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Preface to the Second Edition

Nearly 10 years have elapsed since I finished writing the first edition of Intro-
duction to Molecular Embryology. During this period, molecular embryology has
made great strides forward, but without undergoing a major revolution; there-
fore, the general philosophy and outline of the book have remained almost un-
changed. However, all the chapters had to be almost completely rewritten in or-
der to introduce new facts and to eliminate findings which have lost interest or
have been disproved. There was a major gap in the first edition of this book: very
little was said about mammalian eggs despite their obvious interest for mankind.
Research on mammalian eggs and embryos is so active today that this important
topic deserves a full chapter in a book concerned with molecular embryology.
Therefore, I am very thankful to my colleague Dr. Henri Alexandre, who has
written a chapter on mammalian embryology (Chap. 9) and has prepared all the
illustrations for this book.

If, despite our joined efforts, the book is more ample and expensive than its
predecessors, then this is the price that the reader will have to pay due to infla-
tion: not only due to financial inflation that we all know only too well, but also to
inflation in the publication of scientific works. Among them many deserve men-
tion in the present book. Thus, the cost of scientific progress, for the authors, has
been the necessity to extensively revise the first edition. But the real victim of the
progress in molecular embryology is our devoted and efficient secretary, Ms. J.
Baltus, who had to retype the entire book.

Chapter 2 has also been modified to a great extent: a description and sche-
matic representation of a “typical” cell has been added since oocytes and eggs
are cells, but specialized in a most important function, reproduction. The advent
of new recombinant DNA technology now allows us to isolate almost any gene in
amounts sufficient for detailed chemical analysis. This progress has led to entirely
new ideas about the organization of DNA molecules. They are of the utmost im-
portance for embryologists since the control of genetic activity is at the very heart
of their problem: how does an egg give rise to an adult organism? As we shall
see, a whole array of controls operate during gene expression, extending from the
gene (a sequence of DNA bases located in the nucleus) to the cytoplasmic pro-
tein it encodes.

During the past 10 years, major progress in our understanding of oogenesis,
maturation, fertilization and cleavage have been made; therefore, Chapters 4 to
6 had to be rewritten to a large extent. Progress has been slower in studies on the
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chemical embryology of invertebrates and vertebrates (except for mammals); but
it is very encouraging that an ever greater number of gifted young scientists are
tackling these problems with fresh ideas and improved techniques. A pleasant
surprise is awaiting us in Chapter 10: it has been possible to obtain “transgenic”
mice, thus fulfilling an old dream of both geneticists and embryologists. After in-
jection of a pure gene into the nucleus of a fertilized mouse egg, mice which
synthesize the protein corresponding to the foreign gene have been obtained; the
gene and the capacity to synthesize the protein it encodes (human hemoglobin,
for instance) can be transmitted to the offspring. Such new strains of mice, which
bypass the slow and blind processes of Evolution, are a wonderful product of
human skill and intelligence.

The molecular mechanisms of cell differentiation in embryos and in cultured
embryonic cells have been extensively studied during the past years. Since the
problems of cell differentiation, malignant transformation (cancer formation)
and cell ageing are closely linked, the main results obtained in these very impor-
tant fields during the last decade have been summarized in Chapter 11.

Another point, of more general interest, had not been stressed in the Preface
of the first edition of this book: paradoxically, all living things display simul-
taneously both unity and diversity. Unity results from the fact that all of them
obey the universal laws of molecular biology and biochemistry and that all living
organisms are composed of cells which can multiply by division. Diversity is due
to the fact that all living beings have different genes. Diversity in the living world
is obvious when one compares animal or plant species using morphological cri-
teria. It is also obvious in our own species since no man (except identical twins)
has the same genetic make-up as another. The origin of genetic diversity lies in
the earliest stages of embryonic development: exchanges of genetic material
(genetic recombinations) take place at meiosis, thus during gametogenesis; ac-
quisition of paternal and maternal hereditary characters results from the random
collision of eggs and sperms at fertilization. The first stages of development
(gametogenesis, fertilization, cleavage) display great similarities, despite quanti-
tative differences, in the whole animal kingdom; as development proceeds, diver-
sity becomes more and more apparent. Look, for instance, at the two cleaving
eggs shown in Fig. 1: only an experienced embryologist can predict that they will
give birth to organisms as different as a sea urchin and a mouse. After cleavage,
complex cell movement, cell-to-cell interactions take place. Genes, which had re-
mained silent during earlier stages of development, are now expressed in an or-
derly fashion, thus leading to different patterns in protein synthesis and to in-
creasing morphological diversity. Development is thus the fulfillment of a genetic
program inscribed in the nuclear genes (and to some extent in the cytoplasm) of
the newly fertilized egg. Expression of these genes requires the co- operation of
the egg cytoplasm, which possesses a high degree of specificity as a result of
nucleo-cytoplasmic interactions during oogenesis. The genetic program inscribed
in the fertilized egg chromosomes will continue to its end, unless accidents occur
on the way: the ultimate stages of development are senescence and death. At the
molecular, as well as the morphological, level, embryology is thus the science
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which studies the progressive and fascinating diversification of a small, almost
homogeneous (at first sight) object, the egg; it allows us to see with our own eyes
how apparent unity becomes diversity.

JEAN BRACHET

The second edition of this book, like the first one, is indebted to our students at
the University of Brussels, to whom we have been teaching molecular embry-
ology. We are very thankful to our colleagues H. Chantrenne, A. Ficq, R. Tencer
and P. Van Gansen, who kindly read the manuscript and made many useful
suggestions, and to Mrs. J. Baltus who typed it.

Brussels, August 1986 JEAN BRACHET
HENRI ALEXANDRE
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The main questions that embryology has always tried to answer are the follow-
ing: How can the fertilized egg, which has received a nucleus from the mother
and another from the father, give rise to all the organs present in the adult? How
is it possible, at a given time of development and in a special region of the
embryo, that a limited number of cells can differentiate into muscles or red blood
cells?

It is the purpose of molecular embryology to answer such questions in terms of
the properties of macromolecules. Although we are still very far from obtaining a
complete answer, spectacular progress in molecular biology has allowed us to
state the same problems in simpler terms. For instance, the word “nucleus” can
be replaced by “a set of genes” or still better, by “deoxyribonucleic acid (DNA)”;
the fertilized egg has, in fact, received equal amounts of paternal and maternal
DNA and this constituent is really the most important part of the nucleus, since it
contains, in its own molecules, all the program for development into an adult. As
for the second question, biochemistry tells us that muscle cells would fail to con-
tract and would not display their characteristic structure under the microscope
if they did not contain considerable amounts of specific proteins: the so-called
“contractile” proteins, actin and myosin. A similar situation holds for red blood
cells: they would not be red if they did not contain hemoglobin; without this red
pigment, they would be unable to fulfill their mission, which is to transport oxy-
gen to all other organs.

Our initial queries, when formulated in biochemical instead of morphological
terms, become simpler. The fundamental problem of embryonic differentiation
can now be stated as follows: Why is the DNA-directed ability to synthesize
hemoglobin, actin, myosin, or any other specific protein expressed only at a
given time and in a special region of the embryo?

Stated in this form, the question might, at first sight, seem more difficult than
in its original form; in fact, it is an oversimplification of the real problem, but it is
now easier to tackle experimentally. It is not enough to induce cells to produce
hemoglobin (which can be done, as we shall see) to obtain their differentiation
into red blood cells. If this book deals with molecular embryology, the reason is
that we know enough about the mechanisms of protein synthesis and about their
genetic control (see Chapter 2) to devise experiments that can throw light on the
much more remote and complex problem of cell differentiation.
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But, as we shall see, molecular embryology not only deals with embryonic
differentiation, but also with all the basic phenomena of cell biology, such as cell
growth, cell division, cell movements, nucleocytoplasmic interactions, and so on.
In fact, a good deal of our knowledge about the chemical and molecular aspects
of cell life comes from work done on very early stages of embryonic devel-
opment. Sea urchin and amphibian eggs remain ideal objects for the study of cell
division (mitosis) as well as cell differentiation.

This book will follow the very logical order of embryonic development, which
is characterized by growing complexity. After introductory remarks about the
history of molecular embryology and a short summary of our present knowledge
of protein synthesis and its genetic control, we shall successively examine, from
the molecular viewpoint, the main steps of development: the formation of eggs
and sperms, fertilization, cleavage (which is a period of intensive cell divisions),
early development of invertebrate and vertebrate eggs, nucleocytoplasmic in-
teractions, and finally cell differentiation.

The general philosophy and outline remains the same as in Biochemistry of
Development (Pergamon, 1960), a book I wrote, for a more specialized audience,
more than 12 years ago. The present book owes much to my students at the Uni-
versity of Brussels, to whom I have been teaching, year after year, the progress of
molecular embryology. It would not have been written without the kind insis-
tence of Professor G. Czihak and Dr. K. Springer and without the efficient help
of Professor P. Van Gansen (who took care of the illustrations), Dr. P. Malpoix
(who revised the English), Mrs. J. Baltus (who typed the manuscript), and my
colleagues H. Chantrenne, R. Thomas, A. Ficq, and P. Van Gansen (who read

the manuscript and made many useful suggestions). My warmest thanks to all of
them.

Brussels, July 1973 JEAN BRACHET
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CHAPTER I
From Descriptive to Molecular Embryology

Embryology, the science of development, has like all other sciences its own em-
bryology. How and when it was conceived remains unknown. Those very early
days have been well described by the founder of chemical embryology, Joseph
Needham, a gifted historian as well as a biochemist and embryologist. After man
discovered artificial incubation of hen’s eggs, which was used already in the
oldest civilizations for very practical purposes, he must have had sufficient curi-
osity to break the shell immediately and look at the developing chick embryo.
Without knowing it, he became a “descriptive embryologist” and studied mor-
phogenesis (the appearance of new forms and functions). When he made the
same kind of observations on a duck embryo, he became a “comparative em-
bryologist”. The first known descriptive and comparative embryologist was Aris-
toteles, who, more than 20 centuries ago, described the development of chick em-
bryos and compared this development with that of embryos from fishes, reptiles,
etc. Descriptive and comparative embryology remain at the root of modern em-
bryology. These two branches of embryology, which grew so successfully in the
eighteenth and nineteenth centuries, may now seem old; but they are by no
means dead, especially in view of the continuous progress made in the optical
means of observation. Thanks to the advent of electron microscopy, numerous
and valuable papers have been published describing the ultrafine structure of
normal sea urchin, frog or chicken embryos. This is the modern form of de-
scriptive and comparative embryology.

However, after man had a good look at the developmental steps that lead to
the formation of the adult, he became more curious than ever. How does this or-
ganism develop? In the eighteenth century, this question aroused great interest
among natural philosophers: some held the view that the adult is already pres-
ent, in miniature, in the egg (preformation theory). A minority, which was ad-
monished by the religious authorities of those days, believed that embryogenesis
is an epigenetic process; the embryo would form in a progressive way, as the re-
sult of complex dynamic changes. This battle was won by the epigeneticists and is
now over; however, we shall, in this book, briefly discuss what preformation
might mean in molecular terms.

After discussing at length preformation and epigenesis, embryologists were
no longer satisfied with the mere observation of developing eggs and began ex-
perimenting on eggs and embryos: localized regions of eggs were killed by prick-
ing, fertilized eggs were centrifuged, etc. Experimental embryology was born at
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Fig. 1a—h. Early development of sea urchin Paracentrotus lividus (a—d) and mouse (e—h)
eggs. a, e 2-cell stage; b, f 4-cell stage; ¢, g 32-cell stage; d sea urchin blastula. h full-grown
mouse blastocyst. (a—d Giudice 1973)
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the beginning of the present century and culminated in the discovery of Spe-
mann’s “organizer”: his experiments, which will be discussed in Chap. III, dem-
onstrated that the nervous system of a frog does not result from the self-differen-
tiation of a region of the embryo, but from interactions between this region and
the underlying cells, ie. these cells induce the differentiation of the un-
differentiated ectodermal cells into nerve cells. In addition to induction, other
important theoretical concepts, such as potentialities, determination, regulation,
germinal localizations, morphogenetic fields and gradients progressively
emerged.

Since chemical embryology is nothing more than the biochemical analysis of
embryonic development, it naturally followed the same trends as embryology it-
self and its development has been necessarily linked to that of embryology.
Chemical embryology began as a descriptive and comparative science and was
later deeply influenced by the progress of experimental embryology. It is now be-
ing exposed to the impact of bacterial genetics and molecular biology. The use of
new methods and concepts originating from molecular biology has transformed
“chemical’” into “molecular” embryology.

The first important landmark in the history of chemical embryology was
Needham’s Chemical Embryology (1931). Not only did Needham coin the name
of the new science, but he assembled in three large volumes everything that was
known at the time about the chemical composition of embryos at all stages of
their development. This was the opus magnum of a great modern humanist and a
bible for the small group of chemical embryologists who were just beginning re-
search at that time. In hundreds of tables, data concerning the protein, glycogen,
lipid and water content of all sorts of embryos were compiled from multitudinous
papers. This compilation, which was so valuable at the time of its publication,
has lost most of its usefulness now, since both problems and methods have
undergone considerable changes.

Recent progress made in biochemistry and in physical chemistry had, of
course, much influence on the orientation of the more modern work in the 1930s.
While reinvestigating Warburg’s former observations on the increase of oxygen
consumption during fertilization in sea urchin eggs, Runnstrém introduced for
the first time into these studies some very important biochemical factors (cy-
tochrome oxidase, cytochromes, dehydrogenases and adenosine triphosphate). It
was in the 1930s, too, that Needham, Chambers, Rapkine, Ephrussi, Wurmser
and Reiss tried to measure the pH and the redox potential of these eggs. In view
of the complexity of the ultrastructure of all cells, and eggs in particular (see
Chap. II), we can no longer consider a cell as a water solution surrounded by a
lipid membrane; it therefore seems foolish to try to determine the internal pH or
redox potential of such a complex object as a whole, intact egg. Yet, as we shall
see, changes in internal pH seem to play a very important role in the control of
protein synthesis at fertilization. It was found by Chambers that the nucleus of an
oocyte neither reduces nor oxidizes injected redox dyes; more recent studies have
shown that the cell nucleus is indeed remarkably poor in oxidizing and reducing
enzymes.
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In 1932, a revolution occurred, namely the discovery by Bautzmann et al. that
a killed organizer is still capable of inducing a nervous system after grafting it
into an early frog or newt embryo. Biochemists discovered the existence of exper-
imental embryology and the whole course of chemical embryology changed. This
shift in interests is obvious when one compares Needham’s Chemical Embryology
(1931) with his Biochemistry and Morphogenesis (1942) or the senior author’s
Embryologie chimique (1944).

As soon as Holtfreter (1935) and Wehmeier (1934) found that the “inducing
substance” (or “evocating substance” as the Cambridge group, following Wad-
dington’s suggestion, preferred to call it) was of very widespread distribution in
Nature, the quest for its identification began. Since an alcohol-treated fragment
of horse or ox liver, as well as a killed organizer, “induce” the formation of neu-
ral structures in the ectoblast, why not take the whole liver and fractionate it, fol-
lowing the biochemical methods which led to the isolation and purification of
vitamins and hormones? This was done in several laboratories and the field was
almost as “hot” as that of molecular genetics a few years ago. It soon appeared
that every leading laboratory had its own “active substance”, differing from that
found in other laboratories.

But, suddenly, the setback came and the excitement ceased. In Cambridge,
we (Waddington, Needham and Brachet) studied the respiratory metabolism of
the organizer as compared with other parts of the gastrula. Since methylene blue
was known to increase the respiratory rate of many cells, it was decided to im-
plant pieces of agar containing methylene blue into gastrulae. Neural inductions
were obtained, using an “inductor” of ronbiological origin. Still worse, neutral
red, which has no effect on oxygen consumption, was also active. All the biologi-
cal substances tested were more or less active; but it was impossible to decide
which was the right one, since the ectoblast (like the unfertilized egg treated with
parthenogenetic agents) could react in the same way (neural induction) to a large
variety of chemical substances. This led Waddington et al. (1936) to suggest that
the neuralizing factor was already present in the ectoblast, but in a bound form.
A y agent which could “unmask” the inducing substance would induce the
transformation of ectoderm into neural tissue. The “true” active substance would
be liberated by the dying cells, and the hope of isolating and identifying it be-
came remote. The final blow came when Holtfreter (1947) demonstrated that a
short acid or alkaline shock, which is not sufficient to kill the cells, is sufficient to
obtain a high percentage of nervous structures in ectoblast explants.

However, things are never as bad as they look. Discussions about the mecha-
nisms of cephalic (neural) and caudal (mesodermal) inductions led to a re-
sumption of work in a field which looked most unpromising since Holtfreter’s
observations. Were these differences due to quantitative or qualitative factors?
Were there distinct neuralizing and mesodermalizing substances? It is to the
credit of men like Toivonen, Yamada and Tiedemann that they have resumed
the quest for specific cephalic- and caudal-inducing substances. Refined methods
of protein chemistry were used (ultracentrifugation, electrophoresis, column
chromatography) which led to the isolation from various tissues (liver, bone mar-
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row, chick embryos) of purified active neural and mesodermal-inducing sub-
stances.

Isolation of specific, inducing proteins is part of molecular biology, which
deals with the physical and chemical properties of biological macromolecules.
But molecular biology has done much more than to provide new methods for
studying the nature and the synthesis of the large molecules present in eggs and
embryos. It has produced a revolution in our theoretical approaches, stemming
from the tremendous development of molecular genetics. Molecular biologists,
after having solved the riddles of heredity, are now entering the field of embry-
ology and hope to solve the problems of cell differentiation. This massive in-
jection of top biologists into this field will undoubtedly lead to spectacular prog-
ress.

This new trend can be exemplified in a field that has been the main battle-
ground for molecular biologists: the control of specific protein synthesis by nu-
cleic acids. In the “pre-Needhamian” period, around 1930, deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA) were unknown. Because of the Feulgen re-
action, it was known, however, that “thymonucleic acid” (our DNA) is present in
the nuclei of a// cells, hence, no longer deserving its name of “animal” nucleic
acid. Pentose nucleic acids (RNA) were supposed to be “plant” nucleic acids,
although one of these acids had already been isolated from pancreas. No reliable
method for estimating the two nucleic acids was available, since it was still be-
lieved that they could not co-exist in the same cell, one being specific for animal
cells, the other for plant cells.

In the case of oocytes, the very presence of thymonucleic acid in the chromo-
somes was still hotly disputed; discussions between the holders of the “migra-
tion” theory and those of the “net synthesis” theory were intense. According to
the former, the oocyte nucleus (germinal vesicle) contained a reserve of nucleic
acid which moved into the cytoplasm at maturation and migrated back into the
nuclei during cleavage. Their opponents, of course, denied the existence of such a
reserve and claimed that thymonucleic acid was formed de novo in the nuclei af-
ter fertilization. The fact that the very unreliable biochemical methods then
available for nucleic acid determination indicated that there was no change dur-
ing development confused the situation even more. This constancy of the nucleic
acid content during development was, of course, the main argument in favor of
the migration theory; but the fact that the Feulgen reaction was negative in the
oocyte and strongly positive in the nuclei of blastulae and gastrulae apparently
demonstrated the correciness of the net synthesis hypothesis.

As usual, it was the development of a new and more specific technique (the
diphenylamine method for DNA estimation of Dische) and of new hypotheses
that clarified the situation. In 1933, the senior author demonstrated that un-
fertilized sea urchin eggs contain only traces of DNA as compared to the high
DNA content of gastrulae. The reality of a net synthesis of DNA during devel-
opment thus became an established fact. He also proved at the same time that
eggs contain large amounts of RNA; therefore, the latter is not a plant nucleic
acid at all, but is present in all cells.



6 From Descriptive to Molecular Embryology

A new question arose: where is the intracellular localization of RNA? In 1940,
Caspersson’s studies with the UV microscope and the senior author’s utilization
of a simple staining procedure (combined with the digestion of the tissue sections
with ribonuclease in order to ensure specificity) brought the desired answer:
RNA is an ubiquitous constituent of all cells. It is mainly localized in the nu-
cleolus and the cytoplasm; and there is a close correlation between the RNA con-
tent of a given cell and its ability to synthesize proteins.

In vertebrate eggs (those of the amphibians, in particular), RNA is distributed
along a primary, polarity (animal-vegetal) gradient already present in the oocyte
and the unfertilized egg. At gastrulation, a new gradient, which is more dynamic
and results from synthesis of fresh RNA, spreads from the dorsal to the ventral
side. As a result of mutual interaction, dorsoventral and cephalocaudal RNA
gradients become apparent in the late gastrula and the early neurula stages.
These gradients are parallel or identical to the morphogenetic gradients of the
experimental embryologists. Disorganization of the gradients by chemical or
physical means and abnormalities in development go hand in hand.

The significance of the RNA gradients in amphibian eggs is becoming some-
what clearer. Autoradiography has now shown that RNA synthesis, which leads
to the formation of the dorsoventral gradient at the gastrula stage, begins in the
nucleus. On the other hand, electron microscopy has shown that the primary (po-
larity) gradient is essentially a ribosomal gradient. Combining these two findings
we can arrive at the following explanation. The polarity gradient of inert
ribosomes becomes activated toward gastrulation by messenger RNAs formed in
the nuclei along the dorsoventral gradient. The result would be that protein syn-
thesis will be more active in the anterior (cephalic) part of the embryo than in its
posterior (caudal) part; protein synthesis would also decrease progressively from
dorsal to ventral. Experiments with specific inhibitors of RNA synthesis (ac-
tinomycin D) and of protein synthesis (puromycin) confirm these deductions.

This is certainly progress; but to understand how production of specific mes-
senger RNAs, controlled by localized gene activation leading to the synthesis of
specific proteins, ultimately leads to the differentiation of nervous system, chorda
or muscle cells is a task for the immediate future; it is a task for molecular embry-

ology.



CHAPTER 11

How Genes Direct the Synthesis of Specific Proteins
in Living Cells

The control of specific protein synthesis is at the core of molecular biology; this
problem can be studied in vitro in cell extracts containing enzymes which cata-
lyze specific steps of this complex process. However, since we are dealing in this
book with eggs and sperms, mention should first by made of cell organization; we
shall then discuss specific protein synthesis in living cells. It should be empha-
sized at once that there is no such thing as a “typical” cell: as we shall see, both
eggs and spermatozoa are highly specialized cells. During development, cells,
which looked similar, undergo cell differentiation, a necessary step in the diversi-
fication of our tissues and organs (brain, muscles, skeleton, etc.). However, since
all cells are built on the same morphological pattern, the simplified scheme
shown in Fig. 2 can be used for didactic purposes.

All cells — except bacteria and mammalian red blood cells — possess a nucleus
surrounded by a cytoplasm, they are limited by a cell (or plasma) membrane
which regulates the exchanges of materials between two adjacent cells and with
the outside medium. This membrane is composed of a double layer of lipids, in
which “integral” proteins are inserted. Some of these proteins are enzymes which
play an essential role in maintaining the cell’s chemical composition. For in-
stance, the plasma membrane contains a “sodium pump” which expulses excess
sodium ions from the cell and allows a simultaneous intake of potassium ions.
Outside the plasma membrane is the extracellular matrix, made of sugar-con-
taining proteins (glycoproteins) and sulfated polysaccharides; its main function is
to allow the cells to adhere to their neighbors or to an artificial substratum (glass,
plastic, etc.). Just under the cell membrane is the cell cortex: its main constituent
is a bundle of circular microfilaments made of actin. This protein can undergo
linear polymerization or depolymerization by binding to other proteins; calcium
ions are often required for binding between actin and the various actin-binding
proteins, in particular to the contractile protein, myosin. The final result of this
actin polymerization-depolymerization process is that cells can change their
shape and undergo locomotion. In a tissue, cells are held together in close con-
tact by various kinds of junctions, thus allowing the passage of small molecules
and electrical current from cell to cell.

In the cytoplasm we find, as one of the main constituents, a cytoskeleton
formed by a complex meshwork of fibrous molecules. There are three main cy-
toskeletal components: microtubules resulting from the linear polymerization of a
protein called tubulin; actin microfilaments similar to those which are accumulat-
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Fig. 2. A “typical” cell. I plasma membrane; 2 microvillus; 3 cilium; 4 microfilaments; 5
microtubules; 6 intermediate filaments; 7 mitochondrion; 8 polyribosome; 9 dictyosome
(Golgi apparatus); 10 rough endoplasmic reticulum; 1/ smooth endoplasmic reticulum; 12
primary lysosome; I3 secondary lysosome; 14 centrioles; /5 nucleus. (Drawn by Prof. P.
Van Gansen)

ed in the cell cortex and which may display, if actin binds to myosin, contrac-
tility. Actomyosin is the major contractile protein of our muscles, but it is also
present in almost all cells, including eggs. Finally, intermediary filaments, smaller
in diameter than the microtubules and larger than the microfilaments, have a
more diversified composition: they are made of fibrous proteins which differ in a
tissue-specific manner. There are continuous interactions between the three kinds
of cytoskeletal elements; the cytoskeleton is thus a dynamic, always changing, in-
tracellular structure and lacks the rigidity of our own skeleton.

In the meshes of the cytoskeletal network, many organelles can be found. Of
particular importance are the mitochondria and the endoplasmic reticulum. The
former are surrounded by a double membrane and contain all the enzymes
necessary for the oxidation of oxidizable substrates; their oxidation produces the
energy required for the synthesis of macromolecules and for cell locomotion.
However, cells cannot directly use the energy provided by cellular oxidations: this
energy must be stored, in the form of energy-rich phosphate bonds, in a nucleo-
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tide called ATP. Its structure can be written as follows: adenine-ribose-
phosphate~phosphate~phosphate, where the sign ~ represents an energy-rich
bond. When the cell requires energy, the terminal phosphate bond is broken
down by enzymes called 4 TPases. The endoplasmic reticulum is made of mem-
branes (similar to the plasma membrane) associated to the ribosomes, which will
be discussed later in this chapter; their function is protein synthesis.

The newly synthesized proteins can be either secreted out of the cell or re-
tained inside the cell. Secretory proteins are produced by the endoplasmic re-
ticulum, cellular proteins by free ribosomes (not attached to membranes). The
role of the Golgi bodies, also found in all cells, is more complex; they contain en-
zymes which add sugar residues to the proteins synthesized by the endoplasmic
reticulum. These sugars constitute “tags” for the various proteins which will be
directed to their proper destination in the cell (as luggage is sent to its destination
after being tagged in a railway station or an airport). Finally, we should mention
the lysosomes: these acidic vacuoles contain hydrolytic enzymes which break
down the large molecules which have penetrated into the cell by a process called
endocytosis. For instance, if a foreign protein has been taken up into the cell by
endocytosis, it will be broken down if it comes in contact with a lysosome; other-
wise, it may remain intact for a long time. Endocytosis of proteins, which is a
normal and important process, may be facilitated by the presence, on the cell
membrane, of specific receptors. For instance, the pancreatic hormone insulin
can penetrate into almost all kinds of cells because their membrane possesses in-
sulin receptors which bind the hormone in a specific way; stimulation of cell di-
vision is often a result of the binding to receptors and subsequent endocytosis.
Other cytoplasmic organelles, which are not found in all cells (centrioles, cilia,
flagella, chloroplasts, etc.), will be discussed later.

The cell nucleus (Figs. 2 and 22) is surrounded by a double nuclear membrane
filled with pores; more will be said about its structure and permeability in
Chap.IV. The main constituent of the nucleus is chromatin, where de-
oxyribonucleic acid (DNA) is associated with proteins; morphologically, one may
distinguish between a condensed heterochromatin and a loose euchromatin. The
former is genetically inactive, i.e. it does not contain genes or, if it does, they are
in an inactive form; its main role seems to be to keep the chromatin structure
intact. In contrast, euchromatin contains active genes which direct, as we shall
see, the synthesis of thousands of different proteins in the cell. In addition, most
cells — but not all — have a variable number (in general, two) of nucleoli. These
round bodies are made, as Caspersson and Brachet showed independently in the
early 1940s, of ribonucleic acid (RNA) and proteins. Their function will be exam-
ined in Chap. IV. Recent work has further shown that the nucleus possesses, like
the cytoplasm, a kind of skeleton. This is the nuclear matrix, a network of pro-
teins which remains intact after the nucleic acids have been artificially removed
from nuclei; long chromatin fibers are wrapped around this nuclear matrix.

After this very brief description of the cell morphology, it is time to discuss a
few aspects of its biochemistry, in particular, how genes localized in chromatin
direct the synthesis of proteins on cytoplasmic ribosomes.
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It is impossible to do more than to summarize here, in a few pages, the essen-
tials of the astounding discoveries made by molecular biologists during the past
40 years. The field is so large and is still moving so rapidly that only the basic
facts required for the understanding of molecular embryology can be presented.

It has been known, for very many years, that proteins and nucleic acids are
constituents of all cells, whether they belong to animals, plants or bacteria. Nu-
cleic acids and proteins are also the main (and often the only) constituents of the
viruses. These nucleoprotein particles can, if they are introduced into a living
cell, replicate themselves repeatedly. When they do so, they retain all their genet-
ic characteristics. If virus 4 is introduced into a suitable cell, many copies of the
same A, viral particles will be formed. This means that viruses, like cells and or-
ganisms, have genetic continuity, which is the main characteristic of life. The
molecular basis of genetic continuity, as we shall now see, always lies in nucleic
acids. For this reason, we cannot imagine any form of life, even very primitive,
without nucleic acids and proteins. Their main functions are replication (one
molecule of nucleic acid produces two identical molecules of the same nucleic
acid) and control of protein synthesis.

The proteins are made of amino acids (R—CllH——COOH), linked together

NH,

by peptide bonds (—NH—CO—) in order to form polypeptide chains. Since
there are 20 different amino acids and since their position can take any place in
the polypeptide chains, an almost infinite number of proteins could theoretical-
ly exist.

The molecular weights of the proteins may vary from a few thousand to sev-
eral hundred thousand (usually between 10,000 and 500,000) daltons. The largest
proteins are often made by the association of a number (usually 2 or 4) of smaller

Fig. 3. Spatial (ternary) structure of the
polypeptide chain of a hemoglobin mol-
ecule. (After M. Perutz)
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Fig.4. Left: The DNA double helix, according to J. Watson, F. Crick and M. Wilkins.
Middle: a segment of the DNA double helix; the bases adenine (4) and thymine (7) on one
strand, and guanine (G) and cytosine (C) on the other, are linked by hydrogen bonds.
Right: Segment of a polypeptide chain; R1, R2, R3, R4: side chains of the amino acids
which form the polypeptide

subunits, which may be identical or different. The amino-acid sequence of the
polypeptide chain defines the primary structure of the protein. But the poly-
peptide chain quickly folds and takes a tridimensional structure, which can be
analyzed by X-ray diffraction crystallography. Present methods give us the possi-
bility of establishing not only the amino-acid sequence of the peptide chains (the
primary structure, Fig. 4), but also the precise spatial structure of such a complex
protein as hemoglobin (Fig. 3). This molecule, which has a molecular weight of
68,000, contains four polypeptide chains which are identical in pairs (a,, ;). The
hemoglobin molecule is abnormal and will not function properly if only one
single amino acid of one of the polypeptide chains is replaced by another. Ab-
normal hemoglobins are far from rare in man, as a result of mutations which give
rise to congenital diseases (a gene that has undergone mutation gives rise to an
abnormal protein). It should be added that enzymes, which catalyze the bio-
chemical reactions which occur in all cells, are always proteins. Recent research
shows that they are often made of nonidentical subunits. One of them has the
catalytic activity, while the other plays a regulatory role (it controls, in a positive
or negative way, the catalytic activity, acting like the accelerator or the brake of a
car).

Enzymes fulfill many functions in the cell: some of them, located in the mito-
chondria, are involved in energy production; others are essential for the synthesis
and the breakdown of the macromolecules (nucleic acids, proteins, glycogen,
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etc.). Particularly important and interesting are the enzymes which exert a regu-
latory role in the cell metabolism: for instance, adenylate cyclase and guanylate
cyclase, two membrane-bound enzymes, control the intracellular content of two
cyclic nucleotides, cAMP and ¢cGMP. In general, a high cAMP content inhibits
cell division and favors cell differentiation; cGMP has the opposite effects. There
is currently a great deal of interest in the protein kinases, which transfer phos-
phate from ATP to an acceptor protein; protein phosphorylation modifies the
spatial structure and the electrical charge of the protein. Protein kinases, as a
rule, require either cAMP, cGMP or calcium ions and phospholipids for activity.

Nucleic acids are, at first sight, much simpler molecules. Instead of 20 amino
acids, they vary by the proportion of only four nitrogenous bases (two purines
and two pyrimidines). The fundamental unit, in the nucleic acids, is the nucleo-
tide, made of phosphoric acid, a pentose sugar, and a nitrogenous base. There
are two main kinds of nucleic acids, which differ by the nature of their sugar
moiety: the deoxyribonucleic acids (DNA) contain deoxyribose (CsH;,0,), while
the ribonucleic acids (RNA) contain ribose (CsH,,05). The two types of nucleic
acids have three bases in common: the purines adenine (A) and guanine (G), the
pyrimidine cytosine (C), while they differ in the fourth pyrimidine base; DNA
contains thymine (T), RNA, uracil (U); but thymine is simply a methyluracil.
Nucleic acids, like proteins, form long chains. They are, of course, not poly-
peptide, but polynucleotide chains. Figure 4 shows a comparison of a polypeptide
and a polynucleotide chain.

For many years, noone thought that there could be a link between nucleic
acids and proteins. In fact, as late as 1930, DNA was believed to be a small mol-
ecule, only present in the nuclei of animal cells, where it would act as a buffer.
RNA was supposed to exist only in plant cells, where its possible biological role
remained unknown.

A new era, that of molecular biology, started at the time of World War II
when three important findings were made.

1. Cytochemical work by Feulgen, by Caspersson and by Brachet showed that
DNA and RNA are constant constituents of all kinds of cells. DNA is primarily
localized in the cell nucleus and in the chromosomes of the dividing cells.
RNA is present in the nucleolus and in the cytoplasm of all cells. Furthermore,
a close correlation was observed to exist between the RNA content of a cell
and its ability to synthesize proteins. This correlation implied that RNA must
play a major role in protein synthesis.

2. Avery discovered the phenomenon of bacterial transformation. He found that
bacteria (pneumococci), unable to form a protective capsule, could build one if
given DNA extracted from bacteria having such a capsule. Since formation or
absence of a capsule is a hereditary characteristic, it followed that the genetic
material was DNA. In other words, the genes, which are the chromosomal
units of heridity, must be made of DNA.

3. The work of Ephrussi, Beadle and Tatum showed that individual genes control
the synthesis of particular proteins. This is the “one gene—one enzyme” theory.
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Since the gene is made of DNA and since an enzyme is a protein, it follows
that the synthesis of an enzyme (that is, the assembly of a specific polypeptide
chain) must be controlled by a definite sequence of nucleotides in the cor-
responding DNA macromolecule. Since, on the other hand, RNA is necessarily
involved in protein synthesis, one cannot escape what Crick has called the
“central dogma” of molecular biology: DNA makes RNA, and RNA makes pro-
tein.

How this happens is now well established because of many experiments
largely carried out on bacteria and bacteriophages (viruses which infect bac-
teria). We now know that DNA molecules are made of a giant double helix (Wat-
son and Crick) (Fig. 4), where the bases adenine and thymine (A:T) and gua-
nine and cytosine (G: C) are linked together by hydrogen bonding. This struc-
ture, as we shall see later, provides an easy explanation for DNA replication prior
to cell division; it also explains gene mutation, which can be due to substitution
of one base by another or any kind of defect which will interfere with perfectly
accurate base pairing.

The A+T/G+C ratio differs from species to species; it can even vary mark-
edly, in the same chromosome, between different stretches of the DNA molecule.
Certain sequences are repeated in tandem many times and constitute satellite
DNAs; other repeated sequences are interspersed, in many copies throughout the
whole genome, between unique sequences. It is thought that these unique se-
quences are those which direct the synthesis of specific proteins and thus cor-
respond to structural genes; the repetitive redundant sequences (“selfish DNA”)
probably play a regulatory or structural role (Doolittle and Sapienza 1980; Orgel
and Crick 1980).

Until recently, it was believed that the huge DNA double helix is remarkably
stable except under two circumstances: prior to cell division, it replicates (see
Chap. VI) and after an injury (for instance a single-strand break), it is repaired.
DNA replication and DNA repair are, in general, carried out by different en-
zymes. But the recent advent of great technical advances in molecular biology,
which cannot be discussed here, has modified our views about the structure and
stability of the DNA molecules. Briefly, the methods now available allow us to
isolate fragments of the giant DNA molecules which contain individual genes
(unique sequences) together with adjacent regions of the DNA double helix.
Pure genes can now be obtained in sufficient amounts to analyze their structure,
that is to establish the exact sequence of their bases. This work, which is in full
swing today, has already led to a number of surprises. For instance, the discovery
of ,,mobile genetic elements” in yeasts, maize, the insect Drosophila and probably
many other organisms: these DNA sequences, which display similarities with the
cancer viruses and with some of the interspersed repetitive sequences, can jump
from one chromosome the another; their function, if any, is not yet clear. How-
ever, it is known that insertion of a mobile genetic element into a gene induces its
mutation. The very existence of these elements shows that the classical view that
the DNA content of a nucleus or a chromosome is absolutely constant can no
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longer be held. Sequencing DNA molecules has led to two other unexpected dis-
coveries. For many genes, the region upstream the origin of the gene (that is, to
the left of the gene) contains regulatory sequences which promote the tran-
scription of the gene in the corresponding RNA sequences. However, in genes
coding for small RNA molecules, the promoter of transcription is not located in
regions flanking the gene, but in the middle of the gene itself (see Chap. IV for
details). Another unexpected finding has been the discovery of pseudogenes, se-
quences which are very similar to those of a gene, but which cannot direct the
synthesis of a protein because they are slightly abnormal. There is growing evi-
dence that at least some of these pseudogenes originate from nuclear RNA mol-
ecules that have been copied into their DNA counterparts (reverse transcription);
if so, genetic information does not always flow from DNA to RNA as required by
the “central dogma” of molecular biology. For some pseudogenes, it is appar-
ently RNA which has made DNA during Evolution.

There is increasing evidence for the view that Evolution results from deeper
changes in the DNA molecules than the classical “point” mutations (changes at
the level of a single base). Base sequencing shows that gene duplication, insertion
or deletion of large DNA regions have been major factors in the production of
mutations. Such events still occur today, as shown by the insertion of mobile ge-
netic elements into many Drosophila chromosomal loci. In Trypanosomes, when
the infected host raises antibodies against the surface glycoproteins of the para-
site, a new surface coat protein entirely different from the previous one is syn-
thesized. This happens because the parasite is capable of duplicating the gene
which directs the synthesis of this new surface protein; this extra copy of the gene
disappears when it is no longer required.

