of cases (88%), but
the morphology greatly resembled that of the branchial area,
with rods of cartilage found between structures which
resembled gill slits. The suspicion that this endoderm might
be the normal inductor was strengthenad by the finding that
when the pharyngeal wall was unilaterally removed, there was
a lack of cartilagenous arches on the operated side. (The
term "inductor”, in this thesis, will be used according to
the definition of Holtfreter, 19&62; the inductor is the
tissue which produces the agent of induction, the “inducer™.)

In addition to the transplantation experiments, in vitro
(explant) cultures have been used to investigale the
determination and induction of cartilage from cranial neural
crest. Using this method, a variety of uwrodele species have
been examined, although Ambystoma mexicanum was not among
them. The results of these studies were, for the most part,
in accordance with those of Hérstadius (1950). Cranial
neural crest cells from neurulae were not determined éor

cartilage formation, as this tissue did not form when neural
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folds were cultured in isclatisn. These cultures did give
rise to pigment culls and abuadant mesenchyme (Corsin, 1975),
and, in addition, neurons and Schwann sheath cells have also
been repurted (Wilde, 19335; Epperlein, 1973; 1978).

Fharyngoeal endoderm was present in all cases in which
chondrocytes developed. The extent of its involvement,
however, appeared to be variable. In Triturus alpestris,
cartilage, including intermediate phenotypes as well as
mature cartilage nodules, was found in cul tures of cranial
neural folds and pharyngeal endoderm (Senc and Nieuwkoop,
1938; Drews ot al., i$72; Epperlein and Lehmann, 1975).
Although the reported numbers of positive cases was rather
low (35% for Seroc and Nieuwkoop, 195B, and &0% for Drews et
al., 1972), pharyngeal endoderm appeared to e the only
inducteor required. Similar rFecults have been reportcd for
Ambystoma tigrinum, although only S of 2% culiures (19%)
tontained cartilage (Holtfreter, 19&63).

Results from similar studies performed in other urodeles
have iﬁdicated that, although the pharyngeal endoderm is a
necessary inductor, other tissﬁes are also required for
complete differentiation of cartilage from the cranial neural
crest of neurulae. The additicnal inductor was found to be
stomodeal ectoderm in Anbystoma maculatum {(Wilde, 193%), and
dorsal mesoderm in Pleurodeles waltl (Corsin, 1975). In both

of these studies, exposure to pharyngeal endoderm alone only



induced procartilage formation from the cranial neural crest
of neurulae. (Frocartilage was defined as bLeing compused of
condensations of cells wilth the worphology of chondrocytes,
but with little or no extracellular matrix.!? When the neural
crest cells were only exposed Lo Lhe second inductor, no
evidence of chondrogenesis was secen, suggesting a sequential
sel D#linducticns.

In RPleurondeles waltl, the induction by pbaryngeal
endoderm is completed by eid-neuwrulation; neural folds from
late newruwlae vielded procartilage in isolation, and such
cultures containing dorsal mesoderm produced mature cartilage
nodules (Corsin, 1973). The inductions in dmbystona
maculatun appear to occur much later, however. Neural crest
cells from embryps as old as stage 2T (initiation of
migration) still regquired the presence of pharyngeal endoderm
to produce procartilage (Wilde, 193530).

It is obvious from the preceding Jdiscussion that many
questiaons concerning the timing of determination and the
inductive processes reqguired for the differentiation of
cartilage from cranial neural crest cells remain unanswered.
Furthermore, species differences are quile apparent, even
ameng urodeles. Therefore, the original purpose of this

study was to investigate various aspects of the induction

T

process{es) believed to occur in this system, using the

axolotl (Ambystoma mexicanum). The results of this portion



of tho <ludy have been partially -o orted by Graveson and
b r

I=3. The axolotl]l:

The Mexican axeloll, a neotenous urodele, is
particularly well suited to developmental studies. Spawnings
can be obtained throughout the year, and cach can produce
several hundred fertile eggs of hrnows genealaygy {(Armstrong
and Fletcﬁer, 1983). The eggs are large {(approximately Z mm
in diameter), allowing surgical manipulations to be performed
with relative ease. The development is sufficiently slow (11
dayé to hatching at 18°C; Bordzilovskaya and Dettlaff, 1579;
Bordzilovskaya et 27., 1989) that speciftic developmental
stages can be obtained with certainty. Furthermore, the raté
of development can be controlled by varying the temperature,
allowing the simultanecous use of different stages from a
single spawning, or Aallowing different spawnings to be
synchronized. Axclotls have been used as research subiects
for cver one hundred years, and many aspects of their
anatomy, physiolaogy, and development are therefore well known
{see Armslrong and Malacinski, 173%). Finally, several dozen
‘developmental mutations (which can be used ko study the
development of specific organ systems and tissues) and colour
variants (which can be used either as markers or to examine

pigment cell migration and differentiation) have been
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described in the axolotl (Armstrong, 1985; Malacinski, 1989).

i=d. The premature death mutant:

One mutation in the axolotl, the premature death (o)
mutation, was first described by Trottier and fArmstrong
(1977). Embryos homozygous for this gene develop apparently
normally until stage I7, when development arrests. The gills
on these mutants never develop secondary filaments, and bulb-
like structures aré often seen at the distal ends of thoe
primary filaments (Fig. 1.2). The eves tend to be
underdeveloped, although this trait is variable. The hearts
do beat in mutant embryos, but only weakly, and circulatian
is not established. The bleood cells remain in She blood
islands, where they originate. Weall tactile reflexes can be
observed, although righting and swimming reflexes are absent
in these embryos. This suggests the presence of functional
Rohon-Béard cells, which are the initial sensory neurons of
larval amphibians. Epidermal blistering and disinlegration
of superficial hissues bagins within days. The developmental
arrest apparenkly does not affect the pigment cells of the
mutant. The timing and patltern of their appearance is the
same as that seen in wild-type embryos. |

Histological examination of the internal structures
revealed a wide variety of abnormalities in mutant embryos

(Trottier and Armstrong, 1977). Particularly striking were:









A plug of undifferentiated cells, instead of endocardium, in
the anterior regions of the heart (ventricle and conus
arteriosus), the underdeveloped state of the liver, and the
abnormal morphalogy of the pharynx and associated structures
(qill pouches). The myotomes of mutant embryos appeared
normal, though underdeveloped, but degenerated rapidly after
stage 37.

The most obvious defective organs in these embryos
depend on the endoderm for their development. The liver and
pharynx are endodermally derived, whereas the gills and heart
require the endoderm as an incucter. This suggested that
endoderm is the target tissue for the p mutation (Trottier
and Armstrong, 1?77); This hypothesis was apparently
supported by the results of transplantations of mutant
tissues onto wild-type hosts. The survival and development
o%‘these grafts appeared to be correlated with their
requirement for endoderm. Transplants of eyes, limbs, and
epidermis were successful,, whereas gill transplants were
resorbed by the host (Mes-~Hartree and Armstrong, 1980).

If defective endoderm were indeed the cause of the
abnormalities seen in the p mutant, then other functions of
the endoderm might also be affected. Since pharyngeal
endoderm is probably involved in the induction of cartilage
formation by cranial neural crest cellé, it seemed probable

that the mutant could provide an idea! model system for
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studying the role of the inducter in more detail than could
be done using wild-type embryes alone. Therefore, the
effects of the » mutation on the differcntiation of cranial
neural crest into cartilage were also examined. Some
preliminary findings of this study have been reported in

abstract form (Graveson and Armstrong, 1988).
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CHAPTER I1I

MATERIALS AND METHODS

2=1. Animalsxs

The Mexican axolotl (Ambystoma mexicanua! was used for
all experiments. The embryos used in this study were
obtained from Spawnings of animals raised and bred at the
University of Ottawa Axolotl Colony. The adults were kept in
individual plastic mouse cages containing S0% modified
Holtfreter s solution (Table 2.1). This solution was changed
three times a week, after which the animals were fed strips
of beef heart.

Females were injected with 250 I.U. of human chorianic
gonadotropin (Sigma Chemical Co., St. Louis, Mo.)
approximately 16 hours prior to spawning. Occasionally, the

males were alsoc injected with the same dosage of the hormone.

2~I. Embrvos:

Fertilired eggs wer= deposited within 24 hours of the
spawning. They were removed from the mating pan and placed
in small bowls containing 25% modified Holtfreter's sclution
(Table 2.1).

The rate of development of the embryos can be slowed by

lowering the temperature. Post-gastrula embryos were kept at



TABLE 2.1

Culture Media

Holtfreter ‘s medium: NaCl...voonoaa, teenesue Z.46 g
18 0 0.05 g
Calla.nnienvececannenna ©.10 g
M@S0s -7H=20. .t cvvcnria. 0.20 g
NaHCO=. t i v snacnnnen - 0.20 g
per litre dechlorinated tap water.
pH 7.4.
Steinberqg’'s medium:? NaCliweaneonnens wremea 3.40 g
KCl.reeeinnn feemmcunan Q.05 g
Calloeirineucenvnanans 0.05 g
MgS04-7H20. e i in e e e 0.21 g
TrisSe cneecannncernnnns Q.36 g

per litre distilled water.
pH 7.7

* Calcium—free Steinberg’s medium was made by omitting the

CaCl..
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20°, 10°*, or 4°C, as required. Embryos which had not
completed gastrulation were not pPlaced at temperatures lower
than 10°C, as these low temperatures appeared to cause
abnormal gastrulation in a large proportion of embryos.

Embryos were ~taged according to the morphological
characteristics diagrammed and described in the staging table
of Bordrilovskaya and Dettlaf+ 11979;: see also Bordzilovskaya

et al., 1989: Appendix I).

2-3. Buraical eguipments

Most of the instruments used for operating on the
embryos could not be purchased, and were therefore made as
required. The following is a brief list of the instruments

used in this study, and their uses.

Forceps: Watchmaker's forceps (Dumoxel No. 5) were used
for dejelling embryos, removing vitelline membranes, and
manipulating glass bridges. The tips of the forceps were

sharpened on ar oilstone to fine, matching, points.
Needle: The main cutting implement was a S mil thick
tungsten wire with an electrolytically sharpened point bent

at a 45° angle.

Hair Loops: Small (1-3 mm) loops of fine blond hair,
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attached to a handle, were used to move embryos and tissues,

and to cut tissues.

Glass bridges: Rectangles of #1 coverslip glass
(approximately 1 % 2 mm) were used to hold grafted tissues in
Place on the host during the healing process.

Operating Dishes: Pyrex 33— and 9-well spot plates were
used for all surgical procedures with the exceptién of the
dorsal lip transplantations (see belcw). The wells of the
plates were lined with a 4:1 (w:w) mixture of Permoplast
(American Art Clay Co., Inc., Indianapolis, Ind.) and
FParaplast (Lancer, St. Louwis, Mo.). At the end of each
operating session, the used wells were rinsed successively
with tap water and 95% ethanol. Prior to use, the air-dried
dish surfaces were smoothed, filling in all previcus
depressions, and sterilized by heating over the flame of an
alcohol lamp until the surfaces were shiny.

