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ABSTRACT

The locations and migration of the embryonic primordia
which form the heart are well known. However, the processes
whereby the heart—forming mesoderm is induced, and the later
mechanisms controlling the differentiation and morphogenesis
of the heart are only poorly understoed for any system.

An important model system for studying heart induction
and differentiation is the cardiac-lethal (c) mﬁtant in the
axolotl (Ambystoma mexicanua). Embryos homozygous for the ¢
gene develpp hearts which never begin. to beat, become
severely deformed due to the lack of circulation, and die
shortly after hatching. The mutation was believed to affect
the tissue responsible for heart induction, the anterior
{pharyngeal) endoderm, rendering it incapable nflsupplying
the appropriate inductive stimuli.

The inductive failure hypothesis is largely based on an
assumption. The assumption is that the timing of heart
induction is the same in the axolotl as has been reported for
another urodele species (Taricha torosa). As well, this
hypothesis is based on the finding that wild—type heart
- mesoderm does not form beating hearts when transplanted into
c/c embryos at late tailbud stages 28-29. (However, for this

evidence to support the inductive failure hypothesis, the
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the preceding assumption must be correct.) On the basis of

this evidence, it has been suggested that wild-type heart
mesoderm does not receive the proper inductive signals in the
mutant environment. However, it has also been suggested that
the induction occurs much earlier in another species of
Ambystoma than in T. torosa; the timing of the inductive
process in the axolotl has never been determined.

Therefore, 1 have examined the tamporal and spatial
parameters of heart induction in wild-type axolotl embryos
using an In vitre assay for the formation of functional
myccardial tissue. In this species, the inductive
interaction is completed by the end of neurulation (stage
20), earlier than had been previously assumed.

Myocardial cell differentiation is induced by the
pharynggal endoderm, as has been reported for cther species.
However, the evidence presented in this thesis suggests that
the inductive activity is highest in the mid—ventral (future
teart site) endoderm, and appears to be distributed in a
gradient, since there is less inductive activity in more
dorsal areas. This is the first time that evidence for a
gradient of heart inducer has been reported.

Attempts to characterize the inductive agent(s) were
unsuccessful; no significant inductive activity was present
in any of the cell—free preparations examined. This included

RNA-containing extracts from inductive endoderm, similar to
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those reported to “induce" ¢/< hearts to begin beating In

vitra.

The finding that heart induction in the axolotl is
completed much earlier than previously suspected casts
serious doubt on the inductive failure hypothesis for c/¢
embryos. It suggests that the wild-type heart mesoderm
transplantations into mutant embryos were performed well
atter the mesoderm was fully induced. This mesoderm must
have been actively inhibited from comploting its
differentiation in the ¢/c host embryos. This alternative
has been previously suggested, but largely ignored in
subsequent studies. As well, RNA-containing preparations,
which are capable of stimulating heartbeat in fully—formed
c/¢ hearts, contain no detectable inductive activity when
assayed with uninduced wild—~type heart mesoderm.

Therefore, in the second phase of this study I re-
examined the nature of the defect in cardiac-lethal mutant
embryos. Using in vitro combinatiens of uninduced e/¢ and
wild~tvype heart mesoderm and inductive endoderm, I
demonstrated that mutant endoderm produces normal inductive
signals, and that the mutamt heart mesoderm is incapable of
responding normally te the induction. As well,; when fully
induced (but undifferentiated) mutant and ;ild—type heart
mescderm are combined in vitro, the mutant mesoderm fornms

beating tissue. This suggests that an "activater",
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respaonsible for controlling myofibrillogenesis, is present in

wild-type heart mesoderm, and absent in mutant tissue.

In vivo transplantations of wild-type heart mesoderm
into c/¢ embryos at different stages corroborate the Iin vidro
results, and further demonstrate that mutant heart mesoderm
produces a specific inhibitor of cardiomyocyte
differentiation.

The presence of a specific activator and inhibitor of
heart differentiation, both produced by the heart mesoderm
itsel¥, provides evidence that the later phases of heart
formation (i.e. the organization of contractile proteins into
functional sarcomeres, and possibly the early morphogenesis
of the heart tube) are probably under the control of a two~
morphogen reaction-diffusion system., Such systems have been
demonstrated to control pattern formation in one invertebrate
organism, and have been proposed to control morphogenesis in
a variety of other systems. However, this study is the first
direct, experimental evidence for a reaction—diffusion
mechanism controlling the development of any vertebrate organ

system.



RESUME

Alors que les emplacements et la migration des ébauches
embryonnaires du coeur sont trés bien connus, les processus
de 1l induction et les mécanismes contrélant la
différenciation et la morphogénése du coeur ne sont Fas bien
compris.

Le mutation cardiaque-léthal (¢) chez } ‘axolote
(Ambystoma mexicanum) est un modéle important pour 1 étude de
1l induction et de la différenciation cardiagque. Bien que les
coeurs des embryons homozygotes pour le géne ¢ soient formeés,
ils ne commencent jamais & battre. Ces embryaons dévelappent
des malformations séveéres et ils meurent peu de temps aprés
l°eclosion. On soupgonnait que la mutation affecte
1 ‘endoderme pharyngien (le tissu inductif) pour rendre ce
dernier incapable d’élaborer des signaux inductifs normaux.

Cette hypothése est fondée en grande partie sur deux
évidences. La premiére étant la supposition que 1 induction
se produisait aux memes stades de déyeloppement chez
1‘’axolote que chez une autre espéce d’urodéle (Taricha
torosa). La seconde (dépendant absolument de 1la premiere
supposition) étant le fait que le mésoderme pre—cardiaque de
type sauvage ne forme pas de coeur battant quand il est

transplanté dans un embryon mutant aux stades 28-29. Avec
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ces preuves, On a suggeré que le mésoderme pré—cardiaque de

type sauvage ne recoit pas les signaux inductifs narmaux
lorsqu‘il est dans l’environnement mutant. Mais il a aussi
été postulé que 1°‘induction du coeur & lieu plus t3t chez une
autre espéce d'Ambystoma que chez T. torosa. L‘'aspect
temporel de l'inductionln'a jamais été détermine che=x

1 "axoclote.

J’ai donc examiné les caractéres temporaux et spatiaux
de 1 induction chez les axolotes de type sauvage en utilisant
un systéme Iin vitre mesurant la formation du tissu
myccardiaque fonctionel. Chez 1°axclote, linteraction
inductif est complété des la fin du neurulation (stade 203,
c’est & dire ﬁlus t6t qu‘on ne le supposait.

l.‘endoderme pharyngien induit %a différenciation des
cellules myocardiagues, tel que rappbrté pour d autres
espéces. Mais les preuves présentées dans cette these
suggérent que la concentration de 1l‘activité inductive forme
un gradient: les concentrations les plus élevees se
retrouvent dans l“endoderme mi-ventral (site futur du coeur),
alors que les plus faibles se retrouvent Qans les régions
plus dorsales. C‘est la premiére fois qu'un tel gradient a
été démantre pour i'inducteur cardiaque.

Les tentatives pour caractériser 1‘agent{s) inductif(s)
n‘ont pas réussi; une activité inductive n’a jamais eéete

détectée dans les préparations acellulaires examinées. Parmi
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ces préparations inactives, il y avait des extraits contenant

de 1°ARN de 1 °'endoderme inductif, sémblables & teux qui ont
été rapporté comme étant capables “"d’induire" les coewrs c/¢
& commencer de battre in vitro.

La preuve que 1l °‘induction du ceeur est complete plus tot
que suspecté chez 1‘axolote met en doute 1’'hypothése que
l*induction est empeché dans les embryons ¢/c. Elle suggere
Plutdt que le mésoderme de type sauvage a été transplanté
dans les embryons mutants ap;és que 1l induction ait été
completee. La différenciation de ce mésoderme a da otre
inhibée chez 1es'embryons hotes mutants. Cette explication
alternative a déja été suggérée, mais elle a été largement
ignoré dans les études succédants. De Plus, les préparations
contenant de 1 °“ARN, capables de stimuler le battement des
coeurs ¢/c,; ne contiennent aucune activité inductive quand
essavee sur le mésodeﬁme pré—cardiaque non—-induit de type
sauvage.

Dans la deuxiéme phase de cette étude, j‘ai donc
reééxamine 1la nature du défaut chez les embryons mutants. En
combinant In vitro du mésoderme non—induit et de 1 ‘endoderme
inductif c/c et de type sauvage, j-‘ai pu démontreé
définitivement que 1 ‘endoderme mutant produit des signausx
inductifs normaux, et que le mésoderme mutant est incapable
de répondre de fagon normale. De plus, le mésoderme mutant

se différencie en tissu battant quand il est cultivé in vitre
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avec du mésoderme de type sauvage induit mais non-

differencié. Cecli suggére que le mescderme de type sauvage
contient un "activateur" qui contrtle la myofibrillogénése,
et que 1*activateur est absent dans le mésoderme mutant.

Les transplantations in vive du mésodefme de typer
sauvage dans les embryons c/c a des stades difféerents
confirment les résultats obtenus Iin vitre, et ils démontrent
que le mésoderme pré—cardiaque produit un inhibiteur de ia
différenciation des cellules myocardiaques.

La présence d°’un activateur et d'un inhibiteur de la
différenciation cardiaque, produits par le mesoderme preé-—
cardiaque lui-méme, suggére que les phases plus tardives du
développement du coeur (soit l'organisation‘des proteéins
contractiles en sarcoméres fonctionelles, et peut-étre la
morphogénése précoce du tube cardiaque) sont controlées par
un systéme de réaction-diffusion composé de deux morphogénes.
De tels systémes sont impliqués dans la formation des patrons
d’un organisme invertébré, et ils ont été proposes
thénriquement commes mécanismes contreéllant la morphogeénese
dans divers autres systémes. Mais ceci est la premiére
evidence expérimentale directe impliquant ce mécanisme de

contrtle dans le développement d’un systéme d’organe chez les

vertébrés.
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We dance around in a ring and suppose

But the Secret sits in the middle and knows

From: "The Secret Sits". In:
The Poetry of Robert Frost
(1971; E. Connery, ed.). Holt,
Rinehart, % Winston, NY, USA.
(With apologies to F.L.
Strand, who thought of it
first.)



CHAPTER 1
INTRODUCTION

One of the major unresolved problems of developmental
biology is that of inductions. During the course of early
development, interactions occur between responsive tissues
and other tissues and organs (the inductors) which influence
the developmental fate of the former. However, the inductive
processes whereby multipotent embryonic tissues become
committed to di*ferentiate into specific adult tissues are
only poorly understood for any system.

One organ system which is dependent on inductive
interactions for its development is the heart. While some of
the inductive interactions necessary for heart formation have
been elucidated, particularly in the amphibian, the nature of

the inductive process(es) remains obscure.

1.1 Origin of the heart:

At the turn of the century, the embryonic eorigin of the
heart was unclear. It was disputed whether the heart arose
from the endoderm, the mesoderm, or a combination of these
tissue layers (see Copenhaver, 1926; Wilens, 1955, for
discussion). Early extirpation experiments by Copenhaver

(1926) demonstrated conclusively that the amphibian heart
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arises from the lateral mesoderm.

The locations and movements of the early heart primordia
have been mapped using vital stains (Wilens, 1955). During
early neurula stages, the heart consists of paired primordia
located at the leading edge of the mesodermal mantle,
immediately subjacent to the presumptive inner ear ectoderm
and just ventrai to the neural folds. During later neurula
and tailbud stages, the primordia migrate antero-ventrally
until they meet and fuse at the ventral midline of the
pharyngeal cavity (Fig. 1-1). The fused primordia form a
tube which begins to contract rhythmically, and fold upon
itselt to form the usual three-chambered amphibian heart. If
the two primordia are separated, each is capable of forming a
complete heart independently (Fales, 194&).

Recently, it has been shown that the cranial neural
crest also contributes to normal heart morphogenesis in
chicks. This tissue appears to be %mportant far the
formation of normal septation in the outflow region of the
heart (Kirby et al., 1983; Kirby and Bockman, 1984; Besson et
al., 1984; Phillips et al., 1987). However, neural crest
cells do not appear to be necessary for the differentiation
of functional myocardial tissue, since mesoderm alone can
differentiate into beating cells in the absence of neural
crest (Bacon, 1945; Jacobson, 1960; 19&41; Jacobsen and

Duncan, 1968). Thus, the mesoderm alone is responsible for



Figure 1-1: a—d) Diagrams of the right sides of stage 14, 16,
18, and 20 neurulae (respectively), with the
ectoderm removed, showing the locations and
migration of the heart—forming mesoderm (HFM).
The mesoderm (lightly stippled) migrates antero—
ventrally down both sides of the embryc during
neurulation and early tailbud stages. The two
heart primordia (one on each side) are located at
the anterior edges of the mesodermal mantle. e)
At stage 29 (ventral view) the two primordia meet
at the ventral mid—line and begin to fuse. In
(a=d), anterior is to the right, dorsal at the
top; in (e), anterior is at the top. NF: neural
fold: NP: neural plate; PE: pharyngeal endoderm;
NT: neural tube; MM: mandibular mesoderm; MA:

mandibular arch; GB: gill bulge.
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the formation of the myccardium.

1.2 Induction of the heart:

Although the movements of the heart primordia (Wilens,
1955; Hirakow et al., 1987) and the subsequent morphogenesis
of the heart (see Manasek and Monroe, 1972; Ojeda anﬁ Hurle,
19813 Maqasek et al., 1984; Hirakéw, 198&) have been
adequately described, the inductive processes whereby the
mesoderm becomes committed to form beating cardiac tissue
have not been as well characterized.

A classic study by Bacoh (1945) was the first reai
attempt to elucidate the mechanisms of heart induction. He
concluded that the presumptive heart mesoderm of Amabystoma
maculatun (punctatum) underwent “complete primary
organization" and could self-differentiate if isclated from
early gastrulae. However, Bacon’s (1945) criterion for
differentiation was merely the formation of a tissue mass
which morphologically resembled the gross structure of a
heart, regardless of whether any contractions were observed.
Therefore, what Bacon (1945) describes as the ability te
self—differentiate might not huve included differentiation at
all. Indeed, Bacon {(1945) recognized that morphogenesis
could occur independently of cell differentiation (as
indicated by the presence of pulsating cells) and vice versa

(see also Manasek and Monroe, 1972).
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A further problem arises when the nature of Bacon's

{1945) explant cultures is considered. He reported that a
“secondary organizing activity" was present in the floor of
the archenteron (i.e. pharyngeal endoderm). This activity
was potent enough to induce heart differentiation in some
mesoderm not normally destined to become heart. However, the
explants from early gastrulae, which Bacon (1945) described
as capable of self-differentiation, likely contained !
presumptive pharyngeal endoderm as well as presumptive heart-—
forming mesoderm. ﬂis corroborative experiments invoived
implanting mesoderm in the archenteron, where close
association between the implant and other tissues {notably
pharyngeal endoderm) was possible (see Copenhaver, 1955).
Therefore, Racon’s (19435) study was inconclusive. The
pharyngeal endoderm admittedly had some organizing activity,
and all of the explant cultures and implants had the
ppportunity to Ee in close ﬁontact with this tissue. Thus,
it is possible that the heart mesoderm was merely induced
later by tissues explanted with it or present at the site of
implantation, rather than being truly capable of self-
differentiation at early (gastrula) stages. This is
particularly true since embryos from which the entire
endoderm is removed at early neurula stages fail to develop
hearts (Balinsky, 1939; Nieuwkoop, 19473 Bacon, personal

communication in Copenhaver, 1955; Jacobson, 1960) .
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The most extensive study of heart induction in

amphibians was reported in a series of papers by Antone
Jacobson (Jacobson, 1960; 1961; Jacobson and Duncan, 1968).
It should be noted that, in all of these studies, the
presence of beating tissue was used as the diagnostic,
whether or not the morphology of the structure resembled a
heart. Therefore, the inductions described are those
responsible for the differentiation of functional myocardial
tissue and not (necessarily) for the morphogenesis of the
heart as an oréan.