We know how the information contained in the “structural” genes, which are
also called cistrons (that is, those unique sequences which direct the synthesis of a
given protein or, more precisely, of a given polypeptide chain; the hemoglobin
genes, for instance) is used for the synthesis of the corresponding specific protein.
This information is encoded in the DNA molecule in the form of sequences of
three nucleotides (triplets or codons). The information contained in the DNA
molecule must first be transcribed into an almost identical RNA molecule; this is
the so-called messenger RNA (mRNA), which is a faithful copy of one strand of
the DNA gene. The copy is made in the cell nucleus by an enzyme called RNA
polymerase II, which synthesize RNA only in the presence of DNA, which acts as
a template. The mRNA is then released in the cytoplasm, which is the main site of
protein synthesis; it contains the same information as DNA, in its codons. For
instance, the AAA sequence (three adenines following each other) corresponds to
the amino-acid lysine.

Thanks to the genetic code, which has been completely deciphered, it is now
possible to deduce the amino-acid sequence of a protein from the base sequence
of the corresponding gene. This type of work, as well as other experiments, has
disclosed a surprising fact: the majority of the genes are “split”, that is the coding
sequences are interrupted by noncoding sequences; the first ones are called
exons, the second introns. The gene coding for one of the collagens is fragmented
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Fig. 5. The transcription of an eukaryotic gene. The gene (DNA) is interrupted by noncod-
ing sequences (introns), which are transcribed and then removed during the maturation of
the pre-mRNA into mRNA. In the mature mRNA, a “cap” (7 methyl-guanosine 5
triphosphate, 7 mGppp) has been added at the 5" end and a poly A sequence at the 3’ end;
noncoding sequences are present at both ends of the molecule. 4 UG is the initiation codon
for translation on the polyribosomes (see Fig. 6)

into as many as 50 introns; in contrast, a few genes have no introns at all. The
significance of these mysterious introns is completely unknown; many think that
they are just relics of the evolution of ancestral genes. The presence of introns ob-
viously complicates mRNA synthesis (Fig. 5): the first product of RNA polyme-
rase activity (the primary transcript or pre-mRNA) is a RNA copy of the whole
gene, introns included. The transformation of this primary transcript into mature
mRNA requires the removal of the RNA segments corresponding to the introns
by a process called splicing; its detailed mechanism is not yet fully understood. It
seems certain that the mRNAs cannot move from the nucleus to the cytoplasm
unless the maturation of the pre-mRNA has been completed in the nucleus, i.e.
when all the RNA copies of the introns have been removed.

Figure 6 summarizes, in a very simplified way, the mechanism of protein syn-
thesis (translation of the genetic code). The specific nRNA molecules bind, in the
cytoplasm, to already existing particles, the ribosomes, which result from the
combination of four kinds of RNAs (the ribosomal RNAs or rRNAs) and a large
number of ribosomal proteins. Ribosomal RNAs and proteins each form about
50% of the mass of a ribosome; it is customary to describe the ribosomes and the
RNAs by their sedimentation constants (S) which can be measured in the ultra-
centrifuge.

Animal and plant cytoplasmic ribosomes have sedimentation constants of
80S, while bacteria have smaller ribosomes (70S). The cytoplasmic ribosomes,
which are by far the most important site of protein synthesis, contain, in animal
and plant cells, four different kinds of rRNAs, all rich in GC: 28 S rRNA, which
has a molecular weight of about 1.3 million daltons, 18 S rRNA with a lower
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Fig. 6A-F. Protein synthesis. A Initiation: Binding of a small ribosomal subunit to a
mRNA molecule (7). This is followed by the attachment to the AUG initiation codon in the
mRNA of the corresponding aa-tRNA molecule (2) ([1]: formylmethionyl-tRNA). Finally,
a large ribosomal subunit binds to the small subunit (3). B Attachment of a second aa-
tRNA molecule [2] to the second codon of the mRNA molecule. C Formation of a peptide
bond between aa, and aa, at the aa-tRNA-binding site. Ejection of the tRNA; . D Move-
ment of the mRNA in order to place the growing polypeptide at the “protein-binding site”
and codon 3 at the “aa-tRNA-binding site”. Binding of a third aa-tRNA molecule [3] to the
third codon of the mRNA molecule. E Elongation of the polypeptide chain. F Ejection of
both tRNAn and the synthesized protein
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molecular weight of about 600,000 daltons, and the very small 588 and 5S
rRNAs. Under appropriate circumstances, the 80S ribosomes dissociate into two
subunits with S values of 60 and 40, respectively. It is to the smaller 40S subunit
that mRNA binds, in such a way, that it links the ribosomes together to form
larger aggregates called polysomes. There is very good reason to believe that as-
sociation and dissociation of the subunits is an essential and necessary step in
normal protein synthesis.

Why is the larger subunit made? It binds the representatives of the third large
class of RNAs, the transfer-RNAs (tRNAs). These small RNA molecules
(sedimentation constant of 4 S, molecular weight about 24,000) are now very well
known since the complete nucleotide sequence of many of them has been firmly
established. All tRNAs have the shape of a cloverleaf. At the center of the folded
molecules is a specific sequence of three nucleotides, the anticodon, which binds
with the corresponding triplet of the mRNA (the codon). If, for instance, the co-
don in the mRNA is AAA (which, as we have seen, codes for lysine), the anti-
codon will be UUU (since A and U bind together in the same way in RNA as A
and Tin DNA).

This particular tRNA will thus be a lysyl-tRNA, capable of accepting the
amino-acid lysine at one end of its molecule; this end is made of the same nu-
cleotide sequence (-CCA) in all tRNAs. There are enzymes in the cytoplasm that
can remove or add this terminal —CCA sequence, with the result that the tRNA
will be uncharged or charged with the corresponding amino acid. Because of the
ribosomes and the tRNAs, the genetic message which has been transcribed from
DNA to mRNA can be read and translated into protein.

It should be added that reality is still much more complex than this scheme.
For instance, the genetic code is degenerate; this means that there can be several
codons for the same amino acid. Consequently, several “iso-accepting” tRNAs
can exist. They have different anticodons, but accept the same amino acid. The
proportion and nature of the various iso-accepting tRNAs can change from cell
to cell, and even in the same cell when, as the result of hormonal stimulation, for
instance, it synthesizes a new protein. Another important factor is that, in order
to synthesize a normal, “meaningful” protein, the synthesis should start with the
right amino acids and stop when the last amino acid has been introduced in the
growing polypeptide chain. Therefore, precise “signals” must exist that control
the beginning and the end of the reading of the message. Nonsense codons, that
is, nucleotide sequences which do not correspond to any amino acid, provide a
means for stopping the growth of the polypeptide chain. The initiation of the lat-
ter is very complex indeed. There is not only an initiation codon (AUG) to which
a specific tRNA (formyl methionine or methionine tRNA) binds by its anticodon,
but at least three initiation factors of protein nature. Such protein factors (which
are also needed for the dissociation of the ribosomes into subunits and for the
elongation of the growing polypeptide chain) can be considered as specialized
enzymes.

We have mentioned that all cells (except bacteria) contain mitochondria,
which play a most important role in cell respiration and energy production. It is
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worth pointing out that the mitochondria behave, to a certain extent, like auto-
nomous cell organelles. They contain their own DNA, which has been complete-
ly sequenced and is much smaller and entirely different from the main nuclear
DNA. This mitochondrial DNA is replicated when the mitochondria divide and
it can be transcribed by a mitochondrial RNA polymerase into all kinds of
RNAs. The mitochondria contain their own ribosomes which are even smaller
(558) than those of the bacteria. These ribosomes are capable of independent
protein synthesis, probably specialized in the building up of the proteins which
form the mitochondrial membranes (structural proteins).

An important tool for the study of protein synthesis (which is very frequently
used in molecular embryology) is the use of specific inhibitors of transcription
and translation. Actinomycin is the best-known inhibitor of transcription. It binds
to DNA and prevents the synthesis of all kinds of RNAs (mRNA, rRNA and
tRNA), with a preference for rRNA (which represents 80% or more of the total
RNA content of the cell). More recently, it has been shown that RNA synthesis
can also be blocked with a-amanitin. This poison inhibits the activity of one of
the RNA polymerases, RNA polymerase II, which is localized in the nuclear sap
and plays an essential role in the synthesis of the mRNAs. The inhibitors of trans-
lation act at the level of the polysomes, thus in the cytoplasm. The most impor-
tant are puromycin, which provokes the release of incomplete, inactive poly-
peptide chains and cycloheximide which blocks the movement of the ribosomes
along the thread of mRNA and thus stops the “reading” of the genetic message.

Mitochondrial protein synthesis is hardly affected by these inhibitors, but is
inhibited by the bacterial antibiotics chloramphenicol and tetracycline. Mitochon-
drial RNA polymerase, in contrast to the main nuclear enzyme, is unaffected by
a-amanitin, but it is blocked by an antibacterial and antiviral agent, rifampicine,
which has no effect on the nuclear RNA polymerases. As one can see, the use of
proper inhibitors can allow a discrimination between the synthetic activity of the
mitochondria and that of the rest of the cell.

Clearly, mitochondria have much in common with bacteria and it has often
been suggested that they once originated from bacteria, and, in the course of
evolution, adapted themselves to symbiotic life in animal and plant cells. It
should be added that present- day mitochondria are almost entirely dependent
on the rest of the cell for their survival and multiplication. They contain so little
DNA, as compared to the nucleus, that their genetic information for protein syn-
thesis is restricted to only a small number of proteins. Curiously, the genetic
code used by the mitochondria is somewhat different from that of chromatin.

In fact, many of the respiratory enzymes present in the mitochondria are syn-
thesized by the cytoplasmic polysomes under the control of nuclear genes, and
move from the cytoplasm into the mitochondria.

More important than the mode of action of specific inhibitors of protein syn-
thesis is the difficult problem of the control mechanisms of protein synthesis. We
know, from the work of Jacob and Monod, how, in bacteria, gene activity is regu-
lated by cytoplasmic repressors. A protein, the repressor, binds with extremely
high affinity and specificity, to the DNA of an operator gene. When the latter is
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active (that is, its DNA is not blocked by the repressor), a whole battery of genes
(the operon) becomes active, leading to the synthesis of the corresponding
mRNAs and enzymes.

But it is certain that this scheme, which is valid for bacteria, is insufficient to
explain the regulation of genetic activity in more complex cells or organisms.
First of all, the nucleus of the bacteria is of the “prokaryotic” type; this means
that it is extremely simplified. It is made of a circular thread of DNA, the bacteri-
al chromosome, which is not surrounded by any membrane and is probably not
associated with proteins. On the other hand, the nucleus of the eukaryotes is
much more complex. It is surrounded by a nuclear membrane or envelope, it
contains RNA-rich nucleoli and its DNA is associated with many different kinds
of proteins to form the chromatin; the latter corresponds to the chromosomes of
the dividing cells, but it is in a loose, uncondensed form.

There are two classes of chromosomal proteins, the kistones and the non-
histone chromosomal proteins. One finds, in general, five main classes of his-
tones, called H;, H,A, H,B, H; and H, ; but certain cells, like the spermatozoa
and the nucleated red blood cells contain other forms of specific histones or his-
tone-like proteins. All the histones are small basic proteins with a high arginine
or lysine content. All of them bind strongly to DNA and form particles with it
called nucleosomes (Fig. 7). Histones H,A, H,B, H; and H, undergo polymeriza-
tion, forming an octamer; a DNA fiber wraps around this histone core. Between
two adjacent nucleosomes is a linker DNA, which may be associated with histone
H; . The length of the DNA molecule which surrounds the core is constant in all
species and tissues. On the other hand, the length of the linker DNA may vary in
a species- and a tissue-specific manner. The exact number of the nonhistone
chromosonal proteins is not known, but it is certainly very high. Very important
among them are the RNA polymerases 1, 11 and 11l which are the agents of DNA
transcription; they direct the synthesis of the large (28S and 18S) rRNAs, the
mRNAs and the small RNAs (5S rRNA, tRNAs), respectively. These enzymes
cannot work unless they bind to DNA; therefore, in order for transcription to
start and to proceed, chromatin should be in a loose, “active” state accessible to
the enzymes. We shall discuss later the mechanisms which control transcription;
but it may now be mentioned that active chromatin differs from inactive chroma-
tin in several respects. It is much more sensitive to deoxyribonuclease (DNase),

Fig. 7. Chromatin organization in nucleosomes. NC nucleosome core (histones); /-DNA
linker DNA
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the enzyme which breaks down DNA; it contains different amounts of basic non-
histone proteins (called HMG proteins) which, like the histones and the RNA
polymerases, bind strongly to DNA. In fact, many nuclear proteins are DNA-
binding proteins; among them are enzymes called topoisomerases which modify
the conformation of the DNA molecules. They contribute to the solution of a
major problem for the cell nucleus, that of DNA compaction: DNA is a very
long, but very thin molecule. How can it be packed into a nucleus? The first de-
gree of compaction is achieved by the formation of nucleosomes, thus by the
binding of DNA to core histones; a higher degree of compaction results from the
coiling of the nucleosomes in order to form supra-nucleosomal structures.

Finally, it is very likely that the chromatin fibers form loops around the pre-
viously mentioned proteinaceous nuclear matrix. As one can see, the very impor-
tant problem of the control of genetic activity is not yet solved; but we are begin-
ning to see, despite all the complexities of chromatin structure, how to tackle and
finally to solve this problem.

Protein synthesis is not only controlled at the transcriptional level. We shall
find clear cases, in eggs, of post-transcriptional controls, which can occur at many
levels: (1) in the nucleus itself, where unwanted mRNA molecules can be de-
stroyed by hydrolytic enzymes (the ribonucleases); (2) at the nucleocytoplasmic
border, where a selection between mRNAs which will function as messengers in
the cytoplasm and others which will be retained and degraded in the nucleus
probably occurs; (3) finally, at the level of the polysomes, in order to modify the
translation of a given message. The conformation of the ribosomes, the binding
of proteins to the mRNAs, the availability of tRNAs, of activating enzymes for
the various amino acids, of initiation factors, etc., could all modify the amount
and the nature of the proteins synthesized by a given cell. Since, as discussed in
the Foreword, specific protein synthesis and cell differentiation are very closely
related events, it is clear that any progress made in the field of gene regulation in
eukaryotic cells is of primary importance for molecular embryology.

However, what we really want to know is still more than that: what causes the
appearance of typical morphological structures, like the cross-striation of the
muscle and heart cells, the production of cilia and flagella, which can beat and
allow larvae and spermatozoa to swim, etc.? This is the basis of cell differen-
tiation, which can easily be recognized under the microscope. It seems, at first
sight, that we are dealing with such a formidable problem that improved knowl-
edge of protein synthesis, of control mechanisms, of genetic activity, etc. will be
of little use for its solution. And yet, there are good reasons for hoping that
molecular biology and embryology will bring us a great deal closer to this still
distant goal. Take the example of the cilia and flagella: they are made of a small
number of proteins, which bear some similarities to the contractile proteins of the
muscle. Like actomyosin, they contract in the presence of calcium ions and
adenosine-triphosphoric acid (ATP), which is synthesized by the mitochondria
during cellular oxidations. The proteins of the cilia and flagella (the major one is
tubulin) exist in the form of rather simple elementary units. But they easily
undergo linear polymerization; that is, they attach to each other in order to build
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Fig. 8. Structure of a cilium (or flagellum) in an
eukaryotic cell. Left: longitudinal section. Right:
cross-sections of the cilium and its basal body
(kinetosome). I ciliary membrane; 2 lateral
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up elongate filaments similar to cilia and flagella (Fig. 8). These filaments can
contract in the presence of ATP. In other words, it is possible to chemically dis-
sect cilia into their elementary constituents and to reassociate the latter with the
formation of structures which are morphologically, physiologically and biochem-
ically very similar to cilia.

Such phenomena of self-assembly of protein units in order to form more com-
plex structures are of course exceedingly important for molecular biologists. Still
more striking are viruses, such as the DNA-containing bacteriophages and the
RNA-containing tobacco mosaic viruses (Fig. 9). The infective genetic material of
the virus is in both cases the nucleic acid. When a bacteriophage, which has the
complex structure shown in Fig. 9 A, comes into contact with a bacterium of an
appropriate species and strain, it injects its DNA into the bacterium. The protein
coat does not participate in infection and plays the role of the syringe used for an
injection (Hershey). The phage DNA immediately starts to synthesize the com-
plementary mRNA and, after a series of very complex events, more phage DNA
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h— dna

Fig. 9A,B. Structure of two viruses. A Bacteriophage (T4-type). Left: schematic view of a
virion; 4 head; ¢ collar; ¢ tail; p tail plate; f tail fibers. Right: ideal section through a virion:
cc core with central channel; s sheath. dna DNA molecule coiled inside the head. B Self-
assembly of proteins and RNA in tobacco mosaic virus. (From Klug 1972)
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and the phage proteins are made. The head and tail proteins will assemble to-
gether, as in a jigsaw puzzle, in order to form the complex coat typical of the ma-
ture phage particles. The simpler tobacco mosaic virus is still better understood,
since it is composed of viral RNA and a single protein only. If the viral RNA is
introduced into the cells of a tobacco leaf, it will act as a messenger and induce
the synthesis of the viral protein, using the ribosomes of the host cell for the for-
mation of the polysomes. Once the viral protein has been formed, complete rods
of virus particles will form, as a result of self-assembly of RNA and protein mol-
ecules (Fig. 9B).

Studies on the self-assembly of viral nucleic acid and proteins represent a
very useful model for the understanding of the much more complicated morpho-
genic events which occur during embryonic development. They also inspire the
hope that it will be possible, in a not very distant future, to synthesize the RNA
and the protein constitutive of the virus and to obtain in vitro, fully infectious
tobacco mosaic viral particles.



CHAPTER III
How Eggs and Embryos Are Made

1 Theories of Embryonic Differentiation
1.1 Summary of Descriptive Observations

It would, of course, be impossible to reduce to a short summary all that has been
learned about embryonic development in the multitude of animal species that
have been studied from the descriptive and experimental viewpoints by scores of
embryologists over a period of 200 years or more. However, a few of the most
salient findings must be outlined as briefly as possible before we can proceed
further to underline the molecular mechanisms at work during embryonic devel-
opment.

Sexual reproduction is based on the formation of gametes (eggs and sper-
matozoa), which fuse together at the time of fertilization. All the cells of the adult
originate from the fertilized egg; like the latter, they contain n chromosomes
coming from the egg and n chromosomes brought by the spermatozoon. Thus,
they contain two sets of homologous chromosomes and are said to be diploid
(2n). The gametes, on the other hand, contain only n chromosomes and are said
to be haploid (n). The reduction in chromosome number, which occurs at the end
of gametogenesis, is brought about by a special kind of cell division, meiosis. The
results of the two meiotic divisions, which follow each other at short or long in-
tervals according to species, are shown in Fig. 10. A mother cell, spermatogon-
ium or oogonium, grows in order to become a spermatocyte or an oocyte. In the
male, the two meiotic divisions lead to the formation of four haploid sper-
matozoa; in the female, these divisions are unequal, and lead to the production
of one haploid egg cell (ootide) only; the small polar bodies soon degenerate.

Description of meiosis (Fig. 11) can be found in all textbooks of cytology and
embryology. It is characterized by a complicated prophase, which can be subdi-
vided into a number of stages. The chromosomes, which have already replicated
their DNA, become visible at the leptotene stage; the homologous chromosomes,
of paternal and maternal origin, undergo pairing at the zygotene stage. They
undergo strong condensation at the following pachytene stage. The homologous
chromosomes tend to separate from each other at the diplotene stage; but they
still remain attached together at certain points, called chiasmata. Finally, at dia-
kinesis, the chromosomes again become thick and short. This long prophase is
followed by the first meiotic division, which is different from the mitotic divisions.
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Fig. 10. Gametogenesis. Left: spermatogenesis. Right: oogenesis

The chromosomes do not divide into two daughter chromosomes, so that the two
resulting cells are haploid (#n chromosomes) and not, as usual, diploid (2n chro-
mosomes). The main importance of meiotic prophase is the following; the precise
pairing of the homologous chromosomes allows precise exchanges of genetic ma-
terial between the homologous chromosomes (crossing-over), leading to genetic
recombination. These exchanges require breaks in the DNA molecules, which
are repaired by DNA repair enzymes.

Gametogenesis and fertilization will be discussed in more detail in the follow-
ing chapters. It should be pointed out here that both the egg and the sper-
matozoa are haploid cells, but they are very different in size.

The egg is full of reserve materials (glycogen, fats, yolk proteins) which are
responsible for its huge size. The tiny spermatozoa move actively because of their
flagella. They are, as we shall see, machines adapted, like the bacteriophages, to
the injection of the intact genetic material (DNA) into the egg. Eggs and sper-
matozoa contain the same amount of nuclear DNA despite their enormous dif-
ference in size. Since eggs contain many more mitochondria than spermatozoa,
their cytoplasmic DNA content is much higher (1000 times or more). The size of
the eggs varies greatly according to the species; but the enormous difference be-
tween the size of the egg of an ostrich and that of a sea urchin (which is barely
visible to the naked eye) is mainly due to the amount of yolk (food material for
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the embryo) present. There is no correlation between the size of an egg and the
amount of DNA which its nucleus contains. For instance, the egg of a frog and
that of a newt are about the same size; yet the latter possesses at least six times
more nuclear DNA than the former. However, the number of the genes necessary
to produce a frog or a newt should be about the same. The large difference in
nuclear DNA content between the two species (the so-called C-paradox) is due to
the fact that the newt chromatin contains much more “selfish” DNA (repetitive
sequences, introns, etc.) than its frog counterpart.

There is another major difference between eggs and spermatozoa. Eggs are
the only cells which can give rise to a complete adult, i.e. they are fotipotent. In
contrast, spermatozoa are unable to even divide when they are cultured in media
in which foodstuffs are generously provided, i.e. they are nullipotent. This is not
due to differences in genes or nuclear DNA between the two gametes, but to the
large differences in size and composition of their cytoplasms.

It should be added that oocytes and unfertilized eggs almost always display a
distinct polarity. They have a light animal pole and a heavy, yolk-laden, vegeral
pole.

Fertilization is immediately followed by cleavage. This is a period of quick
and intense nuclear replication (mitotic divisions). The division of the egg cyto-
plasm is seldom perfectly equal, but the cleavage furrow usually starts from the
animal pole and proceeds toward the vegetal one. There are several types of
cleavage patterns, which are, by and large, related to the amount and distri-
bution of the yolk (which constitutes an obstacle to the progress of the cleavage
furrows). For instance, cleavage is only partial and limited to the aminal pole in
the very yolky eggs of fishes and birds; it is superficial in those of the insects,
where the yolk is accumulated in the center of the egg. Figures 12 and 13 depict
cleavage in three species which have been often studied by molecular embryol-
ogists: the unequal (spiral) cleavage of the mollusk Ilyanassa and the complete
and equal cleavages of the sea urchin and frog eggs. In these eggs, the cells
(called blastomeres) surround a central cavity, the blastocoele.

In all animal species, cleavage leads to progressive cellularization; as cleavage
proceeds, the size of the cells becomes smaller and smaller. Since the volume of
the nuclei does not change greatly during cleavage, the ratio between the nuclear
and cytoplasmic volumes (the nucleocytoplasmic ratio) steadily increases. The
speed of cleavage, in different species, varies greatly and depends largely on the
speed of DNA replication. For instance, a Drosophila egg replicates its DNA in
less than 4 min; in contrast, DNA replication requires many hours in a mouse egg
where cleavage into two cells is unusually slow and takes as long as 1 day.

Once cleavage is over, at the blastula stage, gastrulation sets in. This is pri-
marily a period of extensive and complex cell movements, which cannot be de-
scribed here. In vertebrates, these movements are much more active on the dor-
sal than on the ventral side. Figure 14 depicts schematically the gastrulation of
an amphibian egg. The final result of gastrulation is the same in all tridermal ani-
mals. The gastrula is formed of three distinct sheets of cells, the ectoblast, the
mesoblast and the endoblast, which surround an inner cavity, the archenteron.
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Fig. 12 A,B. Unequal cleavage of the
egg of the mollusk Ilyanassa (A) and
role of the polar lobe in development
(B). a Fertilized egg; b beginning of
the 2-cell stage; ¢ 2-cell stage showing
the first polar lobe (trefoil stage); d be-
ginning of the 4-cell stage; e 4-cell
stage showing the second polar lobe.
nv normal veliger larva; v velum; int
intestine; es esophagus; st stomach; g/
digestive gland; f foot; or otocyst; Il
lobeless embryo. (From Clement 1952)

Later development is too variable to be described here; more will be said
about it when we come to the discussion of special cases such as the sea urchin,
the amphibian or the mouse embryo. It should be pointed out that, as a general
rule, organ formation (organogenesis) precedes final cell differentiation. For in-
stance, the nervous system of an amphibian embryo is well formed long before
any nerve cell (neurone) has differentiated, morphologically, physiologically and
biochemically.
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Fig. 13A,B. Complete and
equal cleavage of a sea urchin
(A) and a frog (B) egg. a, g Fer-
tilized egg; b, h 2-cell stage; ¢, i
4-cell stage; d, j 8-cell stage; e
16-cell stage; f, k morula; 1
young blastula. Note the grey
crescent in j

Fig. 14a—d. Gastrulation in an amphibian embryo. a Early gastrula. Lefi: dorsal view;
right: lateral view. b Middle gastrula. Left: dorsal view; right: section. ¢ Late gastrula at the
yolk plug stage. Left: dorsal view; right: vertical section. d Same stage as ¢ transversal sec-
tion. A4 archenteron; B blastocoele; C chordoblast; Ec ectoderm; En endoderm; M meso-
derm
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1.2 A Few Important Experimental Facts

It is customary, but not quite correct, to divide eggs into two different categories,
on the basis of their reactions to experimental approaches such as destroying a
part of the egg by pricking, transplanting or explanting groups of cells, centrifug-
ing the egg, etc. There are regulative and mosaic eggs.

Embryonic regulation was discovered by Driesch long before the word regula-
tion became popular among molecular biologists. He found that in sea urchin
eggs, the separation of the first two blastomeres leads to the formation of two
normal embryos (Fig. 15). If the blastomeres had not been separated, each of
them would have produced only a half embryo. Therefore, the isolated blasto-
mere has acquired higher potentialities for development than the normal one.

The fact that a part of an egg can give rise to a whole embryo seemed so sur-
prising to Driesch that he based a neovitalistic philosophical theory on this ex-
periment. Regulation would be due to the intervention of an entelechy, a prin-
ciple which, by definition, cannot be studied experimentally. Today, embryol-
ogists are trying to understand the molecular basis of regulation without calling
on entelechies and other vital forces for an explanation.

In mosaic eggs, like that of the mollusk /lyanassa, removing part of the cyto-
plasm results in the formation of abnormal embryos, which have some parts
missing. For instance, removing the polar lobe (which is purely cytoplasmic and
never contains a nucleus) at the “trefoil stage” leads to a defective organism, in
which the foot, eye and shell are either absent or abnormal (Fig. 12B). Close
analysis of operated mosaic eggs shows, however, that regulation is never com-
pletely lacking.

Many experiments made on amphibian eggs have confirmed the importance
of the cytoplasm, at early stages of development, for morphogenesis. For in-
stance, centrifugation of a recently fertilized frog egg leads to the formation of
microcephalic embryos, which may lack brain and eyes. In contrast, if a fertilized
frog egg is placed upside down (with its animal pole downward) and is slightly
compressed, double embryos (siamese twins) are formed. Soon after fertilization,
frog eggs show a particular pigmented area, they grey crescent, which indicates
the future dorsal side of the embryo and the adult [Figs. 13 (2) and 54]. If one
destroys it by pricking, very abnormal embryos, which are almost devoid of a
nervous system, will form.

Another kind of cytoplasmic germinal localization, which is of major biologi-
cal importance, can be seen in the eggs of a number of species. It is the germ
plasm, which is required for the production of the reproductive organs (ovaries,
testes) and cells (eggs, spermatozoa). In amphibian eggs, a material containing
large granules, made of proteins and RNA, accumulates at the vegetal pole of the
unfertilized egg; a morphologically, very similar material (called pole plasm) is
localized at the posterior end of a number of insect eggs, including Drosophila. If
these particular areas of the eggs are UV-irradiated, development is normal, ex-
cept that the adults are sterile. It has been shown that in frog and Drosophila
eggs, injection of the pole plasm (containing large ribonucleoprotein granules)
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Fig. 15a,b. Regulation in sea urchin eggs (H. Driesch). a Normal development leading to

the formation of a pluteus larva. b The separation of the two first blastomeres leads to the
formation of two smaller, but normal plutei

into a UV-irradiated egg allows the formation of normal ovaries or testes. The
nature of the active material is not known, but its strong UV-sensitivity indicates
that nucleic acid is an essential factor. In other insects (Cecidyomidae), the nuclei
which, during cleavage, reach the germ plasm, retain their chromosomes in the
usual way during mitosis; in the other parts of the same eggs, a loss of chromo-
somes is observed. Thus, in these insects, only the nuclei, which will ultimately
give rise to the gametes, retain their full chromosome complement; the somatic
cells have a decreased number of chromosomes. If the germ plasm is disrupted
by centrifugation, it forms scattered islets in these eggs; only the nuclei, which by
accident lie in these islets, retain all their chromosomes. A similar phenomenon
occurs in the Nematode Ascaris. It is chromatin-diminution, discovered by Boveri
at the end of the nineteenth century. In Ascaris only the germ line cells retain
intact chromosomes; in all the other cells, parts of the chromosomes are elimi-
nated into the cytoplasm, where they are quickly degraded. Recent biochemical
work has shown that the eliminated chromatin contains mainly repetitive DNA
sequences. Apparently, these sequences are not needed for the somatic cells, but
must be retained in the germ line cells which will produce the gametes. In all
these cases, the behavior of the chromosomes is controlled by the chemical
composition of the cytoplasm surrounding the nuclei.

As one can see, these experiments (and others that will be summarized later)
show that many eggs are a mosaic of territories possessing different de-
velopmental fates and potentialities. These territories, which have been called
germinal localizations by experimental embryologists early in this century, are
different from the rest of the egg cytoplasm because they possess specific cyto-
plasmic determinants (as opposed to the nuclear determinants, i.e. the genes). Our
limited knowledge of them will be presented in subsequent chapters.
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M Fig. 16. Morphogenetic
A gradients in sea urchin eggs
@T’ o (S. Horstadius). A morula
LK 3 is divided into an animal
+L micromeres and a vegetal half (7). The

former gives rise to an ab-
normal hyperciliated larva
(2). The latter produces an
abnormal pluteus (2'). If

micromeres are grafted into
/ 7 ) the animal half, a normal
pluteus is formed (3). If they
are grafted into the vegetal
1

half, exogastrulation occurs

3

+4, micromeres

The respective roles of the nucleus and the cytoplasm become more difficult to
analyze when development proceeds further. Many experiments clearly show
that the egg cannot be considered as a homogeneous sphere and that interactions
between cells play an essential role in morphogenesis. We have seen the results of
Driesch’s experiments on sea urchin eggs at the 2-cell stage; if one repeats these
experiments (meridian sections) during later stages of cleavage, regulation per-
sists to a large extent. But if the section is an equatorial one (Fig. 16), the animal
halves stop development at the blastula stage or form very abnormal larvae,
which possess no gut. The vegetal halves, on the contrary, form such an excess of
gut that the latter cannot invaginate (exogastrulation). If one grafts micromeres
(which are the most vegetal cells) into isolated animal halves, the formation of an
archenteron is induced and perfectly normal larvae (plutei) can be obtained.
These experiments demonstrate the existence, in sea urchin eggs, of opposing
morphogenetic gradients (Horstadius). Certain substances, which are required for
normal development, decrease progressively in concentration from the animal to
the vegetal pole. Other substances have the opposite distribution with a maximal
concentration at the vegetal pole.
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Fig. 17 A,B. Induction in an amphibian embryo. A Ectoblast isolated from an old blastula
(axolotl) gives rise to ectoderm only. B Isolated ectoblast placed in contact with the dorsal
lip of a young gastrula (chordcblast) gives rise to the nervous system and ectoderm. ¢ chor-
doblast; e ectoderm; n nervous system. (Courtesy of Dr. R. Tencer)
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Experimental embryology has also clearly demonstrated the existence of mor-
phogenetic gradients in amphibian eggs. Transplantation of cells taken from a
given region of the embryo into another area has shown that the potentialities for
development tend to decrease gradually from the head toward the tail, and from
the dorsal toward the ventral parts of the egg. Such experiments demonstrate
that dorsoventral and cephalocaudal gradients are extremely important factors in
the development of vertebrate embryos.

Another fundamental factor in vertebrate embryology is the existence of mor-
phogenetic inductions. The best known case is that of Spemann’s “organizer,”
which is responsible for the formation of the nervous system. The organizer is a
region of the gastrula which corresponds roughly to the grey crescent of the fer-
tilized egg and which will later on differentiate into chorda. This is, in fact, the
dorsal lip of the young gastrula. When the organizer acts upon the ectoblast, the
latter is transformed into the nervous system; when the ectoblast is not placed in
contact with the chordoblast, it will only give rise to ectoderm (skin) (Fig. 17). In
neural induction, two factors are required: the inducing stimulus coming from the
organizer (chordoblast) and the “competence” of the reacting ectoblast. If the ec-
toblast is taken from an aged gastrula, it has lost the capacity to react to the in-
ducing stimulus coming from the organizer. It is no longer competent and it can
only form epidermis. It should be added that many inductions occur during ver-
tebrate development besides the “primary” neural induction. The formation of
the lens, the kidney, the pancreatic gland, etc., is due to inductive processes, in
which cells from two different layers interact.

It is one of the main goals of molecular embryology to throw some light on
the biochemical basis of the morphogenetic gradients and inductions discovered
by experimental embryologists.

1.3 Genetic Theories of Morphogenesis

The great geneticist and embryologist T. H. Morgan realized that cytoplasmic
heterogeneity, which is so important in the very early stages of embryonic devel-
opment, might exercise an effect on genetic activity. He suggested, in 1934, that
identical nuclei are distributed in a heterogeneous cytoplasm during the cleavage
period which follows the fertilization of the egg. As a result, genes would become
active in certain parts of the embryo and not in others. Under the impulse of the
activated genes, the cytoplasm would become still more different in the various
parts of the embryo. This would lead, by a cascade mechanism, to further gene
activation and, ultimately, to cell differentiation.

Gurdon has demonstrated that the nuclei of differentiated cells present in the
adult still contain the same genes as the fertilized egg and that they have not
undergone irreversible differentiation during development. This very important
fact has been shown by nuclear transfer experiments first done by Briggs and
King (Fig. 18). Nuclei from tadpoles or adults have been injected into unfertil-
ized eggs of the toad Xenopus after destruction by UV-radiation of the egg chro-
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Fig. 18. Nuclear transfer experi-
ment (R. Briggs and T. King). A
Rana pipiens unfertilized egg (at
metaphase II) is enucleated with a
fine needle (/). A nucleus taken
from a Rana pipiens blastula (2) is
injected into the enucleated egg
(3). The operated egg gives rise to
a normal blastula (4)

mosomes. Perfectly normal larvae developed from a small percentage of the in-
jected eggs (many of the grafted nuclei are injured and become highly abnormal
after their transplantation into the egg cytoplasm). It is clear that if an egg,
having received a nucleus from an adult, completely differentiated organ, can
form normal embryonic tissues of every kind (nervous system, muscles, kidney,
liver), then it must be assumed that the adult nucleus has retained many, if not
all the potentialities of the nucleus of the fertilized egg.

Gurdon’s experiments do not, of course, show that the activity of the genes is
the same in the adult and in the just fertilized egg. For this reason, Morgan’s
theory remains one of the best we have to explain morphogenesis in embryos.
Today, we think that the nuclear genes are repressed (which means that they are
unable to synthesize mRNAs and that they cannot direct the synthesis of new
proteins) during the very early cleavage stages of development. They would
undergo derepression later; in other words, synthesize specific mRNA molecules
which will allow the cytoplasm to build up new proteins. Morphogenesis would
result from differential gene activation. The genes which direct the synthesis of a
given protein (hemoglobin, for instance) would become active in a given area at
a given stage of development.

Several theories have tried to explain how gene activity is controlled during
embryonic differentiation. Most of them are derived from the famous Jacob and
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Monod model which has so successfully explained gene regulation in bacteria:
the activity of structural genes (encoding specific proteins) is controlled by regu-
latory genes producing activators or repressors.

There is no doubt that such mechanisms of positive and negative gene regula-
tion operate in eukaryotes as well as in prokaryotes; but the organization of
eukaryotic chromatin is so complex that more elaborate models must be devel-
oped, if we wish to explain, on a genetic basis, embryonic differentiation in ani-
mals. The most elaborate model is that of Britten and Davidson (1969) and
Davidson and Britten (1979) which has two great merits: it takes into account the
heterogeneity of the egg cytoplasm and, at the molecular level, it proposes a
regulatory role for nuclear RNAs copied on middle repetitive sequences. This
very elaborate model will not be presented here in view of its great complexity
and the fact that it is as yet impossible to test experimentally.

What seems to be certain is that we should not look for a single control mech-
anism of gene activation during embryogenesis; there is no doubt that many
mechanisms, localized at all steps between the gene and the encoded protein, in-
terplay during development. This point was made very clearly by Brown (1981)
in an excellent discussion of the control of genetic activity during morphogenesis.

A first possibility, which was suggested by Scarano already in 1967, is that
embryonic development might be controlled by changes in the DNA molecules
themselves (DNA modification). We shall soon see what these changes might be
at the molecular level. Gurdon’s experiments, showing that some adult nuclei are
still totipotent after transplantation into enucleated unfertilized eggs, are an
obvious stumbling block to this kind of theory. However, one cannot exclude the
possibility that biochemical changes take place in adult nuclei when they rapidly
replicate in young cytoplasm; such changes might bring “adult DNA” back to an
“early embryonic DNA” state. This is only a hypothesis; but it could be tested
experimentally with the now available techniques.

A convenient method for a cell to increase the production of a given protein
(hemoglobin, for instance, in hematopoietic cells) is to increase the number of
copies of the structural gene encoding that protein. This process, called gene am-
plification, has been proposed by Holtzer and colleagues (1972) as a major factor
in cell differentiation. A few cases of gene amplification are known: this process
occurs before the synthesis of the large ribosomal RNAs during amphibian
oogenesis, as we shall see in the next chapter and it also occurs in the cells which
surround Drosophila oocytes when they must synthesize large amounts of the
chorion proteins. Gene amplification may also take place when cells become re-
sistant to a few toxic agents (heavy metals, the anti-cancer drug methotrexate).
But this remains the exception rather than the rule: it is now absolutely certain
that the number of the globin genes does not increase when hematopoietic cells
begin to synthesize hemoglobin.