Dorsal lip transplantations were performed in disposable
plastic Petri dishes 1/3 filled with sterile 1% Noble agar
(containing 0.05 mg/ml gentamicin sulphate). These plates

were made several hours before use.

Micropipettes: Spemann micropipettes (Hamburger, 1960)

were modified and used to transfer explants between cperating
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dishes and culturing vessels. To make each pipette, the
narrow portion of a Pasteur pipette was cut approximately 2
cm from the taper ard smoothed in a flame so as to leave an
opening about 1 mm in diameter. The wide portion of the
pipette was drawn, cut, and f1amed smooth approximately 5 cm
from the taper. This end was then inserted into a length of
rubber tubing (3 mm bore) attached to a mouthpiece. Solution
was drawn intoe the micropipette by capillary nction, and the
fine control required for manipulating the tiasges was
attained by applving and releasing pressure on the rubber

tubing.

Maedia: The various media used during the operations and
the embryos and explants are described in Table 2.1. All
media were filter-sterilized through filters with 0.22 pm
pores (Nalgene or Millipore). @As well, 0.05 mg/ml gentamicin
sulphate (Sigma, or Schering Co., Keﬁilworth, N.J.}) was added

to all medjia.

2=4. Proccdures Tor explantations:

Jelly coats and vitelline membraﬁes were manually
removed using sharpened watchmaker's forceps. Each embryec was
then passed through three rincses of sterile 100% Steinberg‘s
solution before being Placed in the Permoplast/Faraplast

operating dish which alsoc contained 100% Steinberg’s
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solution. The embryo was placed in a depression designred +o
hold it snugly. The desired tissues were removed using a
tungsten needle and hair hoop, and brought to another,
shallower depression. The tissues were placed in this
depression with the ectoderm—-side down. The explant was left
undisturbed for approximately IO minutes, during which time
it balled up, and dead cells'fell away. The explant was then
transferred to the appropriate culturing container using a
modified Spemann pipette.

For most experiments, the explants were to be precessed
for light microscopy. Such explants were cultured in
approximately 130 pl of sterile 10Q% Steinberg’s solution in
BREEM capsules (J.B. EM Services, Inc., Montréal, Qué.) lined
with 1% Neble agar. In this way, the explant could be
processed directly in the culturing container, eliminating
the need for transferring it at the end of the culture
period.

Explants of presumptive heart tissue,.which were
examined daily for beating tissue, were cultured in hanging
drops. Drops (10-20 pl) of sterile 100% Steinberg’s solution
were placed in the lids of plastic Petri dishes. One explant
was placed in each drop. The bottom of the Petri dish
contained a few millilitres of sterile distilled water, in

order to provide enough humidity to prevent evaporation of

the dropse. Petroleum jelly (Vaseline) was used to seal the



lid to the bottom of the dish.

For some experiments, the embryo from which the tissues
were removed was kept for phenotype identification. If it
was not sufficiently healed after the transfer of the explant
from the operating dish, mcst of the solution in the
operating dish was replaced with calcium—free Steinberg’s
solution. After about 30 minutes, this solution was replaced
with 100% (calcium—containing) Steinberg’s solution. Aftwr a
few minutes, the embryo waé transferred to its culturing

container.

2=5. Procedures fTor #*ransplantations=

The initial preparation of the embrvos for
transplantations was identical to that for explants. The
desired tissues were removed from the donor, and placed next
to the host, carefully maimtaining the orientation of the
graft. The host site was then prepared by removing tissue.
For heterotopic transplants, usually done to test the
development of organ primordia in abnormal environments, the
area of tissue removed was slightly smaller than the graft.
This ensured faster and better healing of the graft. For
homotopic transplants, usually performed as reciprocal
operations between mutant and wild-type embryos, the tissue
removed from the host corresponded erxactly to that taken from

the donar.
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The graft was placed in the host site, and the edges of
the graft were tucked under the edges of the ectoderm of the
host. A glass bridge was placed over the gratt, completely
covering it, with some of the weight of the bridge being
supported by the Fermoplast. Mest of the operating solution
was replaced with calcium—free Steinberg’s selution. After
30 minutes, this solution was replaced with 100% Steinkerg’s
solution. Several minutes later, the glass bridge was
carefully removed, and the embryoc gently transferred from the
operating dish. The usuval culturing containers for the
experimental embryos were 24-well dishes (Corning Glassworks,
Corning, N.Y. or Falcon, Becton Dickinson and Co., Lincoln
Park, N.J.). Each well was lined with 1% Nable agar to
prevent the embryo from adhering to the dish. Following
surgery, the embryos were maintained in 100% Steinberg’'s
solution for about 2 days, after which 25% Holtfreter's

solution was used, and changed every 2 days.

2=&. Procedures for dorsal Iip trarnsplantations:

These operations were not performed in the same manner
"as the other tramsplantations, and will therefore be
described separately. After removal of their jelly coats, the
embryos were passed through the series of rinses of sterile
media with the vitelline membrane intact. The operating dish

was a plastic Petri dish, as described above. The operating
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solution was 100% Steinberg‘s medium. The embryo was placed
on the agar and left undisturbed for a few minutes, while it
rotated within tha vitelline membrare s0 that the animal pole
Was uppermost. The tip of the tungsten needle was polied
through both the vitelline membrane and the cells forming the
reof of the blastoceelc, usually causing the animal cap to
collapse. The vitelline membrane was removed by placing one
tine of each of two pairs of forceps into the parivitelline
Space, through the hole made by the needle, and then pulling
the forceps apart. The host was placed suéh that the animal
pele was uppermost, while the donor was placed such that the
dorsal lip of the blastopore was uppermost. The piece of
dorsal lip was removed, using a tungsten needle and hair
loep, and placed on top of the flattenad host. The neadle
was inserted intoc the hole made for remaving the vitelline
membrane, and one side of +he blastocoele roof was gently
lifted., & hair loop was used to slide the tissue into the
blastocoele, towards the opposite side from the host’‘s dorsal
lip. The size of the hole was minimized by pushing the
tissues together with hair loops. The embryos, both donor
and host, were left undisturbed for at least 24 hours, whén
the survivors wers handled as previously described for

explant removal or phenctype identification.



2=7. Proceszssing fTor light microscapv:

Explants were processed for light microscopy in the
culturing REEM capsules, thereby eliminating the possibility
of loss and damage dwring transfor,

éxplants and embryos were fived overnight in 2%
glutaraldehyde, 0.5% cetylpyridinium chloride, 0.S%
palyvinylpyrrolidone in 0.1 M sodium caceodylate buffer, pH
7.7. Following cseveral cacedylate buffer rinses, the
specimens were dehydrated in a graded ethanol series. The
embedding medium was glycol methacrylate (Sorvéll/Dupcnt
Instruments or JB-4 from J.B. EM Services Inc.}.
Infiltration with the monomer was done at rocom
temperature, with at least one change of fresh solution per
day over the course of several days.

Serial 4 pm sections were made with a Sorval
JB-4 microtome, using freshly made glazs knives. The
secticns were placed in dropz of water on ethanol-clsaned
slides, which were then allowed e air dry.

The slides were stained for 1% minutes in 0.5% toluidine
blue in 0.1 M sodium benzoate huffer, pH 2.4, rinsed in
several changes of the benzoate buffer, dipped in acetone,
and air—dried. Sections were examined with either a Wild M-

11 or a Zeiss Standard RA microscope.



2-8. Statistical apalvsis:

All statistical analyses were carried out with
Statistical Analysis System (SAS) programs, using Proc.
Frequency. Likelihood ratio chi-square tests were performed
in all cases. Identical superscripted letters indicate the

classes of values whiceh were Compared for each tect.
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CHAFTER TIIX

DIFFERENTIATION OF CARTILAGE FROM CRAMIAL NEURAL CREST

Az described, in Chapter I, there are conflicting reports
in the literature dealing with several aspecte of the
differentiation of cartilage from cranial neural crest in
amphibians. This study focused on the inductive processes
involved in cranio-visceral cartilage formation in AdAmdystoma

mexicanum.

3-1. Sel¥-gifferentiaticn of cranizl neural crest:

An In vitre culture svstem was used to determine the
stage by which cranial neural crecst cellz were determined for
cartilage formation. According to Chibon (19556, the nzural
folds between 30° and 150° of Figure 1.1 contain all the
skeletogenic neural crest cells of the amphibian embryo;
these axial levels were therefore used for all the cultures.

For neuwrulae (stages 14 to 19), a cranial neural fold
from one side of the embryo was explanted. Fellowing neural
tube closure, but prior to neural crest cell migration
(stages 20-23), the dorsal hal+f of tﬁe neural tube was
explanted with the overlying ectoderm. The cranial neural
crest cells migrate away from the neural tube, between the

ectoderm and mescoderm, during stages 24-28. Far thece
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stages, the tongues of migrating cells were removed from one
sitde of the embrye, and enveloped with ectoderm for
culturing. Uzually, belly ectoderm from the same embrvo was
used, although ectoderm overlying the heart, gills, or brain,
was alse used in some cases.

The cultures were examined for the presence of cartilage
after a 14-day culture period (Table 3.1). Cranial neural
crest cells from neurulae are not determined far cartilage
differentiation; cnly ene culture contnined cartilage,
although all 94 appeared healthy, and contained mel anaocytes.
After the completion of neurulation cartilage was seen in a
smali percentage of cases.  The ability to self-differentiate
was extremely weak, accuring in only 7 of the 572 post-
neurulatien cases. Furthermore, culturec from older embryvos
were not more apt to form cartilage. Embrvos of stages 21-25
contributed € of the 7 pesitive cases, while the remaining 2

cases were from stage 27 embryos.

3=2. Pharvneeal endoderr 2z Inductor:s

In Triturus alpestris, pharyngeal endoderm is the only
inductor required for mature cartilage formation from
neurulae neural crest (Epperlein and Lehmann, 1573). Its
inductive ability for chondrogenesis in Amb&sfmma mexicanum
was tested, using an area of pharyngeal endoderm equivalent

to that used by Epperlein and Lehmann (1975) , but containing



TABLE 2.1

Self-Differentiation of Cartilage from Cranial Neural Crest.

Stagqge of Total no. of No. of cultures FPercent

Devel opment cultures containing cartilage positive
14~16 S3 Q Q.O=
17=19 &1 1 2.4
20-24 24 4 16.7%
25-28 28 3 10.7%

All explants were cultured for 14 days before processing.
* Not significantly different (P_os).

P Not significantly different P.owm).
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more posterior matorial. This area corresponds Lo regians 1
ard I of Figure T.1 (pp. 40-21).

Cranial neural crest was removed from the embryos as
descridbed in the previous section, and placed actoderm—side
down. The piece of pharyngeal endoderm, taken from the samo
embrya, was centered on the other tisswe. The ectaderm
usually wirapped around the endoderm within 10-15 nminutes,
such that the different tissues did not readily separate
during the transfer to the BEEM capsul e.

