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PREFACE

O Mechanisms of Development was written specifically to serve as
_the textbook for a one-semester course on developmental mecha-
nisms. Its emphasis is on molecular and cellular mechanisms, and
we have included only the bare minimum of descriptive embryology
that is needed to understand those mechanisms. There already exist
a number of good textbooks of descriptive ‘embryology, and we have
tried to avoid unnecessary ‘duplication of the material -contained in
them. Because of this complementary relationship, Mechanisms of
Development can also be used in conjunction with a standard-embry-.’
ology text for a comprehensive two-semester course that emphasizes
both developmental phenomena and ‘the mechanisms that underlie -
them. :

A living organism is a hlerarchy of organization, beginning with
the smallest subatomic particles and progressing through atoms,
molecules, macromolecules, organelles, cells, tissues, organs, and
finally to the intact organism as an integrated functional unit. Our
approach in this book is to seek an explanation for each aspect of de-
velopment at the most basic level of organization that directly affects
it. Our attempts to explain developmental phenomena are aimed pri-
marily at the levels of macromolecules, subcellular organelles, cells,
and interactions among cells. We also recognize the importance of*
events at atomic and subatomic levels in determining the properties
of the molecules that comprise living organisms, but in most cases we
have chosen to view these events as part of the intrinsic nature of the
molecules and thus more appropriately covered in texts on dtomic
physics or chemistry. '

Mechanisms of Development is-designed for use by upper division
undergraduates in the biological sciences. We have assumed that the
students using this book have completed a broadly based course in
general biology and that they have a reasonable understanding of the
fundamentals of chemistry. A number of concepts from molecular bi-
ology, biochemistry, and cell biqlogy are essential for a detailed under-
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standing of the mechanisms of development, and students who have
completed those courses will find them helpful. However, to make our
book comprehensible to students who may not have completed courses
in some of these areas, we have also aftempted to explain the basic
concepts as they are needed, e.ither in the text or in appendixes.

. Our definition of development as “progress of an organism through
its life cycle” (Chapter 1) is very broad. We are concerned with all
phases of the life cycles of multicellular organisms, including game-
togenesis, fertilization, embryogenesis, maturation, and senescence.
To fit all these topics into a single textbook of manageable size, we
have found it necessary to be selective in several ways. First, we have
emphasized the biological mechanisms by which development occurs
rather than the specific-details of development. Second, our presenta-
tion is greatly biased toward the development of higher vertebrates,
including humans. Other types of organisms are discussed when they
are useful to illustrate particular points, but no attempt has been
made to describe their development in detail. Third, we have given the
greatest attention to those aspects of development for which research
into mechanisms has beeun particularly active. This has resulted in
strong emphasis on such areas as the molecular biology of gene ex-
pression, the behavior of differentiated cells in culture, and the gen-
eration of shape during embryonic development.

Developmental biology is a dynamic, rapidly changing field in
which important new discoveries are constantly being made. We have
attempted to capture the excitement of new discovery in this book. To
do so, we must deal with areas of research in which the final answers

‘are not yet available and, in some cases, in which the investigators are

still looking for the right questions to ask. This may be disconcerting
to students who are accustomed to textbooks that present their sub-

- ject material as a compilation of facts and principles. However, we

consider it far more important to bring our students to the frontiers of

- new research than to pretend that we already know everything worth

knowing about the mechanisms of development.

Since we are dealing with current research, it is inevitable that
some of the material in this book will be obsolete even before the book
is off the press. We have tried to identify in the text those areas which
we consider likely to change rapidly. In addition, we have included an
appendix showing the interested student how to use the research liter-
ature to keep abreast with the latest progress in‘the field.

We consider it desirable for our readers to have some knowledge of
overall patterns of development before attempting to understand the
detailed mechanisms that are involved. The first section of this book
therefore provides an overview of development and a brief descrip-
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tion of the major phenomena that are involved. The first chapter pre-

sents our working definitions of “mechanism” and “development,”

together with a summary of the types of life cycles that occur in vari-

ous organisms and the relationship between those life cycles and de-

velopment. The second chapter provides a summary of the major

events in early embryomc development, and the third chapter intro-
. duces the concept of cellular differentiation.

After this brief introduction attention is turned to basic control

mechanisms that affect development at the molecular level of érga-
nization. Section Two describes molecular control of gene expression
in considerable detail. Since many of the pioneering studies in that
area have beeh done with prokaryotic organisnis, the first chapter in
the -section provides a brief review of that work, including both the
basic mechanisms of gene expression and the control systems that are

responsible for switching specific genes on and off in prokaryotic-

cells. The next five chapters examine the molecular pathway of infor-
mation flow in eukaryotic cells, starting with the organization of the
genome and attempting to follow fhe information all the way to final
differentiated products. The emphasis-of this section is-on the mech-
anisms believed to be responsible for regulating the expression of
specific genes in differentiated cells.

Section Three deals with differentiation as a cellular phenomenon.
The first two chapters are concerned with environmental influences
that control the expression of differentiation in cultured cells and

with possible mechanisms for such controls. Attention is then shifted’

to control mechanisms operating in the intact embryo, including in-
trinsic cellular determinants, embryonic induction, and hormonal
regulation. Throughout this section the emphasis is on the nature of
signals that a cell receives from its environment and on the intra-
cellular changes triggered by those signals that ultimately lead to the
expression of specific differentiated properties.

Section Four deals with the generation of specific form and shape
during development. This section begins with a discussion of how
cells change shape and how such changes can influence the shapes
of tissues and organs. Attention is then given to mechanisms of cellu-
lar recognition, sorting, and aggregation. The last two chapters in the
section deal with selective growth control and selective cell death as
mechanisms that help to mold the final shape of the organism.

The separation .of differentiation and morphogenesis in Sections
Three and Four was introduced for simplicity of presentation and does
not exist in real life, where the two are intimately intertwined. This is
clearly illustrated in Section Five, where selected developmental sys-
tems are analyzed in terms of a variety of the mechanisms previously

vii
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- presented. The first chapter in this section deals with gametogenesis

and fertilization and serves both to illustrate a high level of cellular
adaptation for specialized function and to add material concerning
parts of the life cycle that have received relatively little attention in
other chapters. The second chapter is concerned with mammalian
sex differentiation, a process that offers a fascinating example of hor-

.monal control of development in many diverse tissues and at all levels

of organization from molecules to whole-body morphology. The next
chapter deals with vertebrate limb development, a prime example of
a‘'system in which multiple inductive interactions generate a complex
structure from a rudimentary precursor with a minimum of external
inﬂuence: This is folowed by a chapter on insect development, which
is of particular interest because of the extreme experimental manipu-
lations to which insect embryos can be subjected and because it is one
of the few developmental systems in which genetic techniques have
been extensively used. Next is a chapter on the cellular slime mold
Digtyostelium discoideum, an organism that provides an unusual

. example of conversion from individual free living cells to a differ-

entiated multicellular organism and that has also been the subject of
detailed studies on the molecular control of gene expression. The sec-
tion ends with an analysis of aging, which many investigators are
beginning to view as a part of an overall program for the entire life
cycle and therefore inseparable in principle from embryonic develop-
ment and maturation.

The final section attempts to bring together into a coherent picture
all the developmental mechanisms that have been presented. In addi-
tion, it seeks to summarize some of the major unanswered questions
about development that are now capable of being approached with
modern analytical techniques of molecular and cellular biology. We
expect that many of these questions will be answered as today’s stu-

. dents become tomorrow’s investigators. Hopefully this book will in-

spire some of its readers to take a closer look at what we do not yet
know about development. ’

We thank Karen Brown for preparing the manuscript, Susan Jen- -
nings and Lisa Klaumann for doing library research and locating pre-
viously published figures, and Paul Ham and Cathy Verhulst for pro-
viding original illustrations. We are indebted to the many authors and

~ publishers who have given us permission to reproduce their previously

published illustrations. Thanks are also due the many people who
have read .and criticized portions of the manuscript, including Dr.

. Mary Bonneville, Dr. Dona Chikaraishi, Dr. Kathleen Danna, Dr.

John David, Ms. Kaye Edwards, Dr. Larry Gold, Ms. Kathy Jones,
Dr. Edwin McConkey, Dr. J. Richard McIntosh, Dr. Donna Peehl,
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Dr. Keith Porter, Dr. Donald Riddle, Dr. Urs Rutishauser, Mr.. Gary
Shipley, Dr. James R. Smith, Dr. Larry Soll, Dr. Jonathan Van Bler-
kom, Dr. Ben Walthall, and Dr. Michael Yarus. We particularly thank
Dr. George Veomett for many helpful suggestions and for the prepara-
tion of Appendix C. Special thanks are also due the 1976, 1977, and
1978 classes in developmental mechanisms at the University of Colo-
rado for serving as experimental subjects and providing the feedback
that helped this book to develop into its current form. Finally, we
thank Mary, Geoxge, and our respective children for putting up with
our preoccupation during the long gestation period of this book.

Richard G. Ham
Marilyn J. Veomett
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SECTION ONE

Basic concepts

1 Life cycles and development
2 Embryology and morphogenesis
3 Cellular differentiation

[0 The detailed analysis of the mechanisms of development presented
in subsequent sections of this book begins at the molecular level of
organization and moves progressively to more and more complex de-
velopmental phenomena. There is an inherent danger in this ap-
proach: the details may completely obscure the overall phenomena
that we are trying to explain. This introductorv section seeks to mini-
mize that risk by providing a brief overview of developmental biology,
first at the level of the intact organism and then in terms of the organ-
ism’s component parts. }

One of the basic tenets of information theory is that the symbols
used for communication have noinherent meaning in themselves. Any
symbolic code, whether it is the number of Tanterns in a church stee-
ple, a series of dots and dashes, or the words on a printed page, fails to
communicate until everyone involved has agreed to use a common sét
of definitions. If we, the authors, use a word such as “development” to
mean one thing and our readers understand it to mean something dif-
ferent, communication will be seriously impaired. We have therefore
chosen to use a substantial part of Chapter 1 to define as precisely as
possible concepts such as.“mechanism” and “development” and to he
certain that we have established meaningful communication.

In addition to presenting basic concepts and definitions, the first
chapter also contains a discussion of the continuity of life from genera-
tion to generation and of the role of developmental processes in main-
taining that continuity. Chapter 2 focuses on the individual organism
and on the generation of specific shapes (imorphogenesis) as each new
organism is formed from a fertilized egg cell. Chapter 3 shifts to the
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cellular level and focuses on the divefsity of shape and function that
.the various cells within each organism exhibit (cellular differentia-
tion) and on the biochemical and ultrastructural bases for those dif-
ferences.

Together these three chapters provide aroad map to help thereader
remain oriented during the detailed analysis of selective gene expres-
sion, cellular differentiation, and morphogenesis in later sections of
this book. '




CHAPTER 1

Life cycles and development

O The words “mechanism” and “development” are both used in
many different contexts in the English language, and each has a long
list of dictionary definitions. Even within the field of developmental
biology, it sometimes seems as though there are nearly as many defini-

tions of development as there are developmental biologists. In this'

chapter we present the rationale behind our own definitions of “mech-
anism” and “development,” which are, respectively, “the fundamen-
tal details of how things work” and “progress of an organism through
its life cycle.” Together these two definitions state accurately the aim
of thjs book, which is to summarize at molecular and cellular levels of
oréanization what is known about the events responsible for the se-
quence of changes that living organisms go through during their life
cycles. Later in this chapter we also delve into the various types of life
cycles that exist-and the major developmental chan ges that occur dur
ing those cycles.

Definitions from three different dictionaries provide a starting
point for our attempts to convey exactly what we mean when we use
the word “mechariism” in this book: (1) “the means or way in which
something is done” (World Book Encyclopedia Dictionary), (2) “the
agency or means by which an effect is produced or a purpose is accom-
plished” (Random House College Dictionary); (3) “the fundamental
physical or chemical processes involved in or responsible for an action,
reaction, or other natural phenomenon’ (Webster s New Collegiate
chtwnary) These definitions suggest that the overall concept: of a
mechanism includes both the means ot machinery involved in a pro-
cess and the way that the machinery functiéps to achieve the desired
results. In simpler terms, what we are talking about is “how things
work.” -

To understand the mechanisms involved ifi a particular process, it
is generally necessary to examine events occurring at more funda-
mental levels of organization than that of the process itself. For exam-

MECHANISMS
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ple, to describe the mechanisms responsible for changes in shape and

function that are observed in developing embryos, we find it necessary

- to speak of events that take place at molecular and cellular levels of
organization. Similarly, when a chemist explains the mechanisms
responsible for reactions that occur at the molecular level, it is neces-
sary to speak in terms of events occurring at atomic and subatomic
levels. Thus the simple definition needs to be amended to read “the
fundamental details of how things work.”

The term “mechanism” also carries an implication of cause and -

effect. Each eventin a developmental sequence tends to be influenced
“(and in some cases directly controlled) by those which precede it, and
each in turn tends to influence those which follow. Foi example, the
release of specific hormones is often triggered by neural factors or by
o}her hormones, and, in turn, the hormones-that are released exert a
variety of specific effects on their target tissues. .
Unfortunately, this type of mechanistic cause-and-effect relation-
ship is often’ confused with purpose and motivation. A large part of
this confusion results from the incorrect use of the word “why” in
everyday patterns of speech and thought. When properly used, “why”
refers to purpose, reason, or motivation. It can be used unambiguously
to refer to voluntary actions or decisions and to refer to the results of
- such actions. The classical vaudeville question “Why did the chicken
cross the road?” and its answer “To get to the other side” illustrate the
first case, and the question “Why does this book contain so many defi-
nitions?” and its answer “Because the authors consider them impor-
tant” illustrate the second.

Problems*arise when “why” is used to ask a question about pro-
cesses or things that lack the capability of decision making or volun-
tary action. One common response to such a question is to substitute
immediate cause for motivation and to answer by describing a mecha-
nism. In other words, a “why” question is answered in terms of “how.”
An .example is the question “Why do men have beards and women
not?” and the answer “Because their hormones are different.” This
answer actually describes the mechanism that is responsible for the
difference in facial hair between men and women without dealing
with cause or motivation in any fundamental sense.

Another common response to inappropriate “why” questions is to
answer with teleological reasoning, which assumes (often’incorrectly)
that all actions are undertaken specifically to achieve goals. An exam-
ple of this is the question “Why does messenger RNA (mRNA) bind to
ribosomes?” and the answer “In order to be translated.” In this case
the answer implies that the mRNA molecule knows it should be trans-
lated and deliberately binds to ribosomes to accomplish that goal. In
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reality, there is built into the molecular structure of the mRNA an
' affinity for the ribosomal translation complex, which leads to the bind-
ing and subsequent translation of the mRNA (Chapter 9). That affinity
is the product of prolonged evolutionary ‘selection for ribosomes and
mRNA molecules that work efficiently together and does not involve
specific motivation on the part of the interacting molecules. In gen-
eral, the teleological, or goal-directed, approach is not appropriate for
analyzing the basic mechamsms of development, since the cells and
molecules that are involved do not make deliberate choices or pursue
specific goals.

We have deliberately avoided use of the word “why” in this book.
True “why” questions that seek the fund@amental reasons or causes for
life and the universe being as they are go beyond the realm of expen-
mental science and thus have no place here. Questions about mecha-
nisms and cause-and-effect relationships are better asked in terms of
“how” or “What is the mechanism responsible for?” The only time
that we consider it legitimate to use “why” is when we are talking
about conscious choice or motivation or about actions resulting from
them.

The term “development” has undergone considerable evolution in
the hands of developmental biologists, and, as we indicated in the in*
troduction to this section, general agreement on the best definition is
still lacking. Two dictionary definitions of the intransitive verb “to de-
- velop” provide a starting point for our own gfforts: (1) “to grow into a
more mature or advanced state” (Random House) and (2) ‘‘to ‘grow
from an embryonic or rudimentary stage into a more complex or adult
stage” (World Book). These definitions fit well with everyday experi-
ence. Seeds develop into plants; buds develop into flowers; fertilized
eggs develop into embryos. But are these definitions complete enough?
Are there also other processes in living organisms that should be in-
cluded? ) .

In one sense all of hfe is development. Organisms are dynamlc and
constantly changing. If any living thing ceases developing or chang-
ing, it is dead or, at best, dormant. Perhaps the safest definition of de-
velopment is “progress of an organism through its life cycle.” Before
we examine the implications of this definition, which is extremely
broad, it will be useful to review some of the basic propemes of organ—
isms and their life cycles.

We are not concerned in this book with the origin of life or with evo-
lution. Within the time scale that we are considering, life comes only
from preexisting life of the same kind. What we are concerned with is

DEVELDPMENT

CONTINUITY OF LIFE
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the ongoing process of reproduction — the formation of new organisms
that, except for minor genetic variations, are identical to their parents.

As human individuals, we tend to think of life as finite. We com-
monly speak of life “beginning” either at conception or at birth and
“ending” at the death of the individual. This viewpoint is not adequate
for a full understanding of developmental biology. Life is continuous
and is passed from one generation to the next in an unbroken chain
that lasts as long as the species survives. Each individual is only a
temporary link in that chain. We obtain life from our parents and pass
it on to our children. This goes on generation after generation. Life is a
continuously repeating cycle which, barring extinction, proceeds in-
definitely. ’

Nature has evolved an overwhelming diversity of life cycles. In
every case, however, the overall process is a closed circle. Sometimes
cycles have temporary diversions, such as spore formation during
adverse environmental conditions, or even alternate cycles, such as a
choice between sexual and asexual modes of reproduction. However,
if we start with any organism at any stage of its life history (other than
postreproductive senescence, which will be discussed later) and fol-
low the progress of that organism and its progeny through subsequent
developmental stages, we ultimately observe new individuals at iden-
tically the same stage with which we started. ‘

The simplest life cycle consists of growth of an organism, including
duplication of all its parts, followed by division into two new organ-
isms, both of which are basically the same as the parent was prior to
growth and duplication. Many unicellular organisms, ranging from
bacteria to protozoa to cultured human cells, reproduce by this type of
asexual cell growth cycle (Fig. 1-1), either exclusively or as one of
their available options. In eukaryotic cells such a cycleis referred to as
a mitotic cycle, and the division process itself is referred to as mitosis.
(The mitotic cycle and methods of analyzing it are described in detail
in Appendix C.) The terms “mitosis” and “mitotic cycle” are generally
not used for prokaryotic cells, since the chromosomal events charac-
teristic of mitosis (condensation of chromosomes, formation of a mi-
totic spindle, alignment of chromosomes in a metaphase plate, separa-
tion of chromosomes, etc.) do not occur in prokaryotic cells.

Unicellular organisms that reproduce by asexual cell growth cycles
provide interesting model systems for the cellular multiplication that
occurs during growth of more complex organisms. Also, changes in
gene expression that occur during the adaptation of such “simple”
organisms to altered environmental conditions are similar in many
ways to the process of cellular differentiation that occurs in higher
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organisms. The controls over gene expression that operate in bacterial
cells provide the starting point for the analysis of gene regulatory
"mechanisms presented in Section Two of this book and are reviewed
" in some detail in Chapter 4. Thus, although the primary emphasis in
this book is on multicellular organisms, information regarding unicel-

lular forms that reproduce primarily by asexual division is also impor- -

tant to our overall understanding of developmental mechanisms.

In most of the life cycles of more complex organisms the parental
organism is partitioned unequally to generate immature progeny that
undergo some kind of maturation (other than doubling of size and
duplication of parts) to become equivalent to the parent(s). In some
cases, such as the colbnial alga, Volvox, the parent is destroyed during
the reproductive process, but more commonly the parent retains its
identity and can continue to produce progeny.

~ Most orgahisms in which a surviving parent can be d1st1ngu1shed
from the progeny exhibit the phenomenon of aging. After a period of
reproductive activity that can range from less than a day for some in-

sects to thousands of years for some trees, the parental organisms lose °

their vigor and ultimately die without any obvious external cause. The
postreproductive senescent period is not part of the closed cycle of
growth and reproduction that maintains the continuity of life from
generation to generation. However, the mechanisms involved in aging
are not clearly distinguishable from those involved in development or

v
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Fig. 1-1. Asexual growth cycles
in unicellular organisms. Three
very different types of organisms
are compared —a procaryotic
bacillus, a protozoan, and a
cultured mammalian cell (whose
behavior within its specialized
culture milieu is that of a free-
living microorganism). These
schematic representations show
duplication of the genome,
division of the nucleus (or
nucleoid in bacteria, which do
not have a true nucleus), and,
finally, division of the cytoplasm
to yield two daughter cells, each
of which is essentially the same
as the starting cell. These
representations are highly
schematic and do not illustrate
all the complexities that are
actually involved. For example,
the length of the DNA in the
bacterial cell is more than 1000
times the cellular diameter, and a
diploid human cell contains

1.74 m of DNA in a nucleus that
is only a few microns (10~ m)
in diameter.