Gene activation might also result from gene rearrangements due to translo-
cations: genes initially separated in the genome might come in contact and as a
result undergo new interactions. This occurs during lymphocyte differentiation,
but again this seems to be an exception rather than the rule. We have seen that
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mobile genetic elements can be inserted in many sites of the genome in Droso-
phila. This may modify the eye color in this insect, but it is unlikely that insertion
of mobile genetic elements into DNA plays an important role in early morpho-
genesis (for instance, in the formation of the eye itself).

More convincing is the proposition (Scarano 1969; Razin and Riggs 1980)
that DNA methylation and demethylation might play an important role in embry-
onic differentiation. Many cells, including sea urchin eggs, possess DNA methy-
lases, enzymes which add a methyl (-CH;) group to some of the cytosine resi-
dues present in the DNA molecules. There are probably no DNA demethylases,
but removal of the methyl groups occurs if DNA is replicated during several
cycles of cell division in the absence of DNA methylation. There is no strong evi-
dence so far for the view that DNA methylation increases during embryonic
development; but there is increasing evidence that gene activity is often correlat-
ed with DNA undermethylation. In tissues where a specific gene is strongly ex-
pressed (the hemoglobin gene in hematopoietic cells, for instance), this gene and
the adjacent sequences are undermethylated as compared to the corresponding
DNA sequences in cells which do not synthesize hemoglobin. It is quite possible
that in Gurdon’s nuclear transplantation experiments, the DNA of the injected
adult nuclei undergoes progressive demethylation during the repeated, fast
cleavage cycles. Indirect evidence for the importance of DNA undermethylation
in cell differentiation comes from the effects of 5-azacytidine, an inhibitor of
DNA methylation: treatment with this inhibitor has been reported to induce the
differentiation of muscle cells and to reactivate the inactive X chromosome of
mammalian females (see Chap. IX).

However, it seems probable that DNA undermethylation is only one of the
many factors which are required for chromatin activation (review by Weisbrod
1982). This point has already been briefly discussed in the preceding chapter, in
which we have seen that active chromatin displays a number of pecularities (high
sensitivity to DNase digestion, differences in the content in various DNA binding
proteins, etc.). To this list, one can add DNA undermethylation, but there is
growing evidence that this process cannot be the only factor responsible for the
genetic control of differentiation, e.g. in several cases, undermethylation is not
correlated with gene activation.

The most important controls of genetic activity occur at the transcriptional
and post-transcriptional levels: if a gene is not transcribed by an adequate RNA
polymerase, it will remain silent; if the primary transcript of a gene is not prop-
erly converted into a mature mRNA molecule, transcription has been useless; if a
mature mRNA molecule does not come out of the nucleus to bind to cytoplasmic
ribosomes, the corresponding protein will not be expressed. There are thus a
multiplicity of possible regulatory steps between the gene and its final product, a
specific protein. An accident, at any one of these steps, will lead to the pro-
duction of an abnormal (nonsense) protein or of no protein at all. This occurs in
the thalassemias; these hereditary diseases, in which the hemoglobin is abnormal,
may have a variety of molecular origins (deletion or mutation of a globin gene,
abnormal processing of the primary gene product, etc.).
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As we shall see when we study oocyte maturation and egg fertilization, a
number of transiational controls operate at the level of the cytoplasmic protein
synthesizing machinery: efficiency of mRNA binding to ribosomes, stability in
the cytoplasm of the mRNAs and of the proteins are very important regulatory
factors. In fact, such translational control mechanisms may well be more impor-
tant than gene transcription during the very early stages of development. How-
ever, sooner or later, gene transcription takes the upper hand and the major con-
trol mechanisms (transcriptional and post-transcriptional) then lie in the cell nu-
clei.

Two decades ago, it was proposed that the cytoplasm might contain self-re-
producing specific particles (the hypothetical plasmagenes). It is true that a few
cytoplasmic organelles can self-reproduce: the centrioles of the dividing cells, the
cilia and flagella, the mitochondria of all eukaryotic cells and the chloroplasts of
the green plant cells. However, there is no evidence for a specific role of these cell
organelles in embryonic differentiation. Although both mitochondria and chloro-
plasts contain DNA and can therefore be the site of cytoplasmic, non-Mendelian
mutations, it is now clear that they have only a restricted autonomy toward the
nucleus. Many mitochondrial and chloroplastic enzymes are encoded by nuclear
genes; these enzymes are synthesized on cytoplasmic ribosomes and move from
the cytoplasm into the mitochondria or the chloroplasts. The information present
in mitochondrial and chloroplastic DNAs is too restricted to allow full in-
dependence toward the nucleus of the organelles which possess their own DNAs.
We have mentioned that the cytoplasm of mosaic eggs contains cytoplasmic de-
terminants which are of fundamental importance for further development. How-
ever, there is no evidence that these determinants are endowed with genetic con-
tinuity, i.e. that they can self-reproduce as the purely hypothetical plasmagenes
were supposed to do. These cytoplasmic determinants, as we shall see, are not the
mitochondria. It seems more likely that they are accumulations of specific ma-
ternal mRNAs which had been synthesized during oogenesis. These mRNAs are
presumably bound to proteins in the form of ribonucleoprotein particles. There-
fore, for the time being, this remains a likely hypothesis, but not a hard fact.



CHAPTER IV

Gametogenesis and Maturation:
The Formation of Eggs and Spermatozoa

1 Oogenesis

The formation of the egg, in the ovary, is an extremely important period in on-
togeny. It is much more than an accumulation of food material, which will be
progressively utilized until the embryo becomes capable of feeding itself. It is al-
so a period of intensive genetic activity, which leads to the synthesis of many im-
portant macromolecules (RNA, proteins) which will be used at later stages of
development only.

Amphibian oocytes, especially those of Xenopus laevis, will be the main topic
of this chapter. As shown in Fig. 10, oocytes arise from oogonia by growth.
Oogonia multiply and replicate their DNA; growth begins after a last doubling
of DNA in oogonia. During the whole oogenesis, the oocytes have therefore a
DNA content which is four times that of a haploid cell. The various stages of
meiosis take place in very small oocytes, which are abundant in just metamor-
phosed froglets. During the entire growth period of the occyte, the chromosomes
remain in the diplotene (Fig. 11) stage of meiosis and there is no synthesis of
chromosomal DNA. Growth is due to two different processes: endogenous syn-
thesis of a variety of molecules (RNA, proteins, glycogen, lipids, etc.) and uptake
of exogenous yolk proteins by endocytosis.

As shown in Fig. 19, one can distinguish three main stages in Xenopus oogen-
esis: previtellogenic oocytes (0.1-0.3 mm in diameter) are transparent; vitello-
genic oocytes are opaque and their diameters range between 0.3 and 1.2 mm;
full-grown oocytes, which are ready for maturation, measure about 1.2 mm in di-
ameter and display a distinct polarity: they have a pigmented animal pole and a
white, yolk-laden, vegetal pole.

1.1 Cytoplasm

Figure 20 is an electron micrograph of the outer layers of a full-grown Xenopus
oocyte. Microvilli greatly increase the surface of the plasma membrane; their axis
is made of actin microfilaments associated with other proteins (villin in particu-
lar). They are not contractile, but depolymerization of the actin microfilaments
induces their retraction when oogenesis has come to an end. The microvilli pro-
ject into a protective membrane, the chorion or vitelline membrane and establish
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Fig. 19. Oogenesis of Xenopus laevis. Center: Fragment of ovary showing oocytes of vari-
ous sizes; the full-grown oocytes have a pigmented animal pole and a white vegetal pole.
I Section through small previtellogenic oocytes; 2a,b two successive stages of vitellogen-
esis; 2 ¢ full-grown oocyte showing, under the germinal vesicle, which contains many nu-
cleoli, a cap of RNA-rich material. 3 Beginning of maturation: the nuclear membrane has
broken down at its basal end, the nucleus with its nucleoli has moved toward the animal

pole. The bars correlate the sections and the living oocytes at the various stages of oogenesis
(Brachet 1979)

contacts with the surrounding layer of follicle cells (FC). Under the plasma mem-
brane, in the so-called cortex, many cortical granules and pigment granules can
be seen. The cortical granules contain glycoproteins and play, as we shall see, an
important role in fertilization. The pigment granules are an accumulation of
waste products from protein metabolism.

The role of the microvilli is to increase the penetration of blood proteins into
the oocyte by endocytosis. Selective uptake of the yolk proteins is facilitated by
the fact that the oocytic plasma membrane possesses specific receptors for the
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Fig. 20. Electron micrograph of the surface of a Xenopus oocyte. fc follicle cell; cg cortical
granule; mv microvilli of the oocyte. (Courtesy of Dr. G. Steinert)

precursor of the yolk proteins. This precursor, called vitellogenin, is synthesized,
after hormonal stimulation, by the liver of the female, released in the blood-
stream and finally taken up into the oocyte by endocytosis. Vitellogenin is a com-
plex of two phosphoproteins, phosvitin and lipovitellin; this phosphoprotein com-
plex (which bears some similarities with the casein of milk) accumulates, in crys-
talline form, in the yolk platelets. The uptake of vitellogenin is the major factor in
oocyte growth. It has indeed been shown that if full-grown oocytes are dissected
from the ovary and cultured in the presence of vitellogenin and insulin, their vol-
ume doubles within 2—3 weeks.

The yolk platelets are larger and more abundant at the vegetal pole of the
oocytes. In contrast, ribosomes, glycogen particles and lipid droplets gradually
decrease in number from the animal to the vegetal pole. There is, thus, in full-
grown oocytes, a very distinct polarity gradient (Fig. 21), the establishment of
which does not result from simple factors such as gravity or blood supply. One of
the factors responsible for the building up of the animal-vegetal polarity gradient
is a transcellular electric current due to the movement of ions through the oocyte.

There is an enormous increase in the number of ribosomes during vitellogen-
esis. In addition to their distribution along the polarity gradient, a local accumu-
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Fig. 21. Polarity gradients in an am-
phibian oocyte surrounded by follicle
cells. PA animal pole; PV vegetal pole.
Left half: distribution of the yolk
platelets. Right half: Distribution of the
ribosomes; note their accumulation
around the nucleus (germinal vesicle).
In the cortex, gradient distribution of
the pigment granules (melanosomes)
(Brachet 1979)

lation of ribosomes around the large nucleus (called the germinal vesicle) of the
oocyte can be seen. Most of the ribosomes, in full-grown oocytes, are free. How-
ever, others are attached to membranes to form a discrete endoplasmic reticulum
or are in the form of polysomes.

Previtellogenic oocytes have very few ribosomes and synthesize only very
small amounts of high molecular weight IRNAs (28S and 18S). However, they
synthesize very actively the small 5S rRNA, as well as several tRNAs (C. Tho-
mas). The neosynthesized 5S and tRNAs are packed together in combination
with proteins into ribonucleoprotein particles smaller than the ribosomes. In these
particles, 5S RNA is strongly bound to a protein which, as we shall see, plays an
important role in the control of 58 RNA synthesis. During vitellogenesis, synthe-
sis of 5S RNA continues, but the oocyte now concentrates on the synthesis of the
larger 28 S and 18S rRNAs. This allows the accumulation of a large store of
ribosomes, much larger than is needed for the synthesis of proteins in the grow-
ing oocyte.

Due to the virtual absence of ribosomes in previtellogenic oocytes, protein
synthesis is weak at this early stage of oogenesis. It increases during vitellogen-
esis, although in full-grown oocytes, it decreases in intensity along the animal-
vegetal gradient of ribosome distribution as shown in Fig. 21.

Amphibian oocytes also synthesize a variety of mRNAs amounting to 3% to
5% of total RNA. It was believed until recently that this synthesis takes place dur-
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ing vitellogenesis, but recent work has shown that the mRNAs are synthesized
mainly, if not exclusively, by the previtellogenic oocytes. They are then stored, in
an almost inactive form, during the whole vitellogenic period. This is true even
for the histone mRNAs, which are apparently useless in the growing oocytes, in
which chromosomal DNA is not replicated. The mRNAs synthesized by the very
young oocytes and kept in reserve during vitellogenesis form a very hetero-
geneous population. There are about 20,000 different mRNA species, theoreti-
cally capable of directing the synthesis of as many proteins.

In conclusion, the onset of vitellogenesis marks a sharp turning point in
oogenesis. Synthesis of a large mRNA population stops and production of the
large ribosomal RNAs begins, continuing during the whole oogenesis. The syn-
thesis of the small RNAs (5S RNA, tRNAs) is not suppressed by vitellogenesis.
Whether these changes in the pattern of RNA synthesis are due directly to the
uptake of vitellogenin and the appearance of yolk platelets is not known.

Elegant experiments by Gurdon and colleagues have proved that in full-
grown Xenopus oocytes, the great majority (about 98%) of the ribosomes are not
engaged in protein synthesis. If one microinjects a specific mRNA into Xenopus
oocytes, coding for rabbit hemoglobin for instance, then the injected oocytes
synthesize rabbit hemoglobin for many days. This shows that the great majority of
the oocyte ribosomes are “unprogrammed”, i.e. they are free to accept and bind
any kind of RNA which is presented to them. Since these pioneer experiments,
Xenopus oocytes have become an ideal system for testing whether an RNA isolat-
ed from any kind of tissue is a messenger. If so, synthesis of the encoded protein
takes place in injected oocytes. Recent work has shown that the oocyte is even
capable of excreting the foreign proteins if they are normally secreted by
secretory cells. In this case, synthesis of the secretory protein, after injection of its
mRNA, takes place on ribosomes attached to the oocyte endoplasmic reticulum
membrane. Secretion of a protein, in all kinds of cells, requires the addition of
sugar residues to the protein (glycosylation). This glycosylation step is ac-
complished as efficiently and faithfully in the oocyte as in secretory cells. Finally,
the Xenopus oocyte system has allowed us to understand one of the pecularities
of the mRNA molecules. Most of the mRNAs (but not all of them) possess at the
3’ end of their molecule a polyadenylic (poly A) tract, which is a monotonous se-
quence made of a variable number of adenylic acid residues. If this (poly A)
“tail” is enzymatically removed prior to injection into the oocyte, the stability of
the injected mRNA is greatly reduced. Thus, synthesis of the encoded protein
stops after a few hours instead of several days. Messengers which have no (poly
A) tail (those encoding the histones, for example) have a very limited stability af-
ter injection into Xenopus oocytes. However, artificial addition of a (poly A) tail
to histone mRNAs increases their longevity (G. Huez and G. Marbaix).

It should be added that the oocyte synthesizes many kinds of enzymes during
oogenesis. It is interesting to note that some of these enzymes are apparently use-
less for the oocyte itself and serve only at a much later stage of development. This
is particularly striking in the case of an enzyme involved in the synthesis of col-
lagen, a protein which is not detectable in the amphibian egg before the gastrula
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and even the neurula stage. The enzyme is thus present in the oocyte long before
its substrate is synthesized.

The oocyte foresees its future; it builds up large reserves of all kinds of RNAs,
ribosomes, enzymes, food materials, in fact, everything it will need to survive the
hardships of embryonic life, in a difficult world outside the maternal organism.

The egg needs a large supply of energy for the synthesis of new macromol-
ecules and for the building up of structures; it is therefore not surprising to find
that it contains a very large number of mitochondria, probably many more than
are actually needed for oogenesis itself.

These mitochondria contain, besides the usual respiratory enzymes, mol-
ecules of circular DNA, which are about 5 um long and have a molecular weight
of 10 million daltons. This mitochondrial DNA synthesizes the mitochondrial
rRNAs, which enter into the composition of the 55S mitochondrial ribosomes;
the latter use specific mitochondrial tRNAs for the synthesis of proteins. As
pointed out before, the information present in mitochondrial DNA cannot allow
the synthesis of a very large number of proteins.

Mitochondrial DNA can replicate independently of chromosomal DNA syn-
thesis, thus allowing a huge increase in the number of mitochondria during
oogenesis. This increase occurs mainly before vitellogenesis, e.g. out of a total of
16—17 rounds of mitochondrial DNA replication during oogenesis, 12 take place
before the onset of vitellogenesis. Thus, a small previtellogenic oocyte already
possesses 500,000 mitochondria. Such small oocytes also possess, as we have
seen, more than 50% of the 5S RNA and probably all of the mRNAs found in
full-grown oocytes.

Mitochondria are also present in the spermatozoa. This leads to an interesting
genetic problem. One would like to know whether new mitochondria are formed
by replication of maternal (egg) or paternal (spermatozoon) organelles during
embryonic development. In fact, an answer to this question has been given by
experiments in which two different, but closely related species of the toad
Xenopus (X. laevis and X. borealis) were crossed; the two parental species were
selected because the properties of their mitochondrial DNAs are so different that
they can easily be distinguished by physical measurements. The experiments
have clearly shown that the mitochondrial DNA formed by the embryo is of the
maternal type. This excludes the possibility that sperm mitochondrial DNA
might play a major genetic role in embryonic development.

1.2 The Nucleus (Germinal Vesicle: GV)

The main constituents of the large oocyte nucleus are the following: the nuclear
membrane (or envelope), the chromosomes, the nucleoli and the nuclear sap.
They will be discussed in that order.
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Fig. 22. Nuclear pores. Left: nuclear membrane of a Xenopus oocyte under the electron
microscope; the micrograph shows cross-sections (arrows) and tangential sections (ar-
rowhead) of nuclear pores. (Courtesy of Dr. G. Steinert.) Right: Diagram of the nuclear
pore complex in a central cross-section (a) and in projection down the octad axis. (b) C cen-
tral plug; S spokes; R rings; P ribosomes; dashed line nuclear membrane (Unwin and
Milligan 1982; reproduced from The Journal of Cell Biology, 1982, 93: 63—75 by copyright
permission of the Rockefeller University Press)

1.2.1 The Nuclear Membrane

This is made of two layers (outer and inner layers), as in all nuclei. However, it is
thicker than in most cells. It is possible to isolate, by dissection, the germinal ves-
icle of an oocyte and, if one squashes it, one can easily see the remnants of the
nuclear membrane under the light microscope. When examined under the elec-
tron microscope (Fig. 22), one is at once impressed by the regularity and large
size of the nuclear pores. Closer analysis has shown that these pores are, in fact,
very complicated structures, which have been called nuclear pore complexes.
They have an octogonal shape, are reinforced by a system of very thin filaments
and are obturated by a central granule, which possibly contains RNA. The di-
ameter of the pores (60 nm) remains constant throughout oogenesis, but their
number greatly increases. The nuclear pore complexes are held together by an
interporous material, called the Jamina. Pore-lamina complexes have been found
in the nuclear membranes of all cells, e.g. in Xenopus oocytes, the lamina is made
of a single protein, which is continuously synthesized and phosphorylated.
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The nuclear membrane constitutes the borderline between the nucleus and
the cytoplasm. Thus, RNAs synthesized in the nucleus continuously flow into the
cytoplasm through the nuclear pores. Conversely, proteins synthesized in the
cytoplasm cross the pores in order to reach the nucleus. The intensity of this traf-
fic, in Xenopus oocytes, is indicated by the following figures: three molecules of
28S and 18S rRNAs go out of the nucleus, every minute, through each pore;
since there are several millions pores, it can be calculated that about 300,000
rRNA molecules move out of the nucleus into the cytoplasm every second.

Thanks to its large size, the Xenopus oocyte is an ideal material for the study
of nuclear membrane permeability. It is easy to inject substances of known
molecular weights into the cytoplasm and to see whether they move into the nu-
cleus. These studies have led to unexpected results and conclusions, e.g. whether
or not a radioactive protein injected into the cytoplasm will cross the nuclear
membrane and accumulate in the nucleus is independent of its size (molecular
weight), shape or electrical charge. But proteins which are normally located in
the nucleus very quickly return to the nucleus after injection into the cytoplasm
and finally accumulate in the germinal vesicle (karyophilic proteins). This is not
only true for small proteins, like the histones, but also for nuclear proteins having
a molecular weight as high as 120,000. On the other hand, proteins which are
normally localized in the cytoplasm of the oocyte do not move into the nucleus
after their injection into the cytoplasm. This suggested that there is a selective
permeability of the nuclear membrane for nuclear (karyophilic) proteins. How-
ever, recent experiments have shown that the selective uptake of karyophilic pro-
teins into the nucleus remains unaltered when a small hole has been bored
through the nuclear membrane with a fine needle. This leads to the conclusion
that there is no nuclear membrane selective permeability. Thus, the selective up-
take of the karyophilic proteins into the nucleus is probably due to their specific
binding to nuclear constituents, not to a selection by the nuclear membrane. The
transport of RNAs between the oocyte nucleus and its cytoplasm also raises in-
teresting problems. For instance, the ribonucleoprotein particles which carry the
rRNAs and the mRNAs from the nucleus to the cytoplasm are too large to cross
the pores (the molecular weight of 28 S TRNA is higher than 1 million daltons).
Therefore, it is likely that these particles and even the RNAs, which they contain,
undergo biochemical and conformational changes at the time they cross the nu-
clear membrane. Recently, it has been shown that if small nuclear RNAs (called
snRNAs) are injected into the oocyte cytoplasm, they quickly move into the nu-
cleus where they accumulate. In similar experiments, 5S RNA was found to ac-
cumulate in the nucleoli. But other small RNA molecules, the tRNAs for in-
stance, remain in the cytoplasm after injection. The reasons for the different be-
haviour, in such experiments, of RNA molecules which have very similar
molecular weights remain to be elucidated.
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1.2.2 Chromosomes

In extremely young oocytes, which can be found in tiny Xenopus toads which
have just undergone metamorphosis, the chromosomes are still at an early stage
of meiosis (pachytene). Two distinct parts, both containing DNA, can be seen in
the chromatin: a condensed “cap” made of rather homogeneous material, and
the thick chromosomes which are closely paired at that stage (Fig. 23). The cap is
involved in the formation of the nucleoli, as we shall see when we discuss these
organelles.

When the oocyte begins growing during the period of vitellogenesis, the chro-
mosomes expand considerably and take on a very peculiar shape. They are now
the lampbrush chromosomes (Fig. 24), which are formed by a row of DNA-rich
granules, the chromomeres, from which thin expansions, the lateral loops, project
into the nuclear sap. The lampbrush chromosomes are at the diplotene stage of
meiosis. As shown in Fig. 24 A, they undergo local pairing and are attached to-
gether at the so-called chiasmata. The “lampbrush”? aspect is due to the pres-
ence of the lateral loops, which are very easy to see in amphibian oocytes and are
useful for cytogenetic analyses. It can occur that a loop is missing on one side of
the lampbrush chromosomes and is present on the other; this is due to the lack of
activity on one of the two allelic genes, in the heterozygous condition. It should
be added that many cytologists think that the lampbrush structure is universal
for all chromosomes, but is greatly amplified and exaggerated in the growing
amphibian oocyte.

Figure 24 B represents the structure of the lampbrush chromosomes in the sche-
matic way proposed by Gall and Callan. According to this scheme, each chromo-
some is composed of two homologous filaments (chromatids), which are closely
paired. Each chromatid is made of a single, giant (several centimeters long) fiber
of double-stranded DNA; the chromomeres are regions where the DNA fiber is
repeatedly coiled and condensed into microscopically visible granules. The axes
of the loops are made of the same, but uncoiled, DNA fiber. The DNA present in
the loops is transcribed into RNA (presumably mRNA) in a sequential way. The
enzyme RNA polymerase wanders along the loop, starting at one end and stop-
ping at the other. The arguments presented in favor of the model shown in
Fig. 24 B are quite strong. When the lampbrush chromosomes are treated with
enzyme deoxyribonuclease (DNase), which breaks DNA up into small pieces, the
structure of the whole chromosome (chromomeres and loops) collapses and rap-
idly vanishes. Autoradiography (a photographic procedure, which enables one to
see radioactive materials under the microscope) shows that RNA synthesis occurs
in a sequential way from one end of the loop to the other.

! No one uses “lampbrushes” anymore. They were mops used for cleaning petroleum
lamps before the electric light came into general use; natural selection has eliminated
lampbrushes. The senior author remembers using them in the French countryside during
boyhood. Today, they might be valuable as antiques.
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Fig. 23A,B. Young oocytes of Xenopus at the pachytene stage. A Under the light micro-
scope (A. Ficq). B With electron microscope (P. Van Gansen). C cap; Ch chromosomes; Nu
nucleoli
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Fig. 24 A,B. Part of a lampbrush chromosome isolated from a Triturus oocyte, observed
with phase contrast optics (A) (courtesy of Dr. H. G. Callan) and diagram of the structure
of a loop pair (B) (J. G. Gall and H. G. Callan): two DNA molecules are folded to form a
chromomere from which a loop extends in the nuclear sap; it is the site of RNA synthesis
(the small black dots are RNA molecules)

It was first believed that each of the 10,000 chromomeres corresponds to a
single gene. Later, it was thought that each loop represents a single gene. How-
ever, the development of two powerful techniques has shown that the situation is
more complicated. The first technique is in situ hybridization on whole chromo-
somes (which allows the detection of specific DNA sequences) and the second is
chromosome spreading (chromosomes are spread on grids and examined under
the electron microscope). Thus, the visualization of the so-called transcription
units (see Fig. 27) is possible. We can now see the RNA chains growing during
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Fig. 25A-E. Various alternatives for arrangements of transcription units with individual
loops of Xenopus laevis lampbrush chromosomes. The numbers /—1"” denote units of
equal, /-5 of different lengths (Scheer et al. 1976)

the transcription of a single gene. These studies have shown that the loops con-
tain both unique and repeated sequences. Curiously, only 0.2% of the lampbrush
chromosome DNA codes for mRNAs and only 30% of their unique sequences are
transcribed. The primary transcriptional products of the loops are very large
(10-30 pm long, 5 million daltons) RNA molecules which associate immediately
with proteins to form nuclear ribonucleoproteins. Further work has shown that
several transcription units can be found on the same loop (Fig. 25), therefore, a
loop is not a single gene, but a set of genes. In addition, it has been proven
beyond doubt that highly repetitive DNA sequences are transcribed into RNA
molecules in many loops of the lampbrush chromosomes and that many of these
transcripts are transferred to the cytoplasm. If we recall that the whole mRNA
population of the oocyte (about 20,000 different species) is synthesized in pre-
vitellogenic oocytes (where the lampbrush structure is not yet very apparent), we
are faced with a puzzling question: what is the role of the RNAs which are tran-
scribed on the loops and are continuously supplied to the cytoplasm during
months of vitellogenesis? We do not yet know the answer to this question, despite
years of work in many laboratories.

At the very end of oogenesis, the lampbrush chromosomes progressively
undergo condensation. They are then lying side by side in the center of the ger-
minal vesicle; at the same time, their activity for RNA synthesis decreases. There
is no doubt that there is a close correlation between lampbrush structure and ac-
tivity of RNA synthesis: inhibitors of RNA synthesis (actinomycin D, antibodies
against RNA polymerase II, etc.) produce the collapse of the loops and the con-
traction of the lampbrush chromosomes. Transcription takes place, as we have
seen, only in the extended loops; the condensed chromomeres, in contrast, are
not transcribed.
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Fig. 26 a—d. Ultrastructure of nucleoli in the oocytes of four different amphibian species.
a Xenopus; b Triturus; ¢ Bufo; d Pleurodeles. G granular constituent; F fibrillar constituent.
(Courtesy of Prof. P. Van Gansen)

1.2.3 Nucleoli

The number of nucleoli varies considerably among the oocytes of different
species. While the oocytes of most invertebrates contain one single big nucleolus,
the large oocytes of most vertebrates have hundreds of nucleoli of various sizes.
There are more than 1000 large nucleoli in the germinal vesicle of the amphibian
oocyte.

The ulstrastructure of the oocyte nucleolus is of the classical type (Fig. 26).
Each is made up of a central fibrillar core and a granular cortex. However, the
young previtellogenic oocytes of Xenopus which, as we have seen, do not synthe-
size the large 28 S and 18 S rRNAs, lack the granular part and are purely fibrillar.
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Cytochemistry shows that the granular part is made of RNA-containing particles,
which are the precursors of the cytoplasmic ribosomes.

The large, single nucleolus of the starfish oocytes can be isolated and ana-
lyzed by biochemical methods. It contains about 7% RNA, which like rRNA, is
rich in guanine (G) and cytosine (C). Nucleolar RNA has, however, a still larger
molecular weight (around 3 million daltons) than the rRNAs. This large mol-
ecule is the precursor of the 28S and 18 S rRNAs of the cytoplasmic ribosomes.
The rest of the nucleolus is made of proteins. They are mainly phosphoproteins
and basic proteins; some of which are precursors of the ribosomal proteins. It is
highly probable that the nucleolar proteins are entirely of cytoplasmic origin.
Among these proteins are a number of enzymes involved in RNA synthesis or
breakdown; of particular importance is the very active nucleolar RNA poly-
merase I, which is not sensitive to a-amanitin and which is specialized in the syn-
thesis of the nucleolar and ribosomal RNAs.

This enzyme is inactive in the absence of DNA. This DNA is localized in the
nucleolus itself, where it forms the so-called nucleolar organizer. The nucleolar
organizer DNA cannot be observed with the classical cytochemical methods for
DNA detection unless special conditions which induce condensation of the nu-
cleolar organizer are used.

Miller has succeeded in isolating the nucleolar organizers from amphibian
germinal vesicles. They can be seen as ring-shaped structures under the light
microscope. Using the electron microscope, Miller obtained an extraordinary
photograph of a “gene in full action” (Fig. 27) for the first time. The nucleolar
organizer is made of a DNA axis which, at regular intervals, gives rise to growing
chains of RNA. The RNA polymerase molecules can be seen in the electron
microgaphs as small dots all along the DNA molecule. The pictures clearly show
that only some parts of the circular DNA are transcribed and give rise to poly-
nucleotide chains of nucleolar RNA. The other regions, which remain genetically
silent and are not transcribed by the polymerase, are called the spacers. While
the transcription units (the “Christmas trees” of Fig. 27) have a constant length
and the same base composition, the spacers are much more variable, e.g. their
length may vary as much as 1.8 to 5.5 daltons and both length and base compo-
sition may differ in two Xenopus females. There are about 450 ribosomal genes in
each nucleolar organizer.

Since an amphibian oocyte contains more than 1000 nucleoli, it follows that
the genes for nucleolar RNA synthesis must exist in many copies; that is, they are
considerably amplified. When and where does the amplification of the genes
which code for TRNA synthesis (or, more exactly, for the synthesis of the nu-
cleolar precursor of the rRNAs) occur?

It has been proved that the amplification of the rRNA gene occurs in the
caps, which are present at the pachytene stage of oogenesis and which have been
depicted in Fig. 23. The DNA of the cap is replicated many times during this ear-
ly stage of oogenesis; but it is not transcribed into RNA until a much later peri-
od, when vitellogenesis and rRNA synthesis begin. It is absolutely certain that
the extra-chromosomal DNA which is present first in the caps, then in each nu-
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B ‘
Fig. 27A,B. Nucleolar organizers isolated from Triturus germinal vesicles and seen under
the electron microscope. A Two transcription units (“Christmas trees”); B alternance of

transcription units and spacers (arrows) at lower magnification. (Courtesy of Drs. O. L. Mil-
ler, Jr. and B. R. Beatty)
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cleolus as the nucleolar organizer, is really localized in the caps; this has been
clearly demonstrated by Pardue and Gall, who used in situ molecular hybridi-
zation. If a section, like that of Fig. 23, is first heated in order to denature the
DNA (i.e., in order to separate the two strands of the double helix) and then
treated with radioactive rRNA (288S and 18S), the latter hybridizes only with the
DNA of the cap. This proves that the extra-chromosomal DNA of the cap and
the rRNAs have many nucleotide sequences in common. In agreement with this
conclusion, electron microscopy shows that the first nucleoli make their appear-
ance in the cap. Each nucleolus contains some of the DNA which was present in
the cap; this is the nucleolar organizer DNA present in each of the hundreds of
nucleoli which are dispersed in the germinal vesicle.

Electron microscopy has disclosed the mechanisms of ribosomal gene ampli-
fication in the caps and has shown that unusual replication intermediates are
present (DNA circles and “rolling circles” as in bacteria and phages). The repli-
cation mechanisms during ribosomal gene amplification are thus complex and
very different from those used for chromosomal DNA replication prior to cell di-
vision (see Chap. VI). However, both are catalyzed by the same enzyme, DNA
polymerase a. A vitellogenic Xenopus oocyte possesses as many as 2X 10° copies
of the ribosomal genes as compared to about 900 in an ordinary somatic cell
(liver cell, red blood cell, etc.). The amplification of the ribosomal genes is thus at
least 2,000 times, whereas simultaneously, the number of the nucleoli increases
from 2 to about 1,200. Despite this huge amplification of the ribosomal genes,
there is, as we have seen, no TRNA synthesis before vitellogenesis.

The nucleolar organizer DNA (which we can now call ribosomal DNA or
rDNA) contains more G+ C sequences than chromosomal DNA. Due to this
peculiarity and to gene amplification, it has been possible to isolate rDNA by ul-
tracentrifugation as a heavy satellite which hybridizes specifically with radioac-
tive 28S and 18 S rRNA. This has allowed Brown and Dawid, as well as Birnstiel
(1968), to study the molecular organization of the rRNA molecule (Fig. 28) in
detail and to analyze the steps which lead from the nucleolar rRNA precursor
(5% 10°¢ daltons) to the mature cytoplasmic rRNAs (1.3x10° 0.6x10° and
4.5 10* daltons). Only a small part of the spacer (600,000 daltons) is transcribed
by RNA polymerase I, but this transcribed piece of the spacer is degraded during
the processing of the rRNA precursor in the nucleus itself, as can be seen in
Fig. 28.

In contrast to the 2000 times amplification of the 28S and 18S ribosomal
genes, there is no amplification of the genes which code for the ribosomal pro-
teins and for 5S ribosomal RNA. We have already seen that there is no temporal
coordination at the various stages of oogenesis between the synthesis of the 28,
18 S and 5.8 S RNAs on the one hand, and that of 5S RNA on the other.

Although the 58S genes are not located in the nucleolar organizers, but instead
on several chromosomes, they deserve mention here. The first interesting point is
that there are three different kinds of 5S RNAs in Xenopus: in the ovary, a major
and a minor 5S RNA are encoded by respectively 24,000 and 2000 genes; somat-
ic 5S RNA differs from ovarian 5S RNA by a few bases and it is coded by an-
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Fig. 28. Arrangement and transcription of rDNA (a ribosomal gene) into pre-rRNA (large
arrow); processing of pre-rRNA into mature rRNA molecules. efs external transcribed
spacer; its internal transcribed spacer; nts nontranscribed spacer. Primary (1) and final (a)
cleavage of the pre-rRNA molecule

other set of 24,000 genes. All three 5S RNAs have 120 bases (molecular weight
40,000 daltons); all of them are transcribed by RNA polymerase III. Another in-
teresting point is the following: in previtellogenic oocytes, 5S RNA is associated,
in cytoplasmic ribonucleoprotein particles, to a 35,000 dalton protein which con-
stitutes as much as 15% of the soluble proteins at this stage. This protein is of un-
usual interest, because it binds specifically to an internal region of the ovarian 5S
genes. This binding results in activation of these genes. Thus, binding to this pro-
tein stimulates the transcription of the ovarian 58S genes by RNA polymerase IIL
This transcription factor disappears when the oocyte undergoes maturation and is
absent in somatic cells, thus explaining why the ovarian 5S genes are no longer
active in fertilized eggs and somatic cells.

1.2.4 Nuclear Sap (Nucleoplasm)

After treatment with detergents and enzymes which remove the nucleic acids,
oocyte nuclei retain, like somatic nuclei, a proteinaceous nuclear matrix, which
forms a loose meshwork of fibers. In addition, the insoluble “skeletons” of the
nuclear membrane and the nucleoli remain visible. The fibrillar meshwork is
filled with a nuclear sap which contains many (at least 70) different proteins of
cytoplasmic origin. Besides the karyophilic, nuclear specific, proteins, many
others (actin, for instance) are common to both nucleus and cytoplasm. Actin is
accumulated in the center of the germinal vesicle, where it forms a viscous “nu-
clear gel”. It plays a role in maintaining the lampbrush configuration of the chro-
mosomes, since injection of anti-actin antibodies is quickly followed by the con-
densation and inactivation of the lampbrush chromosomes.
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A major protein of the germinal vesicle is nucleoplasmin which represents as
much as 10% of all nuclear sap proteins. This nuclear-specific protein deserves
special attention because it is, as we shall see, a “nucleosome assembly factor®,
which plays an important role in the assembly of DNA into chromatin.

The germinal vesicle contains 80-90% of total DNA polymerase a activity.
This enzyme is thus accumulated in the nucleus despite the fact that there is no
nuclear DNA synthesis once rDNA amplification is over. The three RNA poly-
merases (I, IT and III) are also particularly abundant in the germinal vesicles of
Xenopus oocytes which are widely used as a rich source of these RNA-synthesiz-
ing enzymes.

Finally, the nuclear sap contains small amounts of very heterogeneous RNAs.
They are a complex mixture of primary transcription products, fragments result-
ing from the processing of RNA precursors, finished molecules of mRNAs,
rRNAs and tRNAs on their way for export to the cytoplasm, and small nuclear
RNAs (snRNAs).

1.2.5 Xenopus Qocytes as Test-Tubes

Thanks to J. Gurdon, Xenopus oocytes have become wonderful test tubes for
molecular and cell biologists. Injection of any material into either the cytoplasm
or the nucleus of these large (1.2 mm in diameter) cells does not require excep-
tional manual skill or costly equipment.

We have already seen that microinjection of labelled proteins into oocyte
cytoplasm has provided very important data about the nuclear membrane “per-
meability”. We have also seen that Xenopus oocytes are an exceedingly favorable
material for the study of mRNA translation, which takes place after injection of
any kind of mRNA into the cytoplasm. They lend themselves very well, in addi-
tion, to the analysis of the complex steps which lead to the excretion of secretory
proteins (albumin, insulin, immunoglobulin, etc.). Recent experiments in which
two different mRNAs were injected together into the cytoplasm of a Xenopus
oocyte, have shown that one of the two may be preferentially translated. The
continuation of this type of experiment should lead to a better understanding of
the factors controlling the specificity of mRNA translation in the cytoplasm.