The results are shown in Table 3.2, It is obvious that
pharyngeal endoderm is indeed an inductor for the
differentiation of cartilaée from cranial neural cresty;
almost all the cultures (92.3%) contained cartilage after the
two week culture period. Stabistical analysis revealed a
significant difference (F £ .Q01) between the cartilage-
forming abilities of cultures containing stage 20-27 neural
folds with endoderm (Table 3.2) and those containiﬁg stage
Z0-28 neural folds alone (Table I.1). Furthermore, it
appears that it is the only inductor required after the onsat
of neurulation. Matures cartilage nodules, surrounded by
perichondrial cells, were sesn in all the positive cases,
aven when the tissues were removed from stage 14 reuwrulas

{see Fig. 3.2g, pp. 45~ 4&).
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IABLE 3.2

Inductive Ability of Pharyngeal Endoderm.t

Stage of Total no. of No. of cultures Fercent
Devel opment cultures containing cartilage positive
14-16 71 &4 0.1~
17-1%9 S1 30 98. 0=
20-24 4 8 B8. 9=
25-27 13 11 g84.6~

* The endoderm was removed from regions 1 and 2 of
Figure 3.1. Both tissues of ecach explant were taken

from the same embrvo.

* Not significantly different (P, ow).



-.38_

3-3. Inducing abhilityv at different stages:

While pharvngeal endoderm was clearly the only inductive
tissue required by cranial neural crest, it remained unknown
whether it was necessary for the tissuss ta be from embryos
of the same developmental stage. Therefore, cranial newral
crest was cultured with pharyngeal endcdgrm of different
developmental stageﬁ. From the resulis presernted in Table
5.5, it is apparent that the tiscues need not be of the same
stage. For example,; noural crest from neurul ae {(stage 18)
gave rise to cartilage in the presence of @ndoderm from
endryos whose own cranial neural crest cellsg have completead
their lateral migration, and have begun the medial ﬁigration
for visceral arch formation (stage 28). These two stages are
narmally over a day apart (see Appendix I). Fharyngeal
endoderm which was developmentally yvounger than the neural
crest was also effective as an inductor, as exemplified by
the ability of late gastrula (stage 130 ecndoderm to incduce
cartilage formation from newula (stage 16) neural cresk.
These results suggest that the duration of the inductive
ability of the endoderm, the responding ability of Lhe neural

cresht, or both, is exltensive.



Stage of

neural crest

15-16

15-16

17-18

17-18

b
ol

TABLE 3.3

Timing of the Induction.

Stage of Total no. of No. of cultures
endoderm cultures containing cartilage
12-13 3 3

17-18 S S

12-14 2 2

éO—EB 7 7

18 1 1
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3=3. Size of ‘nductiie B

Ly

In the previous experiments, the pieces of endoderm had
a surface area of approximately 400 pm®. When the size of
the inductor in the cultures was reduced to approximately
A0 pm®, cartiiage was still formed. The amount of tissue
required for induction to occur is therefore quite small.
These small pieces of %issue were difficult to handle, and it
was impossible to tell whelhor endodern was indeed
intorporated in the explants after they had Nealed.
Therefore, the average size of the inductive tissue used in

all of the following experiments was a more manageable

3=3. Mappinag of irnductjve endoderm:=

The inductive ability may be a properlty of all endodetr-m,
or it may be restricted to specific areas. Furthermore,
there may be gradaticons of inductive strengths with endoderm
from different regions. These possibilities were Lested by
culturing endoderm from different regions of embryos, usually
neurulae, with cranial neural folds frow neurelae.

The different areas of endoderm which were used are
depicted in Figure 3.1. As often as possible,'natural
boundaries within the enbryo were used in determining the

limits of the particular regions. This was more reliable



Figure 3.1:
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Lateral view of a stage 16 embrvo, depicting the
areas of endoderm which were tested for
inductive activity. Regions 1, 2, 3, 4, and 7
line the pharyngeal cavity of the embryo.

Region 7 is the floor of the archenteron, and is

shown edge-—on. Regions 5 and & overlie the mass

of volky endoderm. Region 8 is trunk notochor-i.
Region 2 is the endederm lining the midgut. As

anterior; P: posterior;y D: dorsal; V: ventral.
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than actual umeasuresenlts since it ensured that comparable
regions were removed, even from embryos of different sizes.
The junction between the pharyngeal wall and the mass of
yolky endoderim divided regions 2 and J from regions S and &,
whereas the neural folds defined one side of each of regions
4, 1, and 3. Region 4 consisbteod of all the endoderm
underlying the cranial neural plate, excluding that under the
neufal folds and the newal groove (notoplate and developing
notochord?!. For regions 95, & and 7, the tissue removed was
the surface layer of endoderm, which contained smaller, more
cohesive cells than those of the underlying yolky mass
endoderm. Region 7 was the archenteron floor, which formed
the anterior portion of the yolky mass. Regions 8 and &
consisted of trunk noteochord and trunk widgut wndoderm,
respectively.

A1l cultures tested the inductive abilities of these
Lissues on the cartilage differentiation of neural cresht from
neurulae. Although both tissues were usually taken from the
same embryo, some cultures contained regiomn 8 or ? tissue
from older embryos. All explants were cullured for the usual
14 days.

The results are shown in Table Z.4. There do nol aspear
Lo be different levels of inductive abilily; for each region
of endcderm, cartilage was seen in either almost all or

almost none of the cultures. Furthermore, there appears to be



Region of Total no. of No. of cultures
Endoderm= cultures centaining cartilage
1 28 24
2 29 22
3 26 22
4 20 17
] 62 4
6 23 1
7 13 Q
8= 18 1
ge 23 4
8+9 3 o

TABLE 3.4

Mapping of Inductive Endoderm.?

Percent

positive
85.7+~
73.9=
84.46™
83. 0~
&.58 .
4.3%
Q.Q"
S5.5°
17.4%

c.0

1 Unless otherwise specified, the neural fold and endoderm

=2
3
4 3
* No
B Np

were removed from the same embryo.

stages 14 and 18.

Embryos were between

Regions of endoderm are as depicted in Figure 3.1.

cultures conlained notochord from stage 25 (ocne of which
vielded the single positive case), 3 contained this

tissue from stage 30, and 2 from stage 35.

cultures contained midgut endoderm from stage 25

embryos, nene of which proeduced cartilage.

t significantly different (P.os).

t significantly different (P.om).
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e
a sharp bounda y bobtween the inductive and the non-inductive
endoderm. This bouwndary occurs at Lhe junction between the
pharyngeal wall and the floor of the archeﬁteron, which
corresponds to the division between the head and trunk of the
embryo. All endoderm anterior to this line (f.e. regions 1,
2, 3, and 8} is inductive, whereas all endoderm which is
posterior to this line, including the archenteron floor

itself (regions 5, &, 7, 8), is not.

3=d. Time course of in vitro cartilaos Tormatianc:

Stage 17V cranial neural folds werce placed in enplant
culture with either inductive (regions 1 and 2 of Fig. 3.2}
or non-inductive {regions 5 and & of Fig. .1 éndoderm.

Over the course of two weeks, samples of each Lype were Fixed
daily and processed for histological examination, in order tc
determine the time course for carbtilage differentiaticn in
vitro. The two types of cultures were compared with one
anather, and with the appearance of lhe developing branchial
arch cartilage in vivo.

Figwe 7.2 contains photomicrographs of sections of
these cultures at dif%ereht time points. For the first &
days of culture, no differences were seen between the
cultures containring the 1nductlvg and the non—-inductive
endoderm (Fig. J.2a and Y. The cullurvs contalning the meon-

inductive endoderm retained this appearance far the the



Figure 3.2:

Time course of cartilage formation in vitro.
Chondregenesis, depicted in the photomicrographs
by cell shape and spacing changes, was even more
evident in the actual slides by the
metachromatic (pink) staining of the
extracellular matrix seen between the blue-
stained chondrocytes. 4, b: Day 63 no
differences can be seen between cultures with
noninductive (a) and inductive (b) endoderm. X
120. c: Day 7: the first patches of cartilage
have appeared: the cells are caondensed and are
surrouw.ded by a pale, metachromatically-stained
matrix. d, e: Days 8 and 9; the patches have
become more distinct, and the matrix more deeply
stained.' c—e: X330. f,g: Days 10 and 144

mature :artflage nodules have formed. X190.
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remainder of the 14 dav culture period. By day 7, however,
the cultures of neural crest and inductive endeoderm had small
patches of cells with pale, extracellular metachromatic
staining (Fig. 3.2c). Over the course of the mext three
days, these patches increased inm size and number of cells.
The matrix staining also darkened during this time (Fig. 3.2d
and e). By day 10, these cultures centained mature cartilage
nedules (Fig. 3.2f). These contained compact, regularly-
shaped chondrocytes which were iscléted in lacunae. The
matrix appeared quite dense and darkly stained. The
boundaries of the nodules were frequeﬁtly delineated by
elongated perichondrial cells, aligned parallel! to the edge
of the nodule. The size of the nodules increased with an
additional 4 days of culture, but their appearance was not
dréstically affected (Fig. 3I.2g).

The time course for cartilage di+§ef;ntiation from
cranial neural crest In vitro appears to be quite similar to
that found Iin vive. Pale metachromatic staining of cartilage
matrix could first be seen in embryos at about stage 39,
which is approximately the seventh day after neurulation (see
Appendix I). Chondrocyte differentiation occurred in much
the same manner as in vitro, with respect to matrix staining,
cell shape changes, and the appearance of perichondrial
cells. By stage 42 (approximately one day after hatching),

the cartilage could be considered fully differentiated; the



cempact chondrocytes were isolated in lacunae within a dense,
darkly metachromatic matrix, the whole being surrouvndeod by
perichondrial cells. Thus, on the tenth da{ post-—
neurulation, the cartilage nedules seern in the embryos were

remarkably similar to the day 10 induced cultures described

above.
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CHAPTER IV
THE PREMATURE DEATH MUTANT

As described in Chapter I, the premature death
mutatation, when present in the homozygous state, leads to a
wide variety of abnormélities in the embryo. The underlying
cause was suspected to be endoderm defective i1nn both
inductive and differentiative abilities (Trottier and
Armstrong, 1977; Mes—Hartree and Armstrong, 1980).

If the anterior endoderm was indeed defective for so
many of its normal functions,‘then it seemed probable that
its ability to induce cartilage formation from the cranial
neural crest would also be impaired. It should be noted that
homozygous p embryos begin to disintegrate well before the
normal appearance of cartilage in wild-type embrves (see
Fige. 1.1b and 4.8b). Therefore, the lack of cartilage in
mutant embryos could be due to the death of the embryos,
rather than actual defects in the tissues involved.

In order to use this mutant to study cartilage
induction, it had to be shown that cartilage could nat be
induced from mutant tissues, and that this lack of cartilage

waé not simply due to the premature death of the tissues.
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4—1. Cartilage Formation Tfrom p/p tissue=s:

Explant cultures of cranial neural folds and pharyngeal
endoderm were made from stage 17-19 neurulae. Each explant
contained tissues from a single embryo. These embryos were
from spawnings betwesen heterozygous adults. Following a 14-
day culture period, the eixplants were examined for the
presence of cartilage. The results are summarized in Table
4.1,

Mature cartilage nodules were seen in only 7S5.5% of the
cultures, compared with a cartilage-forming frequency of 3%
for similar zultures containing only wild-type tissues.
Meither cartilage nor procartilage was seen in the remaining
24.5% of the cultures. This corresponds quite well with the
expected 25 p/p embryos, and led te the conclusion that p/p
enbryos do not possess the ability to form cartilage from
cranial neural crest.