Using a series of cultures from neurulating Taricha
torosa embryos, Jacobson (1960) showed that heart mesoderm
from early neurulae, explanted alone, began %to beat in only a
small number of cases. -By combining this mesoderm with
various other embryonic tissues, he showed that both ectoderm
and, especially, anterior (pharyngeal) endoderm increased the
proportion of explants with beating tissue. Cultures which
contained neural tissue, howaver, failed to begin beating.
Indeed, whole embryos which had their entire endoderm removed
never formed hearts, although they could if the neural plate
was also removed. Jacobson (1950} concluded that heari
formation was stimulated by anterior endoderm but inhibited
by anterior neural plate and fold.

In 1961, Jacobseon tock his study further, establishing

that: i)Y ectoderm was apparently not necessary for heart
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determination, but merely provided a substrate for the

migration of the heart-forming mesoderm, and ii) that
anterior neural plate, but not neural fold, suppressed heart
formation. He concluded that anterior endoderm ind;ced heart
differentiation. This inductidn Eegan during gastrulation,
since some beating tissue could form if mesoderm alone was
explanted at this early stage. However, the heart—formning
mesoderm was insufficiently induced to overcome the
inhibitory effects of the anterior neural plate until as late
as mid—-tailbud stages (stages 24-26).

Jacobson and Duncan (19468) finally used this, and some
new, data to propose a model. 1In this model, heart induction
was described as a gradual, cumulative process involving both
inductive and inhibitory interactions between the heart-—
forming mesoderm and other, adjacent; tissues 1Fig. 1-2).
They concluded that the major inductive stimulus was supplied
by the anterior (pharyngeal) endoderm, the presence of which
increased both the frequency and rate of heart
differentiation. #As well, they describe the presence of a
"general stimulatory factor" in all ectoderm, which increased
the proportion of cultures which began to beat (the
frequency), but not the rate_at which they differentiated.

Finally, Jacobson and Duncan (1968} described the
presence of an inhibitory influence in the anterior neural

plate and fold which could repress heart differentiation.



Figure 1-—-2:

Graphic interpretation of the process of heart
induction (after Jacobson and Duncan, 1968). The
inductive influence of the pharvyngeal endoderm
causes the heart mesoderm to gradually become
determined. This is delayed by the inhibitory
effect of the neural plate and folds. The
inhibitory influence decreases with age due to
the ventral migration of the mescderm, away from
the neurectoderm, rather than to a loss of
inhibitory activity in the latter (see Jacobson

and Duncan, 1968, Fig. 7).
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Curiously, the inhibitor was reported to be ineffective in

explant cultures, and its presence could only be demonstrated
in whole embryos from which the endoderm had been removed.
Based mainliy on their extirpation experiments, Jacocbson and
Duncan (19468! identify stages 24-26 (mid—tailbud) as the
puint &t which the heart—=forming mesoderm is “determined” and
will form a functional myocardium evem in the presence of
neural tissues. However, they believe that the time of
determination is due largely to the inhibitory influence of
the neural tissues, which delay determination; determination
of heart tissue occurs during neurulation in the absence of
tranial newal plate and fold (Jacebson and Duncan, 1948,
Fig. 8, p. 8W).

These experiments were performed on Taricha torosa
embryos. It is important to mote that these workers also
report that "... heart determination cccurs at earlier
morphological stages ..." in embryos of Ambystoma tigrinum
(Jacobson and Duncan, 1968, p. 81, and Fig. 12). This
distinction becomes important when intérpreting studies of
the cardiac~lethal mutant of Ambystoma mexicanum (see Section
1.43.

Fullilove (1970) attempted to determine the levels of
inductive activity in different areas of the endoderm of
Taricha torosa embryos. She concluded that inductive

activity was broedly based within the anterior (pharyngeal)
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endoderm, but was not present in posterior endoderm.

Curiously, when Fullilove’s (1970) data are translated into
heart differentiatiqn coefficients (HDC; used by Jacebson and
Duncan, 1948, as a measure of heart differentiation in the
same species), only low levels of inductive activity appear
to be present in any of the endodermal regions tested. This
carrelates well with Jacobson and Duncan’s (19&68) data, which
show that uninduced (stages 14-14.5) heart mesoderm cultured
uith'”anterior dorsal endoderam® did not begin to beat
{Jacobson and Duncan, 1968, Fig. 1T and Table 2). Only when
older (already somewhat induced) mesoderm was used did these
areas of endoderm increase the HDC.

If Jacobson’s (1960; 19613 Jacobson and Duncan, 1948)
endoderm extirpation experiments were correct, and pharyngeal
endoderm is the major inductor of heart ditferentiation, it
suggests that the areas of anterior endoderm tested by
Fullilove (1970) and Jacobson and Duncan (1968) were not the
major source of the inductor. Therefore, the inductive
activity of the endoderm may have a more restricted
distribution than reported by these authors.

In similar studies, other workers have reported that
anterior endoderm is responsible for heart induction in
several other species. The;e include a variety of amphibians
(Amano, 1961; Fautrez and Amano, 1961; Bride, 1979; Sater and

Jacobson, 1989}, and chicks (Orts—Llorca, 1963; Orts-Llorca
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and Gil, 1945), and Hommes (1957, as cited in Jacobsen and

Duncan, 1968) has implied the same for humans.

1.3 Characterization of the inducer:

Having determined the inductors necessary for heart
differentiation, the next logical step is to attempt to
characterize and isolate the actual factor(s) (inducers)
responsible for the induction. The first study of this type
was performed by Jacobson and Duncan (1968). These workers
tested Sephadex "membrane" fractions of a variety of
homogenized embryonic tissues for their ability to induce
heart—forming mesoderm in culture. However, their results
failed to demonstrate the presence of a specific inducer of
heart differentiation. Even cultures treated with extracts
from supposedly inhibitory (neural) tissues differentiated
almost as well as cultures containing inductive endoderm or

fractions thereof. Indeed, they state that:

Y-e.. ANy additional tissue or any membrane
fraction of embryonic tissue that is combined
with the heart mesoderm seems to promote more
heart differentiation than obtained with heart
rudiments cultured alone ..." (Jaccbson and

Duncan, 1968, pp. 97-98).
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This strongly suggests that the effects observed by

these workers were non-specific. Perhaps due to this, no
further attempts have been made teo elucidate the nature of
the inductive siénal(s) which pass from the pharyngeal
endoderm to the heart-forming mesoderm, although Jaccbson and
Sater (1988) hold out hope that this may be accomplished
using the more sophisticated techniques now available.

| Concomittantly with this study in amphibians, work by
others into heart induction in chicks held great promise for
its potential to identify the nature of the inducer. Butros
(19465) reported that crude RNA extracts from embryonic chick
hearts were able- to enhance the formation of beating tissue
from the presumptive heart tissue of that species. This
effect could not be duplicated by RNA preparations from

J

embryonic liver.

Subsequently, it was demonsitrated that RNA preparations
from heart tissue also inhibited the development of neural
tissues (Niu and Mulherkar, 1970) and, most significantly,
could cause beating heart tissue to form from areas of chick
blastoderm which do not normally participate in heart
formation (Niu and Deshpande, 1973; Deshpande and Siddiqui,
1977). Histeplagical, biochemical, and physioclogical
examination of these induced tissues revealed that the
beating cells had many characteristics of normal

cardiomyocytes (Niu and Deshpande, 1973; Deshpande and
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Siddiqui, 1977; 1978; McLean et al., 1977). Since the effect

was tissue specific - RNA preparations from embryonic liver
(Butros, 1965), brain, kidney, and thymus (Niu and Deshpande,
1973) could not mimic the effect — it was believed that this
RNA preparation contained the inducer of heart
differentiation.

In the series of studies that fol!owéd, it was
determined that .the inductive effects were caused by a small
(7S) polyadenylated RNA (Niu and Deshpande, 1973; Deshpande
and Siddiqui, 1977; Deshpande et al., 1977). This RNA
species was untranslatable in vitro, but could inhibit the
translation of other, non-cardiac mRNA°s (Deshpande et al.,
1977). In addition, a complementary DNA clone of the 75 RNA

was apparently found to hybridize to chick repetitive DNA,

i \\v ..»‘ e N

and’ also to the 3° untranslated regions of chick myoszn heavy
and light chain genes (Khandekar et al., 19843 Siddiqui et
al., 1986).

While it has been suggested that this RNA species has a
function in regulating the expression of muscle~specific
genes during chick heart development, it is unlikely that it
is the inducing agent for several reasons. First, the 7S RNA
is isolated from fully—formed hearts, and not from the
tissues which iﬁitially induce cardiogenesis. As well,
neither the presence of the RNA in the inducing tissues, nor

its secretion by these cells has been demonstrated.‘ In fact,
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this RNA was found only in the heart and not in other tissues

examined by these groups.

Therefore, it appears that, rather than being the
primary inducing agent, the 7S RNA (if it is indeed secreted
or otherwise passed to neighbouring cells) may be an agent
which can prevent the translation of other (non-heart) genes
by heart tissues. In this way, it may function as an
internal secondary messenger, produced in response to the
induction, which then promotes the final differentiation of
heart tissue.

However, a recent report may preclude even a secundéry
role for this RNA. Desjardins and colleagues (198%) have
reported that the 7S RNA is highly (99%) homologous to a
portion of the chick mitochondrial ATPase & gene. No
homologous sequences could ﬂ;;déﬁééted'iﬁxeither the chick
genome or RNA transcripts from it, although chicken
mitochondrial sequences were easily recognized. fhis
strengly suggests that this RNA species is nothing more than
a degradation product of mitochondrial RNA accidentally
produced during the isolation. If true, it is difficult to
imagine how the 7S RNA described by Khandekar et al. (1984)
could play a role in the regulation of expresSian of muscle-
specific genes.

Despite this evidence that the RNA of Khandekar et al.

(1984) is artifactual, Desjardins et al. (198%9) do not
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attempt to explain why supposedly identical RNA preparations

from chick tissues other tham the heart do not have inductive
ability, even though they presumably contain the same
mitochondrial RNA. It can only be surmised that if the RNA
described by Khandekar et al. (1983) is mitochondrial, then
the active #raction_must contain some other component which

co—purifies with the RNA.

1.4 The cardiac—lethal mutant:

One potentially promising model system for the study of
heart induction is tke ca?diac—lethal (¢} mutation in the
Mexican axolotl (Ambystoma mexizanum). This is a simple
recessive developmental mutationm which causes an absence o¥'
heart function in affected embryos (Humphrey, 1968; 1972).
EmSEyas homozygous for ¢ develop apparently normally until
stage 35, when the heart should begin to beat. (For
developmental stage series of axolotl embryos, refer to
Appendix I; Bordzilovskaya and Dettlaff, 1979; Bordzilovskaya
et al., 198%9.) In mutant embryos, the heart never begins to
beat, and the embryos become severely edemic and
microcephalic, and the gills develop poorly. As well, these
embryos do not feed, or grow as quickly as their wild-type
siblings‘(Humphreyg 1972; see Fig. 1-3). fhese defects are
‘believed to be secondary, caused by the lack of circulation.

Although the heart does not beat, skeletal muscles are not



" Figure 1-3: Photomicrographs of a) wild-type and b)) cardiac-
lethal mutant (c/¢) larvae, taken shortly after
hatching. Note the swollen shape, shorter
length, reduced gills, and contracted melanocytes
on the trunk of the mutant. These
characteristics are secondarily caused by the

lack of circulation. Anterior is to the left in

both cases. Bars = 2 mm.
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affected, as embryous have normal reflexes, and even severely

edemic larvae can swim normally.

Histological and ultrastructural studies of ¢/c¢ hearts
have revealed that the cardiomyocytes retain their lipid
droplets longer than they narmally would (Lemanski et al.,
19703 Lemanski, 1973a, b) and, although myofibrillar proteins
are present, they do not form organized myofibrils (Lemanski
and Fuldner, 19773 Hill and Lemanski, 1979). As well,; there
are fewer endocardial and mesenchymal cells in mutant hearts,
and the cardiac jelly (extracellular matrix) underlying the
endocardium becomes enlarged in older mutant hearts (Lemanski
and Fitzharris, 1989).

Biochemical and immunocytochemical examination of c/c
hearts has revealed that levels of troponin-T fFuldner et
al., 1984}, desmin (Shen and Lemanski, 198%9), vimentin and
vinculin (Shen and Lemanski, 1986) are normal, and that
actin, myosin, and x—actinin are present in near-normal
amounts (Lemanski and Fuldner, 1977; Lemanski et al., 1975;
Lemanski, 17783 Starr et al., 1989). Levels of tropomyosin
have been reported to be greatly reduced in mutant hearts
{Lemanski, 1973; 1979; Moore and Lemanski, 1982; Starr et
al., 1985; 1989). However, a close examination of the
available data re?eals that this is true only in older mutant
hearts and,; at the kime when heartbeat should begin, the

levels of tropomyosin are comparable to those found in
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beating wild-type hearts of the same stage (Starr et al.,

1989). Consequently, it is unlikely that the decreased level
of tropomyosin is responsible for either pkeventing -
mycfibrillogenesis or the initial failure of mutant hearts to
'beat.

Therefore, in c¢/c¢ embryos, morphologicaliy noraal hearts
form (Humphrey, 1972; Lemanski, 1973a; Fransen and Lemanski,
1988) , which appear to contain the necessary contractile.
proteins, yet these hearts fail to form regular sarcomeric
arrays and never begin to beat.

What makes this mutant interesting is a series of
experiments reported in the initial descriﬁtion of c/c
embryos (Humphrey, 1972). When Humphrey (1972) transplanted
mutant heart—forming mesocderm into normal hosts, heart
development proceeded normally, and idlly functional hearts
developed. However, wild-type heart—forming mesoderm
transplanted into mutant hosts failed to begin beating.
Humphrey (1972) suggested that this was indicative of either
a failure of normal inductive processes, or an active
inhibition of the heart in mutant embryos. Since wild-type
embryos parabiotically joined toc ¢/c ones were not adversely
affected, and since the hearts in the mutant members of these
pairs did not begin to beat, Humphrey (1972) concluded that
these inductive or inhibitery influences must be localized

and not systemic.
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In a subsequent series of studies, Lemanski and

collaborators produced evidence to support the inductive
failure hypothesis. They demonstrated that mutant hearts
explanted alone, and therefore presumably isolated from any
inhibitory influences present in the embryonic milieu, did

- not begin to beat (Hill and Lemanski, 1979). MWhile this
finding has been disputed (Kulikowski and Manasek, 1977;
1978; Justus, 1978), possibly due to the use of different
strains of mutant animals (Justus, 1978; Lemanski, 1978;
Epstein and Lemanski, 19803 Hill and Lemanski, 1979),
Lemanski et al. (1979) suggested that the failure of c/c¢
hearts to beat in vitro proved that there was no inhibitor in
the mutant embryos. In addition, it was demonstrated that
explanted mutant hearts (stage 35) begin to beat when
cultured with wild-type anterior endoderm from stage 30
{Lemanski et al., 1979) or younger (Justus, 1978} embryos, or
with medium conditioned by stage 30 endoderm (Davis and
Lemanski, 1983; 1987). This suggested that failure of the
endederm to properly induce the heart-forming mesoderms was
why mutant hearts did not beat.

In an ultrastructural study of anterior endoderm from
c/¢c embryos, Lemanski et al. (1977) suggested that this
tissue was morphologically abnormal and resembled older
tissue than that found in wild-type embryos of the same

stage. They proposed that the endoderm in mutant embryos
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differentiates more rapidly than normal, and thus rapidly and

prematurely passes the point where it is capable of inducing
the heart—forming mesoderm. Based on these studies, Lemanski
and coworkers have suggested that ﬁhe‘c mutation affects the
inducing tissue (the anterior, or pharyngeal, endoderm) such
that its inductive activity is reduced or abolished (Lemanski
et al., 19775 19793 Davis and Lemanski, 1987). I+ true, this
would mean that c/c heart-forming mesoderm must be normal and
only indirectly affected by the mutation.

Recently, Davis and Lemanski (1987) have reported that
an RNA-containing preparation from axolotl anterior endoderm
is capable of causing ¢/c hearts to begin beating ina culture.
As well, they have reported that similar RNA-containing
preparations from sheep heart can also cause c/c hearts to
begin beating in vitro (LaFrance et al., 1989), whereas RNA
from embryonic axolotl liver and neural tube is ineffective
(Davis and Lemanski, 1987). On the basis of these results,
they have proposed that this RNA is the substance responsible
for heart induction in the axolotl (Davis and Lemanski,
1987) .

If the proposal that the ¢ mutation causes inductiye
failure is true, and the QBA preparation of Davis and
Lemanski (1987) contains the inducer, the cardiac-lethal
mutant would be a potentially powerful model system for

studying the mechanisms of heart induction. However, there
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are several major flaws in this interpretation. Humphrey’s

(1972) heart mesoderm transplants were all per-formed on late
tailbud stage embryos (stages 27-29). While the timing of
normal heart induction has never been investigated in the
axolotl, Jacobson and Duncan (1968) report that induction is
complete by stages 24-26 in Taricha torosa and even earlier
in Ambystoma tigrinum (a species closely related to the
axolotl; see Section 1.3). This finding strongly suggests
that the wild-type heart—forming mesoderm transplanted into
c/¢c by Humphrey (1972) should have been fully induced, prior
to the operation, and capable of differentiating without any
further inductive stimulus.

If true, there are two obvious corollaries. The first
is that the wild-type heart—forming mesoderm transplanted
into the c/c hosts must have been actively inhibited.
Therefore, removing the mutant mesoderm from the inhibitory
influence of the ¢/c embryonic milieu may be all that is
required to allow it to complete its developmental
repertoire. The second is that, since little inductive
activity should remain in the endoderm at these late stages
(see Fig. 1.2; Jacobson and Duncan, 19&68; Justus, 1978), the
c/c hearts, which began to beat in wild-type hosts, must have
been induced while still in the donor. Therefore, mutant
endoderm must be normal in its ability to induce heart-

forming mesoderm.
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The proposal that mere removal of c¢/¢c hearts from the

presence of an inhibitor is sufficient to allow its
development to continue is contradicted by reports that, when
explanted into a presumably neutral environment, such hearts
do not begin to beat (Justus and Hollander, 1971; Hill and
Lemanski, 1979; Lemanski et al., 1979). Since only fully-
formea (stage 35) hearts were used, however, it could be
argued that the‘explants were performed too late to reverse
the effects of a prior inhibition. As well, other workers
have reported that mutant hearts do, in fact, begin to beat
when explanted (Kulikowski and Manasek, 1977; 197B; Justus,
1978).

Another major praoblem with'the hypothesis that the
inductive endoderm is abnormal arises from studies of c/c¢
embryos. In these embryos, the heart forms completely
normally unfil the onset of heartbeat. The cardiomyoccytes
contain most or all of the necessary contractile proteins and
are morphologically identical to normal cardiomyocytes.
(Lemanski et al., 19703 lLemanski, 1973a, by 197&8). This
strongly suggests that all -inductive influences necessary for
the formation of the heart and for the early differentiation
of cardiomyocytes are, in fact, present in mutant embryos.

However, these hearts never begin to beat. This ma*
indicate that, while early heart induction occurs normally in

the mutant, a final “phsh“, to cause myofibrilleogenesis and
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initiate beating, is all that is lacking. If the findings of

Lemanski and colleagues_(l???; 1979; Davis and Lemanski,
1987) are verified, it would appear that this push may also
be supplied by the anterior endoderm, albeit at later stages
than when it acts as the primary inductor of heart
differentiation.

Therefore, the cardiac—-lethal mutation in the axolotl is
a valuable model system for studying heart induction. While
it may not be a mutation which affects the initial induction
of the heart—forming mesoderm, as suggested by some (Lemanski
et al., 19773 19793 Hill ‘and Lemanski, 1979; Davis and
Lemanski, 1987; Jacobson and Sater, 1988; Sater and Jacobson,
1989), it may provide evidence for: i) a previously
unsuspected second step required for the final
cytodifferentiation of cardiomyocytes, and/cr ii) the

existence of a specific inhibitor of this differentiation.

1.5 Nature of this study:

As indicated previously, while Jacobson and Duncan
(1968) have described some of the interactions affecting
heart_differentiation in Taricha torosa, and have briefly
indicated thgt they occur even earlier in Ambystoma tigrinum,
the parameters governing heart induction in the axolotl
(Ambystoma mexicanum) have never been examined. Of

particular importance is the timing of the induction in u}ld—
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type axolotl embryos, since such information is vital in

interpréting studies of the ¢ mutant (see Section 1.3).
Thérefore, the first part of this project was designed
to elucidate the nature and timing of the inductive
interactions responsibie for heart induction in the axolotl.
Subsequent to this, two complemeqtary studies were initiated.
The first was an examination of the nature of the inducinrg
agent responsible for initiating cardiomyocyte
differentiation, with a view to characterizing and (if
possible) isolating it. The second was a re-examination of
the nature of the defect in cardiac-lethal mutant embryeos.
In this way, the mechanisms involved in controlling the later
stages o; cardiomyocyte differentiation could alsoc be

determined.
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CHAPTER I1I

MATERIALS AND METHODS

Ll BE R AL Eal ~ e m ]

2.1 Animals:
All embryos were obtained from spawnings between adult
axolotls (Anbystoma mexicanum) maintained at the University
of Ottawa Axoletl Coleony. Adults of known genealogy were
kept in SO0% Holtfreter’'s solution (Table 2-1) in individual
plastic mouse cages Or glass bowls. The solution was changed
on alternate days, at which time the animals were fed strips
of raw beef heart. Larvae and young juveniles were changed
daily and fed live brine shrimp (Artemia salinal until they
reached approximately S cm in length, at which time they were

fed small pieces of beef heart and occasionally small larvae.

2.2 Spawnings and maintenance of embryos:

Spawning of animals was performed essentially as
described by Armstrong et al. (1989). Briefly, females were
injected with 250 I.U. of human chorionic gonadotropin (Sigma
Chemical Co., St. Louis, Mo., USA) on the evening prior to
spawning. Occasionally, males were also injected. The
following morning, the animals were placed together (in
pairs) in plastic dish pans containing 25% Holtfreter’s

solution and several rocks (to facilitate deposition of
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TABLE 2.1

Culture Media

Heltfreter 's medium:z= NaCl.aevenaan . o - |

Kelaueeeennnnnnnenesea0.05 g
Callaicvencaancenenaaa0.10 g
MgS0a-7HoD e ceernaaeaa0.20 g
NaHCOz . eeaneneaneeeeeaa0.20 g

per litre dechlorinated tap water.
pH 7.4.

Steinberg’'s mediums NaCl.ueeneeavenaenonan3.80 g

KClewsanan crnseneneaasa0.05 g
Callzcnecceananas raeesD.05 g
MgS0a -7H20. .. ... vsea0.21 g
TriSecceecancnnsnessaa0.58 g

per litre distilled water.
pH 7.7.

= Use S0% for adults and larvae, 25% for embryos.
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spermatophores and fertilized eggs), and spawning was allowed

to proceed normally.

Eggs were deposited within 24 hours of spawning. These
were collected and sorted, and fertile eggs were placed in
glass finger bowls containing 254 Holtfreter's medium
supplemented with 100 mg/L each penicillin and streptomycin
sulphate. Since the rate of development can be slowed by
cooling, embryos were kept at 20°, 10°*, or 4°C, as required.
This facilitated obtaining the desired developmental stages
and coordinating the development of embryos from separate
spawnings. However, prior to the beginning of neurulation,
embryos were never placed at temperatures lower than 10° C,
since lower temperatures sometimes cause abnormal
gastrulation.

Embrycs were staged according to the normal tables of
Bor-dzilovskaya and Dett1a¥¥‘(1979; see also Bordzilovskaya et
al., 1989; Appendix I}. Note that these tables are
comparable (usually * 1 stage) to the tables of Twitty and

Bodenstein (in Rugh, 1962), Harrison (1949), and

Schreckenberg and Jacobson (1975) used by other workers

(Table 2-2).
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JABLE 2.2

Comparison of Developmental Staging Tablese

Taricha toresa A. maculatunm Anbystoma mexicanuwm
Twitty and Schreckenberg BRordzilovskaya
Bodenstein Harrison and Jacobson and Dettlaff

1 ‘ 1 1 1
——— ——— —— pel
2=7 2=7 2=7 2-7

g 8 8 —-—
— — _ -

4 D) 8+ /9.5
io 10/710- 9 10
- —— 10 10.5
11 11 11 10.75
12 —— —_— 11
- - —— 11.5
1= e 1z 12
——— 12 —— ———
—-—— — 13 12.5
—— 13 —— 13-
- 13+ 14 13
14 14 14+ 13

15-22 15-22 15-22 15-22
- 23 23 23
23 24 24 24
— 25 — 23
24 26 —— 26
23 27 25 27
26 28 26 28
=7 29 27 29
28(?) e 28((7) -
292(?) —— 29(?) —
30-32 30-32 30-32 30-32
——— z I3 33
33 34 —— 34
z 35 4 35
35 35 35 35
36 35 36 36
——— 3& 7 36
37 7 3e 37
¢ 38 38 39 38
39 , ? —— ) 39
—— ? —— 40
40 ? 40 ! - 41

* See text for references.



B

2.3 Preparatidn of embryos for surgery:

Surgical instruments (sharpened watﬁhmakers‘ forceps,
tungsten needles, hair loops, glass ball tips, glass bridges,
transfer pipettes, and operating dishes) were preﬁared and
cterilized as previously described tAsashina et al.,; 1989;
Graveson, 1990).

Immediately prior to surgery, embryos were mechanically
divested of their jelly coats and vitelline membranes using
sharpened watchmakers® forceps, and passed through 3 rinses
of filter-sterilized 100% Steinberg’'s medium (Table 2-1
containing S0 pg/ml gentamycin sulphate. Subseguently, the
embryos were transferred to operating dishes lined with a 431
(wiw) mixture of permoplast (American Art Clay Co.,
Indianapolis, Ind., USA) and paraplast (Lancer, St. Louis,
Mo., USA). Depressions in this lining were made with glass

ball tips tec hold the embryos during surgery.

2.4 Transplantations:

In this study, explants were always taken from embryos
imvolved in the transplantation operations. For this reason,
all transplants were performed in 100% Steinberg’s medium
(with gentamycin) rather than in the calcium—free Steinberg’s
solution usually used for transplantations (see Asashima et

al., 1989).
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To transplant heart mesoderm in early (stage 20)

embryas, the overlying ectoderm was Yirst peeled back on the
donor embryo. This was accomplished by making incisions just
ventral to the cranial neural fold and along a line running
ventrally from the junction of the cranial and trunk neural
folds, and then pulling the resulfing triangular piece of
ectoderm antero-ventrally. In this way, the heart mesoderm
could be exposed without cutting the antero-ventral ectoderm
under which the mesoderm subsequently migrates. The ectoderm
was then similarly retracted from the host embryo, and the
appropriate area of mesoderm was removed and placed in a
depression in the operating dish o heal (see Section 2.4).
The same area of mesoderm was then removed from the donor
embryo and placed, in the same orientation, in the host,
after whi:ﬁ the host ectoderm was replaced over the graft and
held in place with a glass 5ridge. If the donor embryo was
also to be kept, its ectodermal flap was similarly replaced.
After 15-30 min, the glass bridge was removed, and fhe embryc
was left undisturbed for a further 30-460 min to allow healing
to continue. Subsequently, the embryos were transferred to
arsposable plastic 24—wei1 tissue culture dishes lined with
sterile 1% or 1.5% Noble agar and containing either 100%
Steinberg’s or 25% Holtfreter ‘s medium (supplemented with
gentamycin). If Steinberg’s medium was used, it was changed

to 25% Holtfreter ‘s solution after 1-2 days.
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When heart area transplants were performed on stage 28—

29 embryos, the overlying ectoderm was usually completely
removed from the host embryo prior to explanting the heart
mesoderm. Ectoderm and mesoderm from the donur were then
removed together and placed on the host to heal as described
above. This proccdure allowed for better healing at these
stages than leaving the host ectoderm intact. The results
were the same whether donor or host ectoderm was used.
Following surgery, the embryos were checked every 1-2
days for the presence of a beating heart and circulation.
The embryos were kept until they died. Those which survived

were fed brine shrimp, as described previously (Section 2.1).

2.5 Anaesthetic:

When it was necessary to closely observe or photograph
older embryos (after about stage z7) or larvae, they were
anaesthetized. This was accomplished using a stock sclution
of 0.S5% benzocaine in 95% ethanol which was diluted to 0.005%

in Steinberg‘s or Holtfreter ‘s medium immediately prior to

use (Vanable, 1985).
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2.6 Explantation cultures:

Heart area mesoderm and any other tissues required were
removed from embryos of the appropriate stages and placed in
small depressions in the lining of the operating dish. Tﬁese
tissues were allowed to heal into a ball and let injured
cells fall away. The explant cultures were then transferred
to small (10-20 pl) drops of sterile 100% Steinberg s medium
on the undersides of the lids of &0 mm disposable plastic
Petri dishes. The lids were then inverted over the lower
parts of the dishes (which contained a few ml of sterile
water) and sealed with petroleum jelly (Vaseline). This
provided a sterile, humid environment for the hanging drops.
The drops were maintained at room temperature (18°-20°C) for
two weeks and were checked daily with a dissecting microscope
for the presence of spontaneously pulsating cells. This
provided a relatively easy assay system:for the presence of
fully differentiated, functional myocardial cells.

Wild-type embryos younger than stage 28 provide two
areas of heart mesoderm each (one from each side; see Section
1.1) and, as often as possible, control and experimental
cultures were taken from the opposite sides of the same
embryns.l In all cases, control cultures were taken from
embryos of the same spawnings. When ¢/c embryos were used,

only one heart area was removed from each embryo, and the
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embryos were allowed to heal and develop until their

phenotypes could be identified with certainty. This was
necessary since ¢/c embryos cannot be distinguished from
Ueir /¢ and #/+ siblings prior to the onset of heartbeat at

stage 30.

2.7 Vital staining of explanted tissues:

When it was necessary to distinguish between two tissues
in the same culture, one of the explants was vitally stained
prior to placing it in culture with the other. This was
accomplished by transferring the explanted tissue through a
solution of Neutral Red (0.01% in 100% Steinberg’s medium, S-
10 min) followed by 3 washes of medium without the stain. 1In
this way, the development of tissues from different donor
embryos could be followed even though they often healed into

single balls in culture.

2.8 Preparation and assay of conditioned media:s

To produce media conditioned by pharyngeal endoderm, the
tissues were surgically removed from embryos of the
appropriate stages and transferred to BEEM capsules (J.E. =0
Services, Montréal, Bué.) containing 10 pl of 1004
Steinberg‘s medium (with gentamycin) per endoderm. These
cultures were allowed to incubate for 2-3 days at room

temperature (18°-20°C). At this time, the medium was
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decanted into sterile 1.5 ml microfuge tubes and centrifuged

to remove any particulate matter (5-1S5 min in a benchtop
microfuge). The medium was then immediately assayed for
inductive activity by using it as the culture medium for
hanging drop cultures (10 pl per drop) containing the

appropriate test tissue. This is similar to the method

described by Davis and Lemanski (1987).

2.9 Preparation and assay of tissue homogenates:

Tissue homogenates were produced by surgically removing
the appropriate tissues from embryos of the desired stages.
These were transferred to sterile glass tissue homogenizers
containing 10 pl of 100% Steinberg’s medium (plus gentamicin)
per tissue fragment. The tissues were immediately
homogenized with 20 strokes of the pestle, transferred to
sterile 1.5 ml microfuge tubes and centrifuged to remove'
large particulate matter (5 min in a benchtop microfuge).
The homogenates were then assayed for inductive activity by
using them as culture media for hanging drop cultures
containing the appropriate test tiséue. Each drop contained

10 pl of homogenate.



2.10 Preparation and assay of enbryonic RNA:

RNA extracts from embryonic endoderm were prepared using
the pﬁncedure of Berger (1987). Briefly, the desired
emdoderm was surgically removed from embryos of the
appropriate stages'and homogenized in a glass tissue
homogenizer containing ACE extraction buffer (8 mM sodium
acetate, 2.4 mM EDTA, 4C mM NaCl, final concentrations) with
=% SPDS. The homogenate was extracted with phencl, phenol-
chlorcform, and chloroform, and the RNA was precipitated from
ice-cold ?Sx.ethancl. The RNA was stored at -20°C in ethanol
until needed, whereupon it was lyophilized te remove the
ethanol, and resuspended in 100% Steinberg‘s medium at a
concentraticn of ocne endoderm equivalent per 10 pl. To assay
tﬁe activity of each preparation, 10 pl aliquots were used as
the culture medium for hanging drop cultures containing the
appropriate test tissue. One aliquot from each preparation
was also run on a 1% agarose preparative gel to verify the

presence of RNA.

2.1! Analysis of data from explantation cultures:

In most cases involving only wild-type tissues,
approximately 30 explants from at least 3 different spawnings
were used. In experiments involving ¢/c¢ embryos, éurgery was

usually performed before these embryos could be distinguished
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from their c/+ and +/+ siblings. Therefore, sufficient

cultures were started to provide approximately 10 containing
c/¢ tissues.

Both the'proportion of cultures which began beating, and
the time (number of days) for these culfures to begin beating
Wwas recorded. In cases whére there were differences in one
of these parameters and not the other (usually cultures
containing c/c tissues), only these data (* SE) are shown.
However, in most instances the data for‘each type of culture
were pooled, and analyzed using a modification of the heart
differentiation coefficient (HDC) of Jacobson and Duncan

(1968). This is defined as:

percent cultures which began to beat

HPC = 3 X
mean number of days to begin beating

The factor “3" reflects the number ot days required (at
i8-20°C) for an intact embryo to go frém anywhe;e in
neurulation to stage 35, when heartbeat commences.

Therefore, a HDC of 100 would indicate that 100% of the
cultures began beating on tﬁe third day (as would be expected
in situ). Any decrease in the HDC thus reflects a decrease
in the proportion of cultures which contain beating cells
and/or an increase in the average time for thése cultures to

begin to beat.

As a measure of error, Jacobson and Duncan (1948) used
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an arbitrary "relative confidence factor" calculated as

follows:
20
Confidence interval = «=
n

where "n" was the number of cultures. However, this has not
been shown to have any statistical or biological
significance. Therefore, the standard error of the mean (SE)
was calculaﬁed for both comporent factors of the HDC, and

these were subsequently used to calculate the SE of the WDC.

2.12 Transmission electron microscopy:

To observe the ultrastructure of the beating cells in
culture, explants were fixed overnight at room temperature in
2% paraformaldehyde, 2.5% glutaraldéhyde, 0.03% picric acid
in 0.1 M sodium phosphate buffer, pH 7.4. The cultures were
then rinsed in buffer (3 times 20 mind), post—fixed in
Os0a (1% in phosphate buffer, i hour), dehydrated in a
graded ethanol series (S0%L, 70%, 80%, 90%, 5 min each; 995%,
15 ming 3 times 100%, 30 min each) and propylene oxide (3
times 30 min each), and embedded in an Epon substitute
(JEMBED 8212, J.B. EM Services, Montréal, Bué.). Thin
sections were stained with uranyl acetate (24 in 70%
methanol, 10 min) and lead citrate (J.B. EM Services; 0.02%

in 1 N NaOH for 2-3 miﬁ; see Venable and Coggeshall, 192&65),



and observed with a Philips 201 transmission electron

microscope operated at &0 kV.
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CHAPTER III

HEART INDUCTION IN WILD-TYPE AXOLOTLS

As described previously (Chapter I), the interactions
responsible for the imduction of the heart-forming mesoderm
are ovnly peoorly understood for any system, and have not been
examined at all in the Mexican axolotl t(Ambystoma mexicanum).
Of particular importance is the timing of these interactions
in the axolotl, since it has important implications for the
interpretation of studies on the cardiac-lethal () mutant.
Therefore, the first portion of this study consists of an
elucidation of the timing and tissues invelved in heart
jnduction in wild-type axelotl embryos. Additionally,
possible cell-free sources of the inducing agent(s) were
esvamined. Portions ef this study have been reported

previously (Smith and Armstrong, 19%0).

3.1 Timing of heart induction:

The first step in defining the parameters governing
heart induction was to determine when heart—foraing mescders
was able to differentiate into a functional myocardium in the
absence of further inductive stimuli. Therefore, heart-—
forming mesoderm was surgically removed from embryos at

different stages of neurulation (stages 14-20) and cultured
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alone (Fig. 3-1). Mescderm removed +from early neurulae

(stage 14) has only a low heart differentiation coefficient
(HPC). This increases gradually, and reaches a maximum at
the end of neurulation (stage 20). At this time, the ability
of the explanted heart-formid@ mesoderm to differentiate into
a functional (beating) myocardium approaches fhat observed In
vivo. The increase in the HDC is the result of both a
gradual increase in the proportion of cultures which began to
beat (Fig. 3-1a) and a decrease in the time required for them
to bégin beating (Fig. 3-1b). This strongly suggests that,
in the axolotl, the heart—-forming mesoderm is gradually
induced, and is fully induced and capable oﬁrégﬁpieting its
developmentai repertoire as early as the end of neurulation.

The low HDC of stage 14 heart mesoderm makes it an ideal
test tissue for inductive interactions. By culturing this
-tissue with other tiséues and substances, the inductive
potential of the latter can be determined; Any tissue or
substance which increases-the HDC of stage 14 heart-forming
mesoderm (relative to control cultures) would, presumably,
contain inductive ability. Similarly, stage 20 heart
mesoderm makes an ideal test tisgsue for inhibitory
interactions. Any tissue or substance which decreases the
HDE of this tissue would presumably contain an inhibitor of
heart differentiation.

It should be noted that left and right heart primordia
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~ .

R

F'gu;; 3—-1: a) Proportion of éxplant cultures which began
beating within 14 days Ir vitre. All cultures
consisted of heart mescderm removed at the
appropriate stage and cultured alone. b) Average
time reguired for the cultures shown in (a) to
begin beating. The broken line at 3 days
represents the time required for heart
differentiation toc be completed in vive. c)
Heart differentiation coefficients o+ these
cultures, derived from (a) and (b) as described
in Section 2.11. The numbers in parentheses at
the top of this and subsequent figures is the
number of cultures used to obtain the result.

All points * standard error (SE).
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were cultured separately, in approximately equal numbers, in

this and all subsequent assays. The ability %o form
functional myocardia was independent of the side from which
thz primordia were removed. As well, it should be noted fhat
the entire heart field was removed, since embryos (from which
both heart areas had been explanted) which were allowed to
heal and develop were incapable of forn ng hearts from the
remaining mesoderm.

To verify that the beating tissue cbserved was, indeed,
myoccardial tissue, mesoderm from four distinct locations
(Fig. 3-2) was removed from stage 20 embryos and cultured
separaiely. ©Only mesoderm from the presumptive heart area
(as determined by Wilens, 19S5) was ever ocbserved beating
(Table 3-1). Therefore, the beating tissue observed in these
cultures presumably could not be due to the formation of, for
example, skeletal muscle by other mesoderm included in the
explant. Furthermore, the failure of other mesoderm to form
beating tissue in culture indicates that this mesodeorm doeo
not normally undergo the inductive interactions necessary to
form heart tissue. This suggests that the inductive
inberaction is spatially restricted, by having Shly & limilel
arez of endoderm with inductive potential, and/or a limited
area mesoderm capable of responding.

The ultrastructure of beating tissue in cultured heart

mecoderm from stage 20 embryos was also examined. Maturing



Figure 3—2:
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Diagram of the right side of a stage 20 embryo
(with the ectoderm removed), showing the regions
of mesoderm (stippled) explanted to test far the
ability to form rhythmically contracting tissue
In vitro. The areas are: somitic {s), pre-—
somitic (ps), posterior lateral plate (1p), and
heart area (h) mesoderm. A: anterior; P:

posterior.






Ability of Different

Type of Mesoderm

Heart area

Samitic

Pre—-somitic

Fosterior lateral plate

TABLE 3-—1

areas of Mesoderm to Begin Beating®

Number of
Cultures

S0

30

30

30

Percent
Beating (*3E)

6.7 £ 3.3

e A1l tissues removed from the same stage 20 embryos.
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sarcomeric myofibrils were found in these cultures as early

as S5 days after explantation (Fig. 3~3a, c).

3.2 Distribution of Inductive tissues:

While it hés long been known that anterior (pharyngeal)
endoderm is the major inductor of heart differ-entiation, it
is unclear whether the inducing activity is a ubiquitous
property of all anterior endoderm (as suggested by Fullilove,
- 1970), or if the activity is localized (see Section 1.2).
Therefore, the distribution of inductive ability in the
endoderm was determined. This was accomplished by co-
culturing stage 14 heart mesoderm (which has only a low HDC;
Fig. 3-1) with endoderm from different areas of stage 14
embryos (Fig. 3-4).

Unlike the reports of previous workers (Jacobson and
Duncan, 1968; Fullilove, 1970; see Section 1.2), the ability
to induce myocardial differentiation was found to be
distinctly localized within the endoderm (Fig. 3-5). The
best inductor was mid-ventral pharyngeal endoderm. This is
the tissue which lies adjacent to the fully—formed heart at
later stages. Mid-lateral pharyngeal endoderm, over which
the mesodermal primordia migrate during neurula and early
tailbud stages, was also capable of inducing the
differentiation of heart mesoderm, albeit to a lésser extent.

The third area of pharyngeal endocderm tested (from beneath
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Fiqure 3-3: Electron micrographs of portions of cells found
in S-day-old cultures of stage 20 heart mesoderm
(a, c) and 10-day-old cultures oy stage 14 heart
mesoderm cultured with inductive (mid-ventral)
endoderm (b, d). Eells containing developing
sacromeric myofibrils are found in both types of
culture (ay b). Cross—sectioned fibrillar
bundlies display the hexagonal arrangement of
myofibrils (c, d)}. Z: Z-band material associated

with fibrils. Bars = 0.1 pm.
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Figure 3—4: Diagram of the right side of a stage 14 embryo,
showing the areas of endoderm tested for
inductive activity. Uninduced (stage 14) heart
mesoderm was cultured with endoderm from the roof
(r), mid-lateral (ml) or mid—ventral (mv) walls
of the pharyngeal cavity, or with yolky (y)
endoderm from the flank. The broken line
indicates the approximate anterior limit of the

mesoderm. A: anterior; P: posterior.
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Fiqure 3=5S:
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Inductive ability of different regions of
endoderm. The HDC of stage 14 mesoderm, cultured
with endoderm from the areas depicted in Fig.
3—-4, are shown. <c: control mesoderm cultured

alone; all other abbreviations as described in

Fig. 3-4.
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the neural plate), and non—pharyngeal (yolky) endcderm from

the flank containmed little, if any, inductive ability.
When the ultrastructure of this mesoderm induced in
vitro was examined, developing sarcomeric myofibrils were

again observed (Fig. 3-3b, d).

3.3 Tining of the Inductive Iinteraction:

Subsequent to determining the distribution of the
inductive activity in early neurulae, the persistence of the
inductive activity was determined. This was accomplished by
culturing uninduced (stage 14) heart—forming mesoderm with
endoderm from embryos of different stages. In all cases,
mid-ventral (future heart site)} endoderm was used.
Surprisingly, the inductive ability of this endoderm was
fourd *o remain relatively censtant over a wide range of
neurula and tailbud stages (Fig. 3-6).

Since the inductive period of the endoderm does not
appear to be regulated, the timing of the mesodermal ability
to respond to the induction was also determined. Heart-—
forming mesoderm was removed from stage 14 embryos and
cultured alone for 1-2 days. This effectively isplated the
tiesue from the inductive influences it would normally have
exherienced in situ. After it and 2 days, mid-ventral
pharyngeal endoderm taken from emkryos of thé‘apprcpriate

developmental stajge (stages 24-25 and 29-30, respectively)
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Fiqure S—6: Inductive ability of mid-ventral pharyngeal
endoderm from embryos of different stages. The
the HDCs of stage 14 heart mesoderm, cultured
with endoderm from embryos of the appropriate
stages, are shown. c: control cultures of stage

14 mesoderm alone.
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was added to some of these cultures. As shown in Table 3-2,

the responsiveness of the heart—-forming mesoderm decreased by
approximately half during post—neurula development. While

diminished, the ability to respond was never completely

eliminated, however.

3.4 Inhibitory Interactions:s

Jacobson (1960; 1961; Jacobson and Duncan, 1768)
reported that the presence of neural tissues could inhibit
heart differentiation. However, some question remains as to
whether such an inhibitor really exists, since its effects
could not be detected in explant cultures containing neural
tigsues or extracts of it (Jacobson and Duncan, 19468; see
Section 1.2).

Therefore, various tissues were assayed for their
ability to inhibit the differentiation of heart—forming
mespderm In vitro. The tissues (all from stage 20 embryocs)
were tested by placing them in explant cultures containing
fully induced (stage 20) heart mesoderm. None of the tissues
tested was able toc prevent heart mesoderm from forming
beating tissue (Table 3-3). Cranial neural fold and, to a
lesser extent, cranial neural plate were able to delay the
onset of beating slightly, but neither could prevent
differentiation from eoccurring. Therefore, little inhibitory

activity could be detected in any of the tissues tested.
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TABLE 3-2

Timing of Mesodermal Responsiveness

Time Before Addition ) Number of
cf Endoderm (Days)= Cultures HDC * SE
N 30 61.56 % 5.1
1 31 32.3 # 5.0
2 32 34.5 = 3.9
control 33 11.9 % 2.%

Heart-forming mesoderm was explanted from stage 14 embryos
and cultured alone for the indicated number of days before
the additicon of mid-ventral endoderm of the appropriate
=+=~2=, O = stage 14; 1 = stage 24-25; 2 = 29-30; control
noc endoderm.



TABLE 3-3

Inhibitory Ability of Various Tissues=™

Percent Mean Time to
Number of Beating Beqgin Beating
Tissue Cul tures {* SEY (Days *+ SE) HDC * SE
Nil
(control) 22 95.%5 * 4.4 3.1 0.2 Q2.8 7.3
Cranial
neural 12 100 £ O 3.8 * 0.2 78.9 * 4.2
plate
Cranial
neural 12 100 * 0 4.3 * 0.5 &9.8 £ 8.1
fold
Placodal
ectoderm 12 100 £ O 2.8 £ 0.1 107.1 + 3.8
Belly
ectoderm 12 100 2 0 3.1 > 0.2 96.8 £ 6.2
Anterior
notochord 10 Q0.0 * 2.5 .3 0.4 g1.8 * 13.2

« Stage 20 heart mesoderm was cultured with the appropriate
tigsue from stage 20 wild-type embryos.
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Interestingly, placodal (otic area) ectoderm, as defined

by Smith et al. (1988), slightly increased the rate at which
heart mesoderm differentiates. No increase occurred when
non—placodal (belly) ectoderm was used. Although the
increase in the rate of differentiation was slight, it may
indicate that the "general stimulatory factor®, which
Jacobson and Duncan (1968) reported as being present in

ectoderm, may alsc have a restricted distribution.

3.5 Characterijization of the Inductive agent:

Once the spatial and temporél distribution of the
inducer had been determined, the next logical step was to
attempt to determine the nature of the inductive agent(s).
Therefore, three series of experiments weres designed to test
cell~—free extracts of inductive endoderm for the presence of
inductive activity. This was accomplished using medium
conditioned by inductiwve endoderm, whole cell homogenates of

endoderm, and RNA preparations from this tissue.



Conditioned media:

Media conditioned by anterior endoderm have previously
becn reporied to be capable of "inducing® stage 33 hearts
from c/c embryos to begin beating (Davis and Lemanski, 1985;
1987). Therefore, it was of interest to test similar
preparations for their ability to stimulate uninduced heart
mesoderm. Media conditioned by inductive endoderm were
produced as previously described (Section 2.7). In cases
where ctage 14 or Z0 endoderm was tested, the entire area of
inductive enduderm tmid-ventrzl and both lateral pharyngeal
area=} wacz removed from the donor embryos. For stage I8
endoderm, only the mid=-ventral area was used.

fis shown in Table 3-4, few cultures of uninduced (stage
14y heart-forming mesoderm formed beating tissue when
cultured in the conditioned media. This suggests that no

inductive activity is present in such media.

Tissue homogenates:

As well as conditioned media, homogenates of inductive
endoderm énd other tissues were tested for the presence of
inductive activity. In all cases, ticsues from stage 14
_ emnbryos were hemogenized as described in Section 2.8. Again,
inductive endoderm included all mid-ventral and lateral

pharyngeal endoderm. In addition to this, non—inductive



TABLE 3-4

Efects of Media Conditioned by Inductive Endoderm®

Stage of Number of

Endoderm Cultures HDC * SE
Nil

{contrall® S1 &.3 * 2.3
14 22 J3.8 + 2.1
2B g 00

= Conditioned media preduced as described in Section 2.7 and
tested on heart mescderm from stage 14 embryos.

© Control cultures were the heart mesoderm from the opposite
sides of the same embryos as the experimental cultures.
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yolky ondoderm, posterior lateral plate mesoderm, and cranial

neural plate ectoderm were homogenized as controls.

While homogenates of inductive endnderm appeared to have
a slight inductive influence on stage 14 heart mesoderm, all
of the homogenates tested had a similar effect (Table 3-95).
This included homogenates of cranial neural plate, a tissue
helivved to have inhibitory properties {Jacohson and Duncan,
1968; Section 3.4). Therefore, the slight inductive effect
of theue preparations is presumably due to some non-specific
property of all embryonic tissues, and not to the presence of

a specific inducer of heart differentiation.

RNA preparations:

Fimally, the inductive ability of RNA extracted from
induclive endoderm was tested. Similar pregarations cause
fully-formed (stage 3F5) hearts from c/c embryos to begin
beating (Davis and Lemanski, 1987). Based on this ability,
it hac been suggested that the RNA preparations contain the
inducer of heart differentiaticn (Davis and Lemanski, 1987;
see Section 1.4). Tﬁerefore, similar total RNA eitracis were
prepared from the inductive endoderm of stage 14 and 30
embryos as described in Section 2.9. Mid-ventral and both
1ateral areas of endoderm were usec in all cases. These
preparations were tected on both stage IS c/c hearts (to

ensure that the stimulatory activity described by Davis and
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TABLE 3-S5

Inductive Activity of Tissue Homogenates*

Homogenized
Tissue

Nil
{control)

Inductive
endoderm

YolRky
endoderm

Pozterior
lateral plate
mesoderm

Cranial
neural
plate

Number of
Cul tures

125

30

40

HDC

24.4

17.3

28.1

+

I+

I+

I+

i+

I+

SE

= Homogenates prepared as described in Section 2.8 and tested
on stage 14 heart mesoderm.



Lemanski, 1987, was present), and on uninduced stage 14

heart—formning mesoderm.

Both RNA preparations caused c¢/c hearts to begin
beating, although the preparation from stage 14 endoderm was
somewhat less active (Table 3-6). However, neither
preparation induced stage 14 heart mesoderm to form
functional (beating) myocardial tissue. This clearly
demonstrates that the RNA described by Davis and Lemanski.
(1987) cannot be the primary inducer of heart

differentiation.



Test Tissue
{Stage)

c/c heart

c/c heart

c/c heart

+/+ heart
mesoderm

+/+ heart
mesoderm

+/+ heart
mesoderm

a Explanted tissues were
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TABLE 3-&

Activity of Total RNA Preparations

Treatment=

Nil

RNA-14

RNA-30

Nil

RNA-14

RNA-30

Number of Percent
Cultures Beating (* SE)
7 00
S 40 * 22
S 80 + 1B
12 17 * 11
10 0 x£0
10 O 0

placed with RNA preparations from

stage 14 (RNA-14) or stage 30 (RNA-30) inductive endoderm.
The same preparations were tested on both tissues.
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CHAPTER 1V

CONTROL OF HEART DIFFERENTIATION IN THE CARDIAC-LETHAL MUTANT

Theo hypothesis that the ¢ gene affects the inductive
cndoderm, and thus causec & failure to induce the
{essentially normal) heart mesoderm is dependent on two lines
of evidence. The first is the timing of the induction in
another species (Taricha torosa; Jacobson and Duncan, 1968).
The second is the interpretation of Humphrey s (1972)
trancplantation experiments based on this timing (see
Sections 1.4 and S.1).

However, I have demonstrated that wild-type heart
mecoderm ic fully induced and capable of differentiating in
immlation as early as stage 29 (Section 3.1). This is well
before the stages at which Humphrey (1972) performed his
transplants of heart mesoderm (stages 27-2%). These results
suggest that, in Humphrey’s (1972) experiments, wild-type
hearts must have been actively inhibited from completing
their develgpment by the mutant envirecnment. Furthermore, I
have chown that total RNA preparations similar to those
reported te be capable of "inducing" c/c hearts to begin
beating (Davis and Lemanski, 1987) contain no detectable
inductive activity wﬁen tested on uninduced stage 14 heart

mesoderm (Section 3.5). This implies that there is no
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inductive failure in c/c¢ embryos, but rather that a later

stage of heart differentiation is affected in the cardiac—
lethal mutant. Therefore, a re—examination of heart
induction and development in ¢/¢ mutants was conducted.
Portions of this chapter have been described previously
{Smith and Armstrong, 1990; Smith and Armstrong, manuscript

submitted).

4.1 Explantation of c/c heart mesoderm:

Since it appeared probable that the differentiation of
wild~type hearts was inhibited in c/c embryos, it was also
possible that ¢/¢ hearts could be capable of completing their
differentiation if isolated from their inhibitory
environment. Therefore, heart area mesoderm was removed from
one side of 52 stage 20 embryos from +/c X +/¢ spawnings and ‘ ‘ﬁ
placed in hanging drop cultures. In this way, it was hoped ¢§7
that the fully induced mesoderm would be removed before it
could be affected by any In situ inhibitor. The embryos were :
allowed to heal and develop until the c¢/c phenotype could be’
identified with certainty (as described in Section 2.6).

The results (Table 4-1) indicate that mesoderam isolated
from ¢/¢ embryos seldom begins to beat in vitro. The single
culture in which rhythmically ccntracting'cells were pbserved
contained only a few eells which beat for a short t;ﬁé (2-3

days). Most control cultures (from +/c and #/+ si?}i‘ings)

.



TABLE A4-1

Ability of Stage 20 c/c Heart Mesoderm to Begin Beating

FPercent Mean Time to
Genotype Number of Beating Begin Beating
of Embryo Cultures (+ SE} (Days * SEY HDC * SE
+/c & +/4+= 43 7.7 * 2.3 4.0 * 0.2 74.2 * 4.1
c/c < 11.1 * 10.5% 5.0 £ 0,0 5.7 * 6.3

~ gSiklings of c/c embryos.

> o few pulsating cells were observed in one culture.
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contained extensive areas of contractile tissue which began

to beat vigorously within a few days after explantation, and

continued to beat until the cultures were discarded.

4.2 Inductive ability of c/c endodernm:

The proposal that the cardiac—-lethal mutation affects
the pharyngeal endoderm (Lemanski et al., 19773 1979; Davis
and Lemanski, 1987; Jacobson and Sater, 1988}), but not the
mesoderm, has never been tested directly. Therefore, the
inductive capacity of mutant endoderm was examined by
culturing a portion of it with uninduced t{stage 14) wild-type
heart mescderm. Mid-ventral pharyngeal endoderm was used in
all cases, and the embrvyos were_allowed to heal and develop
until their phenotypes could be positively identified.

The results show that wild—-type heart mesoderm is as
capable of differentiating into beating tissue when induced
by ¢/c endoderm as when +/* endaoderm is used (Table 4-2).
This uneqﬁivucally demonstrates that cardiac-lethal mutant
endoderm is as inductive as wild—-type endoderm. Therefore,
the failure of mutant hearts to begin beating cannot be
. caused by a deficiency of inductive stimuli produced by the

pharyngeal endoderm.
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TABLE 4-2

Inductive Ability of Mutant Endoderm=

Phenotype of Number of Percent Beating
Endoderm ® Cultures {+ SE)
. wt 29 B6.2 * 6.4
c 11 90.9 = 8.7

« The mean time to begin beating was the same for both sets.

b wt = wild-type (+/c and +*/#); c = mutant (c/¢).



4.3 Ability of c/c heart mescderm to respond to Induction:

Since the ability of mutamt endoderm to induce
myocardial differentiation is clearly normal, the ability of
c¢/¢c heart mesoderm to respond to normal induction was also
examined. To accomplish this, heart area mesoderm was
removed from one side of each of a series of embryos and
placed in culture with a piece of endoderm from another
donor. Both sets of donors were from +/c X +/c spawnings,
and all were allowed to heal and develop until their
phenctypes could be determined.

The results (Table 4-3) confirm that mutant endoderm is,
indeed, capable of inducing wild-type heart mesoderm.
Furthermore, they desonstrate that ¢/¢ heart mesoderm is
unable to respond narmally to the inductive signals produced

by wild-type inductive endoderm.

4.4 Bilateral transplantation of heart area mesoderm:

The ¢ mutation clearly affects the heart mesoderm
directly, and not the inductive endoderm. Furthermocre, the
ability of mutant endoderm to induce heart differentiation In
vitro suggests that this tissue cannot be the source of the
inhibitor implied by Humphrey’s (1972) heart transplantation
experiments. This suggested that replacement of the heart

area mesoderm in ¢/c embryos with wild-type mesoderm might
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JABLE 4-3

Identification of Defective Mutant Tissue=

FPhenotvpe *

Number of Percent Beating
Hesoderm Endoderm Cultures (+ SE)
wt wt 43 93.0 * 3.9
wt c 12 100.0 % 0.0
c wt 10 10.0 £ 9.5 =
c c S 20.0 £ 17.5 =

* The mean time to begin beating was the same for all sets.
® wt = wild-type (*/c and +/+); © = mutant (c/c).

< A few cells were observed twitching for a short time.
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provide a means of rescuing mutant animals if performed early

enough.

Therefore, the heart area mesoderm ués removed from both
sides of a series of stage 20 embryos From +/¢c X +/¢
srawnings, and was replaced with heart mesoderm from stage 20
+/+ donors. The explanted mesoderms were placed separately
in hanging drop cultures to identify the phenotypes of the
host embryes. In this way,; the donor mesoderm was fully
induced, and the maximum time between surgery and the onset
of hea?tbeat (3 days) was available for healing.

As shown in Table 4-4, beating hearts formed in most of
the host embryos, including mutant ones. The hearts
contracted rhythmically in an apparently nofﬁai manner, and
circulation was established in moét of the embryous. Once
present, circulation continued until the embryos died.

The rescued c/c embryos did not exhibit most of the
secondary characteristics associated with the mutant
phenotype (Fig. 4-1). No edema was evident, and all had
well—-developed gills, normal pigmentation patterns, and
morphologically normal head structure. waever, one
important mutant characteristic was retained by these
embryos; they were unable to feed.

Some of the wild—type hosts had defects resulting from
incomplete post-coperative healing. This was apparent as

misshapen opercula {often including missing primary gill



TABLE 4-4

Bilateral Trénsplantations of Heart Mesoderm

Host Number of Number with

Fhenotype Embryos Beating Heart
wt I3 31
c 7 &

& Circulatiom continued until death in all

Number with
Circulation =

embryos.



.Figure 4-1: a) Dorsal view of a ¢/¢ larva containing a
bilateral transplant of wild-type heart mesoderm;
Circulation was present; note the absence of
edema, improved gill development, and the normal
pigmentation pattern. b) Wild-type larva. c)
Unoperated (control) c/¢ larva. Anterior is to

the left in all cases. Bar = 2 mm.
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filaments) and slightly extruded organs (usually the liver)

immediately posterior to the opercula. These embryos were
often unable teo feed. However, wild-type embryos without
such obvious external defects were able to feed, and grew
normally.

Of the & ¢/¢ hosts with rormal circulation, 3 had such
clearly visible surgical defects. But, as mentioned above, 2
of the 3 remaining ¢/c larvae were also unable to feed.
Although brine shrimp were visible in their mouths, these
embrycs were apparently unable to swallow, and they starved
t¢ death. Only one of thege larvae was able to swallow some
food (although less-than its wild—-type counterparts), but
this came from an atypical spawning, in that unoperated
mutant larvae were also able to swallow a little food (Fig.
4-2). All of the c¢/c larvae containing wild-type heart
mesoderm continued to have normal circulation but died within

2 weeks, due to their inability to feed.

4.5 Autoregulation o¥f heart differentiation:

Since it was clear, from the ﬁreceding sections, that
the heart mesoderm is directly affected by the ¢ gene, the .
effects of co—culturing mutant and wild—-tvpe heart mesoderm
Qere examined. To accomplish this, fully, induced (stage 20)

heart mesaderm was removed from one side of a series of stage

20 embryos from +/¢ X +/c spawnings. Half of the explants
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Figure 4-2: a) Ventral view of a ¢/¢ larva containing a

bilateral transplant of wild-type heart mesoderm.
Of three such embryos, only this one was able to
swallow. b) Contreol ¢/¢ embryo from the same
spawning. This was an atypical spawning, in that
the mutant embryos were able to feed a little.
Brine shrimp are orange, and can be cbserved in
the gut. Anterior is to the left in both cases.

Bar = 2 mm.
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were vitally stained (as described in Section 2.7), and

placed in explant culture. Each culture contained one
stained and ocne unstained mesoderm. In this way, the
development of the tissues from each embryo could be
followed, even though the tissues often healed into single
balls in culture. As before, the donor embryos were allnwea
te hesl and develop until their phenctypes could be
determined.

As shown in Table 4-5, a1l of the mesodermal primordia
formed beating tissue. Although the <¢/c explants took almost
twice as long to begin beating, all of them did begin
beating. This strongly suggests that wild-type heart
mesoderm contains some factor capable of stimulating heart

differentiation in ¢ mutant mesoderm.

4.6 Unilateral transplantation of heart area mesoderm:

From the preceding sectionm, it is cbvious that wild=-type
heart area mesederm provides sufficient stimulus to cause
mutant mesoderm to begin beating in vitro. There#ore, the
equivalent experiment was conducted in vive. A series of
unilateral transplantations of heart area mesoderm was
performed on stage 20 embryos. By replacing the heart
mesoderm. on only one side, hearts containing both c/c and
wild-type tissue would form when the two primordia fused at

the ventral midline. 1In this way, it was hoped that the



TABLE 4-5

Stimulatory Activity of Wild-type Mesoderm

Tissues = Fercent
Number of Beating Mean Time to Begin

Comb. Ind. Cul tures (* SE) Beating (Days * SE)
wt+wt wt 24 100 * 0 3.8 + 0.2

{ wt 10 100 * O 4.0 £ 0.5
wt+c <

( c 10 100 + 0 6.3 £ 0.4
wt alone ® 43 97.7 = 2.3 2.0 0.2
c alone ® .9 11.1 % 10.5 = 5.0 % 0.0
- Comb. = tissue combination in culture; Ind. = individual

members of each pair.
After Table 4-1, for comparison.

A few cells were observed twitching for a short time.
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mutant embryos could still be partially rescued, but that

surgical damage and the resulting complications could be
minimized.

Both donor and host embryos were from +/c X =/¢
spawnings. Thus, the effects of placing a single «/¢ heart
primordium into wild-type hosfs could also be observed. The
donor embryos (from which only one heart area had been
removed), and the host heart mesoderm were maintained post-
operatively to determine the phenotypes of the donors and
hosts, respectively.

The results of these transplantaﬁions are shown in Table
4-6. In 7 cases, wild-type (+/c and +/+) heart mesoderm was
transplanted into ¢/¢ hosts. Six of these embryos
subsequently developed beating hearts. Of these, circulation
of the blood was established in four. However, in all of
these cases, circulation stopped within a few days. Although
their hearts continued to beat vigorously until they died,
Circulation was naver re—established. These embryos became
severely edemic (similar to control c/c embryas) and died.
Erythrocytes ;ere cbserved pooling in varicus capillary beds
(particularly the gills, pronephroi, and liver), and often in
the heart itself (Fig. 4-3).

A similar phenomenon was observed when c¢/c heart
mesoderm was uniiaterally transplanted into wild-type hosts.

All 13 hosts developed beating hearts, and 10 apparently had
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TJABLE 4-6

Unilateral Transplantations of Heart Mesoderm

Phenotype = No. with
No. of No. with No. with Circulatory
Donor Host Embryos Beating Heart Circulation Arrest

wt wt 35 35 32 o]

wt c 7 & 2 4 ©

c wt 13 13 =] 10 =.=
c c 1 0 0 o

® wt = wild-type (+/c and +/+}; c = mutant {(c/o).

In 4 cases, blood was found pooled even though circulation
was never actually observed.

e In one case, circulation was re-established after a few
days.



Figure 4-3: Left antero-ventral view of wild-type larva which
received a unilateral transplant of c/c heart
mesoderm. Circulation has arrested, and blood is
pooled in the gills (g), liver 1), some
intersegmental vessels (is) in the trunk and the
heart (h). The heart continued to beat
vigorously, moving the blood between its
chambers. Note the edema in the thoracic area

and the reduced gills. Bar = 1 am.
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circulation, but the circulation later arrested in 10 of

‘hese embryos. Circulation remained blocked until death in @
of the 10 embryos. In one case, circulation was later re-
established. This embrys, and in one where the circulation
never arrested, were allowed to grow, and both were able to
feed normally.

In 35 cases, wild—type heart mesoderm was transplanted
jnto wild-type hosts. All developed beating hearts, and in
all but 3, circulation was ectablished. In contrast to the
hests containing c¢/¢ mescderm, circulatory arrest was never

observed in embryos containing only wild-type tissue.

4.7 Transplantations of heart mesoderm in older embryos:

Tn his initial description of the rardiac-lethal mutant,
Humphrey (1972) reported that wild-type heart mesoderm
transplanted into c/c¢ hosts did not begin to beat (see
Section 1.8). A priori, this seems to contradict the results
of the bilateral and unilateral heart transplants (Sections
4.4 and 4.58)., Therefore, it became necessary to verify
Humphrey's (1972) results in older embryos.

In his paper, Humphrey (1972) reparted that he
transplanted the heart mesoderm from the area described by
Copenhaver (1?50). IHowéver, Copenhaver (1950} delineated two
areas of heart mesoderm: the heart—forming mesoderm, which

actually develops into heart tissue, and the heart—field
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mesoderm, which includes the heart—forming mesoderm, and also

a peripheral area of mesoderm which is ;apable of forming
heart tissué, but normally does not (Fig. 4-4). Since it is
unclear whi:h.area Humphrey (1972) had used, two series of
transplantations were performed, involving mesoderm from both
areas.

Transplantations of heart mesoderm were performed as
described in Section 2.4. Stage 29 embryos were used in all
cases; wild-type embryos were used as donors, and the hosts
were from /¢ X +/¢ spawnings. Once removed, the host heart
mesoderms were maintained in explant culture to identify the
phenotypes of the hosts.

In 8 of 31 cases where the entire heart field (defined
as all of the mesoderm between the posterior edges of the
mandibular arches; Fig. 4—4, region A) was transplanted, the
hosts were c/¢ embryons (as determined by the explant
cultures). All of these embryos developed vigorcously beating
hearts (Table 4-7). In only one case was circulation of the
blood ever established, and in this case the circulation
arrested permanently within a few days.

Of 23 wild—type hosts, all developed vigorous
heartbeats, and in 12 of these circulation Qas established.
Curiously, in three of the 12, the circulation arrested and,
although it recommenced in one case, the -arrest was permanent

in the other two.
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Figure 4-4: Diagram of the antero-ventral half of a stage 29
embryo (with the ventral trunk ectoderm removed) ,
showing the areas of heart mesoderm transplanted
in these embﬁyns. A: heart-field mesoderm; B:
heart—forming mesoderm, as delineated by
Copenhaver (1955). The mesoderm was usually
transplanted together with the overlying
ectoderm. The presence or absence of this
ectoderm did not affect the results. Ma:
mandibular arch; GB: gill bulge; Ant.: anterior;

Past.: posterior.
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TABLE 4-7

Transplantation of Heart-Field Mesoderm=

No. with
Host No. of No. with No. with Circulatory
Phenotvpe® Embhrvyos Beating Heart Circulation Arrest
wt 23 23 12 I =
c 8 8 1 1

* Heart-field mesoderm is defined as: all mesoderm between
the ventral edges of the gill bulges (see Fig. 4-4;
Copenhaver, 1955).

® wt = wild-type (#/¢c and +/+); ¢ = mutant (c/c).

In one case, circulation was re—established after S5 days.
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In addition to transplanting the entire heart field,

transplantations invelving only the heart—forming mesoderm
(Fig. 4=4, region B) were performed. Again, the explanted
mesoderms were maintained in culture to determine the
phenotypes of the hosts.

It is important to note, however, that the extremely
small size of these explants frequently led to their death.
Therefore, while all of the explants which began beating
were, obviously, from wild-type hosts, those which were not
cbserved beating presumably included both those from c/c
hosts, and some wild-type ones.

Of 31 transplantations perforﬁed, 15 were into known
wild-type hosts (Table 4-8). All of these embryos developed
vigorously Eeating hearts, and in 7 of these cases,
circulation was permanently established. No cases of
circulatory arrest were cbserved.

In 16 cases, the explanted mesoderm was not observed to
beat. 0OFf these, vigorous hearitbeais were observed in only 8,
of which 4 developed circulation. Circulatory arrest was
never observed. The B cases where no heartbheat was observed
corresponds well to the expected proportion of ¢/¢ embryos (B
of 31 total cases = 25.8%4).

These results strongly suggest that if only the heart-—
forming mesoderm is transplanted into cardiac—-lethal mutant

embryos, a beating heart cannoct form and the mutant phenotype
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TABLE 4-8

Transplantation of HeartQFnrming Mesoderm=

No. with
Host No. of No. with No. with Circulatory
Phenotype® Embryos Beating Heart Circulation arrest
wt 15 15 7 o
c(?) = 14 8 4 0

“ Heart—forming mesoderm is defined as: all mesoderm between

the postero-ventral tips of the mandibular arches (see Fig.
4~4; Copenhaver, 1955).

B wt wild~type (+*/c and +#/*}; c = mutant (c/c).

< Many explants of host mesoderm were exceedingly small, and
did not begin to beat due to their small size, or because

they died. Therefore, these embryos presumably caonsist of

both ¢/¢ hosts, and wild-type ones which could not be
identified by their explant.



-~y
persists. However, if the entire heart field is included in

the transplant, a functional heart can form, and the mutant

can be partially rescued.
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CHAPTER V

DISCUSSION

S.1 Heart induction In wmild—-type axolotl embryos:

One major goal of this study was to examine the nature
and timing of the inductive interactions responsible for
normal heart differentiation in the axolotl. Therefore, the
initial phase consisted of determining when heart area
mesoderm could complete its developmental repertoire in the
absence of further inductive stimuli. To acéomplish this,
heart mesoderm was removed from embryos at different stages
(14-20) during neurulation, and was cultured in vitro in a
simple saline medium.

In this presumably neutral environment, the proportion
of cultures which were capable of forming rhythmically
contracting tissue increased gradually as the age of the
donors increased. As well, the average time for the cultures
to begin beating decreased gradually as the denor age
increased. By the end of neurulation (stage 20), most such
cultures contained beating tissue which commenced beating at
about the same time as would be expected in situ (3 days
post—-operatively). The beating cells observed in these
cultures were, indeed, myocardial tissue, since mesoderm from

other areas was not capable of forming beating tissue in
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vitro. In addition, ultrastructural examination of cul tures

containing beating tissue revealed the presence of sarcomeric
myofibrils, a characteristic of functional cardiomyocytes
(see Lemanski, 1973b; 1976). Non-beating cultures of stage
14 heart mesoderm did not contain such myofibrils.

These results indicate that the induction to form a
functional myocardium is a gradual, cumulative process. The
gradual nature of the induction is consistent with the
findings of Jacobson and Duncan (1968) for Taricha torosa.
However, the induction in the axolotl is essentially
comhleted by the ena of neurulation (stage 20), much earlier
than in 7. torosa (stage 24-26; Jacobson and Duncan, 1968).

The timing of the induction appears to be consistent
with Jacobson and Duncan’s (1968) finding that heart
induction is completed earlier in Ambystoma tigrinum,
although they present little data for this species. Combined
with Sater and Jacobson’s (1989; 1990) report that heart
induction is completed even earlier (during gastrulation) in
the anuran Xenopus laevis, this indicates that there is a
great variability in the timing of the induction in different
amphibian species and emphasizes the importance of clearly
delineating the parameters governing the induction for any
species prior to examining the factors affecting later stages
of heart differentiation.

While Jacobson (1960; 1951; Jacobson and Duncan, 1968)
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has determined that anterior endoderm is the major inducer of

heart differentiaticon, it remained unclear whether the
inductive ability was a ubigquitous property of all endoderm,
or of all pharyngeal endoderm, or if it had a restricted
distribution. Therefore, the spatial distribution of the
inductive activity was determined by co-culturing stage 14
heart mesoderm with different areas of endoderm. The results
demonstrate clearly that, in the axolotl, the inductive
activity is highly localized within the pharyngeal endoderm.
This apparently contradicts the findings of both
Jacobson and Duncan (1988) and Fullilove (1970). These
workers reported that the inductive activity is broadly based
within the anterior (pharyngeal) endodern. However, when
their results are examined closely, it becomes apparent that
only low levels of inductive activity were present in any of
the areas tested by them (see Section 1.2). Furthermore,
Fullilove (1970) only tested the lateral pharyngeal walls;
the inductive ability of mid-ventral pharyngeal endoderm was
never examined. Similarly, Jacobson and Duncan (19&8) found
little inductive activity in their *"anterior dorsal endoderm®
(which they report is the most inductive area) when it was
cultured with very early heart mesoderm. Slight differences
only became apparent when older mesoderm was used. This
suggests that only low levels of inducer (capable only of

augmenting an induction already in progress, but not of
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commencing one) are present in the areas tested by Jacobson

and Duncan (1968) and Fullilove (1970). Interestingly,
Mangold (1956; as cited by Jacobson, 19605 1961) reported the
presence of an inductive influence in both dorsal and ventral
endoderm. As well, Bacon (19435) reported that the inductive
activity was present "... in the tissues surrounding the
final heart position" (emphasis mine).

My results, however, strongly suggest that there is a
distinct difference in the inductive activity of different
regions of pharyngeal endoderm. Mid-ventral endoderm is the
most potent inducer of heart differentiation, followed by the
lateral pharyngeal walls. Yolky (postérior) endoderm and
pharyngeal endoderm from beneath the cranial neural plate
contain little, if any, inductive ability.

At first, it is unclear why the lateral pharyngeal
endoder-m is not a more active inductor of heart
differentiation, since the heart—forming mesoderm migrates
over this area during neurulation. It may be that preolonged,
intimate contact between the mesoderm and the subjacent
lateral pharyngeal endoderm is sufficient to gradually cause
the former to become determined.

Alternatively, the differing inductive abilities of the
pharyngeal. endoderm may explain why the induction is gradual

and cumulative (see Jacobson and Duncan, 19483 Section 3.1),

rather than an all-«or-nothing phenomenon. The distribution
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of inductive activity appears to increase, within the

endoderm, from ventral to dorsal. This suggests that the
inducing agent forms a gradient, being most concentrated
antero-ventrally and decreasing with distance from this area
(Fig. S—1). The heart area mesoderm, during its antero-
ventral migration, would encounter gradually increasing
concentrations of inducer. Thus, the heart mesoderm would
gracdually become fully induced as the migration progressed.

A further advantage of the gradual induction hypothesis
is that the leading edges of the mesodermal mantle would
encounter higher levels of inductive influence sooner than
more posterior areas. Therefore, the heart—forming mesoderm,
which is at the anterior-most edge (Copenhaver, 1955; Wilens,
1955) 4 could become more rapidly and highly induced than the
rest of the heart field. The anterior edge could thus become
more likely to actually form the heart than more posterior
regions. This distinction between heart—forming and other
heart—field mescderm becomes important when examining the
later phases of heart differentiation (see Section S5.4).

Given that the induction appears to be completed in vivo
'by stage 20, it is perhaps surprising that the inductive
ability of mid-ventral endoderm remains relatively constant
throughout neurula and tailbud stages, at least up to stage
30. Copenhaver (1955) also noted that the inductive activity

persisted long after it was no longer necessary. While the
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Figure 571: Right side wiew of a stage 16 neurula (with the
ectoderm removed), demonstrating how the heart
mesoderm could become gradually induced. As the
mesoderm (lightly stippled) migrates antero-
ventrally, in the direction of the arrow, it
encounters increasingly higher concentrations of
inducer (broken lines). The heart-forming
mesoderm, at the anterior edge, would encounter
higher cnncenﬁraticns socnher tha- more posterior
areas of the heart field. Therefore, it could be
induced sooner, and/or more highly than the
latter, and a gradient of activator and inhibitor
sources could b2 zstablished within the mesoderm.
The presence of a repressor of induction in the
neural tissues (heavily stippled) may alsc be
involved in preventing induction in the dorsal-
most mesoderm. é: "source” or area of highest
inducer concentration; NF: neural plate; NF:

neural fold; A: anterior; P: posterior.
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reason for this is uncertain, it may be that the inducing

activity may be required to prevent an inhibition of heart
farmation (see below). Equally surprising was the finding
that heart area mesoderm retained some (albeit reduced)
ability to respond to inductive signals after reaching
relatively advanced stages in the absence of such signals.
The reason for this preolonged period of respansiveness is
unclear.

Like Jacobson (19603 194613 Jacobson and Duncan, 1968), 1
have demonstrated that there is a slight inhibitory influence
present in the anterior neural fold and plate. Aalthough
slight, an effect was evident in vitro. Jacobson (19603
1961; Jacobson and Duncan, 1968) was unable to demonstrate
such inhibitory effects in culture (see Section 1;2). While
the role of this inhibitory influence is uncertain, it may be
that imhibition by the dorso—anterior tissues serves to
further restrict the ability of the mesoderm to form the
heart (as suggested by Jacobson, 19&60; 1961).

In addition to determining the temporal and spatial
distribution of the inducer, 1 attempted to further
characterize it by culturing stage 14 heart area mesoderm
with various Eell—#ree preparations of the inductive
endoderm. Unfortunately, these preparations contained little
or no inductive activity. While whole-cell homogenates of

inductive endoderm appeared to contain some inducer, all of
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the tissues tested had a similar effect. This strongly

suggests that the slight effects observed were non—-specific,
similar to the results aobtained by Jacobson and Duncan
(19&8) .

However, it may be possible to glean some information
about the nature of the inducer from these experiments. The
finding that the inductive agent is not precsent in either
hcmogenates or in medium conditioned by inductive ‘endoderm
may indicate that it is neither diffusible nor in a form
which becomes scluble when the cells are lysed. If sg, this
may mean that the induction is mediated conly through direct
cell-cell contact between the inducing and responding
tissues.

Alternatively, it may be that the inducer is diffusible,
but is so labile as to be undetectable in these preparations.
The latter explanation would, perhaps, be more consistent
with the inducer-gradient model presented earlier, since the
properties of diffusibility and lability could beth be
involved in producing a gradient of inductive ability. This
is not the only possibility, however, since it is also
conceivable that a stable gradient of a cell-surface-bound
agent is present on the endoderm. At present, it is not
possible to distinguish between these .alternatives.

0f greater significance is the finding that neither

conditioned media nor RNA extracted from the inductive
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endoderm contains any detectable inducing activity when

tested on uninduced (stage 14) heart mesoderm. Both types of
preparation have been reported to stimulate the formation of
functional myocardia in fully—formed (stage 35) hearts of
cardiac-lethal embryos (Davis and Lemanski, 1987).
Differences in the procedures used to extract RNA could not
account for these results, since both contained a similar
activity when tested on mutant hearts. This strongly
suggests that, contrary to the proposal of Davis and Lemanski
(1987), these preparaticons do not contain the inducer of
heart differentiation. Rather, they appear to contain a
substance(s) which controls a later phase of cardiomyocyte

differentiation, namely, myofibrillogenesis.

5.2 Heart differentiation in cardiac—lethal mutant embryos:
fs described in Chapter I, the ¢ mutant is a potentially
important model system for studying the regulation of heart
development. Previous studies of this mutant have concluded
that the failure of c/c hearts to begin to beat is due toc a
failure of the anterior (pharyngeal) endederm to properly
induce the heart-forming mesoderm, resulting in a failure of
myofibrillogenesis in the heart (Lemanéki et al., 1977; 1979;
Davis and Lemanski, 1987). However, this conclusion is based
on the assumption that the timing of heart induction is the

same in Ambystoma mexicanum as in another species (Taricha
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torosa, Jacobson and Duncan, 1948). The inductive failure

model is alsoc based on the finding that wild—-type hearts do
not beat when transplanted into ¢/c host embryos (Humphrey,
1972). While Humphrey’s (1972) abservation appears to be
valid, the conclusion (Lemanski et al., 1977; 1979) is
absolutely dependent on the previous assumption.
Furthermore, the suspected inability of ¢/¢ endoderm to
induce heart mescderm has never been directly demonstrated.

From Section 5.1, it is clear that heart area mesoderm
in the axoletl is fully induced and capable of self-
differentiation (in the absence of further inductive stimuli)
by stage 20. This is well before the late tailbud stages
(27-29) used by Humphrey (1972) in his transplantation
experiments. Therefore, the wild-type heart mesoderm which
Humphrey (1972) transplanted into ¢/¢ host embrvyos muast have
been actively inhibited from completing their differentiation
in this environment. Indeed, this alternative was proposed
by Humphrey (1972), but was largely ignored in subsequent
studies. Furthermore, RNA extracts which are capable of
stimulating beating in ¢/c hearts, clearly do not have any
inductive activity. Therefore, I have critically examined
the proposed failure of the inductive process in cardiac-—-
lethal embrvos.

Since an inhibitor of heart differentiation must be

present in c¢/¢ embryos, it seemed possible that mutant heart-
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forming mesoderm might be capable of forming beating tissue

if icolated from its deleterious environment early enough.
This was attempted by Hill and Lemanski (1979), using fully-
formed (stage 35 mutant hearts. dHowever, it could be argued
that the explanliation was performed too late to reverse the
effects of the inhibition. Therefore, fully induced (stage
~0} heart mesoderm was explanted from ¢/c embryos. This is
well before the differentiation of cardiomyocytes and the
beginning of heartheat (stage 35, 3 days later). Degpite the
early isolation, mutant heart mesoderm almost never formed
beating tissue.

This may indicate that the inhibitory effects on heartl
differentiation begin very early in the devel opment of mutant
emaryos (during or befere neurulation). If true, the ocbvious
coroilary is that isolation from the sowce of the inhibitor
is not sufficient to reverse the effects of a prior
irhibition. Alternatively, these results may indicate that
the heart mesoderm is, itself, the source of the inhibition.
If this were the case, explantation would have no effect on
the ultimate fate of mutant mesoderm, since the inhibitor
would still bo present Iin vitro. Uhatever the source of the
inhibitory agent, it is unlikely that a novel inhibitor is
produced by the mutafion, particularly since wild-type
tissues are capable of reversing its effects (Lemanski et

al., 1979; Justus, 1978).



=-110-
The cornerstone of the hypothesis that the ¢ gene

affects the endoderm, is that this tissue is rendered
incapable of inducing heart differentiation. This implies
that mutant heart mesoderm is normal, and is only indirectly
affected by the mutation. The only evidence to support this
hypothesis are demonstrations that mutant hearts begin to
beat when placed with wild-type inductive endoderm (Justus,
1978; Lemanski et al., 1979) and ultrastructural studies of
mutant endoderm (Lemanski et al., 1977), which vaguely
suggest that there are morphological abnormalities in this
tissue. 'However, despite the key nature of the predictions
mentioned above, neither one has previously been criticaly
tested.

Therefore, I have directly tested the inductive ability
of mutant endoderm, and the ability of mutant mesoderm to
respond to the induction, by combining these tissues in
vitro. The results are unequivocal; the inductive ability of
the pharyngeal endoderm is not affected by the ¢ gene.
Mutant and wild-type endoderm have the same inductive
capacity. Rather, the mutation directly affects the heart
mesoderm, rendering it incapable of responding to normal
inductive signals. This again suggests that the RNA
preparations of Davis and Lemanski (1987) contain, not the
inducer, but rather an "activator" which controls a later

phase of heart differentiation (i.e. the assembly of
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sarcomeric myofibrils).

Based on the timing of heart induction in wild-type
embryos., and on the suspected presence of & specific
activator and inhibitor, Armstrong (198%9) proposed that the
later phases of heart differentiation are controlled by a
two—mbrphngen reaction-diffusion mechanism similar to that
believed to contrél head tand foot) formation and
regeneration in Hydra (Bierer and Meinhkardt, 1972; Bode and
Bode, 1583). Acecording to this model (see Sectign S5.48), the
reaction—-diffusion system is established within the heart
mesoderm itself, in response to the induction. In ¢ mutant
embryos, the heart mesoderm would either underproduce the
activator, and/or overproduce Lhe inhibitor in an abnormal
response tec & normal induction. The resulting relative
tverabundance of the inhibitor would prevent
mvofibrillogenesis, and the heart would nei begin to beat
evern though most (or all) of the contractile proteins are
present.

This hypothesis makes two critical predictions. The
firct ic that the inductive signal is normal in </c embryos
and that only the response to that signal is affected. This
iz clearly true. The second is that the heart mesoderm is
the source of both the activator and the inhibitor. 1In an
effort to detect the presence of one of these substances,

fully induced (stage 20) c/¢ and wild-type heart mescderms
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were explanted and allowed to develop, together, in vitro.

Although the ¢/¢c explants in these cultures took almost twice
as long as wild-type tissues to begin beating, all of them
did, eventually, begin to beat. This strongly suggests that
wild-type heart mesoderm produces an activator-like substance
capable of stimulating myeofibrillogenesis in mutant tissue.
It is interesting to note that Ekman (1925, as cited by
Coﬁenhaver, 1953) reported that there was an "... inductor in
the heart primordium" itself.

Since the defect in c/¢ embryos appears to affect only
the mesoderm, it seemed plausible that mutant embryos could
be rescued by replacing their heart mesoderm with wild-type
tissue. When both areas of pre-cardiac mesoderm were
replaced in stage 20 mutant embrvos, almost all formed
vigorously beating hearts. It is important toc note that the
entire heart field was replaced in these experiments.
Therefore, all of the tissue capable of forming myocardium,
not merely that which actually does (under normal
circumstances), was wild—type.

This result has two important implications for heart
development (see Section 5.3 for other implications). First,
it provides in vive confirmation that the only defect caused
by the ¢ gene (with respect to heart differentiation).lies in
the heart mesoderm. Neither the inductive tissues, nor any

other tissues involved in heart formation (i.e. the inductive
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endoderm, or the newral crest; see Section S5.3) are directly

affected by the mutation.

The second implication is a corollary of the first; if
an inhibitor is produced Ly mutant tissues, it must be
produced by the heart mesoderm, and not by adjacent tissues.
This, combined with the findihgs that explanted c/c heart
nesoderm does not begin to beat (whether isolated early,
Section 4.1, or late, Hill and Lemanski, 1977), scems to
indicate that the heart mesoderm is the source of the
inhibition. This is consistent with the prediction ot
Armstrong’s (1989 reaction—-diffusion model.

The results of the in witre mesoderm recombination
experiments suggested that enough activator might be present
im a single primordium to rescue the mutant half of a fully-
formed heart. Therefure, in addition to replacing both heart
primerdia in stage 20 mutant embryos, unilateral
transplantations of heart mesoderm were performed. These
transplantations had the added advantage of minimizing the
surgical damage to the host embryos. Again, vigorously
beating hearts developed in nearly all c/c hosts. Heartbeat
continued, and remained slrong, until the embryos died.

The results of th;se experiments provide in vive
corroboration of the in vitro mesodermal recombinations.
Sufficient activator is present in wild~type heart mesoderm

to stimulate myofibrillogenesis in mutant mesocderm, even in
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the environment of a c/¢ host.

The results of the bilateral and unilateral
transplantations of heart mesoderm appear to contradict the
results of Humphrey®s (1972) transplantation experiments,
which were performed on older (stage 27-29) embryos.
Therefore, Humphrey’'s {1972) experiments were repeated. Both
the heart—forming mesoderm, and wider areas of heart—field
mesoderm, as delineated by Copenhaver (1953), were
transplanted. This was necessary because Humphrey (1972) did
not specify which area he transplanted (see Section %.7).

When the entire heart field was replaced in ¢/¢ embryos,
beating hearts formed in all cases. This is consistent with
the results of the transplantations of pre-cardiac mesoderm
at early stages. However, when only the actual heart—forming
mesoderm (the tissue between, and posterior to, the tips of
the mandibular arches) was transplanted, beating hearts did
nq& form in 8 of 31 cases (25.8%). This corresponds well to
tl;te expected proportion of ¢/c embryos, and is consistent
with Humphrey’s (1972) results. This is not likely to be due
to a random effect, since beating hearts formed in all cases
where the host embryos could be conclusively identified (by
the presence of beating tissue in the explants of host
tissue) as being wild=-type.

Three conclusions may be drawn from these results.

First, Humphrey (1972) apparently transplanted only the
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actual heart-forming mescderm, and not the entire heart

field. Second, an inhibitor of wild-type cardiomyocyte
differentiation must be present in ¢/¢ embryonic tissues.
Finally, it is evident that the inhibition is no longer
present when all of the mutant heart—-field mesoderm is
replaced; All of this evidence clearly indicates that the
inhibitor must be present within the heart mesoderm itsel+d,
as predicted by the reaction—-diffusion model of Armstrong

(198%).

5.3 Other effects of the c gene:

While the phenotypic lesion caused by the ¢ gene clearly
affects the heart mesoderm, there is some evidence that other
tissues are directly or indirectly affected as well. When
wild—-type heart mesoderm was bilaterally transplanted into
c¢/¢c host embryos, most of the mutant characteristics assumed
to be secondarily caused by the lack of circulation (I.e.
retarded growth, microcephaly, stunted gills, abnormal
pigmentation patterns; see Humphrey, 1972) were corrected.
However, one characteristic of mutant embryos was retained in
those with normal circulation. OFf three apparently normal,
vndamaged c/c embryos, 2 were completely unable to feed.
Although food could be seen in their mouths, they appeared to
be unable to swallow. The single case in which a little food

was swallowed was from an atypical spawning; control c/c
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embryos could also swallow a little.

This indicates that, while the other characteristics of
the mutation can be attributed to the failure of the heart to
beat and the resulting lack of circulation, the inability to
- feed must be caused by a separate, previously unsuspected,
effect of the ¢ gene. Although it is uncertain what tissue
is affected, an obvious choice is the mandibular mesoderm,
which is at the anterior—-most edge of the mesodermal mantle,
immediately adjacent to the heart area (see Hirakow et al.,
1987; Fig. 1-1). This tissue was not replaced during my
transplantation experiments; mutant mandibular mesoderm was
left in situ.

Another effect of the ¢ gene was cbserved in the
unilateral tfansplantations of heart mesoderm. In those
embryos cuﬁtaining hearts composed of both mutant and wild-
type mesoderm, and where circulation commenced, the
circulation of the blood later arrested, and the blood pooled
in a variety of capillary networks (particularly the gills,
liver, and pronephroi). This happened in both ¢/c host
embryos and in all wild-type hosts containing a single mutant
primordium (although among the latter, circulation was
eventually re-established in one case). This could not have
been caused by surgical damage, since circulatery arrest was
never cobserved in embryos containing only wild~type tissues.

This strongly suggests that there is a morphological defect
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(distinct from the failure of myofibrillogenesis and the

resulting functional defect) in hearts containing ¢/¢c tissue.
This defect is not corrected, even when myofibrillogenesis is
stimulated.

The nature of this suspected morphological defect
remains unclear. However, observations of the early stages
of heartbeat in normal embryos suggests a possibility. At
stage 39, heartbeat commences. Initially, tke contractions
are.weak and appear to be propogated in smooth waves, almost
peristaltically, along the length of the heart tube. The
contractions gradually become stronger and, at about stage
36, circulation is first estabilshed. 1In slightly older
embryos, however, the contractions become more characteristic
of mature hearts; different segments of the heart begin to
contract separately and in succession. A co—-ordinated, but
alternating, beat is evident.

At the earlier stages, heart valves may not be necessary
to ensure proper movement of the blood, since the sweeping,
peristaltic contractions of the heart would be sufficient to
keep the blood flowing in one direction. However, at later
stages, these valves would become necessary to prevent the
blood from flowing back and forth between the alternately
contracting .chambers of the heart. Indeed, blood moving in
this manner could be directly observed in many cases of

circulatory arrest. Furthermore, the resulting loss of
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arterial pressure would presumably also cause the blood to

pool on the arterial side of capillary networks, since there
would be insufficient systolic pressure to force the bleood
cells through the narrow capillaries. This suggests that ¢/=
hearts either do not form valves, or only form defective
cnes. Hearts containing both mutant and wild=-type mesoderm
would also be defective, since a partial valve would
presumably not function normally.

This hypothesis may be supported by a recent
morphological study of c/¢ hearts. Lemanski and Fitzharris
(1989) found that the number of endocardial and mesenchymal
(cardiac cushion) cells is greatly reduced, and the
extracellular cardiac jelly is greatly expanded in the
anterior regions of mutant hearts. The cardiac cushion
mesenchyme forms the septa and valves of the heart (Patten
et al., 1948; Manasek et al., 1984; Krug et al., 19835;
Hirakow, 198&).

Interestingly, it has been demonstrated that neural
crest cells contribute to the walls of the large arteries in
the pharyngeal area (Leliévre and LeDouvarin, 1975) and to the
cardiac cushion tissue (Phillips et al., 1987). Indeed,
extirpation of the so-called "cardiac" (viz. branchial area)
neural crest causes a variety of septal defects in chick
embryos (Kirby and Stewart, 1983; Kirby et al., 1983; 1985;

Kirby and Bockman, 1984; Besson et al., 19856; Nishibatake et
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al., 1987). These morpholoqgical defects are often

accompanied by a decrease in arterial blood pressure (Stewart
et al., 1984).

The neural crest also appears to contribute to normal
heart development in the axolotl, since a gene (pfemature
death; p) which affects some subpopulations of the neural
crest (Braveson, 1990; Graveson and Armstrong, manuscript
submitted) also causes morphological abnormalities in the
endocardium (Trottier and Armstrong, 1977). As well,
complete extirpation of the neural crest in the axolotl often
causes tﬁe bleood te pool in the gills (Graveson, 1990;
Graveson and Armstrong, in preparation).

It is unlikely that the neural crest cells are directly
affected by the ¢ gene for two reasons. First, nmormal hearts
(providing normal circulation) can form in ¢/¢ embrvyos if the
entire heart mesoderm (both primordia) is replaced at stage
20. This is prior to the beginning of neural crest cell
migration {(see Horstadius, 1950; Graveson and Armstrong,
1987; Léfberg et al., 1989; Hall and Hérstadius, 1988).
Therefore, c/c neural crest cells can apparently participate
in normal heart development when in the presence of wild-type
mesoderm. The second reason is that circulatory arrest was
also observed in wild-type embryos containing a single c/c¢
primordium, even though all of the neural crest in these

embryos would have been wild-type.
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Therefore, if the neural crest contribution to the heart

is abnormal in c/c¢ embryos, and in beating hearts containing
mutant mesoderm, it may indicate that the heart—-forming
(and/or other heart fiela) mesoderm plays a previously
unsuspected role in controlling the formation of heart-
associated structures by the branchisl neural crest. If this
is the case, then c/c heart mesoderm may alsoc be defective in
its ability to properly signal these neural crest cells to
fulfill their normal functiont(s). Indeed, Krug et 3l. (198%)
have demonstrated that protein extracted from myocardial
tissue stimulates endocardial cell differentiation,
suggesting that this signal may be reduced or absent in
mutant myocardium.

Indeed, the re—establishment of circulation in one
embryo containing both ¢/¢c and +/+ heart mesoderm may be due
to the presence of wild~type tissue (supplying normal
signals) and the dramatic regulatory ability of the neural
crest cells (see HErstadius, 19503 Hall and Hérstadius, 1988;
Graveson and Armstrong, in preparation). These two factors
may allow the (delayed) formation of normal valves in some
c/c:+/+ hearts (perhaps those containing a somewhat larger
:antributian of wild-type mescderm).

Curiously, this hypothesis may alsc be supported by the --
seemingly incongruous results of the transplantations of

heart mesoderm into older (stage 29) embryos (Section 4.7).
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When the entire heart—field mesoderm was transplanted,

circulatory arrest was observed in one ¢/c¢ host and alse in 3
wild—-type hosts. (One of the latter eventually recovered.)
Stage 28-29 corresponds to the time when the neural crest
cells of the branchial area are beginning to migrate into the
branchial mesoderm in the axolotl {(Graveson and Armstrong,
1987Y. Theretfore, it is distinctly possible that the
incisions made immediately ventral to the gill bulges (see
Fig. 4-4) would disrupt the normal migration of the neural
crest cells intao the heart area. |

Conversely, transplantations involving only the heart-
forming mesoderm required that incisions be made further from
(more ventral to) the branchial mounds. As well, these
grafts tended tg heal more quicky and completely, since they
were in a flatterned area of the embryo and not a curved one
{like the heart field grafts). In these embryos, circulatory
arrest was never observed. This suggests that transplanting
only the heart—forming area caused less disruption of normal
neural crest cell migration than tranéplanting the entire
heart field.

If abnormal signals from mutant mesoderm to the neural
crest are, in fact, involved, it may also provide an
explanation. for the inability of mutants to =wallow, since
many skeletal and mesenchymal derivatives of the head and

neck regions are formed by the cranial neural crest
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(H8rstadius, 1950; Weston, 1970; LeDouarin, 1975; 1982; Hall

and Hoérstadius, 1988).

J.% A comprehensive model for hear? development:

In this thesis, evidence has. been presented which
demonstrates the presence of a specific activator and
inhibitor of heart differentiation. These agents are
produced by the heart area mesoderm itsél*,'and appear to be
distrubuted throughout the heart field, suggesting that they
are diffusible. Furthermore, the very existence of a
morphogenetic field for the heart (all of which is capable of
forming heart tissue, but only one side of which normally
does) indicates that some mechanism must exist to distinguish
the heart-forming mesoderm from the rest of the field. That
mechanism must, at the same time, promote organ formation and
differentiation by the heart-forming mescderm and suppress it
in the rest of the mesoderm but be adaptable enough toc allow
the pattern to be re—-established in the remaining tissue
should the former be removed. This evidence suggests that
the later (post-inductive) phases of heart development are
'ccntrolled by a two-morphogen reaction-diffusion system such
as that proposed by Armstrong (1990).

This represents a previously unrecognized level of
control over heart development. Combined with what is known

of the induction, it allows a comprehensive model for the
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control of vertebrate heart development to be formulated.

Heart development appears to be controlled by a two—step
process. The first step is the induction proper, which
occurs (in the axolotl) during neurulatiﬁn (stages 14-20).
The inducer is present in the highest concentrations in the
mid-ventral pharyngeal endoderm, and appears to be
distributed in a gradient. As the heart mesoderm migrates
antero—-ventrally over the pharyngeal endoderm, it gradually
encounters higher cencentrations of the inducer and becomes
induced. The leading edges of the mesadermal mantle (which
contain the heart—-foraing areas) would be induced sooner, and
possibly to a slightly greater extent, than the more
posterior areas gf the heart field mesoderm. The induction
is completed, in the axoclotl, by stage 20.

The induction appears to have twe direct results.
First, it may trigger the production of the appropriate
contractile proteins by the mescdermal cells. This is not
certain, however, since non-beating (uninduced?) explants of
wild-type stage 14 heart mesoderm contain at least one
muscle—-specific contractile protein. Muscle-specific myosin
has been detected immunohistochemically in such cutrures (M.
MciIsaac, personal communication).

The second result of the induction is more certain: the
heart—field mesoderm begins to produce both an activator and

an inhibitor. The distribution of these agents may be



-124—
controlled by a reaction-diffusion mechanism, as proposed by

Armstrong (1989, based on the equations of Gierer and
Meinhardt, 1972).

The model of Gierer and MNeinhardt (1972), formulated to
explain the control of head and foot development and
regeneration in Hydra, is one of several variants of the
reaction-diffusion mechanism first proposed by Turing (1952).
The basic premise of Turing models is that a patterned
distribution of an activator and inhibitor can form as the
result of auto~ and cross—catalysis (reactien) and diffusion
of the agents. Furthermore, these models {including that of
Gierer and Meinhardt, 1972) are based on the idea of “short-
range activation, long-range inhibition™. The inhibitor is
believed to be a smaller, readily diffusible, somewhat labile
substance, while the activator is believed to be larger, less
diffusible, but more stable molecule. In +this way, the
activator tends to be most effective a short distance from
its sources, and the inhibitor is most effective at a greater
distance.

As well as affecting development, the two components
affect their own production (Fig. 5-2). The activator
stimuI;tes its own production and alsc that of the inhibiter.
Conversely, the inhibitor acts cross—catalytically to
suppress the production of activator. With these properties,

the equations of Gierer and Meinhardt (1972) predict that



Figure S5-2: Diégrammatic representation of the basic
properties of a two—morphogen reaction—-diffusion
system (see Turing, 1933; Bierer and Meinhardt,
1972; Bode and Bode, 1984). activator and
inhibitor are produced by their sources. The
activator diffuses slowly, is more stable, and
stimulates both the production of more activator
and inhibitor, and the differentiation of the
wactivated" tissue. The inhibitor diffuses more
quickly, is more labile, and inhibits activator
production and differentiation. With these
properties, a mechanism of “short—-range
activation, long-range inhibition" is
established. (Figure courtesy of J.B.

Armstrong.)



404N0S 404N0S
JOLIGIHNI HOLVAI LDV

+
ﬁ X é\J+

dOLIgIHNI HOLVAILOVY
\ 341 % y 3417
% LYOHS U % 9NO1

L7 “ NOISN4410 1SV RN Q NOISN44Ia MO1S

<__._



-127-
even a very shallow gradient of sources of the two components

is sufficient to cause a stable pattern of activator and
inhibitor. This is aghieved when the production, diffusion,
and breakdown of the two agents reach a dynamic equilibrium.
At equilibrium, the maximal concentrations of both activator
and inhibitor will be at the higher end of the source
gradient.

During heart development, it is possible that there is a
slightly higher level of sources of activator and inhibitor
in the heart—forming mesoderm, since this area of the
mesodermal mantle is exposed to a slightly longer induction.
This slight gradient of sources would, therefore, cause a
stable pattern of activator and inhibitor to form within the
heart-field mesoderm (Fig. S5-3).. In the heart-forming
mesoderm, the high concentration of activator would promote
the organization of the contractile proteins into functional
sarcomeres and possibly also the initial formation of the
heart tube. Later morphogenetic changes in the heart are
undoubtedly the result of other processes, since the
formation of beating tissue and looping of the heart can
eccur independently (see Bacon, 1945; Manasek and Monroe,
1972; Manasek et al., 1984).

In the rest of the heart—field mesocderm, the excess of
inhibitor would prevent this organization. In this way, the

tissue which actually forms the heart becomes distinct from
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Eigure S-3: Graphic representation of the concentratiocns of

activator ¢ ) and inhibitor (- = - - = )
with the properties shown in Fig. S5=2, if a
shallow gradient of sources (--vc-aueen. ) is
present. As predicted by the equations of Gierer
and Meinhardt (19?2), stable gradients of
activaﬁor and inhibitor are produced at the
location of the highest concentration of sources.
In the heart mesoderm, if the leading (anterior-
most) edge of the mesodermal mantle were at the
left side of the graph (a); (b) would be the
heart—farming mesoderm, and (c) would be the
region of the heart field where the formation of

heart tissue is normally inhibited. Together,

(b) and (c) comprise the entire heart field.
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the rest of the heart field. As well, the formation of

overly large and/cr ectopic hearts could be prevented, even
though a large area of heart—field tissue, capable of forming
myocardium, is present. However, if the heart—forming area is
extirpated, the gradients can be re—established in the
adjacent heart field and a new heart—forming area generated
(see Copenhaver, 1955). In this way ﬁhe final
differentiation of the cardiomyocytes and some aspects of the
initial morphogenesis of the heart could be co—ordinately
controlled. Later during heart develcopment, neural crest
cells invade the heart area, and begin to form appropriate
structures, possibly under the direction of the heart
mesoderm.

In the hearts of cardiac-lethal mutant embryos, the

\

production of the activator is suppressed and/or the
production of the inhibitor is augmented. Alternatively, it
is possible that normal gradients of abnormal components
(totally inactive, or missing oenly some functions) are
formed. Thus, cardiomyocyte differentiation is never
completed, even though the contractile proteins are present,
and the hearts do not begin to beat.

At this point, the question becomes: what is the nature
cf the activator and inhibitor? While there is no data to
indicate the nature of the inhibitor, it is possible that the

RNA;containing preparations of Davis and Lemanski (1987)
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contain the activator. This is likely, since such

preparations are capable of causing myofibrillogenesis in ¢/c
hearts (see also Section 3.35). However, the active RNA
preparations were isolated from anterior endoderm, rather
than from the heart mesoderm itself. 'This may indicate that
the pharyngeal endeoderm plays a role in sequestering the
activator (and/or inhibitor),. and thus participates in the
formation of the gradiEﬂts.

The reaction-diffusion model (Armstrong, 1989) predicts,
and my data (Sections 4.7; 5.2} shows, that the heart
mesoderm is the most likely source of the activator and
inhibitor. Therefore, the endoderm is probably not the
original source of the activator. Recently, LaFrance et al.
(1989) have shown that RNA—containing preparations from sheep
heart are also capable of stimulating myofibrillogenesis in ¢
mutant hearts. This indicates that myocardial tissue
probably is the source of the activator. It also suggests
that a very similar, or identical, mechanism may regulate
mammal ian heart development.

Similarly, RNA from chick heart tissue has been shown to
stimulate the formation of functional myocardial tissue by
chick blastoderm (Niu and Deshpande, 1973; Deshpande et al.,
1977; Khandekar et al., 1984; Siddiqui et al., 1986).
Desjardins et al. (198%) have suggested that this is

artifactual. But if not, it may indicate that heart
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development is similarly regulated in birds.

A priori, RNA might not seem to be the obvicus choice
for the activater ang inhibitor. Indeed, some proteinaceocus
or other contaminant of Davis and Lemanski ‘s (1987)
preparations could be responsible for the induction.
However, it ig interesting to note that just such recles kave
been found for small RNAs during the development nf brine
shrimp tArtenia salina; Lee-Huang et 2l., 1977). Although
these authors are apparently unaware of reaction-diffusion
mechanisms, they describe the characteristics of © RNA
Spacies (which they call the activator and inhibitor), and
show how the two interact to promote and repress
(respectively) the translation of mRNA.

Despite the fact that Lee-Huang et 2l. (1977) did not
associate their descriptions with reaction-diffusion models,
some of the characteristics of their RNAs bear a remarkable
resemblance to that predicted by Turing-like models. For
example, the activator is So% larger than the inhfbitcr (M-
F000 and 6000, respectively). The RNAs are produced and
degraded by opposite RNases (RNase A degrades inhibitor and
produces activator; RNase T1 performs the opposite
functions). Furthermore, Lee-Huang et al. (1977) believe
that the the activator selectively binds the inhibitor te
neutralize it. Therefore, different species of RMA may,, in

fact, be valid candidates for the roles of activator and
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inhibitor.

Variations of the reaction—diffusion mechanism,
initially proposed by Turing (1932Z), have been used to
explain the development of a variety of biological patterns
(see Lacalli and Harriseon, 19793 Harrison, 19832; 1987;
Meinhardt, 1982, for reviews). This includes pattern
formation during head and foot development and regeneration
in Hydra (bierer and Meinhardt, 1972; BRode and Bode, 1984),
slime mould differentiation (Lacalli and Harrison, 1978),
shell formation in melluscs (Meinhardt and Klingler, 1987),
plant growth (Meinhardt, 1984), and the development of a
variety of systems in Dreosephila (Kauffman et al., 1978;
Meinhardt, 1986; Lacalli et al., 1988). Among vertebrates,
similar models have been used to explain pigmentation
patterns in mammals (Murray, 1981), and chick limb
develcpmené (Newman and Frisch, 1979). However, most of
these examples are based solely on morphological carrelations
with computer—generated patterns. In almost none (the
notable exception being Hydrza; see Bode and Bode, 1984) has
the presence of the activator or inhibitor been
experimentally demonstrated.

The data presented in this thesis support the propesal
that a two—morphogen reaction—-diffusion system controls the
later phages of heart development in urodeles, and possibly

in other vertebrates as well. This is, to my knowledge, the
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first experimental evidence for such a mechanism in any

vertebrate organ system. As well, while the modele menticned
above all address problems cf pattern formation, they remain
vague on how cellular differentiation is co—ordinated with
these larger morphogenetic processes. The model prescnted
here provides an explanation for how the regulation of these

two fundamental developmental processes could be linked.
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APPENDIX I

Developmental Staging of Ambystoma mexicanum embryos.

{(From: Bordzilevskaya et al., 198%9.)
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