Pioneer experiments, in Gurdon’s laboratory, have shown that injection of a
pure gene into the germinal vesicles of Xenopus oocytes is followed by intense
and prolonged (lasting several days) franscription of the gene. This is made pos-
sible by the already mentioned fact that the three major forms of RNA poly-
merases are accumulated in the oocyte nucleus. If, for instance, the chick oval-
bumin gene is injected into the oocyte nucleus, the whole sequence is tran-
scribed. The primary transcript is then processed in the oocyte nucleus, whereby
seven introns are accurately removed and a (poly A) sequence is added to the 3’
end. The resulting ovalbumin mRNA moves into the oocyte cytoplasm, where it
is translated, and finally chick ovalbumin is secreted in the medium by an am-
phibian oocyte. If one deletes, by in vitro chemical manipulations, the sequences
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flanking the 5 end of the gene, normal transcription still takes place. These con-
trol sequences, which are required for in vitro transcription are thus not needed
for in vivo transcription in the oocyte nucleus. Curiously, if one injects into the
nucleus, instead of the ovalbumin gene, the ovalbumin cDNA (a DNA copy ob-
tained by treating ovalbumin mRNA with the viral enzyme reverse transcrip-
tase), it is correctly transcribed, but there is no ovalbumin synthesis in the cyto-
plasm. The only difference between the cDNA and the gene is that the former
has no introns. Thus, removal of the introns, by splicing, seems to be necessary to
allow the passage of ovalbumin mRNA from the nucleus to the cytoplasm
(Wickens etal. 1980). Similar approaches have led to great progress in our
understanding of the control of sea urchin histone gene transcription and of the
complex processing of tRNA precursors. Today we can induce at will, by in vitro
chemical manipulations, specific mutations at a given site of a DNA molecule (in
the gene or in its flanking sequences) and test their effects by injecting the modi-
fied DNA into the oocyte nucleus. Thus, site-directed mutagenesis opens pos-
sibilities which the classical induction of random mutations by mutagens could
not give. A new kind of genetics is born which should lead to spectacular prog-
ress in our understanding of gene regulation in eukaryotes.

Injection of a DNA molecule into the germinal vesicle of a Xenopus oocyte
may have several consequences. In experiments done by Trendelenburg and
Gurdon (1978), ribosomal genes attached to a plasmid DNA were injected with
the following results. The ribosomal genes were transcribed, as shown by their
now familiar “Christmas tree” configuration; plasmid DNA was organized in nu-
cleosomes, while spacer DNA was not. The germinal vesicle thus contains factors
which allow the assembly of DNA molecules in nucleosomes (chromatin assembly
factors). The main factors involved in nucleosome assembly are the enzyme
DNA-topo-isomerase I and the karyophilic protein nucleoplasmin; both are
abundant in the oocyte nucleus. It seems that the injected DNA molecules are
first relaxed by topo-isomerase I, which would allow DNA to react with a histone
store accumulated in the nucleus. The role of nucleoplasmin would be to render
the nucleosomes insoluble in the nuclear sap environment.

Finally, Gurdon performed a series of very interesting experiments on the
controls exerted by the cytoplasm on nuclear activities. He first injected Xenopus
adult brain nuclei into the cytoplasm of Xenopus oocytes and eggs (1968) and ob-
tained the following results: if brain nuclei are injected into full-grown oocytes,
they swell and synthesize RNA. However, if they are injected into oocytes
undergoing maturation, their chromatin condenses and they may even form
chromosomes and mitotic spindles; they no longer synthesize RNA. Finally if
brain nuclei are injected into unfertilized eggs, RNA synthesis stops, but DNA
synthesis now takes place. Evidently, the injected adult nuclei behave exactly like
the oocyte nucleus at these stages of development. Cytoplasmic factors decide
whether the foreign nucleus will swell or condense and whether it will synthesize
DNA, RNA or no nucleic acid at all. Recent improvements in the methods avail-
able for protein separation have allowed Gurdon and colleagues to go further.
They injected nuclei from the human cancer HeLa cells into large Xenopus
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oocytes and analyzed the newly synthesized proteins. They found that only three
HeLa proteins (of 25) were synthesized by the transplanted nuclei. Thus, the
oocyte cytoplasm has the remarkable property of reprogramming the expression
of individual HeLa genes. In other experiments, De Robertis and Gurdon (1977)
injected nuclei from Xenopus adult kidney into oocytes of an urodele, Pleuro-
deles. Analysis of the proteins showed that the injected adult Xenopus nuclei
synthesize some of the Xenopus oocyte typical proteins, whereas simultaneously,
the synthesis of the specific kidney proteins stops. The cytoplasm of the oocyte
thus contains factors which can reactivate genes, which were active during
oogenesis, and inactivate genes, which were active in the adult. Finally, Korn
and Gurdon (1981) have injected adult Xenopus nuclei into the germinal vesicles
of Xenopus oocytes and followed 5S RNA synthesis. Thus we have seen that the
ovarian 5S RNA genes are inactive in somatic cells, in which another set of genes
directs the synthesis of 558 RNA. The result was that ovarian 5S RNA synthesis
took place after injection into the germinal vesicle of some (but not all) oocytes.
The nucleus of these oocytes contains a factor (probably a protein) which can re-
activate the 5S ovarian genes which were silent in the adult nuclei. There is no
reactivation of these genes in oocytes which lack this protein factor.

2 Maturation of Xenopus Oocytes

Maturation is the progression of meiosis from the oocyte to the fertilizable egg
stage, a stage which varies among different animal species. In amphibians, only
the first polar body is expulsed (see Fig. 10). However, completion of meiosis
does not take place until the egg has been fertilized or “activated” by pricking
with a glass needle.

Morphologically, the most spectacular process is germinal vesicle breakdown
(GVBD). In Xenopus, the disintegration of the nuclear membrane starts at the
basal pole of the GV and spreads toward the animal pole [Fig. 19(3)]. Simul-
taneously, the Jampbrush chromosomes strongly condense and attach themselves
to a spindle; the nucleoli disintegrate, leaving only the nucleolar organizers. Both
spindle and nucleolar organizers move toward the animal pole; the first meiotic
division follows and the first polar body, which will degenerate, is expulsed
(Fig. 29). The nucleolar organizers remain in the oocytes where they slowly dis-
integrate.

Maturation is induced, in many animal species, by hormonal stimulation. In
amphibians, the natural inducer is progesterone, which is synthesized by the fol-
licle cells under pituitary hormone stimulation. Maturation is easily obtained if
oocytes, surrounded by their follicle cells, are dissected and treated in vitro with
either progesterone or a pituitary extract. In the first case, addition of ac-
tinomycin D does not prevent GVBD, demonstrating that progesterone-induced
maturation does not require RNA synthesis. On the other hand, pituitary hor-
mone-induced maturation is actinomycin D-sensitive: production of progester-
one by the follicle cells requires RNA synthesis. This is the rule when steroid hor-
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Fig. 29 A,B. Maturation of Xenopus oocytes. First (A) and second (B) maturation spindles.
Arrowhead: first polar body

mones stimulate target cells (those of the uterus, for instance); thus, progester-
one-induced maturation provides an interesting exception to the rule that re-
sponse to steroid hormones requires RNA synthesis.

At variance also with the response of somatic target cells to progesterone is
the fact that the hormone must act directly on the cell surface. It is inactive if in-
jected into the oocyte, except if it has been dissolved in an oil droplet instead of
water. Derivatives of steroid hormones which are unable to cross the cell mem-
brane are capable of inducing maturation.

It came as a surprise when we found, in 1975, that organomercurials, which
block —SH groups without penetrating into the cells, induce GVBD. Since that
time, many other substances, totally unrelated to steroids, have been found to in-
duce maturation as efficiently as progesterone (lanthanum chloride, propanolol,
insulin, etc.). All these agents share one property: they set membrane-bound cal-
cium free and increase the free Ca?* concentration in the cytoplasm. In fact, in-
creasing the free Ca** content by addition or slow injection of CaCl, is enough to
induce maturation. Recently, it has been shown that there is indeed a fast Ca**
burst when progesterone is added to Xenopus oocytes. However, it would be un-
wise to believe that Ca®* is the only ion involved in maturation: magnesium,
manganese and potassium ions can, under certain circumstances, induce matu-
ration in Xenopus oocytes.

The fast increase in the free Ca®* content of the oocyte is not the only early
chemical response of the oocyte to progesterone. Another fast change, which pre-
cedes GVBD by several hours, is a strong inhibition of membrane adenylate
cyclase, the enzyme which synthesizes CAMP at the expense of ATP. As a result,
the cAMP content drops sharply between 15 and 60 s after progesterone addition
and cAMP comes back to its initial level within 1 h. This initial drop in the cAMP
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content is important for maturation, since all the agents, which increase cAMP
prevent GVBD in progesterone-treated oocytes.

We now come to the late biochemical changes, which take place at about the
time of GVBD (in general, 6 to 8 h after progesterone addition to Xenopus
oocytes). As one might expect, rRNA synthesis stops when the nucleoli degener-
ate: the iDNA present in the nucleolar organizers is neither transcribed nor rep-
licated when they are casted in the cytoplasm. There have been reports that syn-
thesis of the other kinds of RNAs continues during maturation. If so, these RNAs
are not required for maturation itself, since we already know that this process is
actinomycin D-insensitive. However, they might play a role in processes, which
follow fertilization, but this is still a hypothesis.

Progesterone treatment induces a progressive increase in oxygen consumption
and protein synthesis in Xenopus oocytes; both reach a peak at the time of
GVBD. The marked increase in protein synthesis is more of a quantitative than a
qualitative nature: among 600 proteins, only 5 selectively increase during matu-
ration. However, there is an interesting selectivity in the stimulation of histone
synthesis: “core” histones (i.e. H,A, H,B, H3 and H4 histones) increase 20 to 50
times, while the synthesis of H1 histone remains unaffected by progesterone
treatment. A very important point is that this increase in protein synthesis, in-
cluding the selective increase in core histones synthesis, takes place also in
oocytes which have been enucleated before progesterone administration. This
shows that protein synthesis, at maturation, is controlled by selective post-tran-
scriptional mechanisms which remain poorly understood.

Studies with inhibitors of energy production and protein synthesis have dis-
closed an interesting fact. They prevent GVBD if they are allowed to act during
the first 3 h after progesterone addition, but they have no effect after that time.
Protein synthesis and energy production are thus absolutely required during an
early period of maturation; but GVBD itself does not require them any more.

There is no DNA synthesis during maturation (except a low level of mitochon-
drial DNA synthesis). However, maturation is the stage of development, in which
the machinery necessary for DNA synthesis is built up: the overall activity of
DNA polymerase a increases four times during maturation and several enzymes
and factors involved in DNA synthesis make their appearance. This building up
of the DNA-synthesizing machinery, as well as the increase in core histones, are a
preparation for egg cleavage, in which the number of nuclei greatly and quickly
increases. Curiously, chromosomal DNA and rDNA in maturing oocytes are ef-
ficiently protected against this powerful DNA-synthesizing machinery, in con-
trast to foreign DNA molecules injected into maturing oocytes.

Shortly before GVBD, there is a strong wave of protein phosphorylation:
many proteins, both soluble and membrane-bound, are simultaneously
phosphorylated. One of the targets for protein kinases might be the pore-lamina
complex proteins of the nuclear membrane. Their phosphorylation might con-
ceivably lead to the disintegration of this membrane at GVBD. However, the
wave of protein phosphorylation occurs even in oocytes which have been
enucleated before progesterone treatment.
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The changes in cAMP content and in protein phosphorylation which take
place soon after progesterone stimulation have led to a hypothetical model of the
molecular events which underlie maturation. The initial Ca** liberation and the
drop in cAMP content would lead to the dephosphorylation of a key phospho-
protein present in full-grown oocytes; maturation would be prevented so long as
this protein is in its phosphorylated form. Dephosphorylation of this protein
probably results from the activation of a protein phosphatase present in the
oocytes. The burst of protein phosphorylation which shortly precedes GVBD and
which is believed to be responsible for the rupture of the nuclear membrane
would result from an increased activity of a cAMP, or (more likely), a Ca?* de-
pendent protein kinase. This increase in protein kinase activity would also be re-
sponsible for chromosome condensation, the target being this time histone H 1.

Analysis of maturation in Xenopus oocytes has led to the discovery of several
biological “factors” of still unknown chemical mature. The most important is the
“maturation promoting factor” (MPF): injection of cytoplasm, taken from a pro-
gesterone-treated oocyte a few hours before GVBD, into a normal recipient
oocyte induces GVBD within 1-2 h (thus, much faster than after progesterone
stimulation). The factor responsible for the induction of GVBD (breakdown of
the nuclear membrane, condensation of the chromosomes, disappearance of the
nucleoli) has been called MPF (maturation promoting factor); its injection into
full-grown oocytes induces a rapid increase in protein synthesis and in protein
phosphorylation. When MPF-containing cytoplasm is injected into a recipient
oocyte, this oocyte synthesizes more MPF by a kind of autocatalytic amplifi-
cation. MPF synthesis occurs in enucleated progesterone-treated oocytes; its for-
mation requires protein synthesis during the first hours which follow addition of
the hormone. MPF has no species-specificity: injection of MPF-containing cyto-
plasm from Xenopus oocytes into starfish oocytes induces GVBD. This factor dis-
appears from the cytoplasm at the end of maturation, but it reappears in a cyclic
way, during egg cleavage at the time in which nuclear membrane breakdown
and chromosome condensation occur. It is probable that there is a reciprocal cy-
cling, during cleavage, of MPF and an agent which inactivates it. MPF-like fac-
tors have recently been found in HeLa and other somatic cells. Their role is to
induce, as in oocytes, nuclear membrane rupture and chromosome condensation.
Unfortunately, we know next to nothing about the chemical nature of MPF and
its mode of action: all we know is that it is a protein which is probably involved
in protein phosphorylation.

At the end of maturation, when the first polar body has been expulsed, a sec-
ond factor makes its appearance in the oocyte cytoplasm. It is a cytostatic factor
(CSF): if one injects cytoplasm from an unfertilized egg into one of the blasto-
meres of a cleaving egg, mitotic activity is arrested at metaphase, in the injected
blastomere. This arrest of mitotic activity is probably due to an inhibition, by
CSF, of the depolymerization of the spindle microtubules at anaphase (see
Chap. VI). In the unfertilized egg, the physiological role of CSF is probably to
arrest meiosis at metaphase of the second meiotic division.
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Does the oocyte nucleus (the GV) play any role during maturation? We have
seen that progesterone induces, in enucleated oocytes, as well as in normal ones,
an increase in protein synthesis (including the preferential synthesis of the core
histones) and a burst in protein phosphorylation; both produce, at the same
time, the all-important MPF. The same changes in ionic permeability the same
morphological changes (retraction of the microvilli, opening up of the cortical
granules after pricking with a needle) occur in progesterone-treated nucleate and
enucleated oocytes. However, experiments in which nuclei from adult cells and
spermatozoa, or centrioles were injected into nucleate and enucleated progester-
one-treated oocytes have shown that the mixing of the nuclear sap with the sur-
rounding cytoplasm has important consequences. In enucleated oocytes, in con-
trast to nucleate ones, the chromatin of injected somatic nuclei is unable to con-
dense and the nuclei of spermatozoa do not swell. In such oocytes, in contrast
with nucleate oocytes, injection of centrioles is never followed by the formation
of asters around them. These experiments lead to the conclusion that mixing of
the nuclear sap with the cytoplasm is necessary to induce a cytoplasmic matu-
ration more discrete than the morphologically visible nuclear maturation.

We have been recently interested in the induction of maturation in small, still
vitellogenic, oocytes (0.6—0.8 mm in diameter). They do not respond to progester-
one, but GVBD can be obtained by injecting, into such young oocytes, MPF-con-
taining cytoplasm taken from large progesterone-treated oocytes. However,
maturation is abortive: young oocytes, after MPF injection, break down their nu-
clear membrane and condense their chromosomes, but they are unable to build
up a meiotic spindle. Thus, the chromosomes remain scattered in the cytoplasm.
Experiments in which the contents of such MPF-injected young oocytes have
been injected into full-grown, progesterone-treated oocytes have shown that the
chromosomes of the young oocytes are not protected, as those of the full-grown
oocytes, against the DNA-synthesizing machinery which is built up during matu-
ration. The chromosomes of the young oocytes multiply and attach themselves to
a spindle (which they are unable to build when they are in their own young cyto-
plasm).

Finally, we should add that what has been said in this section about Xenopus
oocytes remains essentially valid for other animal species, even when the initial
maturation-inducing stimulus is provided by other agents than progesterone.

In eggs of many species (mammals, fishes, starfishes) a role for calcium ions,
cAMP content, protein synthesis and protein phosphorylation has been observed
and the appearance of MPF seems to be a very general, if not universal, phenom-
enon. Maturation, which is a very important stage of development, thus follows
the same general course in the whole animal kingdom. There is, of course, some
diversity in both morphology and biochemistry when one compares different
species, but there is also a remarkable unity in the achievement of the final result,
the production of a fertilizable egg.
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Fig. 30. Synaptonemal complex in a Xenopus oocyte at the pachytene stage (arrowhead).
ch chromosome. (Courtesy of Prof. P. Van Gansen)

3 Spermatogenesis

The reason why a cell undergoes meiosis rather than mitosis remains completely
unknown despite the fact that spermatogenesis often provides more favorable
material for the study of meiosis than oogenesis. One of the factors which play a
role in holding the homologous chromosomes together when they undergo pair-
ing is the existence of synaptonemal complexes (Fig. 30). These curious structures
are found only in the chiasmata which link the homologous regions of the paired
chromosomes at the time of crossing-over. Inhibitors of protein synthesis pro-
duce the disappearance of the synaptonemal complexes and the paired chromo-
somes separate from each other. This shows that these complexes, which are
made of proteins and RNA, but apparently do not contain DNA, play a role in
keeping the paired chromosomes together. However, it is not likely that the
synaptonemal complexes, which are too long, for that purpose have the specificity
required for controlling the very precise DNA exchanges which occur, at the
molecular level, during crossing-over and which lead to genetic recombination.
So far, only hypotheses devoid of serious experimental bases have been present-
ed to provide explanations for gene recombination at meiosis. However, a few
facts have been established. Since they are valid for both plants (lily anthers) and
animals (mouse spermatogenesis), it is likely that they have a general signifi-
cance. For instance, a special kind of DNA is synthesized after the last chromo-
somal DNA replication in spermatogenesis. This late replicating DNA, which is
quantitatively of minor importance and is linked to proteins and lipids, might
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play a role in the pairing of the meiotic chromosomes and in genetic recombi-
nation. Crossing-over and genetic recombination require DNA strand scission
and repair. The evidence showing that the activity of the DNA repair enzymes
reaches a peak at the time in which gene exchanges take place (pachytene stage
of meiosis) is steadily increasing.

After the two meiotic divisions, the four haploid spermatids are transformed
into mature spermatozoa (Fig. 10) by a process called spermiogenesis. During
that period, most of the cytoplasm degenerates; the cytoplasmic RNA, in particu-
lar, is rejected by the spermatid and is finally degraded. The nucleus progressive-
ly undergoes condensation during spermiogenesis.

Figure 31 depicts the adult, mature spermatozoon. At the anterior extremity
is a special granule, the acrosome, which originates from the Golgi bodies of the
spermatid. It contains a number of acid hydrolases: acid phosphatase, acrosin (a
proteolytic enzyme), hyaluronidase (which attacks the mucoproteins) etc. The
acrosome, in view of its enzyme content, can be regarded as a specialized lyso-
some.

Behind the acrosome is the subacrosomal space (which plays a role in fertili-
zation that will be described in the next chapter) and the nucleus, which forms
the main part of the sperm “head”. It contains the haploid (n) complement of
DNA, corresponding to all the paternal genes. This paternal DNA is very
strongly bound to exceedingly basic proteins. During spermiogenesis, the usual
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histones are progressively replaced by a special kind of “very arginine-rich” his-
tone or even by protamines (polypeptides with a very high content in arginine).
The result is that the DNA-basic protein complex becomes almost crystalline in
the sperm nucleus. The DNA is now in a completely repressed, inactive form.
There are no nucleoli in the sperm nucleus.

Behind the nucleus, one finds the mid-piece, which contains the mitochondria.
They are always well developed, often being very numerous; when present in
small number (one or two only), they are of very large size. They contain all the
respiratory enzymes and are extremely active in oxidative phosphorylations.
They actively oxidize either endogenous (phospholipids) or exogenous (fructose)
substrates. Two centrioles, a proximal and distal one, are also present in the mid-
piece; they have the same complicated structure under the electron microscope,
but play different roles. The proximal centriole is probably necessary, as we shall
see, for fertilization; the distal centriole lies at the basis of the flagellum. It is a
basal body (see Fig. 8) and its role is to give rise to the flagellum. However, it is
not required for flagellar motion which can take place in isolated cilia and flagel-
la. The flagellum, which is usually surrounded by a spiral sheath of protein,
forms the tail of the spermatozoon. Like all other flagella, it is, as a rule, made of
nine outer and two central filaments. With the sperm flagella, we are again faced
with the unity and diversity of living beings: all flagella have the same general
structure, function (beating) and overall chemical composition (tubulin is their
major protein). However, marked, species differences in the details of the ul-
trastructure have been described. In some species, there is a single central fila-
ment, in the eel, spermatozoa even completely lack the central filaments and, in
mammals, flagella display peri-axonal structures, including nine dense fibers and
two longitudinal columns.

The nine outer and two central filaments are, in fact, hollow microtubules, re-
sulting from the linear polymerization of tubulin molecules. Motility is due to the
sliding of the outer microtubules. This sliding requires energy, resulting from
ATP hydrolysis by an adenosine triphosphatase (ATPase). Sperm flagella, as well
as cilia, indeed possess a specific ATPase called dynein; it is located in the two
“arms” attached to the outer microtubule doublets (see Fig. 8). In man, there are
individuals, in which as the result of a genetic defect, the dynein arms are miss-
ing. These individuals are sterile, despite the fact that spermatogenesis is appar-
ently normal: they produce spermatozoa, but since these spermatozoa lack
dynein ATPase, they are immobile.

As one can see, the spermatozoon is a highly specialized cell. Having lost its
ribosomes, it is unable to synthesize proteins; its condensed nucleus is in a com-
pletely repressed form, so that RNA synthesis is also absent in spermatozoa. The
flagellum gives the necessary motility to the spermatozoon; the energy needed
for movement comes from the very active mitochondria. The acrosome, as we
shall see, helps the spermatozoon to reach the egg surface. One can only be
struck by the analogy existing between a spermatozoon and a bacteriophage
(Fig. 9). In both cases, we are dealing with machines that are highly specialized
for the injection of DNA, the genetic material, into the recipient cell.



CHAPTER V

Fertilization: How the Sleeping Egg Awakes

1 General Outlook

Fertilization of the egg is an all-important event for the life of all organisms that
reproduce sexually. Not only does it start the machinery for embryonic devel-
opment, but it also has fundamental genetic consequences: the diploid (2n) state
is restored and the paternal hereditary characters are introduced into the fertil-
ized egg (also called the zygote). In most species, the sex of the future adult is
established at fertilization.

Figure 32 summarizes the morphological changes that occur at fertilization.
The egg, according to species, may be at any stage of maturation (first-order
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Fig. 32. Fertilization of an amphibian egg. / Unfertilized egg surrounded by the follicle
cells (F). 2 Oocyte undergoing maturation after hormonal stimulation; the first polar body
has been expelled (P). 3 Maturation is blocked at metaphase of the second meiotic division.
4 The ripe oocyte is fertilized by a spermatozoon (S). 5 Maturation is completed; the sec-
ond polar body has been expelled and a fertilization membrane (M) surrounds the egg; the
spermaster is forming around the male pronucleus. 6 The two pronuclei are fusing together
(amphimixy)
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oocyte with an intact germinal vesicle, metaphase of the first meiotic division,
second-order oocyte which has expelled the first polar body; metaphase of the
second meiotic division; ootide which has eliminated the two polar bodies). If
maturation is not yet complete (or has not even started), the contact of the sperm
head with the ovular cell membrane induces or completes maturation. As a first
visible response, a fertilization membrane rises up and surrounds the egg; this
membrane appears first at the point of entrance of the spermatozoon and pro-
gresses toward the opposite pole of the egg. Membrane elevation is fast (a few
seconds) in small eggs, such as those of the sea urchin and much slower in large
ones (1 h or more in frog eggs). Between the membrane and the surface of the
egg is the perivitelline space, filled with the perivitelline fluid. The fact that the egg
now bathes in a liquid medium allows it to undergo rotation under the influence
of gravity. The animal pole now points upward, the heavy vegetal pole down-
ward. At about the same time, astral rays begin to surround the sperm head,
forming the spermaster; this aster then regresses and the sperm nucleus, which
has now swollen and is called the male pronucleus, moves toward the egg nucleus
(female pronucleus). The two pronuclei finally fuse together (amphimixy) and fer-
tilization is complete. Two asters appear at the opposite ends of the zygote nu-
cleus and a mitosis, which marks the beginning of the next stage, cleavage, im-
mediately follows.

This is a very broad description of fertilization which is by no means a con-
stant process and shows marked differences in the various animal species. We
shall now go into a few details, taking as an example the sea urchin egg, which
has been most extensively studied.

The first phenomenon which deserves mention is the acrosome reaction
(Fig. 33a,b). The acrosome of the spermatozoon opens when it comes in contact
with the jelly coat that surrounds the egg and the inner acrosome membrane
changes into a straight flexible filament which penetrates into the surface of the
egg. This acrosome filament results from the linear polymerization of actin mol-
ecules, previously accumulated in the subacrosomal space (Fig. 31), as soon as
the outer acrosome membrane has broken down. Simultaneously, acid hydro-
lases present in the acrosome are released in the medium and contribute to the
digestion of the envelopes which protect the unfertilized egg (jelly coat, vitelline
membrane). The acrosome reaction is unspecific: it is not induced by the jelly
coat alone, but also by alkaline seawater, contact with glass, etc. Calcium fluxes
and changes in the acrosome pH play an essential role in the acrosome reaction.
However, binding of the spermatozoon to the egg surface results from a specific
interaction between receptors present on the vitelline membrane which sur-
rounds the unfertilized egg and a species-specific glycoprotein, called bindin,
which is located on the acrosome membrane. This specificity explains why cross-
hybridization between different sea urchin species does not occur in nature. The
penetration of the sperm nucleus into the egg is not due to a retraction of the
acrosome filament, but to the fusion of the membranes of the acrosome vesicle
and of the unfertilized egg (Fig. 33 ¢,d). Once these two membranes have fused
together, fertilization can be regarded as successful and the sperm nucleus will be
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Fig. 33a—d. Fertilization as seen under the electron microscope. a A spermatozoon comes
in contact with the jelly coat (stippled) which surrounds the egg. b The acrosome of the
spermatozoon opens (acrosome reaction). ¢ Fusion between the membranes of the oocyte
and the acrosome. d The sperm nucleus is injected into the egg

drawn into the egg through the channel left between the fused membranes; corti-
cal microfilaments of actin are involved in this process. The sperm nucleus still
has its condensed chromatin and it is not surrounded by a nuclear membrane.
But, after a few minutes, sperm chromatin begins to undergo decondensation; a
nuclear membrane soon surrounds it, which is formed by the endoplasmic re-
ticulum (inner membrane system) of the egg.

The lifting of the fertilization membrane, also called cortical reaction or egg
activation, is accompanied by profound changes in the ultrastructure of the egg
cortex. The microvilli, which were present in the oocyte, retract and the egg
membrane becomes almost perfectly smooth. Simultaneously, there is a general
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contraction of the egg. The cortical granules open up and their content is elimi-
nated into the outer medium (seawater in the case of sea urchin eggs). The corti-
cal granules contain glycoproteins of strongly acidic character (acid poly-
saccharides or mucopolysaccharides, containing very acid SO;H groups). These
glycoproteins precipitate when they come in contact with seawater and immedi-
ately undergo polymerization. The result is the formation of the almost crys-
talline fertilization membrane. Just outside the egg membrane, a thin extracellu-
lar mucous layer expands all around the surface of the egg. This is the hyaline
layer, which is believed to act as a barrier against polyspermy, i.e. the penetration
of more than one spermatozoon in the egg. Polyspermy is a physiological
phenomenon in large eggs (for instance, those of urodeles) where the cortical re-
action is slow. However, even here, only one sperm nucleus fuses with the egg
nucleus and all the other sperm nuclei finally degenerate. Various agents inhibit
the formation of the fertilization membrane. Especially useful for the exper-
imenter, who wishes to work with “naked”, membraneless eggs, are trypsin (a
proteolytic enzyme) and dithiothreitol (an —SH containing reagent which breaks
the —S—S—bonds present in proteins). In order to induce the cortical reaction, the
spermatozoon must come in contact with the egg membrane. If one injects a
spermatozoon into a sea urchin egg, both the egg and the sperm remain inert. If
one adds sperm to such a spermatozoon-injected egg, a normal fertilization
membrane forms. An egg that has been artificially fertilized by injection of sperm
can thus be refertilized, and the egg will be dispermic. Refertilization can also be
obtained by dissolving the hyaline coat of a fertilized egg by treatment with al-
kali or with calcium-free seawater, and then adding sperm again.

The spermaster is a powerful monaster which forms around the proximal cen-
triole of the spermatozoon. There are no microtubules in unfertilized sea urchin
eggs, but they contain a large store of unpolymerized tubulin molecules. The
proximal centriole acts as a seed for tubulin polymerization and formation of as-
tral microtubules. The role of the spermaster is to favor the migration of the
sperm nucleus (male pronucleus) toward the center of the egg where the egg nu-
cleus (female pronucleus) lies. Inhibition of microtubule polymerization by treat-
ment with drugs like colchicine prevents the migration and the fusion (am-
phimixy) of the two pronuclei.

The frequent occurrence of cytasters in eggs can throw some light on the for-
mation of the spermaster. Asters never form in the cytoplasm of immature
oocytes, but small asters can often be seen when the nuclear membrane breaks
down during maturation, when nuclear sap and cytoplasm mix together. The ap-
pearance of hundreds of asters in the cytoplasm of unfertilized or just fertilized
eggs can easily be induced experimentally by treating the eggs with heavy water
(deuterium oxide: D,0O) (Fig. 34). These cytasters appear simultaneously and do
not divide afterwards. In the center of each aster, a small granule, which is prob-
ably a very tiny centriole (precentriole) can be seen with the electron microscope.
Since the cytasters can appear after D,O treatment under conditions in which
protein, RNA and DNA synthesis are suppressed, it is likely that they result from
the self-assembly of pre-existing protein subunits previously dispersed in the
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Fig. 34. Appearance of cytasters in an unfertilized amphibian egg treated with heavy water
(D,0) (Van Assel and Brachet 1966)

cytoplasm. Unfertilized eggs, in contrast to spermatozoa, lack visible centrioles,
but the appearance of a large number of cytasters after treatment with agents
which, like D,0O, stabilize the microtubules, shows that eggs possess the capacity
to build up asters around materials which pre-existed in a diffuse form in their
cytoplasm. As we shall see, authentic centrioles, surrounded by large asters, form
when unfertilized eggs are treated with parthenogenetic agents which induce re-
peated cleavage cycles and later, full embryonic development (for instance, suc-
cessive treatments with butyric acid and hypertonic seawater).

We know very little, except that microtubule activity is required, about the
factors that control amphimixy, the fusion of the two pronuclei. Past experiments
by A. Brachet, on artificial polyspermy in frog eggs have shown that the at-
traction between the two pronuclei does not depend on their “sex”. If many sper-
matozoa (100 or more) penetrate into an egg that has been subjected to treat-
ments which slow down the cortical reaction, adjacent sperm heads can fuse by
groups of two or three. Such strongly polyspermic eggs never undergo cleavage
afterwards. It is likely that, in normal fertilization, the spermaster helps the mi-
gration of the male pronucleus toward the female one.

Regarding the swelling of the male pronucleus, it can be said that it is con-
trolled by the conditions prevailing in the cytoplasm. A. Brachet succeeded, long
ago, in fertilizing sea urchin eggs that had not yet completely finished their matu-
ration; he found that if the egg chromosomes were in a condensed state, the male
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pronucleus remained condensed. If, on the other hand, the egg nucleus had swol-
len, the spermatozoon nucleus quickly underwent swelling. Similar results have
been obtained, more recently, by Gurdon who, as we have seen, injected nuclei
into amphibian oocytes at various stages of maturation. It seems clear today that
nuclear swelling is not simply the result of hydration of the nucleus, but that it is
due to the uptake of cytoplasmic proteins into the nucleus and to the loss of the
sperm-specific basic proteins.

We can now turn to the physical and chemical changes that occur at fertili-
zation; in the following, we shall be dealing with sea urchin eggs unless otherwise
stated.

2 The Fertilizin Problem

Early in this century, Lillie observed that seawater in which unfertilized sea ur-
chin eggs have been left for some time (“egg water”) exerts various effects on the
spermatozoa. It agglutinates the spermatozoa by their heads, increases their mo-
tility and keeps them active for a longer time. The egg water thus contains a fac-
tor (fertilizin) which increases the activity of the spermatozoa. For Lillie, fertilizin
would even attract the spermatozoa and would thus have a chemotactic activity,
but this was soon shown to be incorrect. Later work has demonstrated that sper-
matozoa release into the surrounding seawater substances that have biological
effects.

Among these substances the most important are Lillie’s egg fertilizin and
sperm lysin. Fertilizin is simply the jelly coat which surrounds unfertilized sea ur-
chin eggs. Many of its effects (induction of the acrosome reaction, increase in
sperm motility and respiration) are unspecific and due to binding of the acid mu-
copolysaccharides constitutive of the egg jelly to heavy metals present in seawa-
ter which have adverse effects on spermatozoa. The only specific effect of fer-
tilizin is the agglutination of spermatozoa, a phenomenon which contributes to
the prevention of polyspermy if the eggs happen to be in the presence of a very
large excess of spermatozoa.

Extracts of spermatozoa dissolve the jelly which surrounds and protects the
eggs; this has been ascribed to a sperm lysin which is probably only the hydro-

lytic enzymes present in the acrosomes (hyaluronidase, which dissolves mucus, in
particular).

3 Physical and Chemical Changes at Fertilization

In the following, we shall be primarily interested in sea urchin eggs, whereby one
should draw a distinction between early and late changes at fertilization, as
pointed out by D. Epelin 1978.
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3.1 Early Changes

The first recorded change at fertilization is a brief depolarization of the egg mem-
brane potential; it is believed to be due to an influx of Na* ions and to be re-
sponsible for the so-called fast block to polyspermy. This fast electrical block pre-
vents the entry into the egg of more than one spermatozoon in Xenopus as well as
in sea urchin eggs. A slower block to polyspermy is correlated with the elevation
of the fertilization membrane which prevents the entry into the egg of super-
numerary spermatozoa.

Another important early ionic change is an increase in free Ca**, much larger
than that which follows progesterone addition in Xernopus oocytes (see preceding
chapter). This increase is responsible for the breakdown of the cortical granules
and the exocytosis of their contents. Increasing artificially the free Ca** content
of unfertilized eggs, by treatment with a Ca®* ionophore called A23187, is an ex-
cellent method for inducing a cortical reaction in eggs of many animal species.
Activation of sea urchin eggs (chromosome condensation, DNA replication, for-
mation of asters) can also be obtained by treatment of sea urchin eggs with am-
monia. Ammonia bypasses the calcium rise step: there is no cortical reaction. The
cortical granules remain intact and a fertilization membrane does not develop
around the egg.

Ammonia penetrates easily into unfertilized sea urchin eggs and increases
their internal pH. Normal fertilization also induces, within 1 and 4 min after
sperm addition, an increase in the sea urchin egg internal pH as high as 0.3-0.5
pH units. This rise is due to an exchange between extracellular Na* and intra-
cellular protons (H") which are ejected from the egg into the outer medium. A
similar increase in internal pH at fertilization has been found in Xenopus eggs. In
both cases, the internal pH remains constant during cleavage after its initial rise
shortly after fertilization.

As we shall see in more detail, the classical method for inducing parthenogen-
esis in sea urchin eggs is that of Loeb. This involves two successive steps: treat-
ment of the unfertilized eggs first with hypertonic seawater and then with butyric
acid, or vice versa. With this two-step method, asters form around typical cen-
trioles. With the other activation methods (treatment with the A23187 ionophore
or with ammonia) asters also form, but the microtubules originate from the chro-
mosomes and from amorphous osmiophilic foci. It seems that self-assembly of
typical centrioles is a prerequisite for full parthenogenetic embryogenesis. In
contrast, eggs activated by A23187 or ammonia treatment, stop developing after
a few abortive cleavages.

3.2 Later Biochemical Changes

3.2.1 Oxygen Consumption

Warburg discovered, more than 70 years ago, that the respiration of unfertilized
sea urchin eggs increases considerably (three to four times) a few minutes after
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the addition of sperm. However, this is not a general phenomenon, present in all
eggs. If one compares the oxygen uptake of the fertilized and unfertilized eggs of
a number of animals, one finds that respiration can either increase (as in the sea
urchin), remain constant or even decrease at fertilization. Fertilized eggs of all
the species studied (which have about the same size and all live in seawater) have
almost the same oxygen consumption; on the other hand, the respiration of the
unfertilized eggs of the various species show very great variations. The conclusion
that can be drawn from these experiments is the following: fertilization does not
necessarily increase the respiration of the egg, but it regulates this process. The
respiration of the unfertilized egg, which is an inactive cell, is often abnormal;
fertilization brings it back to the normal value.

That this conclusion is correct for sea urchin eggs has been shown by delicate
experiments which made it possible to measure the respiration of a small number
of carefully selected, perfectly synchronous oocytes. The oxygen consumption of
the oocyte (which still has an intact germinal vesicle) is high; it falls considerably
in the unfertilized egg (which has eliminated its two polar bodies) and remains
low for a considerable time; it is restored to the initial high level by fertilization.
What is peculiar to the sea urchin egg is not so much the strong increase in respi-
ration, which follows fertilization, but the very low respiratory rate of the un-
fertilized egg.

Despite many efforts, the identity of the substrate which is oxidized by sea
urchin eggs at fertilization has long remained mysterious. It is only recently that
it has been discovered that this substrate is simply — water. The large and sudden
increase of respiration at fertilization is mainly due to the formation of hydrogen
peroxide (H,O,) which is used by an egg ovoperoxidase for hardening the fertili-
zation membrane; H,O, also inactivates spermatozoa in excess and this contrib-
utes to the prevention of polyspermy.

It has been shown that at least one enzyme is activated, within a few seconds,
after fertilization. This is a NAD kinase, the enzyme which phosphorylates the
respiratory co-enzyme NAD (nicotinamide adenine dinucleotide) into its
phosphorylated form, NADP. This synthesis or activation of NAD kinase is the
fastest biochemical change that has so far been detected when sea urchin eggs are
fertilized.

When sperm is added to sea urchin eggs, there is a big burst in CO, pro-
duction, much larger than could be accounted for by cell oxidation. This burst is
due to the production of a “fertilization acid”, as Runnstrom first found in 1928.
For many years, numerous unsuccessful attempts have been made to identify its
chemical nature. The mystery was solved when Epel discovered, in 1976, that a
proton efflux takes place at fertilization; this efflux acidifies the seawater which
surrounds the eggs; as a result a burst of CO,, at the expenses of carbonates and
bicarbonates present in sea-water, takes place. Thus, the Na*/H* exchange
which, as we have seen, occurs soon after fertilization has two consequences: in-
crease of the internal pH of the egg and production of a CO, burst.