The cultures whi_nh did not :ontéin cartilage appeared to
“be alive and healthy, resembling wild-type cultures of
cranial neural folds with noninductive endoderm. These
results therefore confirm that p is not a celi-lethal
mutation. Some p/p cell types are capable of better survival
in explant culture than in situ, even in the absence of wild-~

tvpe tissues.
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TABLE 4.1

Ability of p/p Tissues to Form Cartilage.?

Stage of Total no. of
Devel opment cultures
17 35
18 @
1° S
Total 49

* Embryecs from p/+ X p/+ spawnings were used.

No. of cultures

FPercent

containing cartilage positive

26

74,3

7.8"

0.0~

75.9

Cranial neural

folds and inductive endoderm were removed from the same

embryos and cultured together for 14 days.

The results

from two separate spawnings have been pooled.

= Not significantly different

(F.ow).
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4=2. Determination af deftective +iszye:

In the preceding series of cultures, both components of
each explant were taken from the same embryo. The lack of
cartilage formation in the suspected p/p cultures may have
been due to defective cranial newal crest, defectiye
pharyngeal endoderm, or both. The two following experiments
wore devised to distinguish between these possibilities.

In the first experiment, tissues were removed rrom a
pair of embryos, and combined to make three explants, each
containing a cranial neural fold and pharyngeal endoderm
(Fig. 4.1). One member of each pair was from a spawning of
% 1 heterozygous p individuals, and the other member of each
pair was fram a spawning of animals known to be wild-type for
D

A cranial neural fold and a piece of pharyngeal endoderm
were removed from the possible p embryo, and combined to form
the first explant (series A). The lack of cartilage in this
cultu. o after 14 days indicated that the embryo was p/p.

fnother piece of pharyngeal endoderm was removed from
the zame possible p embryo, and combined wikth a cranial
neural fold from the wild-type embryo (series B). The cther
cranial neural fold from this possible p embryo was combined
with wild-type pharyngeal endoderm (series C). When p/p
tissues were in fact used (as determined by the results of

the A series), the lack of cartilage in the corresponding



Figure 4_.1:
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Diagram indicating the I explants made from each
pair of stage 17 embryos. The 3 explants from
each pair formed 1 set. The result of each "A"
culture indicated whether that set contained p/p
tissues; explants from p/p embryos should not
contain cartilage. 1In this way, the lack of
cartilage in the carresponding "B" and/or "CY
cultures should indicate which tissue(s) were

defective.



PCSSIBLE KNOWN
MUTANT WILD-TYPE

A:(p? NF+p? Endo) B:(w.t NF+p? Endo} C:(p? NF +w.t. Endo) No. of Sets

+ + + 24
—_— + J— 6
— + + 2

Total 32
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cultures indicated which of the p/p tissue(s) was defective.
The results are summarized in Figure 4.1.

Eight (8) of the 37 Cultures (25%) in series A were
devoid of cartilage. As in .o freceding éxperiment, thisg
co;responds to the expected 25% 2/p embrvos.

Most of the series C cultures containing neural folds
from the same 8 did not contain cartilage either. Thisg sesms
to indicate that P/p cranial neural crest is not competent ta
respond to the normal signals of the wild-type endoderm to
produce cartilage.

The results of the series B cultures are unequivocal ;
all contained mature cartilage, although 25% of the cultures
apparently contained pharyngeal endoderm taken from p/p
embryos.

The surprising result that p/p endoderm was apparently
narmal, althcough the neural crest was not, was verifie. B
the following experiment. Explant cultures of cranial neural
fold and pharyngeal endoderm were made using neurulae from
Spawnings of heterczygous p animals. Only one tissue was
removed from ecach emﬁryc. The embryos were allcwed to heal
and develop in order te unequivocally identify the phenotype.
The results are shown in Table 4.2.

It is obvious that when p/p endoderm was combined with
wild-type neural crest, cartilage formation ensued almost as

frequently ac when both tissues were of wild-type origin.
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TABLE 4.2

Determination of Defective Tissue in p/p Embryos.?

Source of Euperiment®
tissues I IT 11T IV Total= (%)
wt NF + wt E 17721 15/15= &/6= 2TZ/25~ &1/67 (21.Q)
wt NF + p/p E 5/8% I/30 374 - 11/15 (73.3)
p/p NF + wt E - Q6= 2/11= 0/11= 2728 (7.1)
p/p NF + p/p E - os1 o/s1 - O/2  (0.0)

* For experiments II and II1I, embryos from p/+ X p/+ -
spawnings were used. For experiment I, embryos from &
*/+ X +/+ spawning were the source of the neural folds,
whereas embryos from a p/+* X p/+ spawning were the
source of the endoderm. For ekperiment IV, embryos from
2 p/+ X p/+ spauwning were the source of the neural
folds, whereas embryos from a +/+ X =/+ spawning were
the source of the endoderm. Cranial neural folds and
inductive endoderm were removed from different embryos
and cuwltured together for 14 davs. The donor embrvos
were allowed to heal and continue developing to identify
the phenotype.

= Number of cases containing cartilage / toctal number of
casec.

® Not significantly different (F_os).

® Not significantly different (P_os).

n

Not significantly different (P_ow).

NE:-neural fold; E: endoderm; wt: wild-type; p/p: homozygous
mutant.
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This indicates that the inductivie capacity of the mutant
endoderm is normal.

Cranial! neural crest from p/p e&bryms, on the other
hand, has a lower probability of forming cartilage. Although
the two positive cases contained mature, though small,
cartilage nodules, the negative cultures, which appeared
healthy, contained neither matuwre cartilage nor procartilage.

Wild-type cultures of this type contained procartilage
by day 7, and mature cartilage by day 10, as described.in
Chapter III. When five explants of p/p NF + wt endoderm were
cultured for 17-18 davs, rather than the usual 14 days, there
was still no evidence of cartilage formation. Therefore, the
results described above could not be due to a delaved
response time of the p/p neural crest. Rather, there appears

to be an absolute inability to form cartilage.

4=3_. Heart induction-

fAnother in vitro induction system for which the tissues
and timing are well known in the arxolotl is the induction of
precardiac mesoderm by pharyngeal endoderm. It has been
shown that the induction of heart—forming mesoderm is
completed by the end of neurulation {stage 20; Smith and
Armstrong, 1989). Although p/p embryos do have beating
hearts, the beating tends to be rather wzak. It is not known

whether this i< an actual defect of the heart—forming and/or
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—inducing tissues, or a consequence of the presence of
abnormal or degenerating tissues in the embrye. Therefore,
the ability of heart—-forming mesoderm to differentiate in
explant culture was testod. These explants also directly
tested the capability of the pharyngeal endoderm to induce a
tissue other than cranial neural crest.

The embryos used in this experiment were from a spawning
of heterozygous p animals. Precardiac mesoderm from one side
of stage Z0 embryos was placed in hanging drops of 100%
Steinberg’s solution. The embryos were allowed to heal, and
kept for phenotype identirsicotion.

Twenty-~one (21) cultures were made, of which & were
found to be from ps/p embryos. The mutant mesaderm formed
beating tissue as often as wild—type mesoderm (Table 4.3 .
Beating continuad in all positive cultures, wild-type or p/p,

for the entire week of obhservaticn.

J=3_. Avyial level:

Only specific axial levele of neural crest normally give
rise to skeletogenic derivatives. In order to test the
possibility that the mutation causes a shift in
anterior/posterior determination, neural felds from regions
anterior and posterior to these lévels were tested for their

cartilage~fo. »ing capacity. The embryos used in this study

were from a spawning of heterozygous p animals.
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TABLE 4.3

Heart Differerntiation in p/p Embryos. 2

Ponor Total no. of No. of cultures Fercent
embrvao cultures beating beatino
p/p ) S 83.3~
*~/? 15 12 80.0~

! Embryos from p/+ X p/+* spawnings were used. Heart-forming
mesoderm was explanted from the right side of each
embryo, and the donors were allowed to heal and develop
for phenotype identification. Cultures were examined
periodically over the course of 7 days.

“ Not significantly different (Poon).
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Eighteen (18) cultures were made of anterior neuwral £old
(Fig. 4.2a} and pharyngea! endederm. After 14 days of
culture, none showed evidence of cartilage differentiation.
Three (3) of these cultures contained p/p tiscues. Eﬁplants
of cranial neural fold and pharvngeal endoderm were taken
from the same embryo, and culturad for identification of the
donor embryo.

Trunk neural folds (Fig. 4.2b) and pharyngeal endoderm
were taken from another 18 embryos. Again, no cartilage was
present at the end of the culture period.

It would appear that only the neural cresht which
normally differentiates into cartilage in vive has the
ability to do so, even when in the presence of known
inductive tissues. Furthermore, the p mutation does not seem
te produce a shift such that cartilage-produting neural crest

is found at abrnormal axial levels.

3=5. Miqrstfan patterns of esranial reoeural cresi:
The-differentiaticn of neural crest cells is preceded by
their migration along definite pathways. Cranial neural
crest cells from p/p embryos may have abnormal spatial and
temporal patterns of migration. This possibility was tested
by taking advantage of the availability of embryos from
albino parents, whose cells cuniain no maternally-derived

pigment. Unilateral homotopic transplantations were made of



Figure 4.2:
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Dorsal (a) and right lateral (b) views of a
stage 17 embryo. The hatched areas depict the
axial levels of neural felds taken for testing
{a) amterior and (b) posterior cartil age—forming
abilities in p/p and =/ embryos. Eighteen
stage 17 embryos were used for the anterior fold
cultures (&), whereas 17 stage 17 and & stage 19
embryos were used for the posterior fold (b)
cultures. FEach neural fold was cultured with a
Piece of inductive endoderm taken from the same

embryo. A: anterior; P: posterior.
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pessible 2V/p cramial nowral folde to unpigmented embrycs.
Both dener and haoot wmbryos were stk ctage 17, and the
trancplanted folds werg of the levels depicted in Figure 4.3,
The doner embryos wore Lept €§r phenotyvee iderntification.

The migrating tongues of pigmented newral crest could
clearly be seen through the albino ectoderm, as shown in
Figure 4.4. The timing and pattern of the migration appeared
identical for neural crest from both the £/p embryos and
their phenotypically wild-type siblings. The majoriity of
cranial neural crost cells, at least, are capable of normal

migration.

2=, Noural rnductions

Secondary neural plates can be inducad by transplanting
or implanting dorsal lip material into an cctopic location on
& host an ocppregriate stage (see Chapter VY. The avial tvpes
0f nzurectoderm structures whish are farmed depend on the
axial type of zhordamesoderm uzed. For example, presumptive
head mesoderm tends to vield brain and head structures.

