
Development 104, 341-359 (1988)
Printed in Great Britain © The Company of Biologists Limited 1988

Review Article 341

Features of embryonic induction

ANTONE G. JACOBSON and AMY K. SATER*

Department of Zoology, Center for Developmental Biology, University of Texas, Austin, Texas, 78712, USA

* Current address: Department of Zoology, University of California, Berkeley, California, 94720, USA

Summary

The patterned distribution of different organs in the
amphibian embryo begins with the establishment of
two domains, the animal and vegetal regions, that
differ in developmental potency. Differences amplify
as inductive interactions occur across boundaries
between areas of different potency. Embryonic induc-
tion establishes a temporally and spatially dynamic
area of developmental potency - a morphogenetic
field. The final arrangement and differentiation of cell
types within the field emerge from subsequent interac-
tions occurring primarily within the field. These
principles are illustrated in a review of the induction of
the lens and the heart. Recent studies show that the
induction of the lens of the eye and the induction of the
heart begin early in development. Most of lens induc-

tions occurs before the formation of the optic vesicle,
and the heart appears to be part of a complex of dorsal
structures whose formation is dependent upon the
establishment of the dorsoventral axis. Suppressive as
well as inductive tissue interactions occur during the
determination of both of these organs, affecting their
position and time of appearance. The complex pro-
cesses of induction defined by the past nine decades of
experimental work present many challenging ques-
tions that can now be addressed, especially in terms of
the molecular events, cellular behaviour and regulat-
ory physiology of the responding tissue.

Key words: embryonic induction, morphogenetic fields,
competence, lens, heart.

Introduction

Embryonic induction consists of an interaction be-
tween inducing and responding tissues that brings
about alterations in the developmental pathway of
the responding tissue. This review and commentary
uses the induction of the lens of the eye and induction
of the heart as examples to illustrate some of the
processes involved in embryonic induction. This re-
view also directs more attention to the appearance of
the regional heterogeneity that sets the stage for
subsequent inductive interactions, and to the conse-
quences of induction in the responding cells, in
particular to the dynamic field of developmental
capability that is established by induction.

Experimental analyses of inductive interactions
have denned the inductive history of numerous or-
gans and revealed many of the principles underlying
the process of induction. Some aspects of embryonic
induction have resisted analysis, however, because of
the difficulties of assaying for a response to induction.
In addition, a number of workers have shown that

some of the best-studied inductive interactions can be
mimicked by the substitution of a variety of sub-
stances for the inductive signal itself, leading to the
paradox of an apparently nonspecific stimulus elicit-
ing a specific developmental response (see list of
neural "inductors" in Brachet, 1950, pp. 394-395).

A recent monograph by Nieuwkoop et al. (1985)
gives a comprehensive and critical review of the vast
older literature on induction. Readers will find that
book an excellent guide to the literature, as well as a
source that gives a stimulating analysis of many
topics, including those discussed below.

The present resurgence of interest in embryonic
induction is largely a result of the incorporation of
molecular techniques. A number of genes or gene
products have been identified whose activity in a
given tissue is dependent upon a specific inductive
interaction; the products of some of these genes serve
as molecular markers of the inductive interaction.
The specifics of this work are amply discussed in an
excellent review by Gurdon (1987) and will not be
considered extensively here. The use of molecular
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markers, instead of morphological or histological
criteria, in assays of inductive events has two poten-
tial advantages. First, it allows one to examine the
mechanisms by which an external (inductive) signal
elicits the expression of specific genes. Second, the
use of molecular markers that are expressed shortly
after an inductive interaction, prior to the completion
of large-scale morphogenetic and cytological events,
permits an assay for early cellular events during the
response to induction, which could not be examined
using assays for morphological or functional differen-
tiation events.

However, several aspects of embryonic induction
that are critical to our understanding of induction as a
developmental process have not yet been addressed
using molecular approaches. The first is that embry-
onic induction brings about coordinated changes in
cellular activities, including, though certainly not
limited to, changes in gene expression. Alterations in
cell motility and cell behaviour that result in morpho-
genetic movements are generally among the earliest
responses to induction (Symes & Smith, 1987; Trin-
kaus, 1984). Changes in cell cycle activity and electro-
physiological properties are also observed signifi-
cantly earlier than terminal differentiation (Spitzer,
1979). Both the coordinated regulation of these
changes and their role in determinative and differen-
tiative processes remain largely unexplored.

Second and more important is that, according to
the view of embryonic induction that has emerged
from classical experimental embryology, inductive
interactions establish a spatially and temporally dy-
namic region of developmental potency, referred to
as a morphogenetic field. The term 'developmental
potency' can be defined as the range of differentiative
capabilities that can be expressed in a given tissue
under a variety of experimental conditions, as well as
in vivo (Slack, 1983). Initially, a morphogenetic field
includes the area that is fated to participate in the
formation of a specific organ, plus the surrounding
area, which is capable of participating in organ
formation in the event of experimental manipulation
of the embryo. Over the course of subsequent devel-
opment, this morphogenetic field becomes spatially
restricted, as peripheral areas lose potency and be-
come incorporated into other organs or structures.
Normally, by the time a functional organ has formed,
the surrounding areas have lost the potency to partici-
pate in formation of that organ under experimental
conditions.

We discuss morphogenetic fields in order to point
out that hypotheses regarding the cellular and mol-
ecular processes governing the response to an induc-
tive signal should be consistent with the properties of
the morphogenetic field established by the inductive
interaction. For example, Ban-Holtfreter (1965),

among others, has shown that lateral and medial
fragments of the dorsal lip of the urodele early
gastrula are able to give rise to both notochord and
somite mesoderm. This regulative ability of the
isolated fragments demonstrates the existence of a
notochord-somite field of potency. In amphibians,
notochord does not contain muscle tissue, while
somites give rise to the skeletal musculature. Tissue
isolates from stage-14 (early neurula) Xenopus em-
bryos that include notochord and somites will express
muscle-specific actin transcripts (Mohun et al. 1984).
Are muscle-specific actin transcripts expressed homo-
geneously throughout the prospective notochord-
somite mesoderm? Presumably, the regulative ability
of the dorsal axial mesoderm field is lost at some point
following gastrulation. Are developmental changes in
this regulative ability mirrored by developmental
changes in the spatial pattern of muscle-specific actin
expression in dorsal axial mesoderm during the same
period? These questions illustrate the need for the
application of molecular and cellular approaches to
the aspects of embryonic induction that have proved
especially challenging to experimental embryologists.

The establishment of a morphogenetic field
depends upon one characteristic in particular, the
ability of a group of cells to respond to a given
inductive signal. This ability, referred to as com-
petence (Waddington, 1932), is initially hetero-
geneous throughout the embryo and becomes altered
during subsequent development. Some regional dif-
ferences in competence are established during the
earliest stages of embryonic development. For
example, in an amphibian embryo, mesoderm can be
elicited from the animal region, but not from the
vegetal region (Nieuwkoop & Ubbels, 1972). Within
an embryonic region, levels of responsive com-
petence can increase or decrease with time. Increases
in competence may be due to interactions with
previously unrecognized inductors (Jacobson, 1966),
as is the case for the presumptive lens epidermis, or to
processes intrinsic to the responding tissue itself.
Similarly, decreases in competence may result from
intrinsic changes or from interaction with neighbour-
ing tissues. Changes in competence during prolonged
inductive interactions should alter the spatial extent
of the resulting morphogenetic field.

It is useful to review several properties of morpho-
genetic fields. (1) Morphogenetic fields reflect devel-
opmental potency, as opposed to developmental fate;
thus, these fields are initially larger than the area
fated to give rise to a particular organ. (2) The spatial
extent of a morphogenetic field changes over time.
(3) Tissue within a morphogenetic field will give rise
to several different cell types. (4) Morphogenetic
fields possess polarity and axes are established
sequentially within a field. (5) Morphogenetic fields
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exhibit regulative development; e.g. a field may be
cut in two and each half will form a whole organ, or
two morphogenetic fields for the same organ may be
combined experimentally and they will fuse and form
a single larger organ. These properties suggest that
morphogenetic fields represent the extent of com-
munication within and across a tissue.