A few words about the changes in respiration after fertilization in frog eggs.
Their oxygen consumption is not affected, but there is, as in the sea urchin eggs,
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an initial burst in CO, production. This excess CO, has a different origin than in
sea urchin eggs. When the unfertilized eggs are accumulated in the uterus of the
female frog, CO, cannot escape through the mucus-coated uterine walls. The un-
fertilized eggs, at the time of laying, are thus intoxicated by a large excess of
CO.,. The true CO,/0O, ratio (respiratory quotient: R.Q.) drops from the value 1,
characteristic of carbohydrate oxidation found in the unfertilized egg, to the very
low value of 0.65 after fertilization. This low R.Q. suggests that substrate oxi-
dation is incomplete soon after fertilization and during early cleavage in frog

eggs.

3.2.2 Carbohydrate Metabolism

Both sea urchin and frog eggs contain all the enzymes needed for the classical
metabolic pathways of carbohydrate metabolism (glycolysis, tricarboxylic acid
cycle and hexose-monophosphate direct oxidation). In sea urchin eggs, it has
been reported that the glycogen content decreases during the first 10 min after
fertilization and then slowly returns to its initial value.

3.2.3 Protein‘ Metabolism

Protein synthesis will be discussed later in a special paragraph. Fertilization in
the sea urchin induces a number of changes in the solubility and in the electrical
charge of the proteins; the electrophoretic pattern changes and a new KCl-solu-
ble protein can be isolated. This protein, which is localized in the egg cortex and
contains —SH (sulhydryl) groups, probably plays a role in the cortical changes
which follow fertilization and lead to the first cleavage. The sulfhydryl-disulfide
(-SH/—-SS-) ratio undergoes changes in this KCl-soluble protein fraction after
fertilization; these changes are probably related to the contractility of the cortex,
since this protein presents all the characteristics of the “contractile” proteins. It
will be discussed in more detail in the next chapter.

A temporary decrease in total proteins and particularly in the ribosomal pro-
teins has been observed soon after fertilization of the sea urchin egg. Probably
correlated with this proteolysis is a transient activation of several distinct pro-
teases, which has been reported by several authors and which, as we shall see,
might be physiologically important.

3.2.4 Lipid Metabolism

As for glycogen and proteins, fertilization of the sea urchin egg is followed by the
breakdown of some of the lipid constituents. The content in phosphatides de-
creases, while the free cholesterol increases at the expense of the cholesterol
esters. Of some interest is the fact that the sperm contains a lecithinase, an en-
zyme which transforms the phosphatides in the surface active lysolecithins.
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4 Nucleic Acid and Protein Synthesis

A sudden and important burst of protein and DNA synthesis, in the absence of
appreciable RNA synthesis, makes sea urchin egg fertilization one of the most
fascinating problems of molecular embryology. We shall first examine DNA syn-
thesis.

4.1 DNA Synthesis

DNA synthesis begins, in the two pronuclei, a few minutes after insemination. It
is complete, in sea urchin eggs, in about 20 min, thus before amphimixy. The
DNA content of each of the pronuclei exactly doubles, so that the DNA content
of the zygote nuclei is four times that of a haploid cell (4 C). In amphibian eggs,
the microinjection of labelled thymidine (the classical precursor used in the study
of DNA synthesis) shows that replication of DNA begins shortly after fertili-
zation and is complete before amphimixy.

We have seen, when we studied maturation, that the whole machinery for
DNA synthesis is made ready for use during that period. In particular, DNA po-
lymerase « is synthesized during maturation. This enzyme is present in the cyto-
egg. However, the DNA present in the egg chromosomes is not replicated until a
few minutes after fertilization; DNA synthesis does not begin in the male pro-
nucleus before it swells. In cases of polyspermy, DNA synthesis takes place si-
multaneously in all the sperm nuclei and in the female pronucleus. Its initiation
thus results from cytoplasmic changes, perhaps from a migration of cytoplasmic
DNA polymerase into the nuclei. As we have seen, initiation of DNA synthesis is
not related to the cortical reaction and to Ca** release since it takes place in am-
monia-treated unfertilized eggs, where the Ca®*-dependent step is bypassed.

It is likely that the cytoplasmic changes which induce DNA synthesis are cor-
related with the rise in internal pH which follows fertilization. There is no doubt
that DNA polymerase a is involved in the initiation of DNA synthesis in fertil-
ized or activated sea urchin eggs: a specific inhibitor of this enzyme, aphidicolin
stops development at amphimixy and completely prevents further DNA repli-
cation (Fig. 35).

4.2 RNA Synthesis

There is no sudden burst in RNA synthesis at fertilization. Very little, if any, nu-
clear RNA synthesis can be found before the two- to four-cell stage; the low level
RNA synthesis, which can be detected in recently fertilized sea urchin eggs, is
mainly due to mitochondrial RNA synthesis. Suppression of RNA synthesis by
actinomycin D treatment has no effect at all on fertilization or even cleavage in
both sea urchin and amphibian eggs.
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Fig. 35A,B. Effects of aphidicolin on fertilized sea urchin eggs. A Control 2-cell stage em-
bryo in mitosis. B Uncleaved aphidicolin-treated egg

This lack of RNA synthesis is probably somehow correlated with the presence
of a large store of many kinds of RNAs which, as we have seen, have accumulat-
ed during oogenesis. As we know, unfertilized sea urchin eggs possess a large
population of mRNAs theoretically capable of coding for as many as 10,000 to
20,000 different proteins. Curiously, maternal mRNAs in sea urchin and Xenopus
eggs seem to be unfinished molecules: they contain repetitive DNA transcripts
and are more similar to nuclear RNAs than to typical mRNAs (E. Davidson).
These maternal mRNAs are bound to proteins in the form of ribonucleoprotein
particles (RNP) smaller than the ribosomes; more will be said about them later.

Although there is almost no net RNA synthesis at fertilization, addition of
sperm or activation with ammonia are quickly followed by polyadenylation of
pre-existing mRNAs: the average length of the (poly A) “tail” increases from 100
to 200 adenylic acid residues. Polyadenylation presumably increases the stability
of the maternal mRNAs in the egg cytoplasm. However, the biological signifi-
cance of polyadenylation at fertilization remains obscure: it can be inhibited by
cordycepin, an analogue of adenosine; yet, fertilization and cleavage are normal
in eggs treated with this drug.

It is probable that in sea urchin eggs, the excess of ribosomes and mRNAs is
stored in heavy bodies: these large, RNA-rich granules appear in the cytoplasm
after germinal vesicle breakdown and disappear during early cleavage. They in-
crease in size whenever cleavage is inhibited. The identity of the RNAs present in
the heavy bodies remains uncertain, but recent work in our laboratory has shown
that they contain large amounts of ribosomal RNA.
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4.3 Protein Synthesis

Monroy’s experiments were the first to demonstrate that fertilization stimulates,
in sea urchin eggs, protein synthesis in the same dramatic way as oxygen con-
sumption (Fig. 36). In order to circumvent the impermeability barrier of the un-
fertilized eggs, he injected a labelled amino acid (methionine) into female sea ur-
chins. The amino acid penetrated very well into the mature ovarian oocytes, but
was not incorporated into the proteins of the unfertilized eggs. A few minutes af-
ter sperm addition, the free labelled amino acid began to be very actively incor-
porated into the proteins, demonstrating that intense protein synthesis was now
under way.

The first explanation proposed for this sudden burst in protein synthesis was
the following: the pronuclei, in the fertilized eggs, would immediately produce
new mRNA molecules, which would combine with the pre-existing ribosomes;
the newly formed polysomes would be the site of protein synthesis. But we have
just seen that there is no measurable burst of RNA synthesis at fertilization and
that no nuclear RNA synthesis can be detected until early cleavage. Further-
more, actinomycin D, which should block RNA synthesis, does not prevent the
rise of protein synthesis at fertilization.

However, it was still possible that these negative results were simply due to a
low permeability of the fertilized eggs for the RNA precursors and actinomycin.
This possibility has been ruled out by experiments made on anucleate frag-
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Fig. 37. Centrifugation of unfertilized sea urchin eggs results in the sedimentation of the
various inclusions present in the egg. Finally, the eggs break into two parts; only the lighter
one contains a nucleus

ments of sea urchin eggs (Fig. 37). The potentialities for development and
macromolecular synthesis of such fragments will be examined in another chap-
ter. For our present purpose, it is enough to say that unfertilized eggs of a certain
sea urchin species, Arbacia, can easily be cut into two halves, nucleate and anu-
cleate, by centrifugation under proper experimental conditions. Neither nucleate
nor anucleate fragments of unfertilized eggs are capable of measurable protein
synthesis. But, if these fragments, are activated by treatment with hypertonic
seawater — which induces the cortical reaction, with formation of a fertilization
membrane in the egg fragments, but does not allow further development — both
nucleate and anucleate halves become capable of active protein synthesis. In fact,
incorporation of amino acids into proteins is higher in the anucleate than in the
nucleate halves. That the anucleate halves, after activation, are the site of true
protein synthesis is proven by the fact that the incorporation of amino acid is in-
hibited all classical inhibitors of protein synthesis. Furthermore, physical
methods show that anucleate activated fragments and normally fertilized eggs
synthesize the same proteins (in particular, tubulin).Finally, it has been demon-
strated that the anucleate fragments contain polysomes, which are actively en-
gaged in protein synthesis. Active polysomes cannot be detected in anucleate
fragments which have not been activated by hypertonic seawater treatment.

These experiments definitely rule out the possibility that the stimulation of
protein synthesis which follows fertilization is due to the synthesis of mRNAs by
the pronuclei. An identical stimulation can be obtained in the complete absence
of the nucleus. This situation reminds us of what has been said in the preceding
chapter about maturation in amphibian eggs. We saw that progesterone induces
the synthesis of the same proteins, whether the germinal vesicle is present or has
been surgically removed. In both cases, protein synthesis is necessarily controlled
at the level of translation and not of transcription.

There are two possible explanations left for the stimulation of protein synthe-
sis in fertilized sea urchin eggs and in activated anucleate fragments. One of them
is the existence of masked mRNA molecules, which would have been synthesized
beforehand by the oocyte and would be stored in the unfertilized egg; these
mRNAs would be unable to bind to ribosomes to form polysomes and to support
protein synthesis. The second possible explanation is that mRNAs are synthe-
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sized on a cytoplasmic DNA template after activation or fertilization. Such newly
formed cytoplasmic mRNAs would bind to the pre-existing ribosomes and direct
protein synthesis. It should be added that these two possibilities are not neces-
sarily mutually exclusive.

Let us begin with the second possibility, that of an intervention of cytoplasmic
DNA in protein synthesis after fertilization or activation. It is a fact that the nu-
cleate and anucleate halves of the unfertilized sea urchin eggs (which contain
about ten times more DNA than the spermatozoon) have about the same DNA
content. This proves that the major part of the DNA present in sea urchin eggs is
localized in the cytoplasm.

This cytoplasmic DNA is, as expected for mitochondrial DNA, made of circu-
lar molecules. It can be transcribed, and there is indeed a low level of RNA syn-
thesis in activated anucleate fragments of sea urchin eggs. But all attempts to
demonstrate that mitochondrial RNA can bind to cytoplasmic ribosomes and
direct the synthesis of a large number of proteins have failed. The number of pro-
teins synthesized by sea urchin eggs exceeds 400; the information contained in
mitochondrial DNA would allow, at best, the synthesis of about a dozen different
proteins. It should be added that unfertilized sea urchin eggs synthesize, but at a
very low rate, the same set of 400 proteins as the fertilized eggs. It is thus the rate
of protein synthesis which increases dramatically at fertilization and there are no
major qualitative changes in protein synthesis at that time.

We can conclude from this analysis that protein synthesis directed by cyto-
plasmic, mitochondrial DNA and RNAs probably occurs in the fertilized sea ur-
chin egg, but that it has a minor importance and is probably limited, at best, to
the synthesis of a few mitochondrial proteins. The bulk of the proteins synthe-
sized at fertilization must have another origin; the only possibility is the inter-
vention of masked mRNA molecules of maternal origin.

What is the evidence in favor of this masked mRNA hypothesis? Monroy has
shown and Spiegelman has confirmed that unfertilized sea urchin eggs contain
large amounts of “template” RNA. This means that if RNA extracted from un-
fertilized eggs is added to ribosomes isolated from bacteria or mammalian liver,
it supports protein synthesis in this in vitro, acellular system. In order to support
protein synthesis, it must bind to the bacterial or liver ribosomes and form poly-
somes. This is, of course, one of the fundamental properties of the mRNAs. There
is no big change in the template activity of the RNAs extracted from sea urchin
unfertilized eggs and larvae (plutei); the same is true when one compares the
template activity of the RNAs isolated from unfertilized frog eggs and tadpoles.
This means that the amount of template RNA present in the unfertilized eggs is
high enough to support, at least in theory, the intense protein synthesis which
exists in plutei and tadpoles. That this template RNA is a mixture of true mRNAs
has been demonstrated in Gross’ laboratory. It could be shown that unfertilized
sea urchin eggs (and even anucleate fragments) contain, in masked form, the spe-
cific mRNAs for tubulin, actin and histones.

The masked mRNAs or template RNA present in the unfertilized eggs prob-
ably originate in the nucleus of the oocyte during oogenesis. We have seen that
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about 3% of the RNAs synthesized at the lampbrush stage by the amphibian
oocyte is of the mRNA type. It is likely that a large part of the mRNAs synthe-
sized during oogenesis is sfored in an inactive form and is used at later stages of
development only; their utilization begins at fertilization. As already mentioned,
the maternal mRNAs are bound to proteins in the form of 60 S ribonucleoprotein
(RNP) particles smaller than the ribosomes. The mRNAs associated with these
particles cannot be translated in an in vitro system unless the protein moiety of
the RNP particles has been removed. Evidently, the maternal mRNAs of the un-
fertilized sea urchin eggs are in a masked, inactive form so long as they are bound
to the proteins of the RNP particles.

How are these maternal mRNAs unmasked at fertilization? It is only known
with certainty that the stimulation of protein synthesis, in sea urchin eggs at least,
is closely linked to the increase in internal pH which takes place shortly after fer-
tilization. This has been shown by experiments in which the internal pH value
has been manipulated by addition of either ammonia or acetate to the eggs.
While ammonia, as we have seen, stimulates both DNA and protein synthesis,
acetate, which lowers the internal pH of the eggs, inhibits protein synthesis and
arrests development at amphimixy (like the classical and potent inhibitors of
protein synthesis, puromycin and emetine). There is thus some evidence for the
view that, at least in sea urchin eggs, unmasking of maternal mRNAs is a pH-
dependent process. But there are so many pH-dependent processes occurring
constantly in living cells that such a statement does not lead us very far. More
work is obviously needed for a better understanding of the changes that the pro-
tein-synthesizing machinery undergoes at fertilization.

One possibility, which was proposed by Monroy in 1971, is that the ribosomes
of unfertilized sea urchin eggs might be abnormal in the sense that they would be
unable to bind maternal mRNAs; mild digestion with trypsin indeed restores
the ability of unfertilized egg ribosomes to bind to an artificial messenger,
polyuridylic acid (poly U). Since there is some evidence for the release of a pro-
tease at fertilization, one can imagine that this enzyme removes some inhibitory
proteins from unfertilized egg ribosomes; this would allow these ribosomes to
bind more efficiently to the maternal mRNAs. Such a protease could also play a
role in the unmasking of the mRNAs stored in the RNP particles. It is only to be
expected that the activity of this proteolytic enzyme is pH- dependent. However,
one must admit that the data, which have accumulated on the possible dif-
ferences between the ribosomes of unfertilized and fertilized eggs, are con-
tradictory. A recent publication reported that there is a 15min lag before
ribosomes from unfertilized sea urchin eggs become active in in vitro protein
synthesis, while there is no lag for ribosomes from fertilized eggs. It has also been
shown that, a few minutes after fertilization, one of the ribosomal proteins (called
S6) is phosphorylated. Since phosphorylation of this S6 protein also takes place
during Xenopus oocyte maturation and when mammalian cells cultured in vitro
are induced to multiply at a faster rate, it is likely that this phosphorylation pro-
cess has some biological importance. But there is no evidence so far that
phosphorylation of the S6 ribosomal protein affects the rate of protein synthesis.
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It seems therefore unlikely that changes in ribosome conformation or compo-
sition, resulting from phosphorylation or mild proteolysis of the ribosomal pro-
teins, are the only factors involved in the stimulation of protein synthesis at fer-
tilization.

Evidently many control mechanisms operate when the rate of protein synthe-
sis increases sharply at sea urchin egg fertilization. Negative, inhibitory controls
must exist in the unfertilized eggs in order to keep protein synthesis at a very low
level. However, the suppression of protein synthesis in these eggs is not com-
plete: they already contain a few polysomes and, as we have seen, they synthe-
size trace amounts of hundreds of proteins. Fertilization, probably by raising the
internal pH of the eggs, suppresses the negative controls which were operating in
the unfertilized eggs. Thus, its main biochemical effect is to increase the avail-
ability of translatable maternal mRNAs and to allow them to bind to the
ribosomes. Another factor involved in the increase in protein synthesis, which
follows insemination, is a faster elongation rate of the growing polypeptide
chains.

Can the findings obtained with sea urchin eggs be generalized to other cells
and eggs? Very similar facts have been found in the germinating seeds of many
plants: the ribosomes are inactive in the dry seeds, which contain, like sea urchin
eggs, a store of masked mRNAs. When the seeds are soaked in water in order to
induce germination, the preformed mRNAs bind to the ribosomes; polysomes
are formed and protein synthesis begins. The only difference is that the stimu-
lation of protein synthesis takes place later in germinating seeds than in sea ur-
chin eggs: it takes 1.5 to 2 h in seeds, but only 4-5 min in sea urchin eggs before
a large increase in the rate of protein synthesis can be observed.

When one examines what is known about protein synthesis in eggs other than
those of the sea urchin, one comes to the conclusion that the latter represent an
extreme case. Unfertilized eggs of the starfish, the mollusk Mactra and the worm
Cerebratulus are active in protein synthesis; the latter is increased after fertili-
zation, but not in the same dramatic manner as in the sea urchin egg. We have
already seen that the sea urchin egg is also a special case insofar as oxygen con-
sumption is concerned. One may wonder whether protein synthesis would not
decrease after the fertilization of eggs which show a diminution of oxygen con-
sumption at fertilization. Experiments on the polychaete worm Chaetopterus
have shown us that there is a temporary arrest of protein synthesis when the eggs
are activated by the addition of an excess of KCl to the seawater; such a treat-
ment, like fertilization, decreases the oxygen consumption of the eggs by almost
50%. Therefore, it is possible that energy production, resulting from the oxidations
and phosphorylations in the mitochondria, might be another control mechanism
of protein synthesis at the time of fertilization.

Frog eggs also deserve mention. Their protein-synthetic activity decreases as
they move through the genital tract (oviduct, uterus) of the female. At fertil-
ization, protein synthesis reverts to a level equivalent to that of the ovarian egg
after maturation. But it is not at all certain that this effect on protein synthesis is
due to fertilization itself. It could be due to the removal of the excess CO,, which
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has accumulated when the eggs were packed in the uterus of their mother, as al-
ready mentioned. Since an excess of CO, in the eggs should lower their internal
pH, it is possible that this factor, as in sea urchin eggs, controls the rate of protein
synthesis in frog eggs.

We think that additional work, on eggs from a variety of animal species, is
required before one can generalize the hypothesis that internal pH controls the
rate of protein synthesis. For instance, one may wonder whether, in activated
Chaetopterus eggs, in which there is a transient decrease in protein synthesis after
activation, there is a concomitant decrease in the internal pH; only new exper-
iments, which are now technically feasible, will provide an answer to this ques-
tion.

In conclusion, it seems that the magnitude of the increase in both protein syn-
thesis and respiration, which occurs at fertilization, largely depends on the stage
of repression which prevails in the unfertilized egg. The main effect of fertili-
zation is to remove the inhibitions which make the unfertilized egg a “sleepy,”
almost “dormant” cell. In other words, the main effect of fertilization would be a
derepression rather than an activation; but this derepression does not operate, as
usual, at the genetic, but at the post-transcriptional level.

5 Parthenogenetic Activation

The experimental embryologists of the beginning of this century were not as
sophisticated as the molecular embryologists of today. They made no distinction
between derepression and activation, although, as we shall see, one of them at
least was very well aware of the fact that the unfertilized egg is inactive because it
is “intoxicated” (we would say, in our modern terminology, repressed). Par-
thenogenetic stimulation of development after treatment of unfertilized eggs by
chemical or physical agents was therefore considered as an activation of the
“sleeping” egg.

We shall briefly present here the two main methods of parthenogenesis
(which were discovered, early in this century, by Loeb and Bataillon) because
they still retain a good deal of interest for molecular embryologists. Loeb was
working on sea urchin eggs and discovered that they undergo activation when
they are treated with hypertonic seawater. The fertilization membrane is elevated
in the normal fashion, but only a single aster, a “monaster” (of course, of ma-
ternal origin) can form. At best, the chromosomes can undergo a few cycles of
replication around this monaster; since there is only one aster, no typical mitotic
apparatus (see the next chapter for details), with two asters and a spindle, can
form. The consequence is that the egg cannot divide and will not develop further.
But Loeb found that if the activated eggs are submitted, after a few minutes, to a
second treatment, with butyric acid this time, a second aster will appear and the
egg will develop parthenogenetically (that is, without the intervention of the sper-
matozoon) until the larval pluteus stage is reached. As we have seen, the two
asters form around typical centrioles in such eggs.



Parthenogenetic Activation 83

Bataillon worked on frog eggs and found that they can be activated by prick-
ing them with a clean needle. They form a fertilization membrane and undergo a
series of monasterial, abortive division cycles. If, however, the needle is not clean
and is contaminated with blood cells, so that a nucleate cell is introduced into the
egg at the time of pricking, a second aster will form around the injected cell. Mi-
tosis will then be normal and development will proceed until the tadpole stage.
The cell which has been introduced in the unfertilized egg thus contains a “sec-
ond factor” necessary for the formation of a second aster and further devel-
opment. Since the introduction of an anucleate mammalian red blood cell had
no effect, Bataillon concluded that the second factor must somehow be linked to
the cell nucleus and that a “karyocatalysis” is required for parthenogenetic
development.

This “karyocatalysis” theory is no longer held, since there is now good evi-
dence that Bataillon’s second factor is a centriole, not a nucleus. The lack of ac-
tivity, as a second factor, of mammalian red blood cells is due to the fact that
these cells do not possess centrioles. It has been shown that injection of cell ex-
tracts enriched in centrioles has the same effects as injection of a nucleate cell,
i.e. induction of complete parthenogenetic development. Treatment with colchi-
cine, which inhibits the formation of astral microtubules, suppresses the activity
of these cell extracts. However, this activity is enhanced by agents, which, like
heavy water (D,0), stabilize the microtubules. The second factor of Bataillon is
thus a “microtubule organizing center” (MTOC); it is necessary for the building
up of a bipolar mitotic apparatus in eggs which have been activated by pricking
with a needle.

It is important to note that parthenogenetic activation, even if it is not fol-
lowed by further development, induces the same metabolic changes in the egg as
fertilization. Treatments with hypertonic seawater, even in the absence of a sec-
ond treatment with butyric acid, is sufficient to increase both respiration and
protein synthesis in sea urchin eggs. The part played by the spermatozoon in
these early metabolic events thus appears as negligible.

This statement is no longer true for later development. Parthogenetic em-
bryos are, as a rule, haploid and die during development. The haploid syndrome
can very easily be demonstrated in frog eggs which have been fertilized with
sperm previously irradiated for a short time (1 to 2 min) with an UV lamp. The
spermatozoa remain perfectly motile and the same percentage of fertilization can
be obtained as with normal, nonirradiated sperm. But the chromatin of the sper-
matozoon has been irreversibly damaged; the paternal chromosomes are elimi-
nated into the cytoplasm, where their DNA undergoes complete degradation,
during the first cleavage of the egg. Development is at first normal; but a few
eggs already fail to gastrulate properly. The others may reach, at best, a very ab-
normal tadpole stage. They display strong oedema, have a reduced head and
very small gills, and are unable to digest their yolk completely. This haploid syn-
drome is always lethal. A few eggs, however, may escape death and become
adults. Cytological observation shows that they are always diploid or polyploid.
They contain 2n, 4n, 6n or 8n chromosomes. This regulation of the number of
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chromosomes, which was first observed by Bataillon with his pricking method, is
due to the fact that, in a few eggs, the chromosomes undergo one or more monas-
terial cycles of replication before a second aster forms around the injected nu-
cleate cell. The biochemical reasons for the haploid syndrome remain totally un-
known.

6 Molecular Embryology and Classical Theories of Fertilization

Both Loeb and Bataillon formed theories of fertilization based on their own work
on sea urchin and frog eggs, respectively.

Loeb proposed that the two factors needed for inducing parthenogenetic
development in sea urchin eggs (hypertonic seawater and butyric acid, or vice
versa) could have two opposite effects. Incipient cytolysis would first be induced
and would lead to the death of the egg unless restoration to normal conditions
was engendered by the second parthenogenetic agent. By analogy, the sper-
matozoon would, during fertilization, first induce lytic changes and then restore
the normal situation. There is some biochemical evidence supporting Loeb’s
theory, at least in the case of the sea urchin egg. We have mentioned the initial
breakdown and later resynthesis of macromolecules such as glycogen, certain
proteins, phosphatides and cholesterol esters. The presence of a lecithinase in
spermatozoa, as well as the synthesis or activation of proteases very soon after
fertilization, can be taken as arguments in favor of the incipient cytolysis hypoth-
esis. However, the breakdown of the cortical granules is a normal response to a
local increase in calcium ions; the exocytosis of its contents, can hardly be taken
as a lytic process.

For Bataillon, the egg is an intoxicated cell and the elimination of the
perivitelline fluid would lead to a “purification” of the cell (réaction d’épuration).
Although this part of the theory is probably no longer true, since certain eggs
show very little, if any, cortical changes at fertilization, molecular embryology
provides ample demonstration for the view that the unfertilized egg is intoxicated
(or repressed) by the products of its own metabolism. This intoxication is prob-
ably related to the very low permeability of the unfertilized egg. As we have seen,
the studies made on the respiration of invertebrate eggs have shown that oxygen
consumption is abnormal in unfertilized eggs and is brought back to normality by
fertilization.

The fact that the cytoplasm of frog oocytes, which have finished their matu-
ration, blocks cell division when it is injected into a cleaving egg is further evi-
dence in favor of Bataillon’s theory.

Bataillon has placed emphasis on the role of CO, in the intoxication of the
unfertilized egg. In fact, he could show that if frog eggs are treated with an excess
of CO,, they undergo activation (monasterial cycles of chromosomes) instead of
cleavage. If CO, is removed, normal cleavage becomes possible. Some of the ex-
periments described in this chapter have shown that the CO, content of the eggs
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might indeed play a role by controlling the intracellular pH in the regulation of
protein synthesis in both sea urchin and amphibian eggs.

When we look today at the theories proposed long ago by Loeb and by Ba-
taillon, we come to the conclusion that these two great embryologists showed re-
markable insight. At present, their theories no longer contradict each other, but
simply complement each other in a harmonious way.



CHAPTER VI
Egg Cleavage: A Story of Cell Division

1 General Outlook

In Chap. III, we already mentioned that various kinds of eggs undergo different
types of cleavage. Depending on the amount and localization of yolk, cleavage
will be equal and total, unequal and total, partial or superficial. These differences
are, in general, due to the fact that the yolk constitutes a barrier to the progress of
the cleavage furrows which divide the egg into its blastomeres. This explanation
is not, however, always satisfactory. It does not explain why cleavage is unequal
in the eggs of mollusks (see Fig. 12) and worms, since the distribution of the yolk
does not show any peculiarity in these eggs. The reasons for this unequal cleav-
age are not really known; it must depend on some hidden feature in the architec-
ture of the egg, since one can rule out particular properties of the spindle and
asters. Since, as we shall see, the egg cortex plays a most important role in the
formation of the cleavage furrow, one could reasonably suppose that the molecu-
lar architecture of the cortex is asymmetric in eggs which undergo unequal cleav-
age; but this hypothesis has still to be proven. Genetic factors are also involved:
for instance, in the mollusk Lymnaea, dextrality or sinistrality of the shell is due
to a single gene, with dextrality dominant. The product of this gene during
oogenesis affects the cleavage pattern: injection of dextral cytoplasm into un-
cleaved sinistral eggs changes their cleavage pattern into dextral cleavage. There-
fore, although the dextral gene product is synthesized during oogenesis, it does
not function before cleavage begins. Unfortunately, we know nothing about its
chemical nature.

Whatever the type of cleavage might be, the period of development which
immediately follows fertilization is characterized by the speed and frequency of
the cell divisions (mitoses). Mitosis is not fundamentally different in eggs and in
other cells. As shown in Fig. 38, all the classical phases of mitosis can be easily
recognized during egg cleavage. The chromosomes become clearly visible at pro-
phase; they form an equatorial plate, in the middle of the spindle at metaphase;
they move toward the two poles of the spindle (where very large asters are pres-
ent around the centrioles) at anaphase. The nuclei reform at felophase, when the
cleavage furrow separates the cleaving blastomeres into two daughter cells. How-
ever, in mouse eggs, there are no asters during the first cleavages.

Mitoses follow each other very quickly in the cleaving egg except in those of
the mammals: this high mitotic activity leads to a fragmentation of the egg into
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Fig. 38. Mitosis in whitefish blastulae. I Interphase nucleus; 2 prophase; 3 metaphase lat-
eral view; 4 metaphase showing the equatorial plate; 5 beginning of anaphase; 6 end of
anaphase

an evergrowing number of blastomeres. The cleaving egg first reaches the morula,
then the blastula stage, which marks the end of the cleavage period. In many
eggs, for instance, those of the sea urchin and the amphibians (Fig. 13), the
blastomeres exude a fluid toward the center of the egg. Thus, the blastomeres
come to surround a cavity filled with this fluid; it is the blastocoele, which con-
tains, besides water and salts, proteins and glycogen secreted by the neighboring
cells.

At the beginning of cleavage, the mitoses are perfectly synchronous; later on,
synchrony is lost. The cells divide faster near the animal pole (where they form
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the micromeres) than close to the yolk-laden vegetal pole (where the macromeres
are formed; see Fig.13). The reasons for this loss of synchrony are not well
known. Asynchrony is probably not due to differences in the speed of DNA repli-
cation in the individual nuclei and is almost certainly under the control of cyto-
plasmic factors. The amount of yolk in the various blastomeres is certainly one of
these cytoplasmic factors. The fact that synchrony is lost faster than usual after
slight centrifugation, which modifies the yolk gradient by sedimenting the yolk
platelets at the vegetal pole, supports this suggestion.

When cleavage becomes asynchronous, the percentage of dividing cells (mi-
totic index) drops: for instance, in sea urchins 60% of the cells are in mitosis in a
young (6 h after fertilization) blastula, but only 10% are dividing a few hours
later, at the time of hatching. Curiously, in sea urchin eggs, there is a gradient of
mitotic activity from the 16-cell stage onwards. It decreases from the vegetal to
the animal pole and it is suppressed by treatment with actinomycin D. Thus, it
looks as if transcription of DNA sequences in the micromeres controlled the
synchronization of the mitoses during cleavage in sea urchins.

In Xenopus (see Fig. 13), 12 synchronous and fast (they take only 30 min)
cleavages follow each other after fertilization; mitotic activity then slows down
and synthesis of several kinds of RNAs (see later, for details) begins. If cells are
isolated from dissociated morulae or early blastulae, they display no motility;
dissociated cells become motile when cleavage becomes slower and asynchro-
nous. It seems that this “midblastula transition” results from a critical ratio be-
tween the volumes of the nucleus and the cytoplasm (nucleocytoplasmic ratio)
and it does not depend on the number of cleavages, the number of DNA repli-
cation cycles or the time elapsed since fertilization as shown by Newport and
Kirschner’s (1982) elegant experiments.

A few peculiarities of egg cleavage, as compared to classical cell division, de-
serve mention. A striking fact should be referred to at once. As a general rule, the
nuclei of cleaving eggs have no nucleoli. Instead of true nucleoli, one finds, by
electron microscopy, nucleolar-like bodies which have been called cleavage nu-
cleoli. They have a purely fibrillar structure and lack the classical outer granular
region, which is normally rich in ribonucleoprotein particles (see Fig. 20). In fact,
cytochemistry does not show the presence of RNA in the cleavage nucleoli; it is
also impossible to detect any incorporation of labelled uridine, the classical pre-
cursor of RNA synthesis. These phenomena are generally attributed to the fact
that these fast dividing nuclei do not have enough time to elaborate true nucleoli.
But such an explanation does not seem very plausible. If one slows down or even
stops mitosis in cleaving eggs by the addition of inhibitors of DNA synthesis (e.g.
hydroxyurea, fluorodeoxyuridine, deoxyadenosine), the number and size of the
cleavage nucleoli increase. But they remain typical cleavage nucleoli and do not
change into true nucleoli. They contain no RNA and they do not incorporate
labelled uridine; they are still fibrillar and devoid of an outer granular zone.
Since cleavage nucleoli are made of proteins, they probably represent an accu-
mulation in the nucleus of proteins which have been synthesized in the cyto-
plasm. What is certain is that cleavage nucleoli can form even under conditions
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in which RNA synthesis and energy production are almost completely sup-
pressed.

One has to wait until the late blastula stage, just before the gastrulation
movement begins, to find true RNA-rich nucleoli in the cells. They make their
appearance in all cells, at the vegetal as well as at the animal pole, at about the
same time.

There is one noteworthy exception to the rule that cleaving eggs do not have
true nucleoli. This is the case of the mammalian eggs, in which large, RNA-rich
nucleoli make their appearance; cleavage in these eggs is unusually slow (see
Chap. IX).

There is nothing particular about the morphology of the chromosomes in
cleaving eggs as one can see in Fig. 38. However, we should mention mitotic ab-
normalities which are very frequent in fast cleaving eggs as soon as they are
placed under slightly adverse conditions.

The frequent occurrence of cytasters (Fig. 34) has already been mentioned.
Their formation is not linked to the presence of the nucleus, since they appear
when anucleate fragments of sea urchin eggs are treated with heavy water (D,0).
We have seen that their production requires the previous mixing of the nuclear
sap of the germinal vesicle with the cytoplasm, at the time of maturation. How-
ever, the proteins which build up the astral rays (tubulins) are not accumulated
in the germinal vesicle, but are dispersed in the cytoplasm. As mentioned pre-
viously, cytaster formation does not require DNA, RNA or protein synthesis.

This tendency in the fertilized egg of forming multiple asters is confirmed by
the frequent appearance of pluricentric mitoses, which lead to unequal distri-
bution of the chromosomes in the daughter cells; the results is aneuploidy (the
various blastomeres contain different numbers of chromosomes), a condition
which is lethal when it is widespread. Development stops at the blastula stage
and the embryos soon die. The frequent formation of cytasters and pluricentric
mitoses in cleaving eggs shows that their cytoplasm is a particularly favorable en-
vironment for the replication of the centrioles. Since this replication is possible in
anucleate fragments and in eggs in which the chromosomes have been destroyed
by strong X-irradiation, it follows that achromosomal mitoses are possible. The
egg will divide even when chromosomes are completely lacking. In such cases,
the main purpose of mitosis, the equal distribution of the chromosomes in the
daughter cells, is obviously defeated.

Less frequent are the anastral mitoses, in which a spindle is present, but asters
are missing. This is the rule for plant cells, oocyte maturation and early cleaving
mammalian eggs, but usually, blastomeres, which contain an anastral mitosis,
fail to divide. Another type of mitotic abnormality is sometimes encountered, in
which the spindle does not form. Since such abnormal mitoses were first ob-
served after treatment with colchicine, they were given the abbreviated name
c-mitoses. The chromosomes divide, but remain in the center of the cell. If the
latter recovers and if normal spindle and asters are formed, the resulting daugh-
ter cells will be polyploid (usually tetraploid, with 4n chromosomes). C-mitoses
are easily obtained, in cleaving eggs, by such simple treatments as heat or cold.
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Chromosomal abnormalities are also frequent and result from alterations of
the DNA molecules. Chromosomes can break into fragments which do not con-
tain the specialized part needed for the attachment of the chromosomes to the
spindle fibers (the centromere or kinetochore); such fragments are lost in the
cytoplasm, where they degenerate. In many instances, and perhaps in all, the
kinetochore is made of DNA molecules which are different from the bulk of
chromosomal DNA. In the mouse, the highly repetitive AT-rich satellite DNA
(see Chap. II) is accumulated in the centromere region.

When chromatin is irreversibly injured and DNA undergoes degradation, it
changes into a dense, spherical mass. This is pycnosis, a clear sign of cell death. It
is noteworthy that pycnosis (and thus cell death) becomes a physiological
phenomenon during embryonic development, at later stages than cleavage. Pyc-
noses are frequent in the eye and brain of perfectly normal young tadpoles, for
instance. It seems that, in these organs, a certain number of cells are “sacrificed”
for the others, which are able to reutilize the breakdown products of the macro-
molecules which were present in the dying cells. Extensive cell death, at very pre-
cise stages of development and in well-defined regions of the embryo, is a normal
process which has been called “programmed cell death”. It occurs on a very large
scale during metamorphosis in insects and, during tail regression in frog tad-
poles. Programmed cell death is also required for the separation of our digits
from one another; if it did not take place in our “limb buds”, when we were
young embryos, we would have webs, like ducks, instead of hands. In many in-
stances, programmed cell death is a response to a hormonal stimulation; in
others, it results from a gene mutation. Its biochemical mechanism is not well
understood: it has been suggested that cell death results from the release in the
cytoplasm of the hydrolytic enzymes present in the lysosomes, but there is no
doubt that more complex mechanisms are involved: for instance, regression of a
tadpole’s tail absolutely requires RNA and protein synthesis.

Finally, it is possible, in cleaving eggs, to stop the formation of the furrows
without interfering with nuclear division. The chromosomes and asters divide re-
peatedly, so that several daughter nuclei are formed in an undivided egg or a
large blastomere. Narcotics, like urethane or ether, are particularly active in stop-
ping furrow formation without affecting chromosome replication, but the most
powerful inhibitor of furrowing, in eggs as in other cells, is cytochalasin, a drug
which prevents actin polymerization.

2 The Biochemistry of Cleavage

2.1 Energy Production

Oxygen consumption increases progressively, in both sea urchin and amphibian
eggs, during cleavage. This increase seems to be controlled in the usual way by

the concentration of the main phosphate acceptor, ADP (adenosine diphosphate)
in the egg.
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On the other hand, the effects of anaerobic conditions (absence of oxygen)
and of cyanide (which inhibits respiration by combining with cytochrome oxi-
dase) are different in sea urchin and amphibian eggs. While cleavage is almost
immediately arrested in the former, frog eggs slowly reach an early blastula stage
in the total absence of oxygen or in the presence of cyanide, at concentrations
which almost completely inhibit oxygen consumption.