While the processes -rvelved in neuwral crest specification
and regionalizationr are not known, they probably occur either
concomitantly with, or immediately subsequent te, neural
induction.

Therefore, a series of experiments was designed to test

whether p/p chordamesoderm could induce secondarv neural



Figure 4,.3:

Dorsal view of a stage 17 embryo. The hatched
area depicts the area of neural fold
homotopically transplanted fraom (p/+ X p/+)
embryos teo albino hosts. Beth donors and hosts

were at stage 17. A: anterior; P: posterior.






Figure 4_4:

Migration patterns of wild-type (a,b,c) wnd p/p
{dye,f) cranial neural crest. Homotopic
transplantations of cranial neural €folds of the
region depicted in Fig. 4.3 were performed,
using albino hosts and pessible »/p donors. (al
and (d): early stages of migration; (b) and (e):
prior to medial migration; (c) and (£):
subsequent to medial mirgstion. M: mandibular
arch; H: hyoid arch; EB: branchial arches.
Anterior is at right and dorsal is at the top of

all frames. Rar = 1 mm.
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plateos and folde from wild-*y

1)

e gactrulos octoderm, arnd alse
whether the gells in theooo cecondary neural folds bhad

cartila

o—forming ability. As well, cctodera from p/p

[}

gaztrulae was tested for its ability Lo reospend te the
signals given by wild-type chordamesoderm. fgain, the feature
being studied was the chondrogenic potential of the secondary
neural crest.

The technical feasibility of such studies had to be
established, particularly in view of the large numbor of
cases required, since the operations were necessarily
performed pricr to the identificatiaon of the mutamt cmbryos.
Ambystoma embryos are not recommended for secondary plate
inductions (Hamburger, 1%&0Y, since these ombryos -sadily
exegastrulate and thus lack all neural structures, primary or
secondary. Auxolotl! embryeos, in particuler, are even
considered by some workers to be the material of choice for
exogastrulation studies, due to the high incidence of

#ogastrulation which can be provoked simply through the
remaoval of their jelly coats and vitelline membranes
(Hamburger, 1988).

Tha pooduction of exogasztrulae was found te be guite
variable. In approximately 1/2 of the spawnings, almost all
embryos exogastrulated following the operation; all embryos
from such spawnings were discarded. All remaining spawnings

preduced a lower {(though variable) proportion of
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oxegactrulas; in a toka! of °09 attempts, the average
propaortion of enrogactrulas was 20%, and ranged from O% +o SI
for each of 112 spawnings. Usually, almost all non-
enxegastrul ae prcdﬁced secondary 5tru:turcs; however, only
those with recegnizable neural folds were taken for
erplantation.

The cr-titage-forming ability of the cells in the
secondary folds was tested, under the same in vitrao
cenditicns used in the previous studies. Wild-type dorsal
lip matorial of the area depicted in Figure 4.S5a was removed
from embrvos of suages 10 to 10-1/2, and implanted into the
blastoccosles of wild=-tyvpe embryos of stages 2-10.

When neuwrulze stagez were reached, © host embryas had
secpndary structures resembling nourectodern. The structures
which resembled secondary neural folde were explanted with
pharyngeal endoderm taken from uneoperated wild-type embryos
for the usual 14 day culture pericd. 0Of the 7 surviving
cultures, & contained mature cartilage. All live cultures
appeared healthy, and all contained melanocytes, indicating
that neural crest was indeed Aresent.

When embryos £r-om a pS* X p/+ spawning were used as
goners, and wild-type embryosz u=ed as hosts, ? sccondary
plates were fcormed. Al 9 secandary folds formed cartilage
when cultured with inductive endodern for 2 weeks. At least

2 of theze cultures should have contained neural crest
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Figure 4.353: Vegetal pole views of stage 10-1/2 embryos.
Hatched areas were removed from the donors, and
implanted into the blastocoeles of the hcsts;
The tissues removed included the material
already invaginated, and included most of the
material between the dersal lip and the eguator.
Tissue was removed bilaterally (3) when the
donor embryos were no longer required, or
unilaterally (b) when they were kept for

phenotype identification.
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arising from wt ectoderm which had been induced by p/f
chordamesoderm, assuming that p/p dersal lip material is as
competent as its wild-type counterpart in producing the
secondary plalca and folds.

This assumption, and the results, were verified using a
slight madificaticn of the technigue. ITnstead of removing
all of the dorsal lip material, only the right halt was
remeved (Fig. 4.3B). According to Rautzmann (as roferred to
by Hamburger, 1938), half a dorsal lip will regﬁlate to
induce a bilateral secondary ombryo. It was hoped that the
embryo which had had half its dorsal lip removed would
survive, and develeop long encugh for the phenotype to be
identified.

Eight (8) sets of secondary folds were induced in wild-—
type hosts by dorsal lips from known 2/p dorors. These were
cultured for 2 weeks with endoderm taken from unoperata-
neuruvlae., When examined, all 8 explants were found to
contain mature cartilage. Therefore, 2/p dorsal lin material
is normal with respect to its ability to induce neural plate
- formation from competent ectoderm. Furthermore, it is
clearly able to set into motion those procecses-which are
required for the specification of neural crest with
chondrogenic potential.

The reverse experiment was alse performed, o test the

ability of ectoderm from p/p gastrulae to respond to normal’



.
signals from chordamesoderm and eventually yield cartilage-

forming cranial rneural crest. The arca chown in Tig e 4.Sa

was removed from the dencrs. The recipients were embryos
from a p/+ X p/+ spawning. Following remeoval of the
secoandary neural folds, the heost embryos were alleowed tc heal
and develen for phenctype identification. 0OFf the 24 host
embrvos, 8 were p/p. None of the secondary neural folds
which had been induced tc form in these embrvos developed
cartilage, althecugh they had been in the hr::ence of
inductive endoderm for 14 days. Therefore, it appears that
p/p ectoderm cannoct respond to the signals for neural crest

specification.

F=7. Neural] ftrnlid transplantation=z:

Since p/p neural crest is defective in at least one
capacity, the presence of normal neuwral crest might correct
at least some of the defects of mutant embryos. Conversely,
the presence of mutamnt neural crest in a normal embryo should
give a partial phenocopy of tho mutant.

Homotopic reciprecal transplantations were performed
between neurulae from a spawning of two heterozygous p
animals. Transplantations of lorng pieces of neural folds
were rarely successful. Theré%ore, short lengths of neural
folds from several axial levels were used. These are shown

in Figure 4.4. Since the operations were performed
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unilaterally, the unoperated sides were red to identify the
phenctype.

Most wild-type embryos which received a p/r cecticon of
neural fold appeared to develop nermally, regardless of the
axial level of mutant grafit. Soveral recipicnts of

transplants of p/p antorior cranial neur

5]
o

falds (region Ag
Fig. 4.4%) exhibited underdeveleoped eyes on the operated
sides. However, this may have been an offect of surgical
damage rather thanm a phenocopy effect.

The presence of a normal trumk neural fold {(regiomn €)
had no obvious effects on the development of mutant embryos.
These embryos displayed the same mutant characteristics as
uncperated p/p controls, and the disint.-gration ﬁppeared to
occur in the same general pattern and at the came time.

Wild—-tvpe anterior neural fold {(regicn &) transplants
led to more advanced eye development on the gperated side of
the mutant enbryoc. This was the only external morpholegical
difference in these embryos. Again, there was ne incr-ease in
the survival of these embryes corpared with uncporated
sibling mutants.

The most dramatic effect was seen when posterior cranial
neural fglds (region B} were transplanted, although there was
still no difference in the survival of the mutant embrvos.
The primary filaments cn the operated side of the mutants

grew noticezl:ly longer than those of the unoperated =ide



Figure 4.6: Dorsal view of a stage 17 embryc. The different
hatching patterns indicate the various axial
levels of neural folds used in reciprocal
homotopic transplants between (z/* X p/™)
embryos. All operations were performed
unilaterally, on the right side, thereby
allowing the wnoperated, left sides to be used
for identifying the hast phenotype. Anterior
cranial (&), pesterior cranial (B), and trunk
(C) regions were takem. A: anterior; P:

posterior.
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{(Fig. 4.7a). Furtheroore, the btulb-lilke structures at the
distal ends of the primary filaments, which are a
distinguishing feature of the mutant gills, were not boually
present on these longer filaments. The gills were still
abrnormal, hewever, in that secondary filamentzs never formed.
When these embryos were fiued and processed for histelogical
examination, approximately 1 weel after their phenotype was
identified, large quantities of mature cartilage were found
in the branchial region of the operated side (Fig. 4.8a). It
=zhould be nolod +hat these embryos alrecady had cpidermal

blisters, indicating degeneratiecn had begun.

F=8, Extirpation _of neoural foldz:

In erder to determine whethor the characteristiecs of the
2 mitant could be ascribed to defective neural crest, another
attempt was made tc prsduce phencceopies in genetically wild-—
tvpe embryos. The neural folds of stage 20-21 embryos have
begun to fuze in all but the most anterior and most posterior
regions of the embrvas, althe h neural crect cell migratieon.
away from the neural tuke has not begun. The dorsal and
lateral portions of the developing neural tube were removed
alang the length of the embryo, as indicated in Figure 4.9.
Therefore, the 2ur~l crest cell pepulation from all of the

head, and all but the most pacsterior portion of the eabryo

was remaoved. The neural plate of this uvunoperated postericr



Figure 4.7:

a: Dorso-lateral view of p mutant embryo
containing wild-type transplant from Region "B"
(see Fig. 4.5) on the right side. This embryo
was a sibling of, and was the same age as, the
embryos shown in Figure 1.2. The primary
filaments (which are separate) are much longer
on the operated (lower) side, and do not have
bulb-like structures at their distal ends.

b: Dorso-lateral view of wild—type embryo with
the neural tissue excised as described in Figqure
4.8. The embrvo was fized approximately 9 days
after the initiation of heartbeat. The neural
crest was removed (as determined by the lack of
a dorsal fin) to the level of the left edge of
the photomicrograph, although melanccytes (m)
can now be seen at more anterior levels. The
embryo shown was one of the most highly
developed of the series, and maximal development
of branchial nodules is evideni (curved arrow).

Bars = 1 mm.






Figure 4.8: Frontal sections at the level of the gills of
three embryos of similar chronological age. Anterior is
at the top of each photomicrograph. p: pharyni; c:
cartilage; v: aortic vessels. Bars = 0.5 mm.

a: Homozygous p embryo with wild-type neural crest
transplanted intoc region "B" (as in Fig. 4.é6a).
Uperated side is shown on the left. Note the relatively
normal appearance and placement of the cartilage in the
branchial arches of the operated side. The unoperated
side occasionally contained cartilage, although always
in abnormal lacations and in smaller amounts. Abundant
mesenchvine was always present.

b: Unoperated p/p embryo, with characteristic bulb-like
structures on the distal ends of primary gill filaments
tarrow). Cartilage was never seen in these embryos,
although there was an abundance of mesenchyme.
Disintegration had begun in this embryo, as evidenced by
epidermal blisters (not shown?), round and loose
epidermal cells, and edema. The aortic vessels, though
distended, are present.

c: Normal wild-type embryo. The development is much more
advanced than in (a) and (b). The branchial arch
cartilages are similar, however, to those seen ih the

operated side of (a).






Figure 4.9: Right lateral view of a stage 20 embryo.
Hatched area indicates the axial levels of the
excised neural tissue. The neural crest and all
but the medio—-ventral portion of the neuwral tube
was removed, as well as the overlyving ectoderm.
A: anterior; P: posterieor; D: dorsal; Vi

ventral.
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regien wac very thin and narreow; the €olds were only slightly
elavated and had not fused. Removal of these folds led to
the anposure of the notechord.  These eabryos healed very
poorly, and usually died.

Altheugh not normal in appearance, some of the sperated
embryos survived, in a few cases for two weeks. The days
immediately following the initiation of heartbeat were of
greater interest, with respect to this study. The hearts
began beating at the same tiw2 in both cperated and
unoperated eﬁbryos. As in unoperated stage 35 embryos, the
initial heartheats were weak, and no circulation was seen.
One day later, both operated and unoperated embryos had
strong heartbeats. However, circulaticr was énly seen in the
unoperated embryoz; red blood cells remained in the blood
islandes irn the operated embryos.

By the following day,; these embryos still! had no
circulation. Their siblings had reached stage 38, when
secondary filament formation was indicated by the presence of
small nodules. It should be noted that these nodules were
nct present on the gills of the operated embryos.

2y the third day following the initiation of heartbeat,
some movement of thz blood did occur in the operated embryos.
Circulation was not definitely established, however, since
the blood tended tc pool in the gills. These gills appeared

swollen, except for the distal tips, and were rather short.
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Furthermore, thore was sti

-t

]l no evidence of secondary
filament formation, although these of the contrel embryos
were quite long.

Subsequent dovelopment of these embryos was variable.
Secondary filaments did develop eventually, in some cases.
Not &11 filaments, primary or secondary, developed at the
same rate, even within one embryo. Even the mc.t onll-
developed gills were not completely normal, however; they had
a rather twisted appearance, arnd the scecondary filaments were
irregularly spaced and fewer in number than normal.

Circulation was usually ocotabliched in the suervivors,
although in some cases it bypacsed scme of the primary gill
filaments of the embryo. These bypocced gills tended to bhe
those whichk did not develop secondary filaments, and which
retained the pooled bleod.

Scome regulatién was evidemt in the operated embryos.
Figment cells initially appeared only in the mozt posterior
regions of the embryo. However, the picr2nt cells gradually
colonized more anterior levels of the embryos. The operated
embryos which survived the longest, and developed the best;
tended to be thoze wheose pigmentaticn was greatest and

erxtended the furthest anteriorly.
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CHAPTER V
DISCUSSION
This study was undertaken to examine various aspects of
the tissue interactions involved during cartilage
differentiation from cranial neural crest cells in Ambystoma

mexicanum.

2=I. Cartilage differentiation from _rormal tissues:

As described in Chapter I, there have been conflicting
reports in the literature concerning the stage by which
cranial neural crest cells are determined for cartilage
formatior in the axolotl. In this study, when A. mexicanum
cranial neural folds were cultured In vitro, neither
cartilage nor péncartilage developed. This indicates that
cranial neural crest cells are not determimed for cartilage
formation prieor to the beginming of migration. When the
self-differentiating capacity of the neural crest from older
embryos was tested, cartilage did form im a small number of
cases. The neural crest may have been deternmined for
cartilage formation in these positive cases, although it is
impossible to completely rule out the possibility that the
neural crest had been contaminated with other tissues during

explantation. Since such cases were relatively rare, and
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their frequency did not increase with increased donor age, it
is obvious that the determination events have, at best, only
bequn. Therefore, at the oldest stage which could be tested
(stage 28), the cranial neural crest cells were still
incapable of chondrocyte self-differentiation. Once the
cells had begun the medial migration intoc the branchial
arches, the neural crest cells could not be removed without
contamination from the mesodermal cells with which they were
in intimate contact. Therefore, the stége at which the
neural crest cells finally, if ever, become independent of
the inductors could not be established.

Pharyngeal endoderm was proposed as an inductor for
cartilage differentiation in Ambystoma mexicanum following a
series of transplantation experiments where ectopic cartilage
was found when pieces of pharyngeal endoderm were co-
trangplanted with cranial neuwral folds to the host flank
{Hérstadius, 1950). As described above, haowever, in vitro
studies would probably vield more reliable results, since
specific tissues could be tested to the exclusion of all
others. Such studies, performed with other urodeles, have
shown that pharyngeal endoderm, either alone or in
combination with other tissues, is an inductor for cartilage
differentiation.

Cartilage developed in explant cultures of Ambystoma

mexicanum cranial neural folds and pharyngeal endoderm,
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supporting the conclusions made by HErstadius (1950) that
pharyngeal endoderm is an inductor of chondrogenesis in the
axolotl. When compared with similar in vitro studies, these
results agree best with those for Triturus alpestris (Seno
and Nieuwkoop, 1958; Drews et al., 1972; Epperlein. and
Lehmann, 1975) and for Ambystoma tigrinum (Holtfreter, 19683
pharyngeal endoderm is the only inductor required for
cartilage differentiation from neurula stage neural crest.

The cartilage which was produced in these cultures was
tlearly mature; the chondrocytes were isolated in lacunae
within a dense, metachromatically-staining matrix, and the
nodules were delineated by perichondrial cells. This
contrasts with the results of other studies, where the
presence of pharyngeal endoderm induced only procartilage
formation. Another Ambystoma species, A. maculatum, reguired
stomadeal ectoderm (Wilde, 1955), and Pleurodeles waltl
req;ired dorsal mesoderm (Corsin, 1975) for complete
differentiation into cartilage.

It is unknown whether these differences are actual
species differences, or if they are due to the slight
differences in technique and culture conditions used in the
various studies. For example, both Wilde’s (1955) and
Corsin’s (1975) culture media contained serum, but neither
Epperlein and Lehmann‘s (1975) nor mine did.

The conclusion, therefore, is that pharyngeal endaderm
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is the only inductor rEquirea for full chondrogenesis from
cranial neural crest cells, frnm.the earliest stage that the
neural folds are discernible (stage 14). This requirement is
still present when the cells begin their medial migration
into the branchial arches (stage 28). This is much iater than
fqr the only other species in which this was examinéd,
Pleurodeles waltl, where the neural crest cells no longer
required pharyngeal endoderm after mid-neurulation (Corsin,
1975). The time course for the di%ferentiatinn of cartilage
from cranial neural crest in the presence of pharyngeal
endoderm In vitreo is essentially the zame as that which
occurs in situ, which indicates that the in vitro system
contains all thé essential components and mimics the
processes accuring during chondrogenesis In vivo.

It is possible that ectoderm is also an inductor, since
this tissue was included in all the explants. Neural crest
cells isolated from early tailbud embryos rarely survived the
culture periocd unless enveloped by ectoderm. However, the
area from which this ectoderm was removed did not affect
results, unlike the situation in A. punctatum (Wilde, 1955).
Therefore, it is more likely that the ectoderm has a non~
specific, supportive role.

A guestion which remains unanswered, however, is the
timing of the induction itself. This must occur while both

the inductor and the responding tissues are active, although
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it need not require this entire length of time. If the
induction were to begin prior to stage 28, then the process
would have to be diffusion-mediated, since this is the stage
of the initial contact between the two tissues. The in vitro
system used in this study did not allow the mode of signal
transmission to be examined; the tissues were in close
contact for the entire culture pericd. Furthermore, the few
previous studies which examined this issue report conflicting
results. In Triturus alpestris (Epperlein and Lehmann, 1975,
the interaction between the twe tissues was not diffusion-—
mediated, whereas in Pleurodeles waltl (Corsin, 1975), the
endodermal signal must have been diffusible, since the
interaction was finished well before direct contact was made
between the tissues. If the situation in A. mexicanum is
similar to that in Triturus, as the tissue studies would
suggest, then the induction could only begin after stage 28.
Ify on the other hand, the signal is diffusible, the
induction could begin prior to stage 28, although, unlike the
case in Pleurodeles, at least part of the interaction must
occur after stage 28, since endoderm is still reguired at or
after this stage.

Using the in vitre system, tissues of different stages
were combined. For inﬁuctioh to occur, the endoderm must be
inductive at the same time as the neural crest cells are

responsive. Tissues of different stages were combined in
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vitro, in an attempt to determine the active periods of the
tissues involved. Cartilage was formed even when the tissues
wern taken from embryos which were developmentally at least a
day apart, indicating that one, or both, of the tissues has
an active period lasting at least one day. Unfortunately,
neither earlier nor later stages can be used as tissue
donors; different culture systems would be required to
continue these investigations. Various attampts to establish
cell—free systems with inductive ability, which could test
endoderm from specific stages, or filter-separation
technicues, which could allew the addition or removal of
tissues, were unsuccessful.

Various studies have shown that neither the anterior-—
most regions of the cranial neural folds {(0° - 30° of
Chibon’s, 1964, system of co-ordinates) nor the trunk neural
folds contain neural crest cells which normally contribute to
the urodele skeleton (Chibon, 1966). Transplantation of
trunk neural folds to cranial levels does not pramote
chondrogenesis of the transplanted neurél crest (Chibon,
19646)Y. The cenclusions reached by this worker was that the
trunk neural crest cells were incapable of respending teo the
normal signals which were present in the head of the embrvyo.
However, an alternate possibility is that the transplanted
cells were never properly exposed to the inductive tissues,

perhaps because the trunk neural crest cells did not migrate
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normally in thé head. When pigmented trunk neural folds were
transplanted to cranial levels of albino neurulae, the
migration of the transplanted neural crest cells was not
normal; most of the cells did not appear to migrate laterally
at all, particularly not in the "tongue® pattern usually seen
with cranial neural crest cell migration (Fig. S5.1). Again,
explantation of the tissues would probably give more reliable
results than transplantation, since the test tissues could be
Placed in direct contact. This would eliminate the
possibility that the lack of induction was due to a physical
barrier rather than incompetence to respond.

Neither neural folds anterior to 30° nor trunk neural
folds gave rise to cartilage when cultured with inductive
endoderm. These results are similar to those of Seno and
Nieuwkoop (1958), who found that Triturus alpestris trunk
neural crest would not respond to inductive signals in vitro.
Newral crest cells from more anterior and more posterior
axial levels are therefore qualitatively different from those
possessing chondrogenic potential, with respect to their
ability to respond to the inductive signals, as well as in
their migratory behavior. |

The ability to induce cartilage formation by cranial
neural crest cells could be a common property of all
endoderm, or could be limited to endoderm from specific

regions. Furthermore, the inductive strengths of endoderm



Figure 5.1:
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Migration patterns of cranial (&) and trunk (B)
newal crest in the branchial region. Gra%ts of
cranial (a: as per Fig. 4.3) or trunk (b; as per
Fig. 4.2b) newral folds from wild-iype stage 17
embryos were transplanted te albino embryos of
the same age. The host site was that shown in
Fig. 4.3. The tongues sof migrating neuwral crest
cells which are evident in (&) are not seen in
(bY. M: mandibular arch; MH: bhyoid arch; B:
branchial arches. Anterior iz at right and
dorsal is at the tap of both frames. Ear = 0.5

mat.
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from different areas of the embryo could differ; a weak
inductor could induce less than mature cartilage and/or a
lower frequency of cultures containing cartilage. Various
regions of endoderm were tested for their inductive
potential. There did not appear to be any gradations of
inductive ability. All cultures which were scored as
positive contained mature cartilage; intermediate chondrocyte
phenotypes were never seen. Also, for each type of endoderm,
the frequency of cartilage formation was either very high or
very low. The lack of intermediate frequencies and
intermediate phenotypes indicates that inductive ability is
an absolute property, and is either present, or not, within
the tissue.

The distribution of the active endoderm within the
embryo was examined. A sharp boundary separated the inductive
from the noninductive tissue. This beoundary was at the
junction of the pharyngeal wall and the pharyngeal floar,
which coincides with the division between the head and trunk
(see Fig. 3.1). Therefore, it would appear that only
endoderm which would normally be encountered by responsive
neural crest is inductive.

In light of the results of transplantations to the
flank, however, it is disturbing that trunk tissues,
particularly the gut endoderm and notochord, were not found

to be inductive. These are the tissues which wauld have been
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exposed after somites had been damaged, leading to the
ectopic cartilage seen by Hirstadius (1950). It has been
reported that both notochord and midgut endoderm can induce
cartilage formation f:om cranmial neural crest cells in an
Arbystoma species (Holt{reter, 1968). However, for midgut
endoderm, Holtfreter (1968) reported only 9% positive cases,
which is even lower than the 17% obtained in this study.
Comparing these values with those for pharyngeal endoderm
(73% or more,‘depeadihg on the area used), it is obvious that
this tissue is only very weakly inductive, if at all.

In Ambystoma punctatum (Holtzer and Detwiler, 1953) and
Andystoma tigrinum (Holtfreter,1968), as well as in the chick
(Lash and Vasan, 1977) the notochord is an inductor of
cartilage formation from sclerotome cells. Holtfreter (19468)
reported that notochord from newrulae induced cartilage
formation from Ambystoma neural crest, although the success
rate was not indicated. In this study, however, the
notochord was not inductive, since only 5% of the cultures
contained cartilage. Although notochord from embryos of
several different stages was tested, it is possible that the
inductive period is actually later than any of these, since
chondrogenesis in the trunk occurs much later than in the
head.

Another possibility which could explain the

transplantation results is homoiogenetic induction, whereby
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chondrocytes derived from the somites (sclerotome) wowuld
induce chondrogenesis from the competent, transplanted neural
crest cells. This type of induction has been proposed for
chondrogenesis within a population of cranial neural crest
cells (Holtfreter, 1958). It is not known if such an
induction is possible between these different source tissues,
although it would appear that each of the two types can
recognize the other as different. Cartilage fragments
readily fused together when both were derived from the same
germ layer, but would remain separated if neural crest-
derived and mesoderm~derived cartilages were appozed
{(Chiakulas, 19357).

For either of these two possible mechanisms
(homoiogenetic induction or inductors in the trunk) ectopic
cartilage would form only if two conditions were mekbt. First,
nerual crest cells would require contact with either the
notochord or vertebral cartilage, and second, sufficient time
would have to elapse batuween the transplantation and final
processing of the embryo. The conflicting reports gn the
literature could therefore be explained by variations in the

timing and/or location.
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=2 The prepature death mutations

Having determined that pharyngeal endoderm was the sole
inductor required for cartilage differentiation in normal
axolotl embryos, attention was directed to the study of the
premature déath, or p mutation. Since thié mutation was
suspected of affecting the anterior endoderm (Trottier and
Armstrong, 1977; Mes-Hartree and Armstrong, 198Q), it was
hoped that a comparative study could be performed between the
mutant and wild-type systems. In this way, more information
concerning the nature of the induction could be obtained.

As described in Chapter I, histological examination of
p/p embryos had shown that the most obviously affected organs
were either formed by anterior endoderm te.g. liver and
pharyn:) or were dependent on it for induction le.g. gQills
and heart}. If the mutant endoderm is indeed defective for
all these functions, then it would not be surprising if its
cartilage—inducing abilities were also affected.

Embryos which are homozyqous for P do not possess any
cranial or visceral cartilages (see Fig. 4.8b; and Trottier
and Armstrong, 1977). There are several possible
explanations for this lack of cartilage: one (or both) of
the tissues involved in the cartilage induction cystem could
be defective, the presence of degenerating tﬁssue in the

vicinity could inhibit either the induction or
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chondrogenesis, or p could be a cell-lethal mutalion (a
biochemical deficiency which affects all celle). The latter
possibility can be eliminated, since some mutant tissues
survive when transplanted onto wild-type hosts (Mes-Hartree
and Armstrong, 1980).

Explants of cranial neural folds and pharyngeal
endoderm, taken from p/p embryos, did not produce cartilage.
They appeared quite healthy, however, and showed no evidence
of degeneration. This provides additional evidence that p is
not a cell-lethal mutation, and indicates that the
deterioration of the mutant embryos is not the reason for the
lack of cartilage. Therefore, the inductive systen wmust be
defective. Extending the culture periad to 18 days did not
change the results; the cultures were still heslthy, and
still showed no evidence of chondrocyte differentiation.
Therefore, the mutation’'s effect on chondrogenesis is not
simply to delay its development. There-must be a lack of
inductive ability in the endoderm and/or a lack of
responsiveness in the neural crest cells.

Mutant and wild-type tissues were combined in order to
determine which of the tissues was defegtive. The results
were quite unexpected; cartilage differentiation could be
induced in wild-type neural crest as frequently with mutant
endoderm as with wild-type endoderm. Mutant cranial neural

crest, however, rarely responded to wild-type inductor.
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Therefore, the lack of cartilage in the initial experiments
was obviously caused by a deficiency in the responsive
tissue.

One possible explanation for the inability of the
cranial neural crest to form cartilage would be an "avial
shift”, such that the chondrogenic neural crest cells are
present in the mutant, but at a different normally non—
chondrogenic axial level. This possibility appeared
unlikely, however, since neither mutant trunk neural crest
cells nor those from cranial levels C° to 30" were capable of
Tarming cartilage when explanted with inductive wendoderm.
This is identical tc the results. obiained with wild-type
neural crest taken from these azial levels.

The possibility of an axial shift was also examined with
transplantation experiments. As discussed in section S-1,
wild-type trunk neural crest cells, when transplanted to
cranial levels, appear ko be incapable of following normal
cranial pathways. If an axial shift was present in mutant
embryas, such that the neural crest in cranial levels had
been specified as trunk neural crest, then their migration
patterns should resemble those of transplanted trunk neural
crest.

Therefore, mutant cranial neural folds were
hcmatopically transplanted onto albine hosts. The major

migration patterns and the timing of the emigration were
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identical to those seen in hoscltopic grafte of wild-type
origin. These results indicate that the cranial neural crest
cells of the mutant are indeed able to migrate along the
usual cranial pathways. It must be emphasized that only the
major pathways (those with large numbers of cells?) could be
ezamined. There may thorefore be come cells, whose praogress
could not be followed, which either did not migrate, or did
not follow the proper pathways lto theirlultimate location.
However, the neural crest cells under consideration (the
chendrogenic cells) should have been found along Lhe pathways
which could be seen using this technigque. Therefore, the p
mutation does not appear to give rise to an axial shift in
the neural crest cells, nor does it affect the migratory
ability of mest cranial meuwral creul cells.

As previously discussed, explant cultures of wild-type
and p/p tissues had indicated that the defect in the mutant
appeared tp lie within the cranial neural crest. The
urnilateral, homotopic replacement of segments of mutant
neural fold with wild-type neural fold providua corroborative
evidence for the results seen with the in vitro cultures.
When the transplantations were of the axial levels which
contribute to the branchial arches, abundant cartilage was
found on the operated side (see Fig. 4.8a). These nedules
were distributed in a manner which appeared normal, although

for a younger stage than that of the unoperated, wild-type
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contrul esmbryos. Cartilage nodules were aloo sometimes seen
in the unoperated side, although theoy wore uwsually small and
abnormally Jistributed. These were probably derived froo
wild=-type neural crost cells from the opposite neural fold.

The presence of cartilage in these embryos confirms
that, in the p dutant, the =ignals which are responsible for
the induction of cartilage are normal. Furthermore, it
clearly shows that, although the development of the mutant
virtually halts at stage 37 and some disintegration begins
almost immediately, the embryo is capable of supporting the
development and differentiation of chondrogenic cells to at
least stage 41.

The most important conclusion ghat can be drawn from
these embryos, hownver, is Lhal the lack of nouwral cresh-
derived cartilages cannot be the cause of all of the
qbnorﬁa:ities in, and the death of, the mutankt. Alkhough the
one definitively known defect in p is in the chondrogenic
neural crest, other cells must also be deéeative, since
mutant embryos containing cartilage still do nal survive. It
is also clear, however, that the neural crest, as a whole,
cannct be defective; there are cells which originate in the
neuwal folds, follow neural crest pathways, and which can
differentiate into at least some neural crest derivatives
{such as pigment cells, dorsal fin mesenchyme, and probably

Rohorn-Béard cells).
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If the mutant characteristics are caused by a
subpopulation of new ol crect cells, then the ceplacoaent of
autant neural folds with wild-type neural folds should
correclt the defects. At lcact sone wmutant abnornmalibti = {ayw
development, gill filament length, and cranio-viscoral
cartilages) were indeed rectified by the addition of normal
neural crest cells. However, khe survival of the mutants was
not affected, regardless of the axial level which was
replaced. Since p embryos have several abnormalities, it is
possible that a variety of neuwral crest derivatives from
various anial levels are affected. A full rescue of the
mutant could require the replacesent of longer lengths of
neural fold than was technically pousible.

Qlthouéh the replacements were perfarmed unilaterally
(leaving intact mutanl newral folds on Lhe vnoperated sides?,
several workers have reported that some neural crest cells
migrate down bthe opposite side to their fold of origin
(Chibor, 12&67; Rollhauser—-ter-Horost, 19303 Hirstadiuwz, 1730).
Mixing of the mutant and wild-type necural crest was
demonstrated, in come cases, by the presence of cartilage in
the unoperated zide of p/p hosts. It is also pozsible that
the presence of mutant neural crest interfered with some
function(s) of the wild-type neural crest, and prevented full
rescue.

Additionial evidence that some of the mutant
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abnormalities were probably caused by defective neural crest
was demenstrated by extirpation of neural crest from wild-
type embrvos. The most striking effect of this operation was
on gill development. The gills of these embryos hore a
greater resemblance to those of homozygous p embryos than
those of their unoperated sibs; the three primary filaments
remained short, often possessed bulb-like structures at their
distal ends, and secondary filaments were not seen until much
later than usual (see Fig. 4.7b). Similar effects of such
operations on gill morphology have been noted previously (see
Hérstadius, 1950).

The effect of neural crest extirpation on the
development of the circulatory system was also surprising.
There was a definite delay in the initiatieon of Circulation,
and even then, it was initially only present in levels
: posterior to the gills. Circulation in the head was only
sa. . after a further delay. 1In the mutant‘ the lack of
circulation has been ascribed to the blockage in the heart,
since the major blood vessels appeared teo be normal (Trottier
and Armstrong, 1977). However, the smaller vessels could mot
be examined, due to the edema in the mutanmts and the
disintegéation of many internal tissues. It is interesting
to note that neural crest has been implicated in angiogenesis

in the chick (Le Douarin, 1982).

f high degree of regulatory ability has been recorded in
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amphibians following removal of neural crest cells (Chiben,
1946&). The ablations performed ir this study were more
complete than those performed by Chibon, and invelved all the
cranial and most of the trunk neural folds of late neurulae.
The regulation which occurred was not complete; the embryos
never survived, and never appeared completely normal.
Therefore, neural crest is necessary for survival. Seome
features didlappear to gradually return tc apparent normalcy,
although after a definite delay compared with unoperated
controls. The embryos which developed the best, fallowing
removal of the neural folds, were those in which pigment
cells invaded more anteriocr regions most quickly. These may
have been the best cases of regulation, or perhaps removal of
the neural crest was incomplete. The earliest features of
the operated embryos would therefore be the most accurate for
the determination of neural crest functions. These were the
stages in which the operated embryos exhibited p-like
characteristics.

The results of the unilateral transplant and extirpation
experiments support the hypothesis that p is a mutation which
affects a subpepulation of neural crest cells. While tissues
other than neural crest may also be defective in the p/p
mutants, when simple organ systems with known components were
tested in vitre, no defective tissues were found. Mutant

pharyngeal endoderm is normal for at least two functions:
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induction of beating hearts from mesoderm, and induction of
cartilage from wild-type cranial neural crest., Mutant heart-
forming mesoderm, whem cultured as explants, formed beating
tissue which beat as strongly as, and for as long as, wild-
type tissues. In vivo, however, the heart beats are weak ,
and cease within days of mutant identification. This
discrepancy between the in vitre and in viveo situations may
indicate that some of the mutant characteristics are due to
secondary effects, such as the unhealthy environment of
disintegrating tissues, rather than being a direct result of
the mutation. These possibilities cannot be distinguished in
vive; In vitro tests of each organ would have to be performed
in order to determine which abnormalities are directly
affected by the mutation.

It is pussible, however, that heart formation in vive
may be directly affected by a neural crest defect such as P
Indirect evidence for this is provided by the recent finding
that neural crest is regquired for the proper morphogenesis of
anterior regions of the heart in the chick (Kirby et al.,
1983; Kirby and Bockman, 1984; Besson et al., 1986). -While
it is not known whether amphibian hearts also require neural
crest, recent studies involving grafts of Xenwpus borealis
neural folds onto Xenopus laevis hosts have indicated that
neural crest cells enter the wall of the truncus arteriosus

(Sadaghiani and Thiebaud, 1987).
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From these In vitro and in vivoe experiments it is clear
that the premature death mutation in the axolotl affects some
neural crest derivatives. It remained unalear, however, what
phase of neural crest formation was specifically affected by
the mutation; the p mutation could affect primary induction
or a later step in neural crest formation.

Primary, or neural, induction has been the subject of
intense study since Mangeld and Spemann’s diécovery of the
"organizer" (see Spemann, 1962, and reviews by Holtfreter and
Hamburger, 1955; Saxén and Toivonen, 19462; Hamburger, 1988).
In summary, this remarkable tissue is presumptive notochord
and dorsal mescderm, and is found at the dorsal lip of
gastrulae. When the organizer was placed in an ectopic
location in a host gastrula, a secondary axis developed.

This new axis was not entirely of graft origin, however; host
cells were assimilated into the structure. Furthermore, the
organizer induced the formation of neural tissue (neural
plate and associated structures) from the host ectaderm. The
individual seceondary structures which developed were usually
normal, as were the spatial relationships between them.

The axial levels of the secondary structures which
developed were dependent on the graft tissue. Dorsal lips
from early gastrulae {(fated to form head tissues) produced
secondary heads, whereas those from older gastrulae

(presumptive trunk notochord and mesoderm) usually produced
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secondary trunks and tails. Complete embryos, o+ fairly
normal appearance, could alse be induced with large pieces of
chordamesoderm which contained both future head and tail
regions. In general, neural induction is thought to occur in
two steps. The first involves a general induction, with
archencephalic tendencies. The second involves the
regiocnalization of the neurectoderm, such that structures of
all axial levels are produced (Saxén and Toivonen, 1942
Hamburger, 1988; Nieuwkoop et al., 1985; Nieuwkoop, 1985).
The search for the inducer(s) and mode(s) of action, using
both the natural and artificial organizers, has been quite
extensive, but has yet teo yield many definitive answers.

The induction and regicnalization of the Aeural crest,
however, has had very little study. Although neural crest
can apparently be induced independently of neural plate,
newral plate induction is almost always accompanied by the
formation of neural crest (Holtfreter and Hamburger, 1955).
Therefore, it would appear that neural crest induction is
intimately associated with, and perhaps an imescapable
consequence of, the neural induction process described above.

According te Raven and Kloos (1945), the mesoderm which
underlies the neural folds is the probable inductor of neural
crest, via a quantitative mechanism. The lateral portions of
archenteron roof would have less "evocator”, and could

therefore induce only neural crest, compared with the medial
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portions, which would contain more "evocator" and could
induce neural plate. Mesoderm involvement in neural crest
induction has alspo been suggested by the results of
experiments using artificial inductors. Explants of gastrula
ecteoderm exposed teo artificial archencephalic inductors
differentiated into archencephalic neural structures,
placodal material, and epidermis, but not Heural crest
(Nieuwkoop, 1963F; Rollhduser—-ter-Horst, 1977a). However,
neural crest derivatives diffaréntiated when the same
artificial inductors wetre used to produce secondary
structures in gastrulae In vive (Rollhaduser—ter—-Horst, 1%77bj;
1979). The differences between the in vitre and in vive
results were attributed to the presence of underlying
mesocerm in the embryo. These results have also led
Nieuwkoop (19853 Nieuwkoop et al., 1983) to propose that
neural crest formation is the result of a second step of
neural induction.

Dther hypothéses for neural crest induction, however,
implicate only the ectoderm. For example, Albers (1987) has
proposed that the type of neural tissue, whether plate or
fold, would depend on the state of competence of the host
gastrula ectoderm. According te this worker, only the
notocherd has the ability to induce neural tissue. Neural
induction would therefore begin in the notoplate, and spread

medially by homoiogenetic induction through the gastrula
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ectoderm. Ectoderm from sarly gastrulae would be the most
responsive to ihis signal, and would respond by forming
neural plate. With time, however, the competency would
decrease, and the response would be the formation of neural
folds, and presumably neural crest. Further loss of
competence would lead to the lack of a neural response, with
perhaps a period of placode formatien prior to epidermis
formation.

Another theory is that of Moury and Jacobson (1989},
where the formation of folds is a physical response to the
presence of a boundary between neural plate and epidermis.
Boundaries which were artificially formed between these two
tissues resulted in the formation of neural fold-like
structures, and produced pigment cells and mesenchyme, which
are usually considered neural crest derivatives. However, it
should be noted that Niu (1954) observed pigment cell
formation from neural plate, under experimental conditions,
in a variety of urodele species.

1t is noteworthy that none of these thecories address the
question of regionalization, whereby some neural crest
derivatives are restricted in their differentiative
potentials. This process must occur either concomitantly
with, or immediately fdllcwing, the induction of neural crest
in axolotls, since at the very earliest stages of neural

folds (stage 14), the presumptive chondrocytes are already



-112-
present and restricted to specific axial levels. All these
possibilities for neural crest induction are dependent,
either directly or indirectly, on the chordamesoderm. Since
p is a neural crest defect, abnormal chordamesoderm could be
the primary defect.

This was tested by implanting dorsal lip (organizer)
material inte the blastocoeles of host embryos, and thereby
inducing the formation of secondary axes. When both donor
and host were wild-type embryos, blastocoele implants induced
the formation of secondary structures with varying degrees of
morphological normalcy, though usually possessing
recognizable neural plates surrounded by neural folds. When
some of these embryos were allowed to develop past neurula
stages, some of the induced structures formed secendary
embryos which were remarkably narmal in appearance. They
possessed well developed heads and tails, indicating that the
graft area used was capable of regicnalizing the neural
tissues that it induced. Theselsecondary neural folds also
behaved as did the primary neural folds with respect to
cartilage formation in vitro .

Presumptive chordamesoderm from mutant gastrulae was
capable of inducing secondary neural folds with chondrogenic
potential from wild-type gastrula ectoderm. The converse was
not the case, however. Ectoderm from mutant gastrulae could

be induced by wild-type dorsal lip material to farm secondary
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neural plates with meural folds. (This is not surprising, as
mutant neurulae are normal in appearance). These secondary
neural folds did not contain chondrogenic neural crest cells.
When placed with inductive endoderm in vitro, neither
cartilage nor procartilage was formed.

Therefore, the chordamesoderm, which is ultimately
responsible for the initiation of the events leading to the
formation of chondrogenic (cranial) neural erest cells, is
norﬁal. It is the gastrula ectoderm which is defective in J-
mutant embryas.

In conclusion, embryos hoemozygous for p possess neural
crest cells, which are apparently normal with respect to
initial localization, and migratory ability. The mutation
apparently does not cause an axial shift in the regional
specification of the neural crest, but appears to be due to
the inability of induced gastrula ectoderm to form normal
neural crest. Although some of the neural creet functions
are clearly affocted (ability to form ecranio-visceral
cartilage), others (apparently) are not (ability to form
pigment cells, dorsal fin mesenchyme, and probably Rohon~
Beard cells). These observations suggest that neural crest
specification is at least a two-part process. The first
(apparently normal in the p mutant) is the formation of
neural crest cells, and the second (which is abnormal in the

mutant) subdivides the populatiom and/or gives the
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subpapul ations new properties.

While the neural crest has been studied for over a
century (as reviewed by Hall and H8rstadius, 1988), it is
doubtful whether all of its derivatives and, especially,
inductive roles are vet known, as exemplified by recent
findings of its role in heart morphogenesis (see Besson e
al., 1986). Since the p mutation definitely affects several
neural crest functions, such as chondrogenic peotential and
its role(s) in gill morphogenesis, it is very likely that
other neural crest functions are also impaired. These
presumably give rise to some of the abnormalities seen in the
mutant.

Therefore, the p mutant should provide an extremely
useful model system for studying the structures derived from,
and induced by, the neural crest. Furthermore, this mutant
may prove invaluable ior examining the steps involved in the
induction and specification of the neural crest, and the
subsequent restriction of the developmental potentials of

these cells.
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APPENDIX I

Staging table of axolot!? cevelopment.

(From Beordoilovskaya et alf 1989.)
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