This conclusion should be emphasized. Much of the
recent work on embryonic induction {e.g. Kimelman
& Kirschner, 1987) refers to the role of inductive
interactions in the specification of cell fate. Nieuw-
koop et al. (1985, p. 7) have suggested that the term
'embryonic induction' should refer only to tissue
interactions that alter developmental pathways. Ac-
cording to this definition, inductive interactions es-
tablish regions of developmental potency or morpho-
genetic fields. Since morphogenetic fields generally
give rise to several cell types, the initial inductive
interaction has little bearing on the specification of
individual cell fates. Cell fates may be established by
interactions within the morphogenetic field over the
course of organogenesis.

Experimental criteria

We make a few general comments first for those who
may not be familiar with the classical approaches to
studies of induction. These approaches to the ques-
tion of why an organ forms where and when it does
involve experimental manipulation of the embryo in
some way. Through marking experiments, one can
locate in an early embryo the group of cells, referred
to as the anlage, that will later form an organ. By
microsurgical interventions, one can separate the
organ anlage from its normal tissue environment to
evaluate the state of developmental commitment of
the organ anlage. These microsurgical interventions
include explanting the tissue and culturing it in
isolation, transplanting the tissue to a heterotopic
site, removing putative inductor tissues from the
vicinity of the anlage and removing the area fated to
give rise to an organ to observe whether the sur-
rounding tissue will regulate to form the organ. These
different experimental approaches may give conflict-
ing results, reflecting the degree of commitment of an
embryonic region to form a particular structure. Slack
(1983) reserves the terms 'specification' and 'determi-
nation' to distinguish between different levels of
developmental commitment. According to Slack
(1983), 'specification' is operationally defined as the
level of commitment necessary for an explanted
embryonic tissue to form a given structure when
cultured in isolation, whereas 'determination' refers
to the level of commitment necessary for formation of
the structure in heterotopic transplants as well as in
isolation.

These experiments also establish whether interac-
tions with other tissues in the vicinity are essential for
organ formation. In addition, these methods have
been used to map morphogenetic fields, sometimes
with differing results. Thus, any discussion of a
morphogenetic field must indicate whether the field
reflects a map of specification, determination or
regulative ability. Interpreting these experiments can
be difficult, since organs generally become morpho-
logically recognizable well after the interactions that
elicit them have occurred.

These experimental interventions generally give
one of the following results. (1) The anlage may form
the organ in every case, indicating that conditions
that prevail from the time of the experiment, together
with any determinative events that occurred prior to
the experiment, are entirely sufficient for organ
formation. Whether tissue interactions were involved
at times prior to the experiment must be separately
investigated. (2) The anlage may in no case form the
organ. One can conclude that some events excluded
by the experiment are essential to induce the organ.
(3) A third possible result is that some experimental
cases will form the organ and in other replicate
experiments the organ will not form. This result
indicates that the experiment was performed during a
developmental period critical to the establishment of
organ-forming potency. Such results are usually ex-
pressed as a percentage of cases exhibiting a positive
response. What does such variable response mean?

One can expect variability in any biological system.
Under identical experimental conditions with sibling
embryos near the same stage of development, the
response to the experimental conditions of the induc-
tive interaction will be sufficient for organ formation
in some cases and insufficient in others. One would
expect that the threshold of response, i.e. the amount
of inductive stimulation required to elicit organ
formation, would exhibit a normal (Poisson) distri-
bution. Increasing the amount of induction would
push a greater percentage of cases through the
response threshold, until finally all cases respond
(Fig. 1). Since 'percent response' is a measure of the
proportion of the population that has passed the
threshold, the response is not linear, nor is it directly
proportional to the amount of induction. Neverthe-
less, 'percent response' can be an accurate relative
measure of the amount of developmental commit-
ment to organ formation. We have found that groups
of 30 embryos will consistently give the same re-
sponse within plus or minus one case (±3%). This
explanatory model has three main components. (1)
The processes that produce developmental commit-
ment have cumulative effects over a prolonged time
period. (2) There is variation among individuals
treated equally so that one must deal with a distri-
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Fig. 1. Graph of the
relationship between
induction and determination.
When a population of cases
experiences a certain amount
of induction, the response is
varied because of biological
variation. If a portion of this
distributed population
(hatched portions) passes
through a response threshold,
then those cases form the
organ.

bution of response levels. (3) An organ will form
when the processes of developmental commitment
reach some response threshold within the responding
tissue in each case. These general considerations are
critical to the design and correct interpretation of
experiments on organ induction.

Induction of the lens of the eye

Experimental work on induction of the lens since the
turn of the century has provided many insights into
induction. Recent reviews include McAvoy (1980)
and Nieuwkoop et al. (1985). Work of the past few
years, however, has considerably changed our view of
how this organ is induced. The common text-book
account that the optic vesicle induces the lens is
incorrect. The inductive interactions responsible for
lens formation occur primarily before the emergence
of the optic vesicle, which has only a subsidiary role in
the formation of the lens.

The retinal rudiments are part of the eye-forebrain
field induced in the anterior neural plate by underly-
ing pharyngeal endoderm and head mesoderm. The
retinal rudiments emerge from this field as evaginat-
ing optic vesicles that protrude from the forebrain
and contact the epidermis that will later form the
lenses. Cranial neural crest cells surround the optic
vesicle, but they do not enter between the lens
epidermis and the optic vesicle. No sign of lens
formation occurs until the optic vesicle begins to
invaginate and form a cup. At that time the epidermis
thickens, forming a lens placode. The placode then
pinches off from the epidermis and differentiates into
fibres and epithelium (Fig. 2).

Early work suggested that the optic vesicle or cup
plays a critical determinative role in the formation of
the lens. Herbst (1901), reporting that the number
and position of lenses corresponds to the number and

position of abnormal optic cups in cases of cyclopia
and near cyclopia, was among the first to propose this
causal relationship. The first experimental evidence
was provided by Spemann (1901), who cauterized the
retinal rudiment in one side of the open neural plate
of embryos of the frog Rana fusca. When these
animals were sectioned at a larval stage, no lens was
found on the operated side where the optic cup (the
future retina) was absent. Spemann concluded from
these results that 'lens formation is only possible
under the influence of the optic cup' (Spemann,
1938).

Further experiments failed to support this con-
clusion. Mencl (1903) reported observations on a
double-headed monster of the fish Salmo salar in
which lenses had developed in the absence of optic
cups in the abnormal head. Also, King (1905)
reported that lenses developed in the frog Rana
palustris after cautery of the retinal anlage in closing
neural fold stages. These findings prompted Spemann
(1912) to repeat his work, using a more gentle method
involving surgical removal of the retinal rudiment. He
again obtained negative results with Rana fusca.
When he extended the experiments to two other
anurans, however, he found that in the absence of the
retina, Rana esculenta produced lenses and Bombina-
tor pachypus produced poorly formed lenses.

Woerdeman (1939) repeated Spemann's exper-
iments with Rana esculenta and obtained the opposite
result. The difference between Spemann's and
Woerdeman's results arises from differences in the
temperature at which the embryos were kept prior to
the operations. Spemann reared embryos at 10 to
15°C, while Woerdemann reared embryos at approxi-
mately 25°C. The temperature dependence of lens-
forming ability in the absence of the optic cup was
demonstrated by Ten Cate (1953), who reared Rana
esculenta embryos at low or high temperatures before
the operations, then kept both groups at room
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Fig. 2. Positions of the retinal rudiments and the
prospective lens epidermis are shown at different stages
in the embryo of the newt, Taricha torosa. The figures
are traced from sections. The stages and the time passed
at 17°C since fertilization are given. Induction occurs
mostly before and during neurulation, but the lens does
not begin to form until much later.

temperature. In embryos reared at 12°C, 59%
formed lenses in the absence of the retina, while the
group reared at 25 °C produced lenses in only 9 % of
the cases. These results were confirmed by Jacobson
(1958), who reared embryos of the newt Taricha
torosa {Triturus torosus) at temperatures ranging
from 5 to 25°C before removing retinal rudiments.
Optimal production of lenses (63 %) in the absence of
the retina occurred at 16°C in this species, though
over 20 % of the cases formed lenses at each of the
different temperatures. These results are probably
due to the dependence of developmental rate on
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temperature. In Taricha torosa, development up
through midneurula stages requires 3 days at 25°C, 6
days at 16°C, and 25 days at 5°C. The results suggest
that early tissue interactions are enhanced at low
temperatures.

Older experiments involving transplantation of the
optic vesicle suggested that the optic vesicle is able to
induce a lens in strange epidermis. Lewis (1904,
1907a,b) excised the optic vesicle from embryos of
Rana palustris and Rana sylvatica and inserted it
beneath the epidermis of the ear region. Lenses often
formed in association with these transplanted optic
vesicles. Lewis (1904) also obtained lenses in associ-
ation with the optic vesicle when the presumptive lens
epidermis was replaced by flank epidermis.

Despite the early conflicting results of the Spemann
defect experiments, the transplantation experiments
of Lewis and others led to a common perception that
the lens is induced by the optic vesicle. However, new
experimental results support the older body of work
that suggests instead that the optic vesicle may have
only a minor role in lens induction.

While the optic vesicle transplantation experiments
(Lewis, 1904, 1907a,ft; Brahma, 1959) indicated that
the optic vesicle could induce a lens in strange
epidermis, those experiments have proven to have
been insufficiently controlled; specifically, it is
unclear whether the lenses developed from donor or
host tissue. Henry & Grainger (1987) and Grainger et
al. (1988) have shown that prospective lens cells,
adhering to the optic vesicle after removal of the
epidermis, can give rise to a new lens when the optic
vesicle is transplanted to an ectopic site, or when non-
lens epidermis is grafted over the optic vesicle in
Xenopus laevis, Rana palustris and Ambystoma mexi-
canum. These authors labelled donor or host embryos
with cell lineage tracer (horseradish peroxidase) to
determine the origins of the cells in the resulting
lenses. When lenses were found in association with
optic vesicles transplanted to other regions, the lenses
had formed from donor tissue, and thus must have
been carried along with the optic vesicle.

An alternative test for the role of the optic cup in
lens formation, the ability of the prospective lens
epidermis to form 'free' lenses in the absence of the
retina, has been performed on the various species
listed in Table 1. Of 37 species tested, 25 (68 %) form
lenses in the absence of the retina. In those species
that do not form such free lenses, possible tempera-
ture effects have rarely been tested, so some of these
species may be able to form free lenses when reared
at some other temperature. In any event, the results
of experiments with the majority of species tested do
not support the idea that the optic vesicle is necessary
for lens induction.

Several studies have indicated that the lens is
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Table 1. List of species tested to determine whether
the lens will (+) or will not (—) form in the absence

of the retina

Species:

Anurans:
1. Bombina bombina
2. Bombinator pachypus
3. Bufo bufo japonicus
4. Bufo carens
5. Bufo regularis
6. Bufo vulgaris
7. Pelobatus fuscus
8. Phymobatrachus nataknsis
9. Rana arvalis
10. Rana angolensis
11. Rana catesbiana
12. Rana esculenta

13. Rana fusca
14. Sana japonica
15. /?a/w limnocharis
16. Rana nigromaculata
17. Rana palustris
18. Rana pipiens
19. Rana rugosa
20. Ra/ia sylvatica
21. Rhachophorus schleglii
22. Xenopus laevis

23. Pyricephalus sp.

Urodeles:
24. Ambystoma maculatum

25. Ambystoma mexicanum
26. Hynobius nebulosa
27. Pleurodeles waltlii
28. Taricha torosa
29. Triton alpestris
30. Triton cristatus
31. Triton taeniatus
32. Triturus pyrrhogaster

Fishes:
33. Fundulus heteroclitus

34. Salmo sp.
35. "trout"

Bird:
36. Chick

Mammal:
37. Mouse

Reference

- Popov « a/. 1937
+ Spemann, 1912
+ Tahara, 1962a
- Balinsky, 1951
- Balinsky, 1951
- Cotronei, 1922
- Popov « a/. 1937
- Balinsky, 1951
+ Filatow, 1925ft
+ BaUnsky, 1951
+ Pasquini, 1931
+ Spemann, 1907;

Ten Cate, 1953
+ Von Ubisch, 1923
+ Tahara, 1962a
+ Tahara, 1962a
+ Tahara, 1962a
+ King, 1905
+ Liedke, 1942
+ Tahara, 1962a
- Lewis, 1907
+ Tahara, 1962ft
+ Balinsky, 1951;

Henry & Grainger, 1987
- BaUnsky, 1951

+ Harrison, 1920;
Liedke, 1951

- Ten Cate, 1953
+ Tahara, 1962a
- Pasquini, 1927
+ Jacobson, 1955
+ Von Woellwarth, 1961
- Popov et al. 1937
- Mangold, 1931
+ Tahara, 1962a

+ Lewis, 1909;
Oppenheimer, 1966

+ Mencl, 1903, 1908
+ Demmill, 1906

+ Mizuno, 1970, 1972;
Karkinen-Jaaskelainen,
1978

+ Karkinen-Jaaskelainen,
1978

Many of these species are listed by Tahara (1962a) with
additional information about the percentage of cases forming
free lenses and the quality of differentiation of the free lenses.

induced by a series of inductors (Liedke, 1951, 1955;
Jacobson, 1955, 1958, 1963a,b,c, 1966; Reyer,
1958a,b). Jacobson did experiments involving explan-

tation or heterotopic transplantation of the prospec-
tive lens ectoderm on embryos of the newt Taricha
torosa that led to the conclusion that lens induction is
a long, cumulative process that begins in gastrulation,
when the anterior dorsolateral endoderm first con-
tacts the prospective lens epidermis. During neuru-
lation, the prospective heart mesoderm is brought by
morphogenetic movements into the region of the lens
epidermis and the heart mesoderm also participates
in lens induction. The period of strongest lens-
inducing activity occurs during neurulation, when
lens induction by the nearby heart mesoderm is added
to lens induction by the subjacent endoderm; thus,
the major part of lens induction occurs prior to the
formation of the optic vesicle.

The neural plate may also be an inductor of lens at
these early stages. Recent investigations by Henry &
Grainger (personal communication) on embryos of
Xenopus laevis implicate a possible contribution to
lens induction by transfer of inductive signal from the
contiguous neural plate through the plane of the
ectoderm at early open-neural-plate stages. Hoper-
skaya (1968) has made a similar suggestion.

Transplantation experiments in Xenopus embryos
using donor tissues labelled with lineage tracer have
demonstrated that the entire gastrula non-neural
ectoderm can form lenses, and that this ability be-
comes restricted to the lens area during neurulation
(Grainger et al. 1988; Henry & Grainger, 1987).
Grainger and colleagues have also shown that the
optic vesicle has only a minor role in lens induction,
concluding that most of lens induction results from
inductors encountered before the optic vesicle forms.

The retina does appear to influence the growth,
differentiation and maintenance of the lens, perhaps
in a manner similar to the 'formative effects' de-
scribed by Holtfreter & Hamburger (1955, p. 253). It
has been shown for a number of organs that the
tissues that surround the emerging organ may affect
its form, size and differentiation. Lenses that form
independently of the retina do not achieve the same
degree of growth and differentiation attained by
lenses with a retinal association (Spemann, 1938; Ten
Cate, 1953; Jacobson, 1966). There is a continuing
influence of the retina on the development of
the lens. Le Cron (1907) demonstrated this on
Amblystoma punctatum by removing the retina at
varying times during lens development and fixing and
examining the animals at different intervals following
the operation. After removal of the retinal influence,
the lenses continued to differentiate to an extent that
was determined by the amount of time they had
previously been in contact with the retina. Eventu-
ally, however, these free lenses degenerated. Other
authors have reported similar results with other
species (Filatow, 1925a; Woerdeman, 1939, 1941;
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Fig. 3. The spatial distribution of the capabilities to
induce nose, lens or ear are shown along the axis of a
newt embryo. Each organ arises at the region of greatest
inductive intensity where the responding cells first pass a
response threshold for that organ.

Popov, 1937; McKeehan, 1954).
Other placodal organs, such as the nose and the

ear, are induced in a manner similar to that of the lens
(Jacobson, 1963a,b,c; Michael & Nieuwkoop, 1967;
Michael, 1968). The nose is induced primarily by
underlying anterior endoderm and to some extent by
the forebrain. The ear is induced by its underlying
mesoderm and the nearby hindbrain. Experiments on
the head ectoderm that forms the nose, lens and ear
(Jacobson, 1963a,b,c) led to the following con-
clusions. (1) The endodermal and/or the mesodermal
inductors have the dominant role in inducing and
positioning nose, lens and ear. The neural structures
that contribute to their induction have only a second-
ary importance. Each placodal structure can form in
the absence of induction from the neural structures.
(2) The separate capabilities to induce nose, lens and
ear are spread in gradient fashion in the endoderm
and mesoderm. That part of the head epidermis that
sees the highest amount of induction for an organ
forms that organ (Fig. 3). What the responding tissue
'sees' is complicated by the morphogenetic move-
ments occurring in both inductors and responding
tissue. (3) The head epidermis is simultaneously
responding to the different inductors for nose, lens
and ear (and probably other organs as well). When
the responding tissue reaches the response threshold
necessary to form one of the organs, that organ will
form and the other organs are excluded.

These results demonstrate that a responding tissue
may at the same time be at some level of commitment
for several organs. This concept has not been gener-
ally appreciated; however, it has considerable signifi-
cance for the interpretation of molecular events and
hypotheses for induction.

These studies have shown that lens formation is the
culmination of a series of inductive interactions.
Several tissues are early inductors of the lens and
their effects appear to be cumulative and synergistic.
As lens induction begins in the gastrula, the ability of
the non-neural ectoderm to respond to lens induction
(competence) becomes restricted to the head ecto-
derm, centring on the regions fated to be the lenses.
The same head ectoderm is also being induced to
form nose and ear and levels of commitment to each
of these three organs can be measured in the same
tissue. Which organ forms depends on which of the
three levels of commitment reaches the response
threshold. Through time, the morphogenetic field of
the lens becomes limited to the cells that actually
form the lens. This limitation may be due to suppres-
sive interactions with neural crest, to be described
below. The optic vesicle seems not to be involved in
the elicitation of the lens, but it has a supportive role
in maintaining appropriate growth and differentiation
of the emerging lens structure.

Induction and development of the heart

According to the classical view of heart induction in
vertebrates, the heart mesoderm is determined dur-
ing gastrulation and neurulation via induction by the
pharyngeal endoderm. This view is supported by
experimental analyses of heart formation in urodele
and chick embryos, as well as teratological obser-
vations of mammalian embryos. Recent work on
heart specification in Xenopus embryos, however,
reflects some variation in this pattern.

In amphibians, the two mesodermal rudiments that
are destined to give rise to the heart are first
distinguishable immediately prior to gastrulation. In
urodeles, most of the future mesoderm is on the
surface of the early gastrula; the heart mesoderm,
however, is located deep in the marginal zone near
and lateral to the beginning dorsal lip of the blasto-
pore (Fig. 4A,B). This location is based on specifi-
cation maps, derived from the differentiation of
explants in culture (Holtfreter, 1938), rather than on
conventional fate maps. The heart rudiments lie next
to the pharyngeal endoderm; therefore, induction
may already be underway in blastula and gastrula
stages. During gastrulation, the heart rudiments and
the underlying pharyngeal endoderm advance
together anteriorly just lateral to the future edge of
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Fig. 4. The location of heart mesoderm is shown at early
gastrula stages. (A) Lateral view of the surface of the left
side of a urodele embryo. The heart mesoderm (dark
heart shape) is located in the equatorial mesodermal
band, but beneath the surface deep to the prospective
chordamesoderm. bpl, blastoporal lip. (B) In a frontal
section of a urodele gastrula, the heart mesoderm is in
the deep layer of the marginal zone contiguous with
anterior endoderm. The position of the heart mesoderm
was determined by potency mapping by Holrfreter (1938);
A and B are modified from this paper, bl, blastopore;
e,st, esophageal and stomach endoderm; 1, liver
endoderm; in, intestinal endoderm. (C) Sagittal section of
a Xenopus gastrula. Bottle cells (be) define the
blastoporal lip (bpl). At the tip of in involuting marginal
zone (imz), or chordamesoderm, the head mesoderm is
located within the deep zone (dz). The heart mesoderm is
located in the deep zone lateral to the head mesoderm.
(D) A vegetal view of the surface of a Xenopus gastrula.
The heart mesoderm (hm) is located deep and lateral to
the blastopore lip (bpl). Based on Keller, (1976).

the neural plate. At early to midneurula stages, the
heart rudiments reside beneath the ear epidermis
lateral to the future hindbrain and still overlie dorso-
lateral pharyngeal endoderm (Wilens, 1955). During
later neurula stages, the heart rudiments migrate to
the midventral site where they finally fuse and form
the heart between tail-bud stages 28-31 in Taricha
torosa (Jacobson, 1961). The heart begins to beat at
larval stage 34.

Recent work on anurans has focused largely on
Xenopus laevis. A fate map of the Xenopus embryo at
the 32-cell stage produced by Dale & Slack (1987)
demonstrates that the heart is derived primarily from
the dorsal and dorsolateral blastomeres of the third
tier, which also contribute much of their descendant
tissue to the notochord and somites, respectively.
Fate maps of the gastrula of Xenopus indicate that the
paired prospective heart mesodermal rudiments are

located in the dorsolateral region of the deep zone
above and adjacent to the preinvoluted marginal zone
(Fig. 4C,D) (Keller, 1976). The areas of prospective
heart mesoderm are separated by the prospective
head mesoderm, which is located at the dorsal mid-
line.

During gastrulation in Xenopus, the prospective
head and heart mesoderm move as a loose mass of
crawling cells (Gerhart & Keller, 1986), in advance of
the more cohesive chordamesoderm. By the onset
of neurulation, the prospective heart rudiments begin
to move laterally. In early neurulae, prospective
heart mesoderm sits at the anterior lateral edge of the
mesodermal mantle between the edge of the neural
plate and the ventral midline. The regions of heart
mesoderm migrate ventrally and fuse at the ventral
midline immediately posterior to the cement gland
during late neurula stages.

In Xenopus, clumps of cells that will give rise to the
endocardium appear by the earliest tailbud stage. The
dramatic mesodermal buckling that will form the
myocardium is first visible immediately thereafter at
stage 28 (Nieuwkoop & Faber, 1967); heartbeat is
initiated at stage 33/34.

Tissue interactions involved in heart formation
The role of anterior, or pharyngeal, endoderm as an
inducer of heart mesoderm has been demonstrated in
amphibian and chick embryos, by explantation of the
prospective heart mesoderm or by removal of the
endoderm from the embryo. A summary of some of
the earlier work on the establishment of heart meso-
derm is given in Copenhaver (1955). Ekman (1921)
demonstrated that prospective heart mesodermal
rudiments isolated from postneurula stage Bombina-
tor embryos are capable of differentiation in epider-
mal vesicles. These results were confirmed by Stohr
(1924), who pointed out that heart differentiation in
explants is correlated with the inclusion of endoderm
in the vesicles. Bacon (1945), finding that explants
of the lateral blastopore lip from midgastrula
Ambystoma embryos would form beating hearts in
culture, suggested that specification of the heart is
complete by midgastrula stages. This interpretation is
suspect, however, since the explants used for his
experiments apparently included the prospective
pharyngeal endoderm; thus, inductive interactions
between the heart mesoderm and the pharyngeal
endoderm presumably continued after explantation.

Urodeles

Removal of the entire endoderm from neurula-stage
embryos prevents heart formation in several urodele
species (Balinsky, 1939; Chuang & Tseng, 1957;
Nieuwkoop, 1947; Jacobson, 1960, 1961; Jacobson &
Duncan, 1968). Jacobson (1961) removed the entire
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endoderm from embryos of Taricha torosa at various
stages to find out when the mesoderm becomes
capable of heart formation in the absence of the
endoderm. No hearts are formed when the endoderm
is removed at open neural plate stages (stage 14-16).
When the entire endoderm is removed at early tail-
bud stages 22-24,17 % of the cases form hearts. If the
endoderm is not removed until later tail-bud stages
25-26, then 75 % of the cases form hearts. The longer
the endoderm is present, the more likely it is that
hearts will form in these endoderm-deficient em-
bryos. It was also noted that the quality of hearts that
form is always correlated with how long the heart
mesoderm has been in contact with the endoderm.
This sort of 'formative effect' was also noted by
Mangold (1956, 1957).