But this difference between amphibian and sea urchin eggs is more apparent
than real. We know that the true source of energy in living organisms is ATP
(adenosine triphosphate) and that the synthesis of ATP from ADP and inorganic
phosphate (phosphorylation) is coupled with the oxidations catalyzed by the re-
spiratory chain. This coupling can be interrupted by a poison, dinitrophenol; in
its presence, respiration increases and the ATP concentration decreases. Despite
the rise in respiration, the dinitrophenol-treated cells have less energy available
for the synthetic process than normal ones, because they contain less ATP. Now,
dinitrophenol blocks cleavage almost immediately in amphibian as well as in sea
urchin eggs. Further proof that energy must be supplied in the form of ATP is
given by experiments in which the ATP content of eggs placed in the absence of
oxygen has been measured. The ATP content drops in both cases, but much
faster in the sea urchin than in the frog. Cleavage stops, in both kinds of eggs,
when the ATP content has fallen to about 50% of its initial value.

Are there cyclic variations in oxygen consumption during cell division? Very
careful studies have been made by Zeuthen, who succeeded in measuring, with
exceedingly sensitive methods, the respiration of a single sea urchin or amphib-
ian egg during its first cleavages. As shown in Fig. 39, small cyclic variations in
oxygen uptake are observed; since such variations are not found when the respi-
ration of unfertilized eggs is measured, it can safely be concluded that the cyclic
changes detected during cleavage are real, and not due to experimental errors. In
fact, similar changes have been found when the oxidation of radioactive glucose,
added to cleaving sea urchin eggs, has been followed. It seems that the peaks of
respiratory activity correspond to those stages of mitosis during which the nu-
cleus is surrounded by a membrane (end of telophase, interphase, beginning of
prophase). Respiration would be low, on the contrary, during metaphase and
anaphase.

2.2 Chemical Nature of the Mitotic Apparatus

The mitotic apparatus comprises the spindle, the chromosomes, the centrioles
and the two asters. Cytochemical studies show that it is made of proteins, RNA
and glycogen. Electron microscopy demonstrates that the spindle and asters are
made of microtubules (Fig. 40). The so-called astral rays are, in fact, hollow cylin-
ders. The RNA present in the spindle is simply an accumulation of ribosomes
trapped between the microtubules; the same situation prevails for glycogen par-
ticles.

Mazia and Dan succeeded in isolating the whole, intact mitotic apparatus
from cleaving sea urchin eggs (Fig. 41). The mitotic apparatus, except for the
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Fig. 39. Rates of gaseous exchanges in two single frog eggs (4, B). Fully drawn curves
show 4 (0,—CO,)/ A4t and AOZ/\At measured, respectively in the intervals 0-5 and 5-7 h.
The dashed lines show extrapolated values for 40,/A4t. Arrows indicate when cleavages / to
5 begin. Below is the diver used for the measurements (Zeuthen and Hamburger 1972)

chromosomes and contaminants, such as ribosomes, is made of a variety of pro-
teins; the major one is fubulin, the main constituent of microtubules in both in-
terphase and mitotic cells (where they form part of the cytoskeleton and the mi-
totic apparatus, respectively). Tubulin is a globular molecule made of two
nonidentical subunits, and it can be obtained in pure form from pig brain. Under
proper in vitro conditions, pig brain tubulin undergoes linear polymerization and
forms typical microtubules. In vitro tubulin polymerization is enhanced by ad-
dition of other proteins, the microtubule-associated proteins (MAPSs); in vivo
MAPs are associated with tubulin in the mitotic spindle and asters. In the living,
dividing cell, microtubule polymerization starts from organizing centers
(MTOCGs), which act like seeds in the growth of crystals. The main MTOCs are
the centrioles (or rather the pericentriolar clouds which diffusely surround the
centrioles) and the kinetochores (centromeres) of the chromosomes. The micro-
tubules present in the mitotic apparatus have thus a double origin: the poles,
where the centrioles are located, and the chromosomes. It is believed that poly-
merization of tubulin starts at these two MTOCs and that it progresses by “tread-
milling”. New tubulin molecules are added at the end of the growing micro-
tubules; others are lost at the opposite end. At anaphase, depolymerization of the
microtubules takes place in the central region of the spindle. It is believed that
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Fig. 40. Mitosis in embryonic sponge cells. C centriole: Ch chromosome; MT microtubule
(electron microscopy). (Courtesy of Dr. L. DeVos)

Fig. 41. Mitotic apparatus isolated from cleaving sea urchin eggs (phase contrast mi-
croscopy). (Courtesy of Dr. D. Mazia)
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this local depolymerization of the microtubules at the equator of the dividing cell
results from a local increase in the free Ca%* concentration, but it must be ad-
mitted that, despite many years of efforts, the molecular mechanisms underlying
the dynamics of cell division remain poorly understood. For instance, some be-
lieve that anaphase movement of the chromosomes results from an ATP-driven
sliding of the microtubules (as for ciliary beating) which would shorten the half-
spindles; others think that the spindle contains contractile proteins similar to ac-
tomyosin in muscle. Their ATP-dependent contraction would draw the kineto-
chores and then the whole chromosomes toward the poles; still others, as just
mentioned, propose that anaphase chromosome movement is due to a Ca?* in-
duced depolymerization of the microtubules, starting at the spindle’s equator
and progressing toward the poles. Several molecular mechanisms might of course
co-operate in chromosome separation and movement.

A number of drugs interfere with the building up and the maintenance of the
mitotic apparatus. Elegant experiments by Mazia on cleaving sea urchin eggs
have shown that reducing agents like mercaptoethanol (HSCH,—CH,OH) dis-
solve the mitotic apparatus both in the living egg and after in vitro isolation. In-
terestingly, mercaptoethanol inhibits the formation of the mitotic apparatus in
living sea urchin eggs, without interfering with the replication of the centrioles
and chromosomes. As a result, eggs which had been left for some time in mer-
captoethanol and were then returned to normal seawater cleave directly into four
blastomeres, bypassing division into two cells. Concentrated urea and forma-
mide, which break hydrogen bonds, also destroy the mitotic apparatus and stop
mitosis in both sea urchin and amphibian eggs.

The classical agent for preventing spindle formation and for stopping mitosis
is colchicine. We have already mentioned the existence of so-called c-mitoses
where the chromosomes are no longer attached to the spindle and become scat-
tered in the cytoplasm. Colchicine binds to tubulin and this prevents in vitro and
in vivo microtubule polymerization. Many other drugs (vinblastin, nocodazole,
podophyllin, etc.) have similar effects; some of them are extensively used for can-
cer chemotherapy. In eggs, all these drugs quickly arrest cleavage (Fig. 42) with-
out decreasing the total content in tubulin: both in vivo and in vitro they impede
the linear polymerization of the tubulin molecules. The latter accumulate in an
unpolymerized form, in the cytoplasm of the colchicine-treated eggs.

There has recently been some interest in another drug, faxol In contrast to
colchicine and similar anti-tubulin agents, it stabilizes the existing microtubules.
Since their breakdown is now impossible, cell division and egg cleavage are
stopped at metaphase. The effect of taxol on eggs is similar to that of an injection
of cytoplasm from an unfertilized egg into a cleaving egg: as we have seen when
we discussed maturation, this cytoplasm contains a cytostatic factor (CSF) which
prevents the depolymerization of the meiotic and mitotic spindles. Similarly,
taxol “freezes” already existing mitotic apparatuses; in addition, like heavy wa-
ter, which also stabilizes the microtubules, it induces the appearance of numer-
ous cytasters around amorphous cytoplasmic areas, devoid of well-organized
centrioles, in both maturing and fertilized amphibian eggs (Fig. 34).
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Fig. 42A,B. Effect of vinblastin on the first cleavage of Xenopus eggs. Control (A) and
vinblastin-treated (B) eggs. (Courtesy of Dr. R. Tencer)

2.3 DNA Replication During Cleavage

The first demonstration that extensive DNA synthesis takes place during sea ur-
chin egg cleavage was given by the senior author about 50 years ago. As shown in
Fig. 43, there is a close correlation between DNA synthesis and the mitotic index;
the latter drops progressively during cleavage, as already mentioned.

There are a number of peculiarities about DNA synthesis in cleaving eggs as
compared to somatic dividing cells: in all cells, DNA synthesis occurs during a
particular period of the interphase, the so-called S-period. Just after cell division,
the nucleus contains the diploid (2 C) content of DNA. No DNA synthesis occurs
during the following few hours, called the G, period. A schema of the cell cycle is
given in Fig. 44. The S-period then follows, during which the DNA content exact-
ly doubles, reaching 4 C values (that is, four times the value one finds in the nu-
cleus of a spermatozoon). The S-phase lasts a few hours and is followed by a sec-
ond gap, the G, period. The cell does not immediately divide after DNA repli-
cation; other events which are required for entry in mitosis thus occur in G,, a
period which also lasts for a few hours. Then the cell divides and the cycle starts
again. Certain cells, of course, never divide anymore; for instance, the nerve cells
(neurones) of our brain; they are said to remain in G, since they are no longer
cycling.

There is one major difference between cleaving eggs and other cells. In-
terphase is shorter, so that the G, and G, periods are practically absent. In other
words, the cleaving egg replicates its DNA “at full speed,” just as bacteria do.
Only when the egg is actually in mitosis (metaphase, anaphase) does DNA syn-
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Fig. 43. Increase in DNA content (solid line) and drop in mitotic index between morula
and mesenchyme blastula (dotted line) during sea urchin egg development. (From Parisi
et al. 1978, according to Brachet 1933)
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thesis stop. Later on, at the end of cleavage, mitotic activity decreases and a typi-
cal cell cycle becomes detectable.

In cleaving eggs (except those of mammals), the S-phase is exceptionally
short: in large amphibian eggs, the whole genome (total nuclear DNA) is repli-
cated in less than 10 min; the fastest rate of DNA replication known today is that
of the Drosophila, in which the S-phase lasts only 3-4 min during early
cleavages. In contrast, the S-phase lasts several hours in somatic cells and in
mouse eggs. Some experiments suggest that the speed of the first cleavages in
amphibian eggs is determined by cytoplasmic factors and is not an autonomous
property of the nuclei: injection of cytoplasm from a fast-cleaving egg into an egg
which has a slow cleavage rate speeds up its cleavage (and vice versa).

The reason why the cleaving egg is capable of synthesizing its DNA so fast
has already been mentioned. As we have seen, the whole machinery for DNA
synthesis is ready in the cytoplasm since maturation took place. The precursors
for DNA synthesis, as well as the enzymes needed for its replication, are already
present. DNA polymerase a, the enzyme which builds up a new polynucleotide
chain on the DNA template, is already present in large amounts in the cyto-
plasm; at each cell division, it moves from the cytoplasm into the nucleus. There-
fore, the total amount of DNA polymerase a is about the same in an unfertilized
egg as in a blastula, which contains several hundreds of cells; but the amount of
this enzyme is the same, in a nucleus, at all stages. The zygote nucleus and one
single blastula nucleus have the same content in DNA polymerase. Other cells
are not so fortunate as the cleaving eggs. They must synthesize the polymerase
which is needed for DNA replication; this takes time and explains the necessity
for the G, period. But, even in sea urchins, the whole machinery for DNA syn-
thesis is not entirely preformed in the unfertilized eggs. When the fertilized egg
has reached the 4- to 8-cell stage, it has exhausted the pre-existing reserve of
DNA precursors (thymidine, in particular). Synthesis of enzymes required for
thymidine formation (in particular, ribonucleotide reductase, which transforms
ribo- into deoxyribonucleotides) begins at this stage. However, the key enzyme
for DNA replication during early cleavage is DNA polymerase a: DNA repli-
cation and cleavage are immediately arrested if fertilized sea urchin eggs are
treated with aphidicolin, a specific inhibitor of this enzyme. DNA replication
during cleavage probably follows the same rule as in all other living beings. It is
of the semiconservative type (Fig. 45). This means that when the S-period is
about to start, the two complementary strands of the DNA double helix unwind
and separate. Each strand is copied by DNA polymerase a, so that, in the daugh-
ter cells, DNA is made of one pre-existing strand and one newly synthesized
strand. Semiconservative replication of DNA has not been proven in cleaving
eggs, but there is no reason to think that they might be an exception to the uni-
versal rule.

Semiconservative DNA synthesis, during the S-phase, is a discontinuous pro-
cess: it does not go all the way from one end of a chromatid to another in a single
continuous step. Instead, there are many initiation points (replicons) of DNA rep-
lication along the DNA fiber (Fig. 46a), which can be seen by autoradiography
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5 3 Fig. 45. Semiconservative replication of
DNA. (Drawn by Prof. P. Van Gansen)
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after pulses of [°H]-thymidine incorporation. At the molecular level the process is
more complex than that shown in Fig. 45. As DNA polymerase is only able to
polymerize the deoxyribonucleotides in the 5 to 3’ direction, the DNA repli-
cation fork is asymmetrical, i.e. synthesis on the 3’ to 5’ template strand is con-
tinuous (leading-strand template), while synthesis on the 5 to 3’ template strand
is necessarily discontinuous (lagging-strand template). In a first step, a short RNA
molecule is synthesized on this separated (now single) DNA strand. This RNA
serves as a primer for the synthesis of short DNA sequences which are called the
Okazaki fragments. These short DNA stretches are then linked together to pro-
duce macromolecular DNA. These processes are catalyzed by a not yet complete-
ly defined enzyme called primase, which synthesizes the Okazaki fragments and
participates in linking them together in order to form longer stretches of the
DNA fiber. Thus, DNA replication is discontinuous at two different levels: at the
chromosomal level, where many initiation points are visible under the light
microscope and at the molecular level, by the formation of Okazaki fragments.

If one spreads the chromatin of cleaving eggs and observes it with an electron
microscope, one sees numerous “eyes” or “microbubbles” (Fig. 46 b), which are
regions where DNA is replicating (replicons) and thus the DNA is single-strand-
ed. The microbubbles are clustered in the chromatin of fast cleaving eggs: this
means that the main factor responsible for the very fast rate of DNA replication
in these eggs is the high frequency of initiation points in chromatin. It does not
seem that the speed at which the newly synthesized DNA molecules grow in the
replicons is faster in eggs than in somatic cells. One of the reasons for the high



Fig. 46. a Discontinuous DNA repli-
cation along a DNA fiber. O and O':
Replication origins (initiation points).
b A “microbubble” seen under the
electron microscope. Arrows indicate
the single-stranded regions in each
replication fork (Kriegstein and Hog-
ness 1974)

frequency of the initiation points in cleaving eggs is that they possess a DNA syn-
thesis initiating factor (IF) which is synthesized during maturation. IF activity de-
creases when mitotic activity slows down at late cleavage.

We have seen that chromatin is organized in nucleosomes which result from
interactions between DNA and histones. This leads to the interesting question of
histone synthesis during cleavage, which has been mainly studied in sea urchin
eggs. When DNA is replicated within a few minutes, is chromatin immediately
assembled in nucleosomes? If so, where do the histones come from? Unfertilized
sea urchin (and amphibian) eggs already possess a large store of “maternal” his-
tones. Nevertheless, fertilization is soon followed by a strong and fast synthesis of
all kinds of histones, which is possible because there are between 400 and 1000
histone genes in sea urchins. Histones represent as much as 50% of the proteins
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which are synthesized during cleavage. Close analysis of the histones which are
synthesized during sea urchin egg cleavage and of the corresponding histone
mRNAs has disclosed the unexpected fact that there is a switch in the varieties of
histones which are produced by the developing sea urchin egg. After using first
the “maternal” histones and their mRNAs, “early” or “cleavage” histones are
synthesized; this is followed, at the blastula stage, by the synthesis of “late” or
“embryonic” histones, which are more closely related to the histones found in the
adult. Therefore, different sets of histone genes are turned “on” and “off” during
the few hours, which separate fertilization from hatching, at the blastula stage.
The rate of early histone synthesis increases sharply at the 16-cell stage and
reaches a peak at the 128-cell stage; it then decreases gradually until the 300-cell
stage where late histone synthesis becomes predominant. In Xenopus also, a new
set of histone genes begins to operate at the blastula (1000 to 2000 cells) stage.

Recent evidence indicates that, in sea urchin eggs, chromatin is already in the
form of nucleosomes at the 2-cell stage: at that time, the nucleosome core is
made of early (cleavage) histones which persist in chromatin until the blastula
stage. There seems to be a difference in the pattern of histone synthesis between
the micromeres (which are important for gastrulation and formation of the skel-
eton, as we shall see) and the other cells of the 16-cell stage embryo. In addition,
chromatin extracted from isolated micromeres is particularly resistant to nu-
clease digestion, suggesting that it is in a condensed form; it thus presents more
similarities with sperm chromatin than with the chromatin of the other blasto-
meres. It is likely that the shift from “cleavage” to “embryonic” histones during
cleavage is responsible for chromatin condensation at the end of cleavage. This
would limit the accessibility to the DNA of the enzymes involved in DNA repli-
cation and explain the drop in mitotic activity during the blastula-gastrula transi-
tion.

We mentioned earlier that amphibian eggs contain a reserve of cytoplasmic
DNA localized in the yolk platelets. There is no evidence that yolk platelet DNA
(in contrast to chromosomal and mitochondrial DNAs) is replicated during
development. It is likely that its function is that of a reserve of de-
oxyribonucleotides which will be made available to the embryo when the yolk
platelets break down at later stages of development (gastrulation, neurulation,
formation of the young tadpole). Yolk DNA is probably completely broken
down into nucleotides when the yolk platelets disappear. However, this is not
known for certain and one should mention the fact that if radioactive DNA is in-
jected into a fertilized Xenopus egg, it quickly accumulates in the nuclei during
cleavage; recovery experiments have shown that part of this DNA is still in an
undegraded form in the nuclei. Thus, uptake by the nuclei of large pieces of
DNA present in the cytoplasm remains a possibility.

2.4 RNA Synthesis During Cleavage

RNA synthesis is weak, as compared to later stages, during cleavage of amphib-
ian and sea urchin eggs. In fact, there is no measurable rRNA synthesis during this
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period of development in these eggs. They are not making new ribosomes and,
thus, they are living on the huge reserve of ribosomes that had been built up dur-
ing oogenesis. Things are quite different in mammalian eggs, which contain few
ribosomes. Synthesis of the rRNAs is easily detectable during early cleavage of
mouse and rabbit eggs (see Chap. IX). But, in amphibian and sea urchin eggs,
the nucleolar organizers, which are certainly present in one pair of chromosomes,
are completely inactive in rRNA synthesis during cleavage. Whether this inhi-
bition is due to the binding of the nucleolar organizers IDNA to a repressor is not
known; but this seems a very likely possibility. The absence of measurable rRNA
synthesis during cleavage is, of course, in perfect agreement with the fact that
true nucleoli are absent during this period of development, except in mammals.
In chicken embryos, rTRNA synthesis begins a little earlier (midblastula stage)
than in sea urchin and amphibian eggs.

In amphibians the synthesis of mRNAs starts during early cleavage (8—16-cell
stage) and continues, at a low and constant rate, throughout this period. The
newly synthesized mRNAs are very heterogeneous in size and represent a whole
family of information-carrying molecules. However, at the blastula stage, 85% of
overall protein synthesis is still supported by maternal mRNAs. Later, when the
embryos synthesize rRNA (at the blastula-gastrula transition) and build up new
ribosomes, mRNA synthesis greatly increases. This is particularly striking for the
synthesis of the mRNAs coding for the ribosomal proteins. Synthesis of the small
RNAs, including 5S RNA and tRNAs, starts at the “midblastula transition”
where, after the 12 initial synchronous cleavages, a regular cell cycle makes its
appearance. It has been suggested that the egg cytoplasm contains a repressor of
RNA synthesis and that this repressor binds to DNA. The cytoplasmic repressor
store would be progressively exhausted by the multiplication of the nuclei during
cleavage and transcription would start when nuclear DNA is no longer saturated
with the hypothetical repressor (Newport and Kirschner 1982). There are, in-
deed, some indications that cleaving amphibian eggs contain a specific repressor
of rRNA synthesis.

In sea urchin eggs, the sequence of events is essentially the same, except that
mRNA synthesis starts earlier (at about the time of first cleavage) and shows a
strong increase already at the 8—16-cell stage. About 60% of the mRNAs syn-
thesized during cleavage code for histones and, as expected, have no (poly A)
tail. Curiously, another 30% of the newly synthesized mRNAs (which encode
nonhistone proteins) are also devoid of a (poly A) tail: thus, only 10% of the
mRNAs synthesized during early cleavage possess the classical (poly A) terminal
sequence. At the blastula stage, the situation becomes more normal and 50% of
the neosynthesized mRNAs have now the usual (poly A) terminal sequence.
Other peculiarities of RNA synthesis in sea urchin eggs are the existence, among
the maternal mRNAs, of histone mRNAs which possess a (poly A) tail and the
presence in the cytoplasm, during early cleavage, of giant (6.5 X 10* nucleotides)
mRNA molecules and of huge polysomes (13.6 um long). We only know that
these giant mRNAs are of maternal origin, since huge polyribosomes can also be
found in activated anucleate fragments of sea urchin eggs. Besides, the already
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discussed histone mRNAs, other specific mRNAs have been identified in the very
heterogeneous populations of mRNAs which are synthesized during cleavage.
One of them is actin mRNA which remains constant during the 8 h which follow
fertilization and increases considerably when, after 18 h, the eggs have reached
the midblastula (so-called mesenchyme blastula) stage. Tubulin mRNA also in-
creases when the blastulae, at the time of hatching, form cilia.

Sea urchin eggs, like all other cells, contain the three different kinds of RNA
polymerases which are responsible for RNA synthesis. Polymerase I is special-
ized in the synthesis of rRNA; its activity increases in parallel with the increase in
cell number. Therefore, its activity per cell remains constant. Polymerases II and
II1, which are more active than polymerase I in the unfertilized eggs, retain a
constant activity during the whole cleavage period. This means that their activity
progressively decreases on a per cell basis. These two enzymes, like DNA po-
lymerase a are initially present in the cytoplasm of the unfertilized egg and mi-
grate therefrom into the nuclei during cleavage. It is RNA polymerase II which is
responsible for the synthesis of new species of mRNAs during cleavage.

A surprise was in store when one examined the effects of inhibitors of RNA
synthesis on cleavage. Actinomycin has no effect on cell division either in sea ur-
chin or amphibian eggs. It does not stop cleavage in sea urchin eggs until hatch-
ing, i.e., until the late blastula stage, but gastrulation never begins. Still more im-
pressive is the case of the amphibian eggs, in which high concentrations of ac-
tinomycin can be injected into the eggs. Without any immediate effect, perfectly
normal cell divisions succeed one another repeatedly until the blastula stage is
reached; development stops at that stage. It must be concluded that all the infor-
mation required for repeated cleavage is already present in the unfertilized egg
in the form of maternal, masked mRNA molecules. No synthesis of RNA mol-
ecules, including those of histone mRNAs, is really needed for repeated mitoses
in this case. Microinjection of a-amanitin, which blocks the activity of RNA po-
lymerase II, but not that of RNA polymerase I, also gives interesting results.
Cleavage stops at the blastula stage, as after actinomycin injection. Cytological
examination has shown that the blocked blastulae have no nucleoli, despite the
fact that a-amanitin does not affect the enzyme (RNA polymerase I) which syn-
thesizes the rRNAs and their macromolecular precursors. This experiment shows
that synthesis of rRNAs and formation of nucleoli by the nucleolar organizers are
not only controlled by RNA polymerase I, but that the derepression of the nu-
cleolar organizer rDNA apparently requires the synthesis of mRNA synthesized
by RNA polymerase II. Since, in both sea urchin and amphibian eggs, cleavage
occurs, but gastrulation is never initiated in embryos where RNA synthesis has
been suppressed, it must be concluded that the RNAs which are synthesized dur-
ing cleavage are required for later stages of development. The situation is very
different in the slowly dividing mammalian eggs where synthesis of all kinds of
RNAs, including rRNAs, can be detected during early cleavage: addition of
actinomycin D quickly arrests their cleavage.
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2.5 Protein Synthesis During Cleavage

The level of protein synthesis steadily increases during cleavage, both in the sea
urchin and the amphibian egg. Many new proteins are formed, besides the his-
tones. In amphibian eggs protein synthesis follows the animal-vegetal gradient in
RNA distribution which was already present in the oocyte. Protein synthesis is
stronger at the animal pole than at the vegetal one, which contains fewer poly-
somes. In sea urchin eggs, it has been shown that both the pre-existing, maternal
mRNAs and the newly synthesized RNAs are translated.

The classical inhibitors of protein synthesis, puromycin and cycloheximide
exert the expected effects on cleavage. Mitosis is almost immediately blocked in
both sea urchin and amphibian eggs. These inhibitors first inhibit the synthesis of
the cytoplasmic proteins; later, DNA synthesis also stops. Injection into amphib-
ian eggs of inhibitors of mitochondrial protein and RNA synthesis (chlor-
amphenicol and rifampicin, respectively) has no effect on cleavage and further
development: perfectly normal tadpoles hatch out of the injected eggs. There-
fore, mitochondrial DNA can only play a secondary, minor role in early devel-
opment. On the other hand, it should be evident from what has been said earlier
about the effects of anaerobiosis, cyanide and dinitrophenol on cell division that
mitochondria play a very important role during cleavage, but as energy pro-
ducers.

In sea urchin eggs, the first appearance of new proteins can be detected at the
16-cell stage, when mRNA synthesis sharply increases. However, many more
newly synthesized proteins are found in blastulae. As we have seen, histones are
preponderant among them during cleavage. There is little tubulin synthesis be-
fore the hatching blastula becomes ciliated: the bulk of the tubulin required for
spindle and aster formation at each mitotic cycle thus arises from a pre-existing
pool of unpolymerized tubulin molecules. Hatching results from the production
of a specific protease, called the hatching enzyme, at the blastula stage. In am-
phibians, the hatching enzyme is synthesized at a much later stage of devel-
opment (early tadpole). An unanswered question is the following: Is protein syn-
thesis cyclic, in relation to the mitotic cycle? The experiments made on sea urchin
eggs have given conflicting results; the conclusion is that, if cyclic variations in
protein synthesis exist, they are quantitatively of minor importance only. How-
ever, recent work has shown that sea urchin eggs synthesize, at fertilization, a set
of three to four new proteins and that one of them, called cyclin, disappears and
reappears at each cleavage cycle. It might well be identical to MPF, the factor
which induces nuclear membrane breakdown and chromosome condensation at
maturation and the activity of which also changes in a cyclic manner during egg
cleavage.

Among the many factors which control the synthesis of macromolecules dur-
ing cleavage are probably the polyamines (putrescine, spermidine, spermine).
These small basic molecules are synthesized at a higher rate whenever cell mul-
tiplication increases. They are believed to play a role in the control of RNA and
DNA synthesis, perhaps by virtue of their ability to bind to nucleic acids. The key
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enzyme in polyamine synthesis is ornithine decarboxylase (ODC), which converts
the amino acid ornithine into putrescine. ODC is one of the few enzymes which
are synthesized already during cleavage in both amphibians and sea urchins. It
has been reported that there are cyclic changes in ODC activity and in polya-
mine content during cleavage of sea urchin eggs and that inhibiting ODC activity
quickly arrests cleavage in some species of sea urchins, but not in others. The
species in which cleavage is quickly stopped by the inhibitors of ODC activity are
those in which the fertilized eggs are very poor in polyamines and in which a
strong polyamine synthesis takes place already during cleavage. In contrast, the
fertilized eggs of the species, in which development is not stopped before gastru-
lation by the ODC inhibitors, possess a large pool of polyamines and synthesize
few polyamines during cleavage. Taken together, these results suggest that poly-
amines are somehow involved in the control of DNA synthesis at early de-
velopmental stages.

2.6 Furrow Formation

In all cleaving eggs, it is clear that the progression of the furrow which will sepa-
rate the blastomeres requires an expansion of the cell membrane. This increase in
the surface of the cell membrane does not necessarily imply a synthesis of new
membrane proteins. The egg contains a very large store of membranes, present in
the form of a discrete endoplasmic reticulum; these membranes might simply be
added to the cell membrane when the latter expands during the furrowing pro-
cess.

In sea urchin eggs, it has been proven that the egg corfex has autonomous
contractile properties. It has been possible to remove the whole mitotic appara-
tus, by microdissection, from eggs which were in metaphase or anaphase and it
was found that they, nevertheless, divided at the right time. Isolated pieces of the
cortex contract if one adds ATP to the medium. These remarkable properties of
the sea urchin egg cortex are due to the fact that it contains a contractile protein.
In fact, all cleaving eggs studied so far possess, in their cortex, bundles of actin
microfilaments. At telophase, when furrowing begins, these microfilaments form,
at the egg equator, a contractile ring: its slow contraction progressively divides
the egg into two blastomeres. Contraction of the actin microfilaments is inhibited
by treatment of the eggs with cytochalasin B: this drug binds to unpolymerized
actin molecules and prevents their polymerization. Inhibition of actin polymer-
ization by cytochalasin B is followed by disorganization of the contractile ring of
microfilaments. If cytochalasin B is added to an egg in which furrowing is al-
ready under way, the furrow immediately stops growing and often regresses. Cy-
tochalasin B has no other effects on mitotic division than inhibition of furrowing,
i.e. chromosomes continue to be replicated and mitotic apparatuses are formed
in cytochalasin B-treated eggs, resulting in the formation of multinucleated eggs,
which ultimately die. While the microfilaments present in the contractile ring
certainly play a major role in furrowing, it is likely that other factors are involved
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in this process. There is some evidence that the tips of the asters at telophase re-
lease factors which affect the organization of the cortical microfilaments and in-
duce their assembly in a contractile ring. It is probable that the plasma mem-
brane itself also plays a role, since cleavage of amphibian eggs is inhibited by
lectins which bind to carbohydrate residues present on the cell membrane.
Cleavage, in amphibian eggs, presents some particular problems in view of
their large size. For instance, a very viscous, gelified area forms around each as-
ter at telophase, whereas the cytoplasm remains fluid and poor in yolk platelets
between the two gelified poles. This obviously facilitates the progression of the
new membrane by contraction of the cortical microfilament ring. Furrow pro-
gression in the bulky amphibian eggs is a slow process which starts at the animal
pole and ends at the vegetal one. The nuclei are already in prophase before the
furrow has completely divided the egg into two cells. Narcotics impede the peri-
asterial gel formation, which is probably a Ca** dependent process. As in cy-
tochalasin B-treated eggs, no furrows form, but mitoses go on for several cycles in
narcotized amphibian eggs. In addition, delicate experiments on amphibian eggs
have shown that if one removes the material, which lies at the tip of the progres-
sing furrow, with a microneedle and injects it into the cortex of another egg near
the animal pole, a new furrow forms at the point of injection. Substances present
at the tip of the furrow can thus induce a localized contraction of the egg cortex.

In summary, the main purposes of cleavage are the cellularization of the egg
and the progressive return of the nucleocytoplasmic ratio to the value it had in
the oocyte before maturation. Cellularization is required to provide the egg with
the plasticity necessary for morphogenetic movements and inductions which will
take place during gastrulation and neurulation. However, gastrulation move-
ments and morphogenetic inductions are still possible in embryos in which, after
treatment with various inhibitors of cleavage, the cells are much larger than usu-
al. We shall see in the next chapter that the eggs of the polychaete Chaetopterus
are even capable of a certain amount of differentiation without cleavage.

Finally, we wish to emphasize again that eggs have played and still play a
major role in our understanding of cell division in all cells. For cell biologists,
cleaving eggs are ideal materials for the study of DNA replication and its control,
for isolation and analysis of the mitotic apparatus, for the induction of nuclear
membrane breakdown and chromosome condensation by MPF-like factors (see
Chap. IV), for the analysis of furrowing mechanisms, etc. For embryologists,
cleavage provides ideal opportunities for the study of the fate of each blastomere.
Mere observation allows us to follow the cell lineage, in order to find out which
part of an embryo derives from a given blastomere. We can destroy at will a
given blastomere or culture it in vitro to see whether it is still capable of differen-
tiation when it has been separated from its neighbors. The subdivision between
mosaic and regulative eggs (Chap. III) results from experiments done on cleaving
eggs. We shall now see what molecular embryology has taught us about germinal
localizations in mosaic eggs and regulation in sea urchin eggs.



CHAPTER VII
Molecular Embryology of Invertebrate Eggs

The classical experiments that have led to a distinction between the mosaic eggs
of worms and mollusks and regulative eggs have been briefly described in
Chap. III. We know much more about the biochemistry of regulative eggs, because
their prototype is that of the sea urchin, which can be obtained easily in very
large quantities. It is much more difficult to get enough egg material from most
worms and mollusks for biochemical analysis. Therefore, our present knowledge
of their molecular embryology remains very scant indeed. Most of the work that
has been done on these eggs is based on cytochemical methods or electron mi-
croscopy; but these methods cannot give enough information when one wishes to
study, for instance, the synthesis of specific kinds of RNAs. A good deal of the
work done on invertebrate eggs of the mosaic type has been done by Reverberi
and his school. These workers have focused their attention mainly on the distri-
bution of the mitochondria during development. Mitochondria are indeed useful
markers of certain germinal localizations, where they may accumulate, but there
is no evidence that they are the causal agents of embryonic differentiation. In the
following, we shall limit ourselves to the few egg species in which biochemical
analysis has gone further than mere cytochemical description.

1 Chaetopterus Eggs

The eggs of this polychaete are famous among embryologists because they
undergo, after activation, what Lillie called “differentiation without cleavage”.
Treatment of unfertilized eggs with KCl induces maturation, formation of a fer-
tilization membrane and, as usual, building up of a monaster. In activated
Chaetopterus eggs, several monasterial cycles follow each other: the result is a
pseudocleavage, where the eggs attempt to divide into blastomeres, but the fur-
rows soon vanish. After these abortive attempts to cleave, the eggs display a
strong ameboid activity, which results in a segregation between yolk and clear
cytoplasm. In part of the egg population the clear cytoplasm completely sur-
rounds the yolk: this process has been called overflow or pseudogastrulation. The
eggs which have undergone complete overflow of the yolk by the clear cytoplasm
are capable of hatching and ciliation, the result of which is the formation of uni-
cellular swimming larvae which digest their yolk reserves and finally become
filled with vacuoles. These larvae present a superficial similarity with normal,
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multicellular larvae (the so-called trochophores), however, the unicellular larvae
always lack the apical tuft of long cilia and have no intestinal cavity, in contrast
to normal trochophores (Fig. 47).

Pseudocleavage and segregation require the integrity of the microtubules;
since both result from the repeated formation and disappearance of monasters,
the two processes are suppressed by colchicine. Cytochalasin B, in contrast, does
not inhibit segregation, however, it prevents ciliation. Treatment with cyto-
chalasin B of fertilized Chaetopterus eggs inhibits their first cleavage. The arrest-
ed eggs undergo differentiation without cleavage just like the KCl-activated un-
fertilized eggs.

The successive monasterial cycles lead to repeated chromosome replication
and formation of a highly polyploid nucleus. This giant nucleus has the size of
the germinal vesicle of a Chaetopterus oocyte, but its DNA content is about 300
times higher. However, the rate of DNA synthesis is much lower during differen-
tiation without cleavage than during the development of fertilized eggs. At the
time of hatching and ciliation, the large nucleus breaks down into a crown of
small nuclei which vary greatly in size and DNA content.

Experiments with aphidicolin, which quickly arrests DNA synthesis in
Chaetopterus eggs, have shown that inhibition of chromosome replication does
not affect pseudocleavage. Formation of a polar lobe and of abortive cleavage
furrows is thus an intrinsic property of the egg cytoplasm. Pseudocleavage
probably results from an autonomous contractile activity of the egg cortex
(which, in Chaetopterus, is rich in actin microfilaments and contains 90% of the
maternal mRNAs). Since pseudocleavage is synchronous in control and aphidi-
colin-treated eggs, it must be concluded that the egg cytoplasm possesses a kind
of molecular clock which sets the time at which furrowing occurs. If DNA synthe-
sis is continuously suppressed, segregation and the later stages of differentiation
without cleavage do not take place. Experiments, in which aphidicolin was
added at an early (pseudocleavage) or a late (segregation) stage of differentiation
without cleavage, have shown that it is only early DNA synthesis which is impor-
tant for hatching and ciliation. Addition of aphidicolin to eggs which have been
allowed to develop for 5-6 h in normal seawater does not reduce the percentage
of swimming larvae, although the DNA content of these larvae is decreased by
50%. Thus, the capacity for the egg to differentiate without cleavage does not de-
pend on the amount of DNA it contains, but on the “quality” of its DNA. A cru-
cial event takes place around the fifth chromosome replication cycle. After this
cycle differentiation without cleavage no longer requires DNA synthesis. We
shall soon see other cases in which a given DNA replication cycle has a crucial
importance for further development. In conclusion, differentiation without cleav-
age only mimics normal embryonic development since there is no true gastru-
lation, but it provides an excellent model for the study of cell differentiation, in
particular for the analysis of cell motility and cilia formation. When one observes
differentiation without cleavage under the microscope, one has — with a little
imagination — the illusion that one is following the transformation of an ameba
into a ciliate.
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2 Mollusk Eggs

The egg of the gastropod Ilyanassa has been better studied, from the molecular
viewpoint, than those of other spiral cleavage eggs.

As in many mosaic eggs, mitochondria and lipids accumulate in certain
blastomeres during cleavage. On the other hand, the ribosomes and a soluble en-
zyme, dipeptidase, are evenly distributed despite the complexities of the spiral
cleavage.

We have seen that the polar lobe in Ilyanassa (see Fig. 12) is important for
morphogenesis. If it is removed at the trefoil stage, abnormal embryos, with
either no foot, shell and eyes or else reduced, are obtained. The polar lobe is rich
in yolk platelets and contains many vesicles, surrounded by a double membrane,
the significance of which remains obscure.

Polar lobes isolated from Ilyanassa cleaving eggs are capable of protein syn-
thesis directed by maternal mRNAs. Removal of the polar lobe affects DNA,
RNA and protein synthesis in the remaining embryo, but changes in macromol-
ecule synthesis are late events in such “lobeless” embryos, since they coincide
with the appearance of the morphological abnormalities shown in Fig. 12B.
Thus, immediate effects of polar lobe removal on the synthesis of macromol-
ecules are not observed. Refined methods of analysis have so far failed to detect
polar lobe- specific proteins. Since, in Ilyanassa, almost all the proteins synthe-
sized during early embryogenesis are translated from maternal mRNAs, there are
no indications so far for a selective localization of translatable, specific mRNAs
in the polar lobe.

The pattern of protein synthesis changes, in Ilyanassa eggs, between early
cleavage and 24-h embryos: new proteins make their appearance, while others
are no longer synthesized. Curiously, some of these changes take place in isolated
polar lobes, indicating that some of the maternal mRNAs are translated in a
selective way: for instance, histones are synthesized at approximately the same
rate in intact eggs, lobeless embryos and isolated polar lobes (where there is, of
course, no nuclear DNA replication).

These studies, as well as experiments in which the complex effects of ac-
tinomycin D on protein synthesis have been studied, lead to the general conclu-
sion that development of Ilyanassa eggs, until an early larval stage, does not re-
sult from differential gene transcription — as one might have expected — but from
translational controls.

Similar results have been obtained in the eggs of other gastropod mollusks,
Lymnaea and Dentalium. In Lymnaea, RNA synthesis apparently begins earlier

<
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Fig. 47 A-F. Differentiation without cleavage in Chaetopterus eggs after treatment with a
salt solution. A Living eggs displaying strong ameboid activity. B Differentiation without
cleavage at its final stage compared with C normal larva from fertilized egg. D~F Sections
through activated egg before (D), during (E) and after (F) segregation between yolk (lightly
stained) and basophilic cytoplasm. N nucleus (B, C redrawn from Lillie 1902)
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than in Ilyanassa; in fact, during cleavage. In Dentalium, the polar lobe which, as
in Ilyanassa, is very important for morphogenesis, is rich in mitochondria. It also
contains DNA-rich inclusions, which are symbiotic bacteria having no special
role in development. The presence of symbiotic bacteria in eggs is a warning
against hasty interpretation of biochemical results. If, for instance, one found
DNA synthesis in an isolated polar lobe, which contains no nucleus, it does not
necessarily mean that mitochondrial DNA can replicate in the absence of the nu-
cleus; it could be due to the multiplication of DNA-containing symbionts.

3 Tunicate (Ascidian) Eggs

Ascidian eggs are an ideal material for the study of germinal localizations, be-
cause they are a mosaic of territories, called plasms, which give rise to the dif-
ferent organs of the tadpole larva. Theoretically, two different molecular mecha-
nisms could be imagined to explain how a given germinal localization gives rise
to the corresponding organ (how, for instance, the myoplasm shown in Fig. 48
gives rise to muscle cells in the tadpole): either maternal mRNAs, coding for
muscle-specific proteins are accumulated in the myoplasm; or the myoplasm
contains cytoplasmic factors which selectively activate the nuclear genes coding
for these muscle-specific proteins, as was suggested by T.H. Morgan in 1934. We
would be dealing with preformation in the first hypothesis, and with epigenesis
in the second. We shall come back to this important question after we have brief-
ly presented a few facts about ascidian embryology.

The extensive studies of Reverberi and colleagues have shown that there is a
close correlation between the formation of muscles in the tadpole larva and the
local accumulation of mitochondria. As shown in Fig. 48 the ascidian egg is
formed of a number of recognizable “plasms”, which give rise to the different
parts of the larva, after a precise segregation in the various blastomeres during
cleavage. The myoplasm (which will give rise to the muscles) is rich in mitochon-
dria and is accumulated in the two posterior blastomeres at the 4-cell stage. If the
egg is centrifuged, soon after fertilization, abnormal larvae, having atypically dis-
tributed muscle cells, of which all are rich in mitochondria, are obtained.

Electron microscopy and estimations of cytochrome oxidase activity confirm
that the myoplasm-containing posterior blastomeres have three to four times
more mitochondria than the anterior cells. However, if one separates the anterior
from the posterior blastomeres and measures the respiration of the isolated
blastomeres, one finds very little difference. These experiments show that in
ascidian eggs, the number of mitochondria present in the individual blastomeres
is not the limiting factor for the respiratory rate.

Formation of the different plasms, in ascidian eggs, is a consequence of fertil-
ization. The unfertilized egg is apparently homogeneous and fertilization induces
the segregation of the various plasms. For instance, the myoplasm, as well as a
large proportion of the mitochondrial population, first migrate and accumulate
near the vegetal pole (A); the myoplasm is shifted toward the posterior blasto-
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Fig. 48 A—-C. Development of an ascidian
(Cynthia) egg. A Side view of a fertilized egg;
B 8-cell stage; C young tadpole. c.r. myo-
plasm (yellow crescent); y.h. yellow hemi-
sphere; c.p. clear cytoplasm; A anterior and
P posterior side; p.b. polar body; n.p. neural
grove; mch. mesenchyme; ms. muscle cells
deriving from the yellow crescent (Conklin
1905)

meres at the time of first cleavage. Segregation of the plasms, after fertilization,
does not take place if the eggs are treated with cytochalasin B, thus showing that
the actin microfilament system is involved in plasm segregation. Removal, at the
8-cell stage, of the two posterior vegetal blastomeres which contain most of the
myoplasm (B) results in the formation of an abnormal tadpole which lacks
muscle cells.

Thanks to the work of Whittaker, marked progress has recently been made
concerning the nature of the germinal localizations in ascidian eggs. Using cy-
tochemical methods, he followed the localization of three “marker” enzymes:
acetylcholinesterase for muscle, alkaline phosphatase for gut and tyrosinase for
the differentiation of pigment cells in the brain. He compared normal embryos,
eggs in which cleavage had been arrested by treatment with cytochalasin B and
blastomeres isolated at the 8-cell stage. He also used actinomycin D to establish
whether the enzymes are synthesized on preformed maternal or on neosynthe-
sized mRNAs. The three enzymes become detectable during cleavage in localized
regions of the embryo and at determined times after fertilization. Suppression of
furrow formation does not modify the pattern of enzyme localization and the
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time of enzyme appearance. Experiments with puromycin showed that the three
enzymes are neosynthesized. The experiments with actinomycin D were par-
ticularly rewarding. They showed that alkaline phosphatase is synthesized in the
endoderm on a maternal mRNA; synthesis of the same enzyme, in the ectoderm,
and that of tyrosinase require, on the contrary, transcription of new mRNA mol-
ecules by nuclear genes.

The problems raised at the beginning of this section have thus found a solu-
tion: there are two different kinds of germinal localizations. Some of them cor-
respond to a local accumulation of preformed maternal mRNAs; others result
from the activation of specific nuclear genes by localized cytoplasmic de-
terminants of still unknown nature. Thus, preformation and epigenesis co-exist in
the same egg, as most, if not all, experimental embryologists would have predict-
ed.

Is DNA synthesis required for the activation of the germinal localizations in
ascidian eggs? This question has been recently studied by Satoh and Ikegami
who used aphidicolin as a tool. They found that the eighth DNA replication cycle
is of crucial importance for acetylcholinesterase synthesis and concluded that this
replication cycle is closely associated with a clock mechanism determining the
time of initiation of enzyme synthesis. For the other enzymes, including alkaline
phosphatase, which is synthesized on a maternal mRNA, a given number of
DNA replication cycles is also required before enzyme synthesis begins. How-
ever, the number of DNA replication cycles necessary for the initiation of en-
zyme synthesis varies for each enzyme.

We have seen that the existence of a crucial mitotic cycle is very likely in
Chaetopterus eggs undergoing differentiation without cleavage. The same situ-
ation seems to hold true for the morphogenetic events which take place during
the development of mouse eggs. One has to assume that at a given time, a par-
ticular type of mitosis (a so-called quantal mitosis) occurs and that it gives rise to
two nonidentical daughter cells. Unfortunately, we still know nothing about the
molecular mechanisms of quantal mitoses which, as we shall see, seem to be im-
portant for cell differentiation during embryogenesis.

It has been claimed that development of ascidian eggs until the tadpole stage
does not require any RNA synthesis. However, this is very unlikely since ac-
tinomycin D inhibits the synthesis of both alkaline phosphatase (in the
endoderm) and of tyrosinase. In fact, we have observed that actinomycin D ar-
rests development of fertilized ascidian eggs at the hatching blastula stage. How-
ever, we should mention the curious results obtained on hybrid merogones be-
tween ascidians. In these experiments, eggs of species A were cut into two halves
(merogony) and the anucleate half was fertilized with sperm of species B (hybrid-
ization). The development of such hybrid merogones, in ascidians, is purely of the
maternal, cytoplasmic, A type. In ascidians the sperm nucleus does not exert any
specific effect on early development if it is located in cytoplasm from a foreign
species. It looks as if the male genes, which are involved in embryonic differen-
tiation, remained silent in the foreign cytoplasm. Unfortunately, hybrid
merogones between ascidian species have not been studied so far with biochemi-
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cal or even cytochemical methods. Therefore, since we know nothing about their
RNA and protein synthesis, it is better to postpone a discussion of why devel-
opment in ascidian hybrid merogones is purely maternal, until more experi-
mental data is available.

4 Insect Eggs

We have already mentioned the interesting pole plasm located at the posterior
end of Drosophila eggs. UV-irradiation of this region results in sterile adults,
showing that the cytoplasmic determinants present in the pole plasm (also called
germ plasmy) are absolutely necessary for the formation of the gonads. Injection of
pole plasm material from normal eggs into UV-irradiated Drosophila eggs allows
the formation of fertile adults; injection of the same material into the anterior
part of the egg results in the abnormal formation of germ cells in this part. The
pole plasm contains large ribonucleoprotein granules, but their role and exact
composition remain open to discussion. It has recently been shown that there is a
localized synthesis of specific proteins in the Drosophila pole plasm: this suggests
that either a differential gene process or selective translation of maternal mRNAs
takes place in this region.

Classical experiments by Seidel, in which insect eggs were cut into two parts
by ligation with a hair, have shown that development, in several species, requires
an interaction between one of the cleavage nuclei and cytoplasmic determinants
located in the posterior half of the egg. After penetration of a nucleus, whether it
was originally present in the anterior or posterior part of the egg, the posterior
region becomes a formation center (Bildungszentrum): it produces diffusible sub-
stances which are necessary for the development of the anterior part of the egg.
Unfortunately, nothing is known about the chemical nature of the cytoplasmic
determinants present in the formation center or about the diffusible substances it
produces after it has been activated by a nucleus.

A little more is known about the eggs of the midge Smittia, in which devel-
opment of the head also depends on cytoplasmic determinants located in the
posterior half of the egg. If one UV-irradiates or injects this posterior half with
ribonuclease, one obtains “double-abdomen™ larvae which possess abdominal
structures instead of a head (Fig. 49). This suggests that the cytoplasmic de-
terminants of Smittia are of a ribonucleoprotein nature and that maternal
mRNAs localized at the posterior end of the egg are involved in the differen-
tiation of the anterior part. It has recently been shown that Smirtia eggs synthe-
size a specific “posterior indicating” protein. However, the presently available
evidence is still too scanty to allow strong conclusions about the chemical iden-
tity of insect cytoplasmic determinants and their mode of action.

Although we are dealing in this book mainly with early stages of devel-
opment, mention should be made on the important work done on Drosophila (an
ideal material for geneticists and cytogeneticists) larvae. The future appendages
of the adult (antennae, eyes, etc.) are, in larvae, present in the so-called imaginal
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Fig.49. Double abdomen induction in Smittia under various experimental conditions
which inactivate anterior determinants (@) p, p’ posterior determinants (Kalthoff 1979)

Fig. 50 A,B. Normal (A) and bithorax (B) fruitfly (Drosophila). (Courtesy of Dr. E. Lewis)

disks made of a limited number of undifferentiated cells, e.g. antenna, eye, etc.
disks which will normally differentiate into, respectively, antennae, eyes, etc.
However, transplantation experiments by E. Hadorn have shown that it is pos-
sible to modify experimentally the fate of the imaginal disks, i.e. an eye disk may,
under certain circumstances, differentiate into an antenna or leg. To this
phenomenon, Hadorn has given the name “transdetermination”. A similar
change from one type of appendage to another can result from a genetic mu-
tation. Such mutations, which transform one segment of the insect into another,
are called “homeotic” mutations. One interesting example of a homeotic gene
mutation affects the bithorax complex located on chromosome III. The extreme
mutant bx® has four wings instead of two (Fig. 50): in the segment bearing them,
the halters have been transformed by the mutation into wings. Analysis at the
molecular level has recently shown that the bithorax mutations are due to re-
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arrangements of the DNA molecules and not, as it was believed, to point mu-
tations (substitution of a single nucleic acid base by another). Many bithorax mu-
tants display insertions of a particular mobile element (called gypsy) into their
DNA; such insertions affect the functioning of DNA sequences distant from
them.

Several kinds of transposable elements (virus-like DNA sequences which may
be inserted anywhere in the genome as we have seen in Chap. II) have been
identified in Drosophila. Their function remains a matter of speculation, but it
is likely that they will receive more and more attention from development ge-
neticists. Recent work has shown that injection of a transposable element called
P into the germ plasm of Drosophila eggs induces heritable mutations in strains
which lack P elements. If one inserts a Drosophila eye-color gene into a trans-
posable P element, this gene can be introduced into recipient eggs: thus trans-
posable elements can be used as vectors for gene transfer in Drosophila.

It has also been reported that insertion of a P element into the RNA poly-
merase II gene is lethal, i.e. the embryos die at an early stage because the en-
zyme, which is needed for mRNA production, is no longer synthesized.

It has been recently discovered that six genes, which control the differen-
tiation or the number of segments in Drosophila larvae, share a common short
(180 base pairs) DNA sequence. It encodes a very basic polypeptide made of 60
amino acids, which binds strongly to DNA. This sequence, which has been called
the homeo box, probably controls the subdivision of the larval body into seg-
ments and the diversification of these segments. One of the genes, which pos-
sesses a homeo box (ft3), is transcribed already during cleavage. At this stage, its
RNA transcripts are restricted to seven evenly spaced bands of cells, correspond-
ing to the future larval segments; the transcripts disappear at later stages. Unex-
pectedly, the same homeo sequence is found in the nuclear DNA of many in-
vertebrates and vertebrates (Xenopus, chicken, mouse, man). It is not found in
species in which the embryo does not undergo segmentation (metameric organi-
zation) during development (sea urchins, for instance).

There is little doubt that a homeo box is required for the control of the subdi-
vision of the body into segments in all animals.

After this short incursion in the fascinating field of developmental genetics,
we shall return to our main topic and have a look at sea urchin molecular embry-
ology.

5 Sea Urchins

Before going into experimental and molecular embryology of sea urchin eggs, a
brief description of their gastrulation should be given. As shown in Fig. 51, the
blastulae, after hatching and ciliation, become “mesenchyme blastulae” charac-
terized by the presence of a thickened basal plate which derives from the
micromeres present at the vegetal pole at the 16-cell stage. Some of the basal
plate cells move into the blastocoele cavity where they form the primary mesen-
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Fig. 51 A-C. Gastrulation of sea urchin
eggs. A Mesenchyme blastula (pm pri-
mary mesenchyme); B very early gas-
trula; C late gastrula (ar archenteron)

chyme, which will give rise to the skeleton of the pluteus larva. This skeleton is
made of spicules, which have a species-specific shape. Growth of the spicules is
responsible for the shape of the plutei. Cultured micromeres can give rise to
spicules in vitro. Gastrulation begins by an infolding (invagination) of the basal
plate, which forms the archenteron (primitive gut). After this “primary” gastru-
lation, cells at the tip of the archenteron move into the blastocoele where they
form the secondary mesenchyme. These cells link together the tip of the ar-
chenteron to the apical ectoderm; their contraction produces the complete in-
vagination of the archenteron.
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Many biochemical changes occur during sea urchin gastrulation, which re-
quires both RNA and protein synthesis as shown by the inhibitory effects of ac-
tinomycin D and puromycin. In particular, the pattern of protein synthesis
changes considerably and many proteins are glycosylated and sulfated during
gastrulation. Lack of sulfate ions in the medium prevents gastrulation, which is
also inhibited by drugs (tunicamycin, compactin), which block protein glycosy-
lation. Actin mRNA, as we have seen, increases in mesenchyme blastulae; this
increase is probably related to cell contractility and motility, which are promi-
nent features of gastrulation. DNA synthesis, as shown by experiments with
aphidicolin, is required only for preparation to gastrulation. During gastrulation
itself, there are very few mitoses and an increase in cell number is not necessary
for the invagination of the archenteron.

Sea urchin blastulae are easily dissociated into individual cells by culture in
Ca** free seawater. After adding back Ca?", the cells reaggregate and form larvae
which look like normal gastrulae and plutei. If one mixes dissociated cells from
blastulae belonging to two different species, they first aggregate and then sepa-
rate (sorting out) according to their species specificity. The supernatant of dis-
sociated sea urchin blastulae contains a species- and stage-specific aggregation
factor, i.e. a lectin, which binds the cells together by reacting with carbohydrate
residues present on the cell surface.

In Chap. Il we already mentioned that sea urchin eggs display, at the
2-blastomere stage, an exceptional capacity for regulation. As shown in Fig. 15,
separation of the two first blastomeres is followed by complete and normal devel-
opment, until the pluteus larval stage, of each blastomere (Driesch). On the other
hand, equatorial sections at the morula stage have very different consequences.
The development of the animal and vegetal isolated halves, as shown in Fig. 16,
is entirely different (Horstadius). Animalization (that is, a development similar to
that of the animal half) can be induced in whole eggs by a great variety of agents;
vegetalization, which represents the opposite type of development, is much more
difficult to obtain by treatment of whole eggs with chemichals. Only lithium
chloride (LiCl) gives really satisfactory vegetalization, identical with that ob-
tained by the much more delicate method of cutting the egg into two halves
(Fig. 16). As one can easily imagine, molecular embryologists, who require a
large amount of material for their experiments, have done little work on isolated
halves of morulae, they have preferred to work on a large scale, treating whole
eggs with animalizing or vegetalizing agents. The very careful and painstaking
work of Horstadius, who first succeeded in cutting sea urchin eggs into animal
and vegetal halves, led him to the conclusion that the sea urchin egg contains two
opposite, almost hostile, gradients. The animal gradient decreases from the ani-
mal toward the vegetal pole; the vegetal gradient decreases in the opposite direc-
tion. Normal development, until the pluteus stage, can only be obtained if the
balance between the two opposite gradients remains correct. Especially impor-
tant for morphogenesis, as Horstadius demonstrated, are the micromeres, which
are the most vegetal of all the blastomeres. Grafting enough micromeres to an
isolated animal half will completely correct the animalization and the pluteus
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will be normal (Fig. 16); micromeres can induce gastrulation and the formation
of an archenteron at the location of the animal half where they have been
grafted.

This very brief account of sea urchin descriptive and experimental embry-
ology was necessary before we could discuss its molecular embryology. Two main
questions should be asked: What is the chemical nature of the animal and veg-
etal gradients? What is the molecular basis of embryonic regulation? These two
questions will be discussed consecutively.

The question of the chemical nature of the morphogenetic gradients present in
sea urchin eggs has been extensively studied by Runnstrom and his Swedish col-
leagues. Lindahl first studied the effect of animalizing and vegetalizing agents on
the oxygen consumption of sea urchin eggs. He found that LiCl has no effect on
the respiratory rate of the just fertilized egg, but it slows down the increase in res-
piration which occurs during cleavage. From these and other experiments, Lin-
dahl suggested the following hypothesis: Metabolism would be qualitatively dif-
ferent at the two opposite poles of the egg; carbohydrate metabolism would be
prevalent at the animal pole and protein metabolism at the vegetal one.

The experiments made to test the validity of this hypothesis have given con-
flicting results, so that no strong conclusion can yet be drawn. For instance, it was
found that the oxygen consumption of isolated animal and vegetal halves is the
same and that lithium does not exert, as one would have expected, a stronger
inhibitory effect on the respiration of the animal than the vegetal halves. On the
other hand, Horstadius has shown the existence of two opposite reduction gradi-
ents in sea urchin blastulae. If an egg is vitally stained by a dye, which becomes
colorless when it is reduced, and if this egg is placed under anaerobic conditions,
two centers of reducing activity can be seen; they are localized at the animal and
the vegetal pole. An isolated animal half has only one reducing center, located at
the animal pole; an isolated vegetal half also has only one reducing center, but it
is localized at the vegetal pole this time. If micromeres are grafted on an isolated
animal half, a new reducing center develops around them. The biochemical sig-
nificance of such reducing centers is unfortunately obscure and complex.

The experiments designed to prove that the vegetal pole is a region of high
protein metabolism have also given contradictory results. It has been reported
that incorporation of amino acids into proteins, as judged by autoradiography, is
higher at the vegetal pole (in particular, in the micromeres) than in the rest of the
embryo. However, biochemical analysis has failed to confirm the autoradiograph-
ic results. Protein synthesis increases during cleavage, levels off when cilia form
at the time the blastulae hatch and increases again. But, according to Berg, there
is no difference between isolated animal and vegetal halves as far as protein syn-
thesis is concerned. Furthermore, isolated micromeres do not synthesize more
proteins, per volume unit, than the other blastomeres. Berg has also studied the
effects of LiCl on protein synthesis. It does not inhibit the synthesis of proteins
before the end of cleavage, but then the larvae become abnormal; no differential
effect of LiCl on protein synthesis in isolated animal and vegetal halves could be
detected. More recently, modern methods for the separation of neosynthesized
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proteins have been applied to blastomeres isolated at the 16-cell stage: the same
proteins are synthesized by micromeres, mesomeres and macromeres. Thus, no
differences in gene expression between micromeres and the other blastomeres
can be detected with the now available techniques. However, molecular dif-
ferences between micromeres and the other blastomeres certainly exist. We have
already seen that the pattern of histone synthesis is quantitatively (but not quali-
tatively) different in micromeres as compared to other cells and that the chroma-
tin of micromeres is more resistant to nuclease digestion than that isolated from
the other blastomeres. This suggests that, in contrast to what one might have
thought, gene expression is decreased in the micromeres as compared to the
other blastomeres. It has also been shown that the mRNA population (mainly
maternal mRNAs) is less complex in micromeres than in the other blastomeres.
Finally, it has been reported that in embryos dissociated at the 16-cell stage, the
micromeres undergo selective aggregation, i.e. the chemical composition of their
cell surface thus differs, in some unknown respect, from that of the other blasto-
meres. One must admit that, on the whole, the attempts made to discover the
molecular bases for the important role played by the micromeres in sea urchin
embryogenesis have so far been frustrating; but this is not a reason for despair
and the problem will certainly receive further study.

For later stages of development (gastrulation, formation of the pluteus) bio-
chemical analysis has been more successful. It has been possible to show that the
ectoderm and the endoderm both synthesize a small set of tissue-specific pro-
teins. Since the mRNAs, corresponding to these proteins, are distributed in the
same tissue-specific manner, it can be concluded that ectoderm- and endoderm-
specific genes are activated during sea urchin embryogenesis.

A few years ago, attempts to isolate animalizing and vegetalizing factors from
whole unfertilized sea urchin eggs were made. It was reported that it is possible
to separate, by chromatography, peptides which have either animalizing or
vegetalizing activities. Unfortunately, research in this field was discontinued after
the death of J. Runnstrom and the retirement of S. Horstadius. The animalizing
and vegetalizing peptides have remained poorly characterized and we do not
even know whether the animalizing peptides are accumulated, at the morula
stage, in the animal half and the vegetalizing ones at the vegetal pole.

The second basic question we asked about sea urchin molecular embryology
had to do with the classical experiment of Driesch on embryonic regulation. If
the two first blastomeres can form a whole embryo when they are separated and
only a half embryo when they are kept together, it seems logical to assume that
the material which holds the two blastomeres together must have inhibitory
properties on development. We have tested this possibility experimentally. The
intercellular cement, which keeps the blastomeres together, can be removed from
the eggs by placing them in calcium-free and magnesium-free seawater. Sea ur-
chin morulae have been placed in such a medium in order to dissociate the
blastomeres. The “conditioned medium” in which the dissociated blastomeres
had developed for 1 to 2h was recovered and calcium and magnesium were
added back. The effects of such conditioned media were tested on “recipient”,
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just fertilized eggs. It was found that they arrest development of the recipient
eggs at the late morula or blastula stage. The experiments prove that the inter-
cellular matrix, which holds the blastomeres together has, as we had expected,
inhibitory effects on sea urchin egg development. Inhibitory conditioned media
could be prepared from unfertilized and fertilized eggs, as well as blastulae; but
conditioned media prepared from dissociated gastrulae had no effect on the
development of normally fertilized, recipient eggs. This shows that the matrix,
which links the cells together, undergoes quantitative or qualitative changes dur-
ing development. Conditioned media do not display any strong species-speci-
ficity. A medium prepared from Paracentrotus eggs will inhibit the development
of fertilized Arbacia eggs, but in a slightly less effective way. Heating the con-
ditioned media at 60 °C reduces, but does not destroy, the inhibitory activity. It is
noteworthy that conditioned media prepared from morulae often exert, even af-
ter heating, a strong animalizing effect. This finding suggests that among the con-
stituents of the intercellular matrix, which is mostly made of glycoproteins, ther-
mostable animalizing polypeptides, which have been found in unfertilized eggs,
might be present. It is too early to say whether continuation of this work will lead
to a real understanding of embryonic regulation is sea urchin eggs. But, however
incomplete the present results might be, they provide possibilities for further re-
search, which could not be found in Driesch’s philosophical concept of the “en-
telechy”.



CHAPTER VIII
Molecular Embryology of Amphibian Eggs

This chapter will deal almost exclusively with amphibian eggs, since relatively
little work has been done on the eggs of other groups of vertebrates. However,
important studies have been made on the eggs of a fish, the loach Misgurnus fos-
silis by Russian workers, and have been reviewed by Kafiani. Very little is known
about the reptiles in the field of molecular biology. Considerable work has been
done on chicken embryos, but at late stages of development. The partial cleavage
and the small size of the embryos, as compared to the huge mass of the yolk,
makes the material a difficult one for molecular embryologists interested in early
development. The mammalian embryos, as already mentioned, must be cultivat-
ed in vitro, so that only very limited amounts of material are available for bio-
chemical studies, which will be discussed in the next chapter.

The main periods of amphibian development that will be studied here are
those of gastrulation, characterized by intensive cell movements, and neurulation
where, as the result of an induction, primary organogenesis occurs. The neurula
contains a closed nervous system, a chorda (notochord), mesoderm which sub-
divides into somites (which will form principally the muscles and the skeleton),
the intermediary pieces (which will give rise to the kidneys) and the lateral plates
(which will form the red blood cells and the peritoneal cavity of the adult). The
mesoderm, in the early neurula is still undifferentiated. Figure 52 represents sec-
tions through a neurula; Fig. 14 has already summarized gastrulation. For more
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Fig. 52a,b. Amphibian neurulae. a Longitudinal section; b transverse section. 4 ar-
chenteron; C chordoblast; Ec ectoderm; Ern endoderm; H heart-forming cells; M meso-
derm; N nervous system
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details, the interested reader should consult one of the many textbooks of de-
scriptive and experimental embryology.

The main problem that will be discussed is that of the molecular aspects of
neural induction. Its experimental basis has already been presented in Chap. III
in which one of the most important experiments for molecular embryology has
been shown in Fig. 17. If a gastrula ectoblast is explanted and cultivated in vitro,
it differentiates into ectoderm (skin) only. If the same piece of ectoblast is put in
contact with the organizer (dorsal lip of the blastoporus, which will differentiate
later into chorda), it is transformed, by induction, into a nervous system. But, be-
fore coming to the main problem, it is necessary to mention the respiration of the
amphibian egg during the gastrulation and neurulation periods.

1 Respiration of the Amphibian Gastrula and Neurula

The oxygen consumption, which had slowly increased during cleavage, shows a
much sharper increase during gastrulation and, especially, neurulation. The ef-
fects of anaerobiosis and cyanide become stronger than they were during the
cleavage period. Development progresses for a very short time only if the energy
produced by the cellular oxidations is suppressed.

The respiratory quotient (CO,/0,) increases at the time of gastrulation. This
shift suggests that the gastrula uses mainly carbohydrates as an energy source.
Indeed, it was found that glycogen is not broken down to a measurable extent
during cleavage, and that glycogenolysis becomes important during gastrulation
and neurulation.

Painstaking work has been done in order to measure the respiration of frag-
ments isolated from different parts of the gastrula. Eggs have been cut, as shown
in Fig. 53, into six different pieces, which correspond respectively to (1) dorsal ec-
toblast (also called neuroblast, for it will normally give rise to the nervous sys-
tem); (2) ventral ectoblast, which will form the skin; (3) chordoblast, the “or-
ganizer”; (4) ventral mesoblast, which has no inducing capacity; (5) dorsal en-
toblast; and (6) ventral entoblast. The oxygen consumption of these six pieces de-
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Fig. 53. Dissection of a young amphibian gastrula before

measurement of the oxygen consumption of the different parts

(Sze 1953). A animal pole; D dorsal side; V ventral side; Vg
Vg vegetal pole



The Nature of the Inducing Substance 123

creases according to a very simple rule: 1 >2> 3> 4> 5> 6. This means that
there is an animal-vegetal gradient as well as a dorsoventral one, in the respi-
ratory rate. The dorsal lip of the blastopore (piece n°3) differs from the ventral
mesoblast (piece n°4), which will invaginate a few hours later and form the ven-
tral lip of the blastopore. It is the site of a more active carbohydrate metabolism.

It was at first thought that the high carbohydrate metabolism of the dorsal lip
might have something to do with its inducing activity. This idea is no longer ac-
cepted and it is now believed that the high carbohydrate metabolism of the dor-
sal lip is required for the achievement of the morphogenetic movements. As we al-
ready know, invagination begins earlier in the dorsal than in the ventral lip and
this cell movement is accompanied by a breakdown of the glycogen reserves in
both lips of the blastopore.

Induction of the nervous system is, however, accompanied by an increase in
oxygen consumption. If, as we have seen, pieces of ectoblast and chordoblast are
placed in close contact, neural induction will follow; if the same pieces are not in
contact, but are kept apart, there will, of course, be no induction. The respiration
of such pieces is higher and increases more steeply in the first type of combi-
nation (contact between the fragments) than in the second (separated fragments).
This is not surprising, since, as well shall see, induction is characterized by a
burst in nucleic acid and protein synthesis; these processes require the inter-
vention of ATP, the synthesis of which is coupled with oxidations in the mito-
chondria. The latter enlarge, become structurally more complex and have a high-
er cytochrome oxidase content during neural induction.

The fact that energy production is required for morphogenesis is also very
clear in bird and mammal eggs. Very young chicken embryos can be removed
from the yolk and cultivated in vitro, where the nervous system, chorda, somites,
etc., will differentiate; but the culture is unsuccessful unless glucose or another
metabolizable sugar is added to the simple salt-containing medium. Intermediate
products of carbohydrate metabolism must also be added to explanted mam-
malian embryos in order to obtain cleavage and further development.

2 The Nature of the Inducing Substance

Ever since it was discovered, around 1930, that a boiled or alcohol-treated dorsal
lip of the blastopore still remained capable of induction (although less normal
than with the living tissue), attempts have been made to isolate the active in-
ducing substance. This search has long given frustrating and disappointing re-
sults for unexpected reasons. The ectoblast cells react “too well” and undergo
neural transformation, even when they are treated with only unspecific stimulat-
g agents.

The first experiments, mostly by Holtfreter, showed that almost any plant or
animal tissue, if it is placed in close contact with “competent” cells (that is, cells
taken from the animal pole region of a young gastrula), can induce nervous sys-
tem formation. Only such very inactive tissues as banana peel or insect wings
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failed to elicit a reaction! It was concluded that the inducing substance (also
called evocator) is present in all tissues and that it should be a relatively easy
matter to isolate and purify it from large organs such as beef or horse liver.

It soon turned out that many unrelated substances, such as sterols, fatty acids,
glycogen, nucleotides and ATP, were all active in inducing the formation of a
nervous system. It was first thought that such unspecific results were due to the
presence of some common contaminant in the preparations used for the biologi-
cal tests. But it turned out, around 1935, that even purely synthetic compounds,
such as the basic dyes, methylene blue and neutral red, could also be active. This
finding led to the conclusion that all these chemicals act in an indirect way. They
would release in an unspecific way, the true inducing agent, which would be
present in the competent ectoblast cells in a masked, complex form.

Most chemical embryologists, who were interested in the problem, gave up
the search when Holtfreter reported that a simple shift in the pH of the salt solu-
tion in which the pieces of ectoderm are cultivated is enough to produce numer-
ous cases of spontaneous transformation of the ectoblast into nerve cells. No less
distressing was the fact that simple salts, such as LiCl or NaCl, crushed glass or
Teflon, are also good inducers of nervous system formation. In fact, even CO,
and ammonia are active, so that one had to come to the sad conclusion that the
organizer might act simply by producing these simple end products of its metab-
olism. They would act by the above mentioned “release” mechanism and liberate
an unknown “neurogenic” substance from an inactive complex present in the
cells of the competent ectoblast.

It took courage on the part of people like Yamada, Toivonen and Tiedemann
to come back to the problem, around 1950. They selected amphibian species in
which spontaneous neuralization of explanted ectoblast is difficult to obtain and
in which the simple blowing of CO, into the medium is insufficient to transform
ectoblast into nerve cells. They looked for proteins as the specific inducing agents
and they could at least prove one point. It is possible to isolate, in almost pure
form, proteins that have different inducing specificities. A soluble protein, which
can be extracted and purified from bone marrow and from chicken embryos, acts
as a vegetalizing factor. It transforms a gastrula ectoblast into mesodermal tis-
sues, such as chorda, or muscle and endoderm derivatives. The ectoblast, which
would normally have formed epidermis (or nerve cells, if in the presence of an
inducer), becomes a tail, which is devoid — or almost entirely devoid — of a ner-
vous system. Another protein, which is associated with the ribosomes of the chick
embryos, is a neuralizing factor. At low concentrations, it transforms the ectoblast
cells into neural cells with a high efficiency. A third protein is an inhibitor of the
vegetalizing factor and might control its activity.

A vegetalizing factor, isolated from chick embryos by Tiedemann and co-
workers, has been purified to a considerable extent. This factor (a glycoprotein) is
a valuable tool for the analysis of the transformation of ectoderm into mesoderm
or endoderm. Continuous culture of an ectodermal explant (taken at the early
gastrula stage) in the presence of the vegetalizing factor transforms it into en-
doderm and suppresses the formation of cilia. Short treatments of the ectoderm
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with the vegetalizing factor induce the formation of red blood cells and pro-
nephros (embryonic kidney); longer treatments lead to the formation of pro-
nephros, somites and chorda. If somites and chorda are present in large amounts,
a nervous system may be induced because chorda produces a neuralizing factor.

One can hardly doubt that although the danger of a release mechanism can
never be completely excluded, different proteins have distinct effects on morpho-
genesis and that these effects are specific. This finding makes it very likely that in
the normal amphibian embryo itself, different proteins are responsible for the
differentiation of the nervous system and of mesodermal tissues. In fact, it has
been reported that amphibian embryos indeed contain a vegetalizing factor
which is biologically similar to that isolated from chick embryos. It would be im-
portant to know, in order to complete the demonstration, whether the vegetaliz-
ing factors isolated from bone marrow, chick embryos and amphibian gastrulae
are chemically similar and belong to a same class of proteins.

As one can see, there are close analogies between two of the problems that
have just been discussed: animal and vegetal gradients in sea urchin eggs and
neural induction in amphibian eggs. In both cases, the biological system is ex-
ceedingly sensitive to the effects of such simple agents as ions or small organic
molecules; this excessive sensitivity has been and still remains a very serious ob-
stacle for molecular embryology. However, the attempts made in recent years to
isolate specific biologically active substances from the eggs themselves have al-
ready been rewarding. Their pursuit should make possible an analysis of the
molecular bases of embryonic differentiation in both sea urchin and amphibian

eggs.

3 RNA Localization and Synthesis

We already know that in amphibians, the ribosomes are distributed along a de-
creasing animal-vegetal gradient in the oocyte, the unfertilized egg and the blas-
tula; part of these ribosomes are present in the form of polysomes, since protein
synthesis follows the same gradient and progressively decreases from the animal
to the vegetal pole. The distribution of the mRNAs in fertilized amphibian eggs is
not yet known with certainty, since there are contradictory reports in the litera-
ture. What is clear is that this distribution is not homogeneous in oocytes and
eggs and that it follows a polarity gradient. This preformed polarity gradient is
important for future development, since the head of the tadpole and the adult
will form at the animal pole and the belly at the vegetal pole. It corresponds to
the antero-posterior, cephalocaudal gradient of the embryo.

Dorsoventral organization is much less evident during these early stages of
development. We have seen that in certain species, a grey crescent appears in the
fertilized egg. The localization of this grey crescent, which roughly corresponds to
the future dorsal lip of the blastopore (thus to the chordoblast, which will later
induce the formation of the nervous system), can be established at will by the ex-
perimenter (Fig. 54). If the unfertilized egg is placed in an oblique position and
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Fig. 54 A—C. The grey crescent of amphibian eggs. A Photograph and B schematic rep-
resentation of a grey crescent (asterisk). C The classic experiment of Ancel and Vin-
temberger (1948): a An unfertilized frog egg is placed in an oblique position and is then
fertilized. 4 animal pole. b The egg rotates under the influence of gravity after the elevation
of the fertilization membrane, as indicated by the arrow. ¢ The grey crescent always ap-
pears on the side facing the lamp. (A courtesy of Dr. M. Namenwirth)

fertilized, it will rotate under the influence of gravity after the elevation of the
fertilization membrane, as indicated by the arrow. After the rotation, the animal
pole will take an upward position, the vegetal pole will place itself downward;
the grey crescent, and later the dorsal lip of the blastopore, will always appear on
the side marked on Fig. 54 ¢ by the lamp. Of course, this is not due to a photody-
namic effect and the results would remain the same whether the electric light is
on or off. The formation of they grey crescent is due to cortical changes, which
occur during the rotation of the egg.

The grey crescent results from a localized thinning out of the pigment layer,
due to a displacement of the yolk mass by gravity or growth of the spermaster:
the yolk forms a “vitelline wall” which locally compresses the egg cortex. It
would be interesting to know whether fertilized amphibian eggs placed in a
Spacelab (where there is almost no gravity) would form a grey crescent and
whether normal development would be possible.
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UV-irradiation of the grey crescent results in the formation of abnormal tad-
poles, in which the nervous system (in particular, the brain) is very poorly repre-
sented: microcephaly is the rule in such experiments, suggesting that material lo-
calized in the grey crescent is important for neural induction. UV-sensitivity of
this material suggests, but does not prove, that nucleic acids or nucleoproteins
are involved in nervous system induction. However, the grey crescent is only a
marker of dorsoventrality: if one keeps fertilized eggs upside down (thus with the
vegetal pole upwards), a second grey crescent appears on the ventral side; double
embryos result from such inversion experiments.

Precocious formation of a grey crescent can be obtained in the axolotl: if
oocytes undergoing maturation are injected with inhibitors of protein synthesis
(diphteria toxin or cycloheximide), they form a grey crescent. This does not occur
if the oocytes were enucleated prior to injection of the inhibitor; but a grey cres-
cent is formed, in such anucleate oocytes, if sap from the germinal vesicle is inject-
ed either before or after diphteria toxin treatment. This suggests that the nuclear
sap of the germinal vesicle, which is released in the cytoplasm at maturation,
plays a role in grey crescent formation and perhaps in later events, which ulti-
mately lead to nervous system induction.

If, as already mentioned, the cortex of the grey crescent is injured by pricking,
very deficient embryos with a poorly developed chorda and nervous system will
form. It would seem logical to assume that the dorsal lip of the blastopore is
more active in RNA and protein synthesis than the more ventral regions of the
gastrula, since it is so active for morphogenesis because of its inducing activities.
If such were the case, the grey crescent might be endowed with special properties
even in the fertilized egg, enabling it to exert some kind of control on the activity
of the nuclei in the dorsal half of the embryo.

Unfortunately, experiments made in order to test this hypothesis have not
given the clear-cut results one had hoped, for an unexpected reason. Slight injury
of the grey crescent and, to a lesser extent, of other regions of the egg cortex re-
sults in a high frequency of mitotic abnormalities in the cleaving egg. Pluricentric
mitoses are very frequent in the slightly injured eggs, leading to aneuploidy, a
condition which, as we already know, is lethal. If an egg whose cortex has been
slightly injured stops developing at the blastula stage, it becomes almost impos-
sible to decide whether the arrest is due to purely cytoplasmic or to nuclear
(aneuploidy) damage. Experiments in which either the dorsal cortex (grey cres-
cent) or the ventral cortex had been injured prior to microinjection of labelled
uridine as a precursor of RNA synthesis have given a clear answer. RNA synthe-
sis always runs parallel with development. If the development stops early, at the
blastula stage, RNA synthesis will be almost negligible; if abnormal embryos de-
velop, there is a close relation between deficiencies in morphogenesis and de-
creased RNA synthesis. Such cases of early arrest of development or abnormal
embryogenesis are much more frequent after injury of the dorsal than the ventral
cortex of the fertilized egg.

The analysis becomes much easier at the gastrula stage, since the dorsal side
is now very well marked by the presence of the dorsal lip of the blastopore. Cy-
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tochemical studies, which have been confirmed by biochemical analyses, have
shown that the RNA content of the dorsal lip is higher than that of the ventral
lip. Further work, with labelled uridine as a tracer, has confirmed that nuclear
RNA synthesis is stronger in the dorsal than in the ventral half of the gastrula. As
one would expect, protein synthesis is also higher in the dorsal than in the ven-
tral half of the gastrula. The first contains less yolk, but more ribosomes and
polysomes than the second.

Similar, but less extensive, studies indicate that the same situation prevails in
the embryos of the other vertebrates (except perhaps the mammals). The Antero-
posterior (cephalocaudal) gradient in RNA distribution corresponds to the initial
polarity gradient of the fertilized egg; later on, a dorsoventral gradient of RNA
synthesis appears and superimposes itself upon the initial antero-posterior gradi-
ent. This second gradient becomes clearly visible at gastrulation only. Morpho-
genesis apparently results from the interaction between these two gradients in
RNA distribution and synthesis. They are indeed identical with the morphogen-
etic gradients of experimental embryology.

It is, of course, very important for molecular embryologists to know more
about the nature of the RNAs which are synthesized during gastrulation and
neurulation. An important part of these newly synthesized RNAs is certainly
tRNA and rRNA. The nucleoli appear shortly before gastrulation and, as one
would expect, their reappearance is linked to the synthesis of nucleolar rRNA
precursors and cytoplasmic tRNAs. Gastrulation is thus the stage in which new
ribosomes are produced. There is good evidence for the view that the syntheses
of the 28S and 18S rRNAs, as well as that of the ribosomal proteins, are coor-
dinated. When rRNA synthesis is derepressed in the gastrula, because the nu-
cleolar organizers begin to work again, the synthesis of the ribosomal proteins
begins in the cytoplasm.

Xenopus embryos have played a very important role in proving that the nu-
cleolar organizers are directly involved in the synthesis of the high molecular
weight (28S and 18 S) rRNAs. An interesting mutation in this species consists in
the selective loss of the nucleolar organizers as the result of a chromosomal de-
letion. Normal embryos and adults possess two nucleolar organizers and, in gen-
eral, have two nucleoli. If one nucleolar organizer has been lost by deletion, only
one nucleolus is present; development is nevertheless normal. If one makes
crosses between such uninucleolate adults, there will be no nucleolar organizer at
all, as expected from Mendel’s laws, in 25% of the offspring. These anucleolate
(nu-0) mutants are lethal and die at the larval feeding stage; they do not synthe-
size measurable quantities of 28 S and 18 S rRNAs; and they are also deficient in
the synthesis of ribosomal proteins. This definitely proves that the nucleolar or-
ganizers are directly responsible for the synthesis of all the ribosomes which are
made during embryonic development. The fact that development can proceed
until a rather late larval stage further shows that the oocyte has already built up a
store of ribosomes, which is sufficient to reach, without any new ribosomal RNA
synthesis, a stage of development in which the tadpole is able to feed.
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We do not know why rRNA synthesis is repressed during cleavage and initi-
ated at the early gastrula stage. It is likely that cytoplasmic factors are in-
volved in the control of rRNA synthesis. It has been reported that cleaving am-
phibian eggs contain a soluble factor which selectively inhibits rDNA tran-
scription in the nucleolar organizers. However, the experimental evidence for the
existence of such a specific repressor of rRNA synthesis is not as strong as one
might wish.

The “midblastula transition” is, as we have seen, important for the initiation
of small RNA (tRNAs, 5S tRNA, 7S RNA, snRNAs) synthesis: this is the stage in
which, after 12 fast cleavages, a normal cell cycle (with G, and G, phases) be-
comes detectable and in which a critical ratio between nuclear and cytoplasmic
volumes is established. The experimental evidence presently available suggests
that nuclear DNA reacts, during cleavage, with a cytoplasmic suppressor of RNA
synthesis. The store of this suppressor would be exhausted at the midblastula
stage and transcription would begin when nuclear DNA is no longer saturated
with this still hypothetical suppressor.

We already know that amphibian eggs possess a very large store of maternal
mRNAs (between 10,000 and 20,000 distinct species). As in sea urchin eggs, these
mRNAs are unusual in that they contain transcripts of repetitive sequences: they
are more similar to heterogeneous nuclear RNAs than to typical cytoplasmic
mRNAs. Synthesis of mRNAs, in particular, those which encode the histones, al-
ready begins during early cleavage in Xenopus. At the gastrula stage, the mRNAs
which code for the ribosomal proteins become the majority of the neosynthesized
messengers. This is what one should expect on pure logical grounds. During early
cleavage, DNA synthesis is very fast and large amounts of histones are obviously
required for nucleosome formation; the gastrula stage, as we have just seen, is
characterized by the production of new ribosomes which requires the synthesis of
both ribosomal RNAs and proteins. Thanks to the pioneer work of H. Denis, we
have a good deal of information about mRNA synthesis during gastrulation. His
molecular hybridization experiments have shown that new populations of
mRNA molecules appear during amphibian gastrulation. Some of the new
mRNAs are stage-specific: they can no longer be detected at later stages of devel-
opment and it is possible that they are involved in the complex cell movements
which are characteristic of gastrulation. For later stages of development a general
rule seems to emerge: new, but unstable mRNA molecules are synthesized before
each organ differentiates. When organogenesis is over and the cells begin to
undergo cytological differentiation (for instance, when neurones form in the still
undifferentiated neural tube), more stable mRNA molecules are produced.

Recent studies have shown that specific mRNAs are indeed synthesized be-
fore visible organogenesis: skeletal muscle and cardiac actin mRNAs, first ap-
pearing during gastrulation in Xenopus, are strictly localized in the equatorial re-
gions which will give rise to the muscles (somites). These experiments show that
the genes coding for the contractile proteins specific of muscle tissue are turned
on at a precise stage of development and in a limited region of the embryo.
Selective activation of the actin genes precedes by several hours the appearance
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of the somites and can therefore be taken as a molecular marker of muscle de-
termination.

During neural induction, synthesis of DNA (as evidenced by increased mitotic
activity), as well as of RNA and proteins, markedly increases. New species of
mRNAs are produced at that time by the nuclei and their synthesis can be in-
duced, in isolated fragments of ectoblast, by addition to the medium of Tiede-
mann’s neuralizing and vegetalizing protein factors. Neural induction thus seems
to be accompanied by a selective derepression of a set of genes, leading to a burst
of new mRNA and protein synthesis. Unfortunately, the problem of neural in-
duction has not yet attracted the interest of molecular biologists. However, with
the now available methodology, it should be possible to precisely characterize
the messengers and the proteins which are synthesized during induction. This
would give us important clues on the mechanisms of this all-important, but still
poorly understood, process.

4 The Links Between RNA Synthesis and Morphogenesis

Many experiments have confirmed, in an indirect, but convincing way, the ob-
tained conclusion that there is a very close correlation between RNA synthesis and
embryonic development. Only the most important ones will be briefly described
here.

For instance, if ribonuclease, the enzyme which breaks down RNA, is injected
into amphibian eggs, development stops already during cleavage; if RNA is
added to ribonuclease-treated eggs, a nervous system can form.

Actinomycin, which does not inhibit the cleavage of amphibian eggs, blocks
their gastrulation; at later stages, it produces microcephalic or even almost un-
differentiated embryos. Certain organs, however, are more resistant to the drug
than others. For instance, ears and kidneys can form in embryos which are al-
most devoid of a nervous system. This finding is in agreement with the idea that
some of the mRNAs, which are involved in embryonic differentiation, are more
stable than others. Actinomycin would inhibit the synthesis of the unstable
mRNAs required for nervous system organogenesis and would not act upon the
more stable, pre-existing mRNAs present in the ear and kidney areas. Other ex-
periments with actinomycin have confirmed that induction really is a derepres-
sion. If an organizer is treated with actinomycin and placed in contact with a nor-
mal ectoblast, neural induction occurs. If, on the other hand, an actinomycin-
treated piece of ectoblast is joined with a normal organizer, there is no neural dif-
ferentiation at all. The ectoblast is thus unable to respond to the inducing stimu-
lus if it cannot synthesize RNA. The organizer, on the contrary, can retain its in-
ducing capacities in the absence of RNA synthesis. This finding is in good agree-
ment with the already expressed view that the inducing activity is probably due
to the presence, in the dorsal lip, of pre-existing proteins. Experiments with other
inhibitors of RNA synthesis, e.g. a-amanitin, have led to similar conclusions.
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Experiments with the protein synthesis inhibitor, puromycin, have been less
extensive; they have shown that microcephaly is frequent in the treated embryos,
as expected. The development of the eyes and brain requires a large increase in
the number of the cells, which obviously requires DNA and protein synthesis. Of
some interest is the fact that the competence of the ectoblast cells toward the
vegetalizing protein factor of Tiedemann is retained for a longer time if the cells
have been pretreated with puromycin. The factors that are responsible for the
normal loss of competence of the ectoblast, during ageing of the gastrula, are still
totally unknown. The experiments with puromycin suggest that the appearance
of new proteins, leading to a more differentiated state, might be responsible for
this loss of competence.

Finally, experiments on centrifuged and treated eggs, which cannot be de-
scribed here, fully agree with the conclusion that morphogenesis, in vertebrate
eggs, is controlled by the orderly synthesis of mRNA and proteins along the
cephalocaudal and dorsoventral gradients.

5 Size and Mode of Action of the Inducing Agent

During neural induction, there is a very close contact between the inducing cells
of the chordoblast and the reacting cells of the neuroblast. Also, in explantation
experiments, if pieces of chordoblast and neuroblast are placed together, the two
fragments quickly stick to each other. We shall return later to the properties of
the cell membranes in the gastrula (Chap. XI). Right now, we would like to ask
two questions: (1) Is there a movement of chemical substances from cell to cell
during induction? (2) Is close contact between the inductor and the reacting tis-
sue necessary for successful induction?

Experiments with explants that had previously been stained with vital dyes or
treated with labelled precursors of RNA and protein synthesis clearly show that
even large molecules can pass from the inducing to the reacting cells. But mi-
gration does not occur in this direction only. The dye, or the radioactive label,
can move from the reacting to the inducing tissue just as easily.

Thus, the experiments do not provide any evidence for a unidirectional mi-
gration of macromolecules, which would be of critical importance for the success
of neural induction.

We now come to the second question. In a first series of experiments, pieces
of cellophane membrane were inserted, i.e. “sandwiched”, between pieces of
chordoblast and neuroblast. The result was the suppression of induction, and the
conclusion drawn was that direct contact between the inducing and reacting cells
is necessary for neural induction. The experiment allows another conclusion;
cellophane membranes do not allow the passage of large molecules, such as pro-
teins or nucleic acids, but they are very permeable to smaller molecules. There-
fore, neural induction cannot be simply the result of an overproduction by the
inducing cells of small molecules, such as CO,, ammonia or lactic acid.
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But further experiments have shown that although the second conclusion re-
mains valid, the first one (the necessity of close contact between the two tissues)
is not correct. If one uses “millipore” filters, which allow the passage of macro-
molecules, but not that of whole cells, instead of cellophane membranes, trans-
filter inductions can be obtained. Electron microscopy shows that the cells of
both the inducing and reacting tissues send out long filaments (called pseudo-
podia or filopodia) inside the pores of the filter; but these filaments do not touch
each other. Transfilter induction is thus due to the release of soluble substances
by the inducing cells. However, a possible intervention of the glycoproteins,
which form the intercellular matrix, has not yet been completely ruled out. The
fact that induction can be obtained when explants of ectoblast are treated with
the neuralizing or mesodermalizing proteins in solution further demonstrates
that cell-to-cell contact is not required for successful induction. In fact, it has
been shown, by cytochemical methods, that these inducing proteins are taken up
by the cells by pinocytosis; some of the inducing protein is found later on in the
cell nuclei, where it might derepress the chromatin.

It should be added that transfilter induction is not limited to the induction of
the nervous system in amphibians. Similar observations have been made for ner-
vous system induction in birds, for the induction of the eye lens by the optic cup,
for the induction of kidney tubules, of pancreatic gland cells, etc. It seems to be a
general rule that direct contact between inductor and reactor is not required for
the success of induction.

All this strongly indicates an important role of the cell membrane (plasma
membrane) in inductive processes. This conclusion is reinforced by the recent
finding that induction of the nervous system by the chordomesoblast (its natural
inducer) is suppressed by treatment with lectins, proteins of vegetal origin which
bind specifically to the carbohydrate residues of the cell surface glycoproteins.
We shall soon see that these glycoproteins also play an important role in the cell
movements which characterize gastrulation.

6 Molecular Basis of Cell Movements

Cell movements play an essential part in early morphogenesis. They are required,
in a particularly striking way, for gastrulation and neurulation. During the
latter, the nervous system first forms a flat plate, which changes into a groove
and finally into a tube.

This transformation of a neural plate into a neural tube is completely blocked
by mercaptoethanol: this -SH containing substance, as we have seen earlier, also
suppresses the formation of the mitotic apparatus during cleavage. Other sub-
stances, which affect the -SH-SS equilibrium, also inhibit the closure of the neu-
ral tube. On the other hand, if a young neurula, which has a flat neural plate, is
treated with ATP, the formation and closure of the neural tube are markedly ac-
celerated. Substances like mercaptoethanol and ATP have, of course, many bio-
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chemical side effects on the synthesis of the macromolecules. But it is probable
that their main target is, as in the case of the mitotic apparatus and the cleavage
furrows, the microtubules and the contractile microfilaments which have been
mentioned earlier (Chap. VI). Recent work has produced strong evidence for this
view. Both colchicine (which reacts with tubulin) and cytochalasin B (which af-
fects the actin microfilaments) inhibit gastrulation and neurulation in amphibian
eggs. These important morphogenetic events would thus be due to the inter-
vention of contractile proteins, which could modify the shape of the cells by in-
ducing localized contractions. The cells in the blastula have a cuboidal shape; a
constriction, resulting from the contraction of a ring of microfilaments localized
at the apical end of the cells, would change their shape: they would become trap-
ezoidal. If such a change occurs simultaneously in a large number of neighboring
cells, a whole population of cells would undergo the intensive cell movements,
which are so characteristic of gastrulation and neurulation. Analysis, at the
molecular level, of the changes in shape undergone by the cells during these ear-
ly steps of morphogenesis has shown that the microtubules are responsible for
the increase in length of the cells, and the microfilaments for the apical con-
striction which changes their shape during the formation of the nervous system in
the neurula.

However, it is likely that these changes in the organization of the cytoskeleton
(microtubules and microfilaments) result from signals first received at the cell
membrane level. As shown by our colleague R. Tencer, some lectins inhibit gas-
trulation, while others — which bind to other carbohydrate residues — are inactive.
Amphibian gastrulation is also inhibited by tunicamycin, a drug which inhibits
protein glycosylation. The lectins also affect the shape and motility of dissociated
gastrula cells. An important control mechanism might be the availability of free
calcium ions, which play a crucial role in the polymerization and depolymer-
ization of the microtubules and microfilaments. Unfortunately, we still do not
know how the signals received at the cell membrane level are transmitted to the
cell interior, where they may affect the initiation of DNA synthesis as well as the
organization of the whole cytoskeleton.

While changes in cell shape are apparently sufficient to explain the impres-
sive deformation of a neural plate into a neural tube, morphogenetic movements
are also involved: a very important factor is an oriented migration of the cells that
can be controlled by different mechanisms (e.g. chemotaxis for germinal cells). In
the particular case of gastrulation, oriented migration is controlled by contact
guidance: large groups of cells follow oriented fibrils present in the extracellular
matrices (ECM).

The extracellular matrix is an intricate meshwork of large macromolecules:
hyaluronic acid (a large glycosaminoglycan), proteoglycans (macromolecular as-
sociations of covalently linked proteins and glycosaminoglycans) and protein
fibers, mainly collagen and elastin fibers. Cell adhesion to this matrix is mediated
by specialized glycoproteins. Fibronectin (FN), for instance, a major ECM com-
ponent, binds specifically to a cell membrane receptor at one end and to col-
lagen at the other. It promotes both adhesion and migration of cells in many dif-
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ferent systems and is associated with basement membranes, thus providing path-
ways for migratory cells.

It was shown recently that in amphibian eggs, FN is synthesized during cleav-
age on a stored maternal mRNA and that it accumulates specifically on the
blastocoele roof where the mesodermal cell will migrate during gastrulation. The
essential role played by FN in morphogenesis is demonstrated by the fact that
injection of antibodies against FN into the blastocoele cavity inhibits gastru-
lation.

Morphogenetic cell movements thus result from complex, and still poorly
understood, interactions between ECM components, plasma membrane and cy-
toskeleton. Further research in this field should lead to interesting and important
results.



CHAPTER IX
Molecular Embryology of Mammals

1 The Biology of Mammalian Sperm
1.1 Male Sex Determination in Mammals

Spermatogenesis in mammals follows the same course as in all metazoans (see
Chap. IV). If one excepts a few species, the male is genetically characterized by
the presence of two different sex chromosomes, called X and Y, and is the
heterogametic sex which produces, as a result of meiosis, two different kinds of
gametes, one carrying the X and the other the Y heterochromosome. In contrast,
all the oocytes are of the XX type, the females being the homogametic sex in
mammals. After fertilization, half of the zygotes will inherit a Y heterochromo-
some, which will be responsible for the development of male gonads (testes); in
its absence, the so-called indifferent gonads progressively become ovaries.

How the small Y chromosome is able to direct the complex development of
testes is a fascinating problem since it offers a unique opportunity to correlate a
complex morphogenetic process with a well localized determinant, Tdy (for tes-
ticular determinant located on the Y chromosome). However, genetic analysis
has shown that other genes, located on different chromosomes, are also involved
in the early steps of testicular differentiation; Tdy might be only a regulatory
gene. Recombinant DNA technology will probably enable us to solve this prob-
lem in the near future.

The molecular mechanisms controlling testis differentiation are not yet
understood. The only gene product that unequivocally depends on the expres-
sion of Tdy is the H-Y antigen, a protein found on the surface of all male cells,
and which can be detected as early as the 8-cell stage in the mouse. Incidentally,
this provides a hope for sex selection at very early stages of development since
antisera against H-Y recognize only male embryos. The direct involvement of the
H-Y antigen, in testis primary differentiation, has been strongly suggested: in
vitro, testicular organization is inhibited by antisera against H-Y. Furthermore,
addition of free H-Y antigen induces the transformation of fetal presumptive
ovary into testes.

This testicular differentiation triggers a cascade of events: two kinds of em-
bryonic hormones are synthesized. One of them is the “Miillerian Inhibitory Fac-
tor” (MIF), which is a glycoprotein responsible for the regression of the Miil-
lerian ducts which are conserved in females (as oviducts, uterus and part of the
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vagina) and disappear in males. The others are the androgens which stabilize the
Wolffian duct and its derivatives (epididymis, vas deferens and seminal vesicles)
and trigger the formation of the external genitalia (penis and scrotum) (Fig. 55).

Differentiation of the somatic cells in the male gonad is independent of the
presence of germ cells. In sharp contrast, the somatic part of the fetal gonad plays
an essential role in the processes of meiosis and gamete production: the germ
cells already begin meiosis within the fetal ovaries, while the male germ cells do
not enter meiosis before puberty, when the production of male hormones has
reached a critical threshold.

This duality could be explained by the secretion of specific substances by the
gonads. A meiotic-inducing substance (MIS) would be involved in the initiation
of meiosis in the female, while an antagonistic, male-specific, meiotic-preventing
substance (MPS) would be keeping the germ cells inactive until puberty.

1.2 Mammalian Spermatozoa from Testis to Fertilization

Spermatogenesis leads to a huge production of spermatozoa from a stock of sper-
matogonia. It takes place in the seminiferous tubules of the testis (Fig. 55) where
mitotic proliferation requires a finite number of divisions characteristic of each
species (six in the rat, for instance); it is followed by meiotic divisions and sper-
miogenesis (Chap. IV). However, in contrast to spermatozoa of most inverte-
brates and low vertebrates, the testicular spermatozoa of mammals are totally
unable to fertilize eggs. Two essential modifications of the spermatozoon are re-

Fig. 55. The male sexual organs in
man. T testis; #s seminiferous
tubules; 7t rete testis; ce vasa ef-
ferentia; ép. epididymis; cd vas de-
ferens; vs seminal vesicle; p pros-
tata; gC Cowper’s gland; céj ejacu-
latory canal; u urethra; V bladder;
SP symphysis pubica; R rectum.
(Courtesy of Prof. J. Mulnard)
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quired to ensure fertility. The first takes place during its journey in the epididy-
mis (Fig. 55), the second in the female genital tract. They are called respectively,
epididymal maturation and capacitation.

Epididymal Maturation: Factors responsible for the functional modification of
the spermatozoa are secreted by the epithelium of the epididymis which re-
sponds to testosterone stimulation by an overall increase in DNA, RNA and pro-
tein synthesis. The journey of the spermatozoon through the epididymis, which
lasts about 2 weeks, causes a complete reorganization of the sperm plasma mem-
brane as shown by changes in surface charge, reduction in the surface sulfhydryl
groups, changes in lipid composition and in membrane ATPase activity, appear-
ance of new antigens, etc.

In addition, there is a shift from oxidative metabolism to glycolysis and fruc-
tose is used instead of glucose as the main substrate. The main consequence of
these changes for the spermatozoon is the acquisition of flagellar motility.

As a result of this maturation, sperm taken from the cauda epididymis (the
distal part of the epididymis) is now able to fertilize eggs after insemination. A
second wave of membrane modifications (coating with several seminal plasma
proteins and glycoproteins), which takes place at ejaculation, is thus not essential
for fertilization per se; it seems to act as a protective mechanism for the ¢jaculat-
ed spermatozoon.

Capacitation: The discovery in 1951 by Austin and Chang, that neither
epididymal nor ejaculated sperm is able to fertilize eggs unless it stays for several
hours in the female genital tract, was the starting point of numerous papers deal-
ing with the process called “capacitation” by Austin. This physiological change
prepares the sperm for the acrosome reaction (see Chap. IV) and, subsequently,
for fusion with the egg membrane. The earliest event during capacitation is a
change in the motility pattern of the spermatozoa: they progressively acquire a
characteristic vigorous whiplash-like beating of the flagellum. The term “hy-
peractivation” has been proposed to describe this movement.

The possibility of obtaining capacitation in vitro in several species has cast
some doubts on the existence of specific “capacitation-factors”. However, in
hamster sperm, two main activities allow one to distinguish between two kinds of
factors. The first factor is responsible for the hyperactivation of flagellar beating.
This “motility factor” is a f-amino acid, taurine or hypotaurine, present at high
concentrations in both male and female genital tracts. The second factor, which is
responsible for the acrosome reaction, is simply serum albumin; its action is en-
hanced by catecholamines.

Capacitation is a multistep phenomenon, which includes removal or modifi-
cation of the sperm surface coat. Among the removable constituents of the coat,
are lipoprotein vesicles. When these vesicles are isolated from seminal fluid,
where they are abundant, and added at high concentration to the capacitation
medium, they reverse the whole process and are therefore referred to as “de-
capacitation factors” (DF).
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COR Fig. 56. Mammalian ovulated egg.
CUM cumulus cells; COR corona
radiata; ZP zona pellucida; EP
perivitelline space; GPI first polar
body; DM2 second maturation spin-
dle; GC cortical granules; MV
microvilli. /-2 Various cytoplasmic
organelles. (Courtesy of Prof. J. Mul-
nard)

How all these agents interact to finally cause the fusion between plasma and
outer acrosomal membranes (acrosome reaction) is still hypothetical, despite the
fact that much more attention has been devoted to the acrosome reaction in
mammals than in any other zoological group. Is is, however, certain that, as in
sea urchins (see Chap. V), Ca?* fluxes are involved. It has been proposed that
calcium ions actively enter the space between the plasma and external acrosomal
membranes where they activate membrane phospholipases with the release of
free fatty acids and-lysophospholipids. Such a membrane destabilization creates
conditions favorable for fusion of the two membranes.

The acrosome reaction takes place in the vicinity of the zona pellucida, the
glycoprotein coat surrounding the egg. It allows both soluble and membrane-
bound acrosomal enzymes to reach their substrates. The best known of these en-
zymes, hyaluronidase, enables the spermatozoon to cross a first vestment, the
surrounding cumulus cells and the corona radiata (Fig. 56). A second sperm-spe-
cific enzyme is acrosin, a trypsin-like proteinase; it was first thought to be re-
sponsible for the zona pellucida penetration, but it has a more restricted,
although essential, role: the binding of the spermatozoon to the zona. The pen-
etration of the zona is apparently ensured by other enzymes such as arylsulfatase,
B-N-acetylhexosaminidase and hyaluronidase. In addition, a mechanical cutting
through the zona pellucida by flagellar beating is not unlikely.

The specific recognition between a spermatozoon and an egg of the same
species is provided by the presence, in the zona pellucida, of a glycoprotein
which displays the properties of a “zona receptor” for a sperm glycoprotein which
corresponds to the “bindin” of sea urchin spermatozoa (see Chap. V). Binding of
a reacted sperm to the plasma membrane of a ripe oocyte is much less specific.
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Advantage has been taken of this fact for fundamental studies on fertilization
and for developing an assay for human fertility, in which zona-free hamster
oocytes are fused with human spermatozoa.

2 Molecular Embryology of Mammalian Eggs

Eggs of mammals, except those of Monotremata, are among the smallest in the
animal kingdom (60 to 150 pm in diameter). This is related to their very special-
ized pattern of development which involves the differentiation of a unique organ,
the placenta: it provides the maternal source of nutrients needed to ensure the
major part of embryonic development. The only period of independent existence
of the eggs is that which elapses, during a few days, from fertilization to im-
plantation. During this “preimplantation period”, the fertilized egg undergoes
cleavage and blastulation which results in the establishment of two distinct cell
populations within the blastocyst (see Figs. 1 and 62). The external cell layer is
the trophectoderm which will differentiate into invasive trophoblast and part of
the placenta; inside is the inner cell mass (ICM) which will develop into the fetus
and extraembryonic membranes (amnion, yolk sac, allantois).

One should keep in mind that there is a great difference between the cleavage
pattern in mammals and in invertebrates and lower vertebrates: in the latter, all
the blastomeres contribute to the development of the embryo, whereas only a
few cells of the inner cell mass (only 3 of 30 in the mouse, for instance) will give
rise to the whole fetus.

The molecular analysis of the very early stages of mammalian development
has started recently due to the development of in vitro culture procedures and of
microanalytic and micromanipulative techniques. Most of our knowledge on the
biochemistry of oogenesis, oocyte maturation, fertilization and blastocyst forma-
tion comes from experiments performed on a limited number of species, mainly
mouse and rabbit. Many problems concerned with human fertility definitely re-
quire research with human material. Two main sources are now available owing
to recent clinical advances: “spare” embryos from in vitro fertilization (IVF) and
embryo transfer programs, and oocytes given by volunteers undergoing steril-
ization. Such studies have already been initiated.

2.1 Oogenesis

Mammalian oocytes do not accumulate a large quantity of reserve materials and
are therefore called alecithic. However, the eggs of the carnivora contain so-
called “yolk-like particles” in their cytoplasm which have been characterized as
glycolipid inclusions. They are therefore chemically different from the yolk
platelets of lower vertebrates.

However, during oogenesis, the oocytes undergo a significant increase in size
during the first half of follicle growth. The nuclear genes are actively transcribed
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during this cytoplasmic growth period, resulting in an accumulation of both
ribosomal and messenger RNAs correlated with the respective levels of RNA po-
lymerase I and II activities. In full-grown oocytes, uridine incorporation into
RNA becomes very low and RNA polymerase activity is no longer detectable.

In rodents, most of the newly synthesized rRNA is accumulated into protein-
aceous cytoplasmic superstructures called cyfoplasmic lattices. These ribosomal
storage forms, which do not participate in protein synthesis, are progressively
disintegrated after fertilization. However, in other mammalian species, no stor-
age form of ribosomes has been observed. The messenger RNAs, which represent
about 10% of the total accumulated RNAs, are very stable and are stored in the
cytoplasm; they have no specific localization.

All these results clearly indicate that as in other organisms, the mammalian
oocyte is preparing the independent existence of the early embryo by the ac-
cumulation of a store of ribosomes and maternal mRNAs.

The pattern of protein synthesis changes according to the growth phase of the
oocytes. For instance, the growing mouse oocyte builds up its own zona pellucida
from three newly synthesized major sulfated glycoproteins; one of which is the
already mentioned sperm receptor. Some of the developmental changes in pro-
tein synthesis are closely correlated with the acquisition of the competence to
resume meiosis at maturation.

The pattern of energy metabolism is also greatly modified during the growth
phase of the oocytes. They progressively lose the ability to produce CO, from
glucose and lactate, whereas the production of CO, from pyruvate increases log-
arithmically. Pyruvate is thus the main energy substrate for large oocytes, zygotes
and even early cleaving eggs.

2.2 Maturation (Resumption of Meiosis)

Oocyte maturation normally takes place at the time of ovulation and is therefore
under pituitary control. The model of molecular events which underly matu-
ration in the Xenopus oocyte (see Chap. IV) seems to apply equally well to mam-
malian oocytes: fast Ca** burst, drop in cAMP content, dephosphorylation of a
“maturation protein”, accumulation of MPF and, finally, germinal vesicle break-
down and chromosome condensation, resulting from an increase in protein
kinase activity have all been reported.

But, in contrast to amphibians and sea urchins, mammalian oocyte matu-
ration is not directly induced by hormonal stimulation. It is known, since the
pioneer work of Pincus and Enzmann in 1935, that “spontaneous maturation”
can be induced in vitro by simple mechanical release of the oocytes from their
follicle. This finding has led recently to the conclusion that, in the ovary, the fol-
licular oocyte is prevented from undergoing maturation by a follicular fluid in-
hibitor. Its precise nature is still controversial. It maintains a high level of cAMP
which is responsible for the inactivation of a “maturation protein”. Meioftic re-
sumption thus depends on the release of this maternal inhibition, initiated by a
luteinizing hormone discharge.
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As already mentioned, RNA synthesis is at a very low level in full-grown
oocytes. Recent experiments have clearly shown that an early transcriptional event
is required for the resumption of meiosis: a-amanitin, at concentrations known
to suppress RNA polymerase II activity, inhibits germinal vesicle breakdown
(GVBD), if it is added immediately after the release of the oocyte from its follicle
(but not later).

An early inhibition of RNA synthesis also suppresses the qualitative changes
in protein synthesis which occur during maturation. This supports the idea that
newly synthesized proteins are actively involved in meiotic resumption and that
they are translated from neosynthesized mRNAs at the beginning of maturation.
Two different sets of newly synthesized proteins can be detected: early proteins,
already synthesized before GVBD, and late proteins resulting from the mixing of
nucleoplasm and cytoplasm. The identity of these proteins is still poorly known.
Among the former, Wassarman and Letourneau have characterized phosphory-
lated histone-like proteins that migrate into the nucleus, which might be con-
stituents of the “chromatin condensation factor” responsible for meiotic and mi-
totic chromosome condensation. The existence of this factor has been demon-
strated by Balakier and Tarkowski, who induced chromatin condensation and re-
sumption of meiosis in small mouse oocytes as well as premature chromosome
condensation (PCC) in mouse blastomeres, by fusing young oocytes (or blasto-
meres) with maturing oocytes.

2.3 Preimplantation Period

As in other zoological groups, the newly fertilized mammalian egg awakes and
undergoes cleavage, but at a very slow pace. Mouse eggs, for instance, take al-
most 3 days to reach the fifth cell cycle. The morula differentiates into a blasto-
cyst (see Fig. 1) when most of its cells have achieved their fifth cycle, i.e. when
the embryo is made of about 32 cells. The cell cycles in the preimplantation em-
bryo are characterized by the near lack of a G-phase and by a 6-7-h-long
S-phase.

The whole enzymatic machinery needed for deoxyribonucleotide synthesis is
active at all preimplantation stages. DNA polymerase a activity, responsible for
semiconservative DNA replication as in sea urchin and amphibia, remains con-
stant from the I-cell to the 8-cell stage. Beyond that stage, it increases several-
fold. The mouse zygote has also the capacity to repair DNA damages induced by
chemicals or irradiation; this involves several enzymatic activities, including that
of DNA polymerase 8. On the other hand, neither the total number of mitochon-
dria, nor mitochondrial DNA (which represents about one-third of the total
DNA content of the unfertilized mouse egg) increase in preimplantation em-
bryos.

Fertilized and cleaving mouse eggs display a high DNA methylase activity
which is responsible for strong methylation of the DNA cytosine residues. An in-
teresting consequence is the repression of the viral genome if a retrovirus is in-
troduced into mouse zygotes and morulae. DNA methylation is related to gene
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expression in many biological systems, as we have seen in Chap. III, and seems
to be one of the essential control mechanisms of gene expression in early mam-
malian development. It was indeed shown that the DNA of the differentiated
trophoblast in the rabbit blastocyst is poorly methylated as compared to the
highly methylated DNA of the still pluripotent inner cell mass.

The newly fertilized egg inherits a large supply of maternal RNAs stored dur-
ing oogenesis. TRNA accounts for about 75% of the total RNA content. As
a consequence of fertilization, quantitative and qualitative changes in protein
synthesis take place during the first cell cycle. They result from the control of ma-
ternal mRNA translation. Total RNA, polyadenylated mRNA, ribosomal RNA
and the total number of ribosomes decrease from fertilization to the late 2-cell
stage, after which a marked increase in all these RNAs takes place until the
blastocyst stage. The bulk of the inherited maternal RNAs has been degraded in
the 2-cell stage embryos; here, it is replaced by new, embryonic transcripts. In-
deed, analyses have shown that the synthesis of all classes of RNAs [TRNA, 45
RNA, poly(A)-mRNA] can be detected in the mouse as early as the 2-cell stage,
which presumably starts already soon after fertilization. The developmental im-
portance of this RNA neosynthesis is shown by the fact that the classical inhibi-
tors of RNA synthesis, actinomycin D and a-amanitin, inhibit both cleavage and
blastocyst formation.

As a consequence of this stimulation of the embryonic genome expression, a
dramatic shift in the newly synthesized polypeptides is observed during the sec-
ond cell cycle: numerous new polypeptide species are synthesized on the new
embryonic transcripts, while the majority of the maternal messengers, which had
been used before this stage, become ineffective. However, a few masked maternal
mRNA species remain available for protein synthesis at the same time. The sig-
nificance of this late post-transcriptional activation of a few maternal transcripts
has still to be investigated. The transition from the maternal to the embryonic
control of development thus takes place at a very early embryonic stage in com-
parison to echinoderms (Chap. VII) and amphibians (Chap. VIII).

More discrete qualitative changes in polypeptide synthesis take place during
the following cell cycles; some of them are clearly limited to either the inner cell
mass or the trophectoderm at the onset of blastocyst formation. Not only stage-
specific, but also tissue-specific polypeptides are identifiable. Their synthesis is
an absolute prerequisite for the morphogenetic events leading to blastocyst for-
mation. Inhibition of their synthesis, which takes place at the beginning of the
fifth cell cycle, prevents blastocyst formation. Thus, both molecular and morpho-
logical differentiation seem to be under the control of a biological clock consist-
ing in the achievement of a given number of DNA replication cycles.

3 Experimental Embryology of the Preimplantation Stages

We have seen that at the end of cleavage, the eggs of the mammals have reached
the blastocyst stage. Gardner, who was the first to adapt microsurgery to the ex-
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perimental study of mouse embryology, clearly demonstrated that the two cell
populations of the 3.5-day blastocysts are already committed. The mechanical
and immunosurgical separation of pure trophectoderm and pure inner cell mass
(ICM) enabled him to transfer the two tissues separately into foster mothers. The
former implants normally, induces the decidual reaction of the uterine stroma
and differentiates into giant polyploid trophoblast cells. The latter (ICM) fails to
implant but, if reassociated with pure trophectoderm from another origin, under-
goes complete differentiation in all embryonic and extraembryonic tissues, ex-
cept trophoblast (Fig. 57). According to classical embryological terminology,
trophectoderm of full-grown blastocysts is thus a determined and unipotent tis-
sue, whereas ICM is largely pluripotent since it Joses only the trophoblastic po-
tentiality.

Because of this very early divergence in determination and because of the in-
creasing interest for mammalian embryology, the cleaving mouse egg has be-
come a choice material for the study of cell commitment, determination and con-
trol of morphogenesis. Three main questions may be asked: How is cell com-
mitment generated? When are the trophectodermal cells determined? Which fac-
tors control blastocyst formation (blastocystogenesis)?

Two main theories have been proposed to answer the first question. In the
late 1940s and early 1950s, Dalcq proposed the existence of a bilateral symmetri-
cal organization in the uncleaved eggs, which would result from an excentric dis-
tribution of the cytoplasmic constituents. Seidel proposed the existence, in the
rabbit egg, of a specialized subcortical area organized like the formation center
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Fig. 57. Microsurgical demonstration of the respective developmental potentials of inner
cell mass (icm) and trophectoderm in the mouse blastocyst. (According to R. L. Gardner).
1 Bisection of a blastocyst. 2 Reconstitution of mouse blastocyst from genetically different
mural trophectoderm and inner cell mass. (See text for details)
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Fig. 58. Obtainment of allophenic mice: Left, from bottom to top: in vitro aggregation of
two living cleavage stage embryos of pigmented and albino genotypes. Upper right: An al-
lophenic mouse from such paired genotypes. Lower right: Two of the offspring of this al-
lophenic female mouse after mating with an albino male. One comes from a genetically
pigmented, the other from an albino germ cell (Mintz 1971)
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(Bildungszentrum) