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Chapter 4 Approaches to development: experimental embryology
Essential Developmental Biology, Third Edition. Jonathan M.W. Slack. © 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons,
Ltd.

Although the techniques of molecular biology and genetics are now essential in the investigation of development,
historically it was the experimental embryologists who gave most thought to developmental mechanisms and who
formulated a basic conceptual framework which is still used today.

Normal development
Normal development means the course of development that a typical embryo follows in standard laboratory
conditions when it is free from experimental disturbance. A sound knowledge of normal development is necessary in
order to understand the effects of experimental manipulations. In order to describe embryos, a number of standard
descriptive terms are in use (Fig. 4.1). The front end of an animal is known as the anterior or cranial end. The rear
end is known as the posterior or caudal end. The upper surface is dorsal, the lower surface is ventral. For microscope
sections, those taken across the long axis of the animal are called transverse. Those parallel to the long axis are
longitudinal. A vertical longitudinal section is known as sagittal if it is in the midline and parasagittal if it is to one
side of the midline. A horizontal longitudinal section, separating dorsal and ventral sides, is called frontal or coronal.

Fig. 4.1 Axes and planes of section used for describing embryos.

All of the model species used for laboratory work have published tables of stage series, which describe the course of
development as a number of standard stages which can be identified by external features under the dissecting
microscope. Embryonic development is predictable, so if an embryo has reached stage 10 at a particular time then it is
possible to be confident that it will reach stage 20 a particular number of hours later. For mammals and birds,
development will always occur at the standard physiological temperature, but for free-living embryos such as Xenopus
or zebrafish, the rate of development will vary depending on the temperature. The existence of these tables enables
investigators to standardize their procedures by using embryos of the same stage, regardless of the temperature in the
lab that day.

Features of development are referred to as maternal if they are due to components which exist in the egg, having been
accumulated during oogenesis. They are said to be zygotic if they are due to components newly synthesized by the
embryo itself after fertilization.

The fate map
A fate map is a diagram that shows what will become of each region of the embryo in the course of normal
development: where it will move, how it will change shape, and what structures it will turn into. The fate map will
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change from stage to stage because of morphogenetic movements and growth, and so a series of fate maps will depict
the trajectory of each part from the fertilized egg to the adult. The precision of a fate map depends on how much
random cell mixing occurs in development. If there is none, as in the nematode, Caenorhabditis elegans, then the fate
map can be precise down to the cellular level. For most embryo types there is some local mixing of similar cells and
therefore the fate maps cannot be quite this precise. Nonetheless, the fate map is a fundamental concept in embryology
and the interpretation of nearly all experiments concerned with early developmental decisions depends on knowledge
of the fate map.

Fate maps are constructed by labeling single cells or regions of embryos and locating the position and shape of the
labeled patch at a later stage of development (Fig. 4.2). The labeling methods used are those described in Chapter 5
below, and may be either application of an extracellular label to a patch of cells, injection of an intracellular label to
one cell, or grafting of labeled tissue to replace an exactly equivalent piece in the host embryo. Fig. 4.3 shows a fate
mapping experiment conducted by injecting two adjacent early blastomeres of a Xenopus embryo with mRNA for
green fluorescent protein (GFP), and locating the labeled domains at the neurula stage. The results of many individual
labeling experiments can be combined to form the fate map for one particular stage. It is essential to note that a fate
map does not indicate anything about developmental commitment. All parts of the embryo have a fate throughout
development, but commitment to form particular structures or cell types is usually acquired through a series of
intercellular interactions.

Fig. 4.2 Fate mapping. (a) A label placed at a particular position in the
early embryo ends up in a reproducible position on the animal. (b) A
possible fate map of the early embryo.

Fig. 4.3 A fate mapping experiment in Xenopus. GFP mRNA was injected
either into the C3 or C4 blastomere at the 32-cell stage.
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In older embryological literature an embryo is referred to as a mosaic if experimentally isolated parts develop strictly
according to the fate map, and as regulative if an isolated part forms more structures than expected from the fate map.
In reality, all types of embryo show some aspects of mosaic and of regulative behavior depending on the region of the
embryo and the developmental stage concerned. The explanation for regulative behavior depends on double gradient
systems which are capable of adjusting to an alteration of size of the embryo, for example the ADMP–Chordin system
found in Xenopus. Note that “mosaic” in this sense is nothing to do with genetic mosaics, which are organisms
consisting of cells of different genotype (see Chapter 3), and embryonic regulation in this sense also differs from gene
regulation or regulation at a physiological level.

Clonal analysis
Clonal analysis is a form of fate mapping in which a single cell is labeled and the position and cell types of its
progeny identified at a later stage. The labeling may be carried out by injection of one cell with a lineage label. This is
a simple method where the cells are large and very suitable for organisms that do not grow significantly such as early
stage Xenopus or zebrafish or sea
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urchins. For organisms that do grow, such as chick or mouse embryos, it is preferable to introduce into a single cell a
genetic label that will persist without dilution. This might be insertion by a replication-incompetent retrovirus, or a
genetic recombination event that yields a visible marker. The most useful aspect of clonal analysis is to decide whether
a cell is committed to form a particular structure or cell type at the time of labeling. If it is committed to form a
particular structure called A then its descendants will only be able to populate structure A and nothing else. It follows
that if a clone labels both structures A and B then the cell cannot have been exclusively committed to develop into
either A or B at the time of labeling (Fig. 4.4). Sometimes it is found that a label applied early will span A and B while
a label applied later will populate only A or B. This may be because the cells have become committed in the time
between the two labels. However, it may simply be because the later-induced clones are smaller and so have less
chance of populating more than one structure. Thus, a clonal analysis can prove lack of commitment but cannot prove
the presence of commitment.

Fig. 4.4 Clonal analysis. No clonal restriction means no determination, but
the converse is not necessarily true. (a) Single cell labeled before
determination, progeny span later boundary. (b) Cell labeled before
determination but progeny fail to span boundary because clone is too
small. (c) Cell labeled after determination and cannot cross boundary.

Clonal analysis has been extensively used particularly in the analysis of Drosophila segmentation and of vertebrate
hind-brain patterning. The term compartment is sometimes used to indicate a region in an embryo whose boundaries
are boundaries of clonal restriction. Once a compartment is established, no cells may enter and none may leave. In
other words, all the cells within a compartment are the descendants of the founder cells. A compartment usually
corresponds to a visible structure such as a segment or an organ rudiment and is maintained either by physical
boundaries to cell migration, such as basement membranes, or by a differential adhesion of the cells of the
compartment compared to those outside, such that all cells of the compartment stick together and cannot mix with their
neighbors. In a few cases, notably the anterior–posterior compartment boundaries of Drosophila imaginal discs, the
boundary of clonal restriction does not correspond to a visible anatomical boundary.

Developmental commitment
As development proceeds, formerly uncommitted cells become committed to form particular body parts or cell types.
We now regard commitment as being encoded as a combination of transcription factors present in the cell and so it can
be visualized directly by observing the expression of the relevant genes using in situ hybridization. But historically
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commitment was investigated by embryological experiments. This led to two operational definitions, usually called
specification and determination, which are still useful today (see Animation 3: Tests of commitment).

A cell or tissue explant is said to be specified to become a particular structure if it will develop autonomously into that
structure after isolation from the embryo (Fig. 4.5a,b). If a large number of such experiments are performed, and the
results combined, it is possible to construct a specification map of the embryo. This shows what the cells have been
programmed to do by that particular developmental stage. The specification of a region need not be the same as its fate
in normal development. For example the prospective neural plate of a Xenopus blastula will differentiate not into
neuroepithelium but into epidermis when cultured in isolation. In order to form neuroepithelium it needs to receive an
inductive signal from the mesoderm.

Fig. 4.5 Tests for fate, specification, and determination. (a) The labeled
region will normally contribute to the spiny dorsal part of the animal
(fate). (b) When isolated this tissue still forms dorsal spines (specification).
(c) When grafted at an early stage to another region it differentiates
according to the new position (not determined). (d) When grafted at a
later stage to another region it differentiates according to its original
position (determined).

A determined region of tissue will also develop autonomously in isolation but differs in that its commitment is
irreversible
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with respect to the range of environments present in the embryo. In other words, it will continue to develop
autonomously even after it is moved to any other region of the embryo (Fig. 4.5c,d). A very large number of
embryological experiments consist of grafting a piece of tissue from one place to another and asking whether it
develops in accordance with its new position or its old position. Grafts will usually be labeled by one of the methods
described in Chapter 5, so that the tissues of graft and host can be distinguished. With practice they can be performed
with considerable precision. Figure 4.6 shows a graft of GFP-labeled tissue to the posterior neural fold region of a
Xenopus closed neurula embryo. A graft to the same position of another embryo is called an orthotopic graft, and is
one of the usual methods of fate mapping. A graft to a different position in the host is called a heterotopic graft, and
represents the test for determination. If the pathway of development is unaltered by such a graft then the tissue is
defined as determined. If a heterotopic graft develops according to its new position then it follows that it was not
determined, although it may have been specified, at the time of grafting. A series of such grafts performed at different
stages usually show a time at which the tissue becomes determined. For example the prospective neural plate of a
Xenopus embryo is not determined at the blastula stage because it will form epidermis or mesoderm if grafted
elsewhere in the embryo. It becomes determined to form neural plate during gastrulation, as after this stage grafts to
other regions of the embryo will always differentiate into neuroepithelium. In a molecular sense, determination means
that the cells have lost their responsiveness, or competence, to the signals that originally turned on the relevant
combination of transcription factors. This may be because the cells have lost receptors or other components of the
signaling machinery, or because the transcription factor combination is maintained by factors other than those
responsible for turning it on in the first place.

Fig. 4.6 (a) Graft of transgenic GFP-labeled tissue to posterior neural fold
of a Xenopus neurula. (b) The graft later contributes to spinal cord and
neural crest.

In the development of any embryo there will be a hierarchy of commitment associated with progressive physical
subdivision (Fig. 4.7). For example there will first be formed the three germ layers, ectoderm, mesoderm, and
endoderm, then each germ layer will be subdivided, for example the ectoderm into epidermis, neuroepithelium, and
neural crest. Later, the neuroepithelium will be subdivided on a smaller scale into subregions such as individual
rhombomeres of the hindbrain. This means that any region of cells in the embryos will pass through several states of
commitment, each defined by a different combination of transcription factors. The embryological methods for defining
specification and determination can be applied at any level of this hierarchy.

Fig. 4.7 A hierarchy of regional specification in development. Cells that
become rhombomere 4 of the hindbrain first need to “decide” to be
ectoderm, then to be neuroepithelium, then to be hindbrain, and finally to
be rhombomere 4.
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Because the early steps of the hierarchy of commitment do not correspond to named body parts they are often referred
to by position (e.g. dorsal/ventral, anterior/posterior). This can be very confusing to students beginning the study of
developmental biology. Experimental manipulation can alter states of commitment so one might encounter a statement
such as “over-expression of X makes dorsal cell population Y ventral.” This means that cells in a dorsal position in the
embryo have been caused to acquire a state of commitment the same as that normally found in the ventral region. So it
is important to be very clear when reading publications about whether positional terms like “dorsal” literally refer to
position, or whether they refer to a state of commitment associated with that position in normal development.

The term potency is sometimes used to mean the range of possible cell types or structures into which a particular cell
population can develop. This is similar to competence, but may include also pathways of development that can be
provoked in vitro by environments not normally found within the embryo. It is now normal to refer to embryonic stem
cells, which can form any cell type in the body, as being pluripotent, and tissue-specific stem cells, which can form
the cell types characteristic of their own tissue, as multipotent.

Cytoplasmic determinants
A cytoplasmic determinant is a substance or substances, located in part of an egg or blastomere, which guarantees the
assumption of a particular state of commitment by the cells that inherit it during cleavage (see Animation 4:
Cytoplasmic determinant action). By definition, the cell division will be asymmetrical and the two daughters will
follow different pathways of development. If cytoplasm containing a determinant is grafted to a different part of the
egg, then it will cause formation of the appropriate structure from the new cells that now contain it (Fig. 4.8).
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Fig. 4.8 Operation of a cytoplasmic determinant coding for the head of the
embryo. In normal development it ensures that the head forms from the
cells that inherit it. If the determinant is transplanted elsewhere than it
causes formation of an ectopic head.

Cytoplasmic determinants are of considerable importance for the very earliest stages of embryonic development
because they are often responsible for the establishment of the first two or three distinctly specified regions in the
embryo. The subsequent complexity of the pattern develops as a result of interactions between these initial domains.
Determinants are sometimes mRNAs that are localized to a part of the cell in association with the cytoskeleton, for
example the bicoid and nanos mRNAs in the Drosophila egg. They may also be proteins. In the early stages of C.
elegans development a complex containing PAR3, PAR6, and aPKC becomes localized in the anterior and controls the
fate of the first two blastomeres. A similar system is involved during neurogenesis and epithelial polarization in other
types of animal.

Induction
Most regional specification in development arises from the operation of extracellular signals called inducing factors
(see Animation 5: Induction). The families of signaling molecules involved are briefly described in the Appendix.
Many of them are also known as growth factors, cytokines, or hormones in other contexts. The ability to respond to an
inductive signal is called competence and requires not just the presence of specific receptors, but also a functioning
signal transduction pathway coupled to the regulation of transcription factors.
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To give a concrete example, in the Xenopus embryo the mesoderm is induced from the animal hemisphere tissue in
response to signaling molecules called Nodals emitted from the vegetal region (Fig. 4.9 and see Chapter 7). The signals
upregulate the expression of various transcription factors that define the mesodermal state, such as the T box protein
Brachyury. The remainder of the animal hemisphere becomes ectoderm, as does the whole animal hemisphere in
isolation. This interaction can occur between small pieces of the blastula cultured in combination, and so by using
pieces taken from embryos of different stages it has been possible to show that the interaction occurs during the
blastula stages. This type of interaction is called an instructive induction because the responding tissue has a choice
before it (either mesoderm or ectoderm), and in normal development the interaction results in an increase in
complexity of the embryo.

Fig. 4.9 Mesoderm induction in Xenopus. (a) As it occurs in normal
development. (b) As it occurs in an animal–vegetal combination
experiment.

There are two different types of instructive induction which have somewhat different consequences in terms of
regional specification (Fig. 4.10). It may be that the signaling center lies at one end of a cell sheet and is the source of a
concentration gradient of the signal substance. The competence of the surrounding tissue embodies different threshold
responses to different concentrations and hence a series of territories are formed in response to the gradient. It has
become common usage to refer to the signal substance in a case of this sort, where there is more than one positive
outcome, as a morphogen (see description in Chapter 2). Well established examples of morphogen gradients are the
gradients of sonic hedgehog protein in the neural tube and the limb bud, of active BMP (bone morphogenetic protein)
in the early Xenopus embryo, or of Dpp (Decapentaplegic) protein in the Drosophila imaginal discs.
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Fig. 4.10 Types of induction: permissive and instructive. Instructive
inductions may be appositional or morphogen type.

The other possibility is that the signaling centers lie in one cell sheet and the responding cells in another. When they
are brought together, the appropriate structures are induced as a result of a single threshold response in those parts of
the responding tissue immediately adjacent to the signaling centers. This happens, for example, in the induction of
nasal, lens, and otic placodes from the head epidermis of vertebrate neurulae under the influence of the underlying
tissues. In the presence of the signal the epidermis forms a placode, in its absence it differentiates as normal epidermis.
This is called appositional induction. Typically, only one threshold response would be made by the responding tissue
and the inducing factor for this reason would not be called a morphogen, even though the same substance might
function as a morphogen in another context.

There is a further kind of inductive interaction, which is called permissive. Here the signal is necessary for the
successful self-differentiation of the responding tissue but cannot influence the developmental pathway selected (Fig.
4.10). Permissive interactions are very important in late development. For example in the development of the kidney,
the mesenchyme will form tubules on receipt of a permissive signal from the ureteric bud. In the absence of the signal
it simply fails to develop, and does not form any alternative tissue. The essential difference between instructive and
permissive is that instructive inductions lead to a subdivision of the competent tissue while permissive inductions do
not.

It has generally been supposed that inductive signals diffuse through the extracellular space. However, many of the
factors concerned are growth factors that are tightly bound by extracellular glycosaminoglycans. For this and other
reasons, alternative routes for diffusion have been considered, and one possibility is transport through the fine
intercellular processes called cytonemes that are found in many developing tissues. Even where inducing factors do
travel through the intercellular space their distribution in space may depend on cellular processes of endo- and
exocytosis. The transport of inducing factors is best understood in the Drosophila imaginal discs where more than one
mechanism has been uncovered.
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Lateral inhibition
Another important class of cell communication that could be called induction, but is usually considered separately, is
lateral inhibition (see Animation 6: Lateral inhibition). This is best known in terms of the behavior of the
Notch–Delta system that operates in many situations where individual cells from a uniform population follow one
pathway of development while the surrounding cells follow another (Fig. 4.11). Examples include neurogenesis in the
early neural plate, or formation of endocrine cells in the epithelia of the gut. In principle, lateral inhibition systems
work because multiple, small signaling centers become established that suppress the formation of the signal in the
surrounding cells. This is shown in Fig. 4.12, which
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depicts a field of cells that are committed to become cell type B but are spontaneously progressing toward commitment
to form cell type A. The first few cells to become type A produce an “activator” substance, which promotes
development of cell type A, and an “inhibitor” substance, which antagonizes the action of the activator such that
inhibited cells are unable to continue the progress toward type A and revert to becoming cell type B instead. The
reason that the system generates pattern is that the activator is short range, perhaps only active through intercellular
contacts, while the inhibitor is long range, moving freely by diffusion. This means that near the source of activator, the
activator will prevail over the inhibitor and guarantee formation and maintenance of the cell type A, which produces
both substances. In the surrounding region the inhibitor will prevail over the activator and so suppress formation of cell
type A. Beyond a certain range the action of the inhibitor will be insufficient to prevent the formation of further
signaling centers of type A cells and so the final result will be the formation of many signaling centers spaced out
across the field of cells in an approximately uniform way. How regular the final pattern is depends on the details of the
mechanism.

Fig. 4.11 Sensory progenitors arise as individual cells in Drosophila
imaginal discs following a lateral inhibition process. (a) Early sensory cells
visualized by immunostaining for SuH protein (green). (b) A general
nuclear stain (propidium iodide). (c) A merged view. Reproduced from
Gho et al. Development 1996; 122: 1673–1682, with permission from
Company of Biologists Ltd.

Fig. 4.12 Lateral inhibition. Cell type A produce both the activator and the
inhibitor. Where the activator prevails cell type A is stabilized, where the
inhibitor prevails cell type A is suppressed.
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Stochasticity in development
Development often seems to involve the creation of pattern from homogeneity. This occurs when a lateral inhibition
system gets going. It occurs when a cytoplasmic determinant becomes localized at one end of the cell rather than
another. It also occurs in any case where multiple cell types appear to differentiate from a single type of progenitor,
even when they are cultured in vitro in a uniform environment. All of these processes involve symmetry breaking.
Very small, naturally occurring fluctuations in the concentration of particular substances, or the activity of specific
genes, become amplified at particular locations as a result of positive feedback, and become repressed in adjacent
regions as a consequence of the amplification. What is the original source of these fluctuations? Ultimately, it is due to
the small number of regulatory molecules in a cell. There may be a few hundred copies of a particular transcription
factor within each cell and they have to find their binding sites in the DNA by searching a huge amount of DNA
sequence. There are only two copies of each gene, and, at any particular time, each copy of a particular regulatory
sequence will either have a transcription factor attached or it will not have one attached. The residence times of the
individual molecules is quite long, measured in minutes, so a population of apparently identical cells will actually be
heterogeneous in terms of the instantaneous occupation of regulatory sites. Given the existence of positive feedback
systems, such fluctuations can easily be amplified to become macroscopic and irreversible differences in composition.

The “epigenetic landscape”
Developmental commitment is the subject of a remarkable concept first introduced by the embryologist and geneticist
C.H. Waddington in the 1940s. This is the “epigenetic landscape” (Fig. 4.13). His diagrams have recently revived in
popularity and are once again being reproduced frequently. A typical diagram depicts a landscape in which a series of
valleys arise by branching on the way down the side of a hill, rather as a natural landscape would be sculpted by water.
A ball placed at the top will roll down the valleys. At each bifurcation it will move left or right, depending on minor
perturbations that it experiences, so each such choice of pathway is a symmetry breaking event. Eventually, it will
come to rest in one of the lowest tier of valleys. The ball is supposed to represent a cell in an embryo, the valleys
represent states of developmental commitment, and each bifurcation represents a developmental choice. Of course the
entire embryo would be represented by many balls, and some balls would adopt each of the possible trajectories down
the landscape to generate the complete set of stable cell types. Thus far the diagram captures some important ideas that
have been verified in the molecular era. However, it also has some problems. One problem is that the diagram relates
only to cell states, and does not capture the structure of the embryo in any way. This means that interactions between
parts of the embryo, which are so important because of the inductive signals exchanged, are not represented. In reality,
most developmental choices are not symmetry breaking events, they are deterministic events controlled by inductive
signals. Another rather more abstract problem is to decide exactly what the surface represents. In fact, it is supposed to
be a “potential energy surface” embedded within a multidimensional state space representing all of the levels of gene
products and other substances found in cells. Whether such surfaces really exist, or can be computed, remains unclear.

Fig. 4.13 Waddington’s “epigenetic landscape.” The ball represents a cell,
and the valleys represent different developmental choices that it can make.
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Reproduced from Slack (2002), with permission from Nature Publishing
Group.

Waddington himself introduced the term epigenetics as effectively a synonym of development, recognizing that a large
element of development consists of the regulation of gene expression. However, the term is used in a different sense
today. Epigenetic now refers mostly to the understanding of gene expression in terms of chromatin structure rather
than of DNA alone. This recognizes the importance of DNA methylation as a controller of gene expression, and also of
the numerous chemical modifications of histones and other chromosomal proteins, which collectively enable or prevent
the activity of transcription (see Appendix). The term is also used to relate to the rare examples of inheritance that are
not due to DNA sequence, but these are of little importance in animal development.

Criteria for proof
Much research work in developmental biology is concerned with the identification of inducing factors, or of
determinants, or of the transcription factors that define the states of developmental commitment. Rigorous proof that a
particular molecule really does perform a particular function during normal development requires at least three
independent lines of evidence, concerning expression, activity, and inhibition.

Expression.
The molecule in question must be present. There must be evidence that it is expressed in the right place, at the right
stage, and in a biologically active form. This is usually obtained from in situ hybridization or immunostaining, but it
should be remembered that the presence of mRNA does not guarantee the translation of the polypeptide, nor does
presence of protein guarantee its post-translational processing to an active form. Additional evidence can sometimes be
obtained from suitable reporter constructs, for example the presence of biologically active levels of retinoic acid can be
detected by introducing a gene consisting of a retinoic acid response element (RARE) coupled to a lacZ reporter gene.
Regions exposed to retinoic acid, and capable of responding to it, will then express β-galactosidase, which can be
detected by the X-Gal reaction.
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Activity.
The molecule in question must have the appropriate biological activity in a suitable test system. For example a
candidate inducing factor should be able to evoke the correct responses from its target tissue. For a candidate
cytoplasmic determinant, it must be possible to inject it into another part of the cell or a different blastomere, and cause
the injected region to develop along the pathway caused by the determinant.

Inhibition.
If the molecule is inhibited in vivo then the process for which it is thought responsible should fail to occur. Where
several similar molecules are responsible for a process (redundancy, see Chapter 3) then it may be necessary to inhibit
all of them to obtain a result. Inhibition may be achieved at the DNA level by mutation of a gene to inactivity, at the
RNA level using antisense morpholinos or RNAi, or at the protein level by introduction of a specific inhibitor of the
normal gene product. Extracellular substances may sometimes be successfully inhibited by specific neutralizing
antibodies. Although well-characterized mutations are necessarily specific to a single gene, inhibition experiments
involving the other methods may not be so specific and need careful evaluation.
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Key points to remember
• A fate map shows where each part of the embryo will move, and what it will become. It does not,
however, indicate the state of commitment of parts of the embryo at the time of labeling.

• Developmental commitment can be labile (specification) or stable (determination). Specification
indicates that a particular structure or cell type will be formed by development in isolation.
Determination indicates that a particular structure or cell type will be formed following grafting to other
regions of the embryo.

• Clonal analysis comprises the deductions that can be made about developmental mechanisms by
labeling a single cell. If the progeny of one cell span the boundary between two structures, it shows that
the cell was not determined to become either structure at the time of labeling.

• A cytoplasmic determinant will cause commitment to a particular developmental pathway by the cells
that inherit it.

• An inducing factor is an extracellular signal substance that can alter the developmental pathway of
cells exposed to it. Many inducing factors are known as growth factors or hormones in other contexts. If
the factor is simply necessary for continued development of the target cells, it is said to be permissive. If
a different developmental pathway is followed in the absence and the presence of the factor, then it is
said to be instructive. If there is more than one positive response at different concentrations, the factor is
described as a morphogen.

• Lateral inhibition systems generate two mixed cell populations from a single cell sheet. This occurs by
amplification of small initial differences between the cells such that differentiating cells inhibit the
differentiation of those around them.

• Proof that a particular gene product is responsible for a particular process requires evidence of
appropriate expression pattern, of appropriate biological activity, and of appropriate consequences of
ablation.
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This chapter contains the following animations:

Animation 3 Tests of commitment.
Animation 4 Cytoplasmic determinant action.
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Animation 5 Induction.
Animation 6 Lateral inhibition.

 For additional resources for this book visit www.essentialdevelopmentalbiology.com
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