The heart-inducing activity of Taricha .torosa em-
bryos has been located within the endoderm. Em-
bryos in which the anterior dorsolateral endoderm
has been substituted for the entire endoderm form
hearts in all cases. If the posterior fourth of the
endoderm is substituted for the anterior endoderm,
then a heart will not form in any case (Jacobson,
1961). Other experiments have shown that either the
first or second anterior quarters of the endoderm will
restore heart formation, but neither of the posterior
two quarters are capable of doing so (Jacobson &
Duncan, 1968). These and other experiments suggest
that the ability to induce heart formation is restricted
to the anterior endoderm.

Fullilove (1970) used explant recombinations to
map the spatial distribution of heart-inducing capa-
bility in the endoderm of Taricha torosa embryos at
early neural plate stages 14-15. The dorsolateral
endoderm immediately underlying the prospective
heart mesoderm itself was shown to cause increases in
the rate of heart differentiation, as well as increases in
the frequency of heart formation. To a lesser extent,
the endoderm in the region of the future midventral
heart site also increased frequency and rate of heart
formation. The endoderm just anterior to the heart
rudiments had the greatest ability to increase the
frequency of heart formation, but the hearts were
very slow to form. The endoderm immediately ven-
tral or posterior to the heart rudiments also increased
the frequency of heart formation, but had no effect
upon the rate. Posterior-dorsal endoderm slowed the
rate of heart formation. Fullilove also tested the
mesoderm just posterior to the heart mesoderm in
combination with the endoderm beneath it, or with
that which normally underlies the heart rudiments.
These explants formed hearts with a frequency
greater than heart mesoderm explanted by itself, but
the rate of formation was slower. These experiments
illustrate how morphogenetic fields are established:
both the ability of the endoderm to induce hearts and

the competence of the mesoderm to respond to heart
induction extend in fields beyond the region that
actually gives rise to the heart in the normal embryo.

The specification of heart mesoderm in the urodele
Taricha torosa was examined by Jacobson & Duncan
(1968), who recombined prospective heart mesoderm
from early neurula embryos with anterior endoderm
and dorsal epidermis, finding that (a) inclusion of
anterior endoderm increased both the rate and fre-
quency of heart differentiation in these explant
recombinates; and (b) culture of heart mesoderm in
epidermal vesicles increased the frequency of heart
formation, but did not affect the rate of heart
differentiation. These experiments were conducted
using embryos at early- to mid-neurula stages
(14-16), by which stages heart specification has
progressed to such a degree that 10-14% of heart
mesodermal explants cultured in isolation will form
beating hearts.

Jacobson & Duncan (1968) also used hanging drop
cultures to study heart determination in Taricha.
Prospective heart mesoderm was tested in these
cultures alone and in combination with other tissues,
and with homogenates of various tissues. The effects
of other tissues on heart mesoderm noted in vesicle
cultures - increase in the frequency of heart forma-
tion and increase in rate of heart formation - were
found also in the hanging drop cultures, both from
the appropriate intact tissues, and from fractions of
their homogenates.

A preliminary characterization of the heart-in-
ducing activity from homogenates of anterior endo-
derm indicates that the activity is found at the
aqueous-lipid interface after centrifugation (Jacob-
son, unpublished observations). It persists after boil-
ing and can be detected in tissue samples stored at
—10 °C for over a year. The activity is restricted to the
void volume of eluates from Sephadex G-100 gel
nitration chromatography (Jacobson & Duncan,
1968). Further analysis was discontinued in the 1960s
because analytical methods available at that time
were somewhat primitive. The use of currently avail-
able analytical methods to characterize this heart-
inducing activity might be considerably more fruitful.

Further insight into the role of anterior endoderm
in amphibian heart induction comes from studies of
the cardiac lethal (c/) mutation found in the axolotl,
Ambystoma mexicanum. Embryos homozygous for cl
are indistinguishable from wild-type embryos until
the stage at which heartbeat is normally initiated; cl
hearts do not beat, although slight regional contrac-
tions may be observed. This defect arises from a
perturbation in the interactions between heart meso-
derm and anterior endoderm.

Reciprocal transplants at stages 27-29 (early tail-
bud) of mutant and wild-type heart mesoderm into
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wild-type and mutant hosts demonstrate that the
genotype of the host determines whether heartbeat is
initiated: mutant hearts beat normally when trans-
planted into wild-type hosts (Humphrey, 1972).
These results provide evidence that normal heart
formation is prevented by expression of the cl mu-
tation in a heart-inducing tissue, rather than the
presumptive heart mesoderm itself. Explants of
stage-34 (late tailbud) cl hearts will beat normally
when cultured with explants of normal anterior endo-
derm (Lemanski etal. 1979). These workers have also
excluded the possibility of inhibition by mutant peri-
cardial tissue after observing that isolated cl hearts
fail to beat in culture.

Recently, Davis & Lemanski (1987) demonstrated
that RNA isolated from normal anterior endoderm at
stage 29 will rescue the cl heart phenotype. Specifi-
cally, 90 % of cl hearts cultured in isolation under-
went myofibrillar assembly and began to beat after
treatment with 0-4mgml anterior endoderm RNA;
this rescue activity is sensitive to RNAse. Treat-
ment with RNA isolated from liver or neural tube
failed to rescue the cl hearts. These workers did not
report the effects of RNA isolated from cl anterior
endoderm on cl hearts, nor have they examined the
mechanism by which their RNA preparations effect
this rescue. It remains to be seen whether this rescue
activity reflects events occurring in wild-type embryos
in vivo.

Thus, expression of the cl mutation in anterior
endoderm apparently results in deficiencies in tissue
interactions that would normally support later stages
of heart differentiation. Such later interactions,
where continued association with the endoderm is
essential for normal heart differentiation, have been
observed in other species and referred to as 'forma-
tive influences' as noted above. Evidently the initial
heart-inducing signals are normal, since cl mutants
undergo normal early heart morphogenesis. This
conclusion argues for a temporal pattern of qualitat-
ively different signals mediating the induction and
subsequent support of heart differentiation. Alterna-
tively, the cl anterior endoderm may be unable to
sustain the production of a heart-inducing signal
beyond early heart morphogenesis.

Anurans
Our recent results indicate that in embryos of the
anuran Xenopus laevis the heart mesoderm becomes
specified considerably earlier than it does in urodeles.
Explants of prospective heart mesoderm removed at
stage 12-5 (late gastrula) and cultured in epidermal
vesicles undergo heart formation in nearly 50% of
cases (Sater, unpublished observations). Inclusion of
pharyngeal endoderm in these vesicles increases the
frequency of heart formation to approximately 70 %.

Mesodermal explants removed at stage 14 (early
neurula) form beating hearts in 100% of cases,
whether or not they are cultured in the presence of
pharyngeal endoderm. Thus, the acquisition of heart-
forming potency is well underway by the end of
gastrulation and the specification of heart mesoderm
is complete by early neurula stages.

Qearly, the inductive interactions or other devel-
opmental events that participate in the specification
of heart mesoderm occur during or prior to gastru-
lation. Unfortunately, the end of gastrulation at stage
12-5 is the earliest stage at which germ layers are
clearly separable (Nieuwkoop & Faber, 1967); there-
fore, it is not possible to examine the development of
prospective heart mesoderm isolated from younger
embryos. Removal of regions of superficial endoderm
that contribute to the pharyngeal endoderm from
Xenopus stage-10 early gastrulae fails to prevent
heart formation. In these experiments, bottle cells
and suprablastoporal endoderm of the dorsal hemi-
sphere, which give rise to the anterior archenteron
lining and the archenteron roof, respectively (Keller,
1975), are removed at the onset of gastrulation,
leaving only those regions of prospective pharyngeal
endoderm that arise from the deep layer (Keller,
1976). The relative contributions of deep and super-
ficial endoderm to the prospective pharyngeal endo-
derm are unknown.

In Xenopus, heart formation is inhibited by events
that disrupt establishment of the dorsal-ventral axis.
Embryos that have been treated with u.v.-irradiation,
high pressure, nocodazole or low temperatures to
inhibit the formation of axial structures (Scharf &
Gerhart, 1980) have greatly reduced, and often non-
functional, hearts; in the most severely abnormal of
these embryos, heart formation does not occur (J. C.
Gerhart, C. R. Phillips, personal communications).
Conversely, embryos treated with lithium to enhance
dorsoanterior determination often display large
radial hearts (Kao & Elinson, 1988). Despite its
eventual ventral location, during gastrulation the
heart mesoderm behaves as a dorsal anterior charac-
ter: in early gastrulae, heart-forming potency is
restricted to paired mesodermal regions approxi-
mately 30-45° lateral to the dorsal midline; ventral
and ventrolateral regions are incapable of heart
formation when cultured in isolation (Sater, unpub-
lished observations). The relationship between dor-
soventral axis determination and heart formation
may arise from any or all of the following alterna-
tives. (1) Heart mesoderm may be induced directly by
the dorsovegetal cells (the so-called Nieuwkoop Or-
ganizer) as part of the dorsal complex that includes
the chordamesoderm and pharyngeal endoderm
(Gerhart et al. 1984). (2) Heart mesoderm may be
induced by the dorsalized pharyngeal endoderm. (3)
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Heart mesoderm may arise as a result of the dorsal-
izing activity of the chordamesoderm, the Spemann
Organizer. These possibilities can be tested by trans-
planting grafts of tissue labelled with lineage tracers
into u.v.-irradiated hosts. In any event, establishment
of the dorsoventral axis creates regional heterogen-
eity that spatially restricts the acquisition of heart-
forming potency later on.

The specification of heart mesoderm in Xenopus at
a considerably earlier stage than that observed in
urodeles is consistent with the notion that regional
differences within the Xenopus embryo become ap-
parent very early in development, as early as midclea-
vage stages in the case of dorsal mesodermal determi-
nation (Gimlich, 1986). Embryonic development in
Xenopus is far more rapid than the development of
the urodeles under discussion (Ambystoma, Taricha,
Triton) when raised at identical temperatures
(Schreckenberg & Jacobson, 1975; Nieuwkoop &
Faber, 1967), and rapid embryonic development may
be correlated with determination at younger develop-
mental stages.

Amniotes
A fate map of prospective heart-forming regions of
the chick embryo has been prepared by Rosenquist &
DeHaan (1966), who have mapped the prospective
heart mesoderm to paired lateral regions of the
epiblast in the embryo at stage 3+ (forming primitive
streak; Hamburger & Hamilton, 1951). Following
gastrulation, the prospective heart mesoderm forms a
large crescent in the lateral plate and prechordal
mesoderm, which moves in a cephalic and medial
direction to converge during the early stages of heart
morphogenesis. Heart formation takes place during
stages 6-12 (regressing primitive streak to 16-somite
stages), and heartbeat is initiated at stage 11.

Heart determination in chick embryos has been
subjected to a more limited experimental analysis, in
keeping with the greater difficulty of the required
surgery in these embryos. Orts-Llorca (1963)
reported that removal of the endoderm underlying
the paired regions of prospective heart mesoderm at
stages 4-5 (regressing primitive streak) would pre-
vent heart formation, concluding that endoderm
induced heart formation in a manner analogous to
that observed in amphibian embryos. DeHaan (1964)
pointed out the heart mesoderm may have been
removed with the underlying endoderm and demon-
strated that culture of such 'endodermal' explants
results in the formation of beating tissue, indicating
that prospective heart mesoderm is included in such
explants. At these stages, it is difficult to remove the
endoderm and leave the mesoderm intact, using
conventional microsurgery. In response to DeHaan's
criticism, Orts-Llorca & Gil (1965) repeated their

experiments, using trypsin to help remove the endo-
derm as Le Douarin (1963) had done in similar
experiments; illustrations of such dissections show
that much of the mesoderm remains intact. Again,
heart formation was not observed in the absence of
the endoderm. They also report, though, that in some
cases, the extirpated endoderm did form beating
hearts in culture, so at least some heart mesoderm
had been removed with it. The induction of the heart
in the chick is thus not fully settled.

Studies of cardiac defects in human embryos reveal
that defects in the anterior endoderm are correlated
with the malformation or absence of the heart
(Hommes, 1957). In addition, cardiac defects are
generally associated with the loss of the cranial
portion of the embryo, suggesting that, as in Xenopus
embryos, disruption of the establishment of dorso-
anterior axial characters leads to a loss of normal
heart formation.

The heart morphogenetic field
Analysis of the heart morphogenetic field was
initiated in the 1920s with Copenhaver's (1924)
studies on Ambystoma and Ekman's (1925) work with
Bombinator. Copenhaver extirpated presumptive
heart mesoderm at postneurula stages 25-29 and
found that the surrounding mesoderm would undergo
heart formation, often resulting in the production of
double hearts by the ventrolateral mesoderm to
either side of the ventral midline. Removal of this
ventrolateral mesoderm in addition to the presump-
tive heart mesoderm at the ventral midline prevented
heart formation in 33 % of cases. Replacement of the
anterior ventral and ventrolateral mesoderm with the
more dorsal and posterior flank mesoderm prevented
heart formation. Ekman found that 'gill' (anterior
lateral) mesoderm was capable of heart formation
when transplanted into the anterior ventral region of
postneurula embryos, whereas more posterior meso-
derm was not.

These results may indicate that the heart morpho-
genetic field encompasses anterior ventral and ven-
trolateral mesoderm in postneurula stages. Alterna-
tively, the early findings may reflect the spatial
distribution of competence to respond to continuing
heart induction, an interpretation apparently
favoured by Ekman, rather than the extent of the
already induced field. One can distinguish between
these possibilities by culturing explants of ventral and
ventrolateral mesoderm alone and in combination
with anterior endoderm. Such experiments have pro-
vided support for both possibilities: at the end of
neurulation in Xenopus embryos, the heart morpho-
genetic field encompasses both anterior ventral and
anterior lateral mesoderm; ventral or lateral meso-
derm posterior to the region fated to give rise to the
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heart is not capable of heart formation in isolation.
However, interaction with anterior endoderm does
contribute to the maintenance of heart-forming po-
tency in the anterior ventrolateral mesoderm that
flanks the region of mesoderm destined to give rise to
the heart (Sater, unpublished observations).

As mentioned earlier, morphogenetic fields have
been mapped both by examining the state of specifi-
cation of tissue contained within the morphogenetic
field and by mapping the ability of the surrounding
tissue to regulate to replace an organ following
removal of the tissue fated to give rise to that organ.
Studies of the heart morphogenetic field in chick
embryos have been performed using both methods,
producing different results. Rawles (1936) examined
the developmental potencies of explants of the stage-
5 (regressing primitive streak) chick blastoderm when
grafted onto the chorioallantoic membrane, a rela-
tively neutral site. She found that peripheral areas of
the blastoderm, ranging from the level of the noto-
chord to a point halfway down the primitive streak,
expressed heart-forming potency under these con-
ditions. This suggests that the heart morphogenetic
field comprises the paired regions of lateral blasto-
derm over approximately half the length of the
embryo. However, stage-5 embryos from which one
of the paired regions of prospective heart mesoderm
has been removed together with the underlying
endoderm, do not undergo regulation to replace the
prospective heart mesoderm (DeHaan, 1965). In-
stead, the heart arises solely from the contralateral
unoperated side. If both regions of prospective heart
mesoderm have been removed, the heart does not
form. The difference between these results may arise
from incomplete wound healing in DeHaan's tissue
removal experiments. Alternatively, this difference
may reflect the existence of some previously unrecog-
nized inhibitory activity that suppresses heart forma-
tion in the operated embryos and is avoided in
explants grafted to the chorioallantoic membrane.

These differences underscore the importance of the
choice of experimental manipulation used to define
the spatial extent of a morphogenetic field. In ad-
dition, analyses of changes in the spatial distribution
of any field over time must examine the possibility
that morphogenetic movements may also bring about
such changes; thus an apparent restriction of the
morphogenetic field in space may reflect cell move-
ments, rather than a restriction of developmental
potency.

Taken together, these studies of the establishment
of heart mesoderm and the subsequent alterations of
the heart morphogenetic field suggest that the acqui-
sition of heart-forming potency occurs relatively
early, during gastrula and neurula stages. However,
regulation of the spatial distribution of heart-forming

potency, i.e. the heart morphogenetic field, continues
into postneurula stages. Interactions between the
prospective heart mesoderm and pharyngeal endo-
derm probably govern the establishment of heart-
forming potency and participate in the spatial regu-
lation of the heart morphogenetic field.

Tissue interactions that suppress determination

The determination of an organ generally results from
a pattern of tissue interactions that may include
suppressive influences in addition to inductive inter-
actions. These suppressive interactions affect the
positioning and the time of appearance of the organ.
Suppressive tissue interactions have been shown to
occur during the determination of the lens, the heart,
the mesonephric kidney and other organs; however,
these phenomena have received little attention.

Von Woellwarth (1961) provided a clear demon-
stration of suppressive effects of the neural crest on
lens determination by removing either the anterior
neural plate (which includes the retinal rudiments),
or the entire anterior neural plate and the associated
neural folds (which include the prospective neural
crest) from mid-neurula Triton taeniatus embryos.
When the embryos were then reared at 14°C, the
optimum temperature for lens formation, 26-5 % of
the cases produced lenses in the absence of the brain
plate, while 95 % produced lenses in the absence of
the brain plate and the neural folds. Thus, more than
three and a half times as many cases form lenses in the
absence of the neural crest under these experimental
conditions.

These embryos lack optic vesicles, so neural crest
from the neural folds has direct access to the ecto-
derm that would normally form the lens. In intact
embryos, the optic vesicle contacts that portion of the
ectoderm that will form lens, and neural crest cells do
not enter between the optic vesicle and presumptive
lens epidermis until well after the lens has formed
(Fig. 2). The ectoderm surrounding the lens-forming
region is part of the lens field, but it becomes
associated with neural crest cells that can suppress
lens formation. Henry & Grainger (1987) suggest that
neural crest cells suppress lens determination in all of
the lens field except that part contacted by the optic
vesicle, resulting in the positioning of the lens directly
over the optic vesicle.

Heart determination is also inhibited by neural
crest and neural plate. If the entire endoderm is
removed at open neural plate stages in Taricha, no
hearts will form; if the entire endoderm together with
the neural plate and neural folds are removed,
however, then heart formation will occur in as many
as 71% of the cases (Jacobson, 1960). Fautrez &
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Amano (1961) have achieved similar results with
Triturus pyrrhogaster, but they also implicate noto-
chord and somites as inhibitory to heart develop-
ment.

The inhibitory effects of the neural plate and folds
have been examined in Taricha torosa. When the
endoderm and just the anterior neural plate were
removed, leaving the anterior neural fold and pos-
terior fold and plate, no cases formed hearts. If the
endoderm and the entire neural plate were removed,
leaving the neural folds, then hearts formed in 29%
of the cases (Jacobson, 1961). This is less than the
71 % of cases that form hearts if all neural plate and
folds are removed, so it appears that both neural
plate and neural folds are inhibitory. The entire
presumptive heart mesoderm from midneurula
(stages 14-16) embryos was combined in epidermal
vesicles with various other, tissues. The presumptive
heart mesoderm in overlying epidermis formed hearts
in 31 % of the cases. The presumptive heart meso-
derm in overlying epidermis with dorsolateral endo-
derm underwent heart formation in every case that
did not give rise to neural tissue; the 36 % of the cases
that formed neural tissue did not undergo heart
formation. Presumptive heart mesoderm in overlying
epidermis with anterior neural plate and folds did not
form hearts. Neither did the same combination
together with anterior dorsolateral endoderm (Jacob-
son, 1960). Presumptive heart mesoderm in overlying
epidermis with posterior neural plate and folds also
did not form hearts, although similar cultures includ-
ing anterior dorsolateral endoderm underwent heart
formation in 67 % of the cases (Jacobson, 1961). The
experiments indicate that heart inhibition capabilities
reside in both the neural plate and the neural folds,
and that anterior plate and folds are more inhibitory
than posterior plate and folds.

Jacobson & Duncan (1968) showed that fractions of
homogenates of the cranial neural fold have a sup-
pressive effect on heart formation in hanging drop
cultures of presumptive heart mesoderm. The sup-
pressive activity in these tissue homogenates is eluted
in the void volume after Sephadex G-100 gel filtration
chromatography. After centrifugation of the hom-
ogenate, the suppressive activity is located at the
aqueous-lipid interface and it is destroyed by boiling
(Jacobson, unpublished observations).

Jacobson & Duncan (1968) found that the earliest
stage at which hearts will form in endoderm-free
embryos, which still contain the inhibitory tissues, is
considerably later than the earliest stage at which
explants of heart mesoderm will form beating hearts
when cultured in isolation. The differences in the
acquisition of heart-forming capability through time
in these two experimental situations illustrates the
delaying effects that the presence of inhibitory tissues

must have on heart formation in normal develop-
ment.

Suppressive interactions have been shown to occur
during the determination of other organs. Mesoneph-
ric kidney tubules arise from mesonephrogenic inter-
mediate mesoderm that is adjacent to the neural folds
of amphibian embryos during stages with open neural
plates. Etheridge (1968) analysed the determinative
events that lead to mesonephric tubule formation in
the newt Taricha torosa. He found that the neural
crest strongly suppresses tubule formation, both
while the neural crest is still present in the neural
folds and after it has migrated into the mesonephro-
genic mesoderm. Similar results were obtained with
the anuran Xenopus laevis (Etheridge, 1972). Green
(1970) suggested that neural crest may normally
inhibit mesonephric tubule formation in mice, based
on her observations of the ch mutant. The effect of
this suppressive activity in normal development is to
delay the time of appearance of the mesonephric
kidney tubules.

Most studies of induction do not look for suppres-
sors; thus, hitherto-undiscovered suppressive interac-
tions may occur during the determination of many
other organs. Since the neural crest appears to have
risen very early during vertebrate evolution, its sup-
pressive role in determination of some organs may
have interesting evolutionary implications. Gans
(1987) raises the question of whether, to some extent,
the inhibitory capacity of the neural crest on heart
and mesonephric kidney development reflects the
posterior shift of these organs from a branchial
position in protochordates to a visceral coelomic
position in vertebrates.

It appears that in several induction systems, sup-
pressive interactions between the organ anlage and
nearby tissue are involved in regulating the temporal
appearance and the spatial positioning of the organ.

Some speculations about induction across
boundaries

Induction occurs across boundaries between different
domains of cells. Morphogenetic movements often
bring inductor tissues into vertical apposition with
responding tissues; indeed, induction events usually
alternate with episodes of morphogenetic move-
ments. Some of the more classical examples of
induction, such as the inductions of neural plate, lens
or heart by underlying tissues, occur mostly between
tissues in vertical apposition.

Inductive interactions also occur across boundaries
within the plane of a tissue. The processes of such
planar inductions may establish some of the charac-
teristics of morphogenetic fields and set the stage for
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ect

Fig. 5. Diagrammatic views of the dorsal portions of sagittal sections oiXenopus blastulae. (A) Across the boundary
between vegetal (veg) and animal (an) materials, an inductive signal from the vegetal cells spreads and attenuates into
the animal material. Either this results in the induction of a chordamesodermal field of potency (chm) that (B) becomes
delimited from the ectoderm (ect) by a new boundary where the limit of response threshold is reached, and then
inductions occur across both new boundaries (C) to induce (D) notoplate (npl) and anterior endoderm (he), or the
original induction shown in A induces a large field of potency that segregates into notoplate, chordamesoderm and
anterior endoderm. en, endoderm.

subsequent interactions within the field itself. As
mentioned earlier, the inductive signal usually ex-
tends beyond the border that eventually delimits the
organ being induced. During planar inductive inter-
actions, attenuation of the inductive signal as it
spreads through the plane of the tissue may lead to
the establishment of two cell populations: one that
has received levels of the inductive signal that are
sufficient to elicit formation of the induced organ {i.e.
threshold levels of the inductive signal), and one that
has received insufficient, or subthreshold, levels of
the inductive signal. The juxtaposition of tissues that
have received threshold and subthreshold levels of an
inductive signal may result in the formation of a new
boundary between them, as well as in changes in the
inductive ability and the responsive competence of
both tissues. These changes could lead to additional
inductive interactions.

Induction of the dorsal mesoderm in Xenopus is
one example of a planar induction. The Xenopus
blastula has two different domains of cells, the animal
and the vegetal cells, that emerge from regional
differences in the zygote that presumably originate
during oogenesis. The early embryo thus has a single
boundary between animal and vegetal regions, and
the endoderm induces mesoderm in the animal region
across this boundary (Nieuwkoop etal. 1985) (Fig. 5).
During induction of the dorsal mesoderm, the induc-
tive signal from the endoderm presumably attenuates
as it spreads into the animal region (Fig. 5A). A new
boundary becomes defined, possibly demarking those
animal cells that have received enough of the induc-
tive signal to pass through a response threshold. More
distant areas of the animal cap receive levels of the
inductive signal that are insufficient to elicit forma-

tion of chordamesoderm. The spatial distribution of
attenuated levels of the inductive signal may be
responsible for the delimitation of the dorsal meso-
dermal morphogenetic field. Peripheral regions of the
dorsal mesodermal field that are eventually excluded
from the presumptive chordamesoderm may display
altered patterns of competence with respect to sub-
sequent inductive interactions. For example, this
subthreshold induction may impart dorsal character-
istics to the dorsal ectoderm, making it more suscep-
tible to neural induction (London et al. 1988; Sharp et
al. 1987). The latter authors have used neural cDNA
markers to demonstrate this phenomenon directly.
Further Jones & Woodland (personal communi-
cation), using a monoclonal antibody specific for
neural ectoderm, find that Xenopus stage-10 prospec-
tive dorsal ectoderm responds much faster to neural
induction than does stage-10 prospective ventral ecto-
derm. London et al.'s report was based on a mono-
clonal antibody that recognizes epidermis.

The notoplate, an ectodermal region that is essen-
tial for the elongation of the neural plate (Jacobson,
1981), forms just beyond the border between the
chordamesoderm and the ectoderm. The notoplate
ultimately occupies the midline of the neural plate
(Jacobson, 1987), and it undergoes convergent exten-
sion in the direction opposite to the convergent
extension of the chordamesoderm (Keller et al. 1985)
during gastrulation and induction of the neural plate.
The notoplate must be induced before the neural
plate, since it begins to function during neural induc-
tion (Jacobson, 1987). The notoplate may be induced
in competent ectoderm by the contiguous chorda-
mesoderm, or it may arise as part of a chordameso-
dermal-notoplate complex or field, via the inductive
signal responsible for mesoderm formation.
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Head mesoderm and pharyngeal endoderm are
induced from the animal hemisphere between the
chordamesoderm and the vegetal cells. Nieuwkoop et
al. (1985) suggest that the anterior endoderm is
induced simultaneously with the chordamesoderm.
Alternatively, the anterior endoderm may be the
result of induction between the vegetal cells and the
chordamesodermal field. The latter possibility
implies a change of competence in the region that had
previously been induced to form the chordameso-
derm.

In any event, the induction across the original
animal-vegetal boundary leads to formation of four
new boundaries (Fig. 5D,E). Inductive interactions
presumably continue across these new boundaries.
For example, the boundary between the notoplate
and the chordamesoderm becomes the site of forma-
tion of the tail bud. Smith et al. (1985) propose that
such sequential induction occurs within the meso-
derm. Different vegetal cells induce the dorsal and
the ventral mesoderm; then, inductive interactions
between the dorsal and ventral mesoderm elicit the
intermediate mesodermal structures.

In summary, an inductive signal may spread be-
tween two regions within the plane of the tissue,
becoming attenuated within the responding tissue as
it does so. A boundary will form between a region
that has received sufficient induction to pass a re-
sponse threshold to form the organ, and a contiguous
region that has received some level of the inductive
signal, but not enough to pass the threshold. The
competence of both these regions may be changed by
these events, and new inductions may then occur
across the boundary, establishing in turn new bound-
aries where these processes may continue. Such a
method would allow diversity to increase exponen-
tially. Morphogenetic movements, which often alter-
nate with inductive events, may also bring different
regions of tissue into new appositions and allow
additional inductions to occur.

Conclusions

Recent investigations into the induction of the lens
and heart have brought about a substantial modifi-
cation in our view of the inductive interactions
responsible for the formation of these organs. Results
of Henry & Grainger (1987) and Grainger et al.
(1988) stress the importance of lens induction that
occurs before there is an optic vesicle, and their work
indicates that the optic cup does not play a significant
determinative role in lens formation in any of the
species studied. Our work demonstrates that the
establishment of heart-forming potency in the Xeno-
pus embryo occurs during gastrulation and the

earliest stages of neurulation, resulting in part from
the specification of the dorsoventral axis during
earlier stages. In each case, determinative events are
shown to begin earlier in development than was
previously supposed.

These findings point toward a clearer elucidation of
the relationship between global patterning events
occurring relatively early in development and specific
tissue interactions responsible for the establishment
of organ-forming potency. Many of the earlier exper-
imental analyses of embryonic induction viewed in-
ductive interactions without regard for the processes
of regional specification that generally precede the
inductive events themselves. More recently, Gerhart
and his colleagues (1984) have examined the relation-
ship between events that initiate the formation of the
dorsoventral axis during the first cell cycle and dorsal
mesoderm induction during late cleavage and blastula
stages. These processes are in turn connected with the
timing of the initiation of gastrulation movements
around the dorsoventral circumference of the em-
bryo. Presumably, early specification events such as
these produce regional differences that later manifest
themselves as spatial differences in developmental
potency or competence. This relationship warrants
further investigation.

A central question that emerges from this consider-
ation of inductive interactions involves the cellular
and molecular events underlying the response to
induction. How is the acquisition of developmental
potency reflected at a cellular level, in terms of gene
expression and the regulation of cellular activity?
What is the nature of the intercellular communication
that must coordinate changes in field characteristics?
Warner & Gurdon (1987) have suggested that gap
junctions may mediate communication within the
mesoderm following induction. In addition, fibro-
blast growth factor alone (Stack et al. 1987) and in
combination with transforming growth factor-/?
(Kimelman & Kirschner, 1987) can elicit mesodermal
characteristics from the animal cap cells of Xenopus
blastulae. Medium conditioned by the Xenopus cell
line XTC induces mesoderm formation in isolated
animal cap explants (Smith, 1987). Recently, the
XTC-conditioned medium has been shown to induce
changes in cellular activity characteristic of those
induced by TGF-/3 (Rosa et al. 1988). The inducing
activity has been purified and has biochemical charac-
teristics that closely resemble those of TGF-/3 (Smith
et al. 1988). These findings may provide an excellent
opportunity to address some of these questions. The
mechanisms by which these growth factors act upon
differentiated cells are still poorly understood;
further studies elucidating their mechanisms of action
should suggest explanations for their effects upon
embryonic cells, which in turn may shed light on the
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process by which the endogenous signal induces
mesoderm formation in vivo.

The vast array of work in classical experimental
embryology suggests that the change in developmen-
tal potency that occurs in response to induction is
initially labile, gradually becoming fixed as a result of
the cumulative effect of the continuing inductive
signal. This notion is analogous to the model for the
conversion of short-term memory to long-term
memory proposed by Kandel and his colleagues
(Goelet et al. 1986), which claims that the acquisition
of short-term memory is dependent upon the covalent
modification of pre-existing proteins in the presynap-
tic terminal in response to a stimulus. Continued
exposure to the stimulus results in the activation of
regulatory pathways that reversibly activate the ex-
pression of specific genes, whose products mediate
the relatively irreversible expression of genes respon-
sible for the acquisition of long-term memory. Kan-
del's model of the cellular processes responsible for
the acquisition of long-term memory may offer
hypotheses regarding the cellular basis for the acqui-
sition of developmental potency in response to extra-
cellular signals, namely, embryonic induction.

Aspects of induction such as the establishment of
dynamic regions of developmental potency, the grad-
ual commitment to a developmental pathway, and the
role of regional specification in these processes are
critical to embryonic development. Ultimately, these
complex phenomena must be addressed by future
models of the cellular mechanisms underlying induc-
tive interactions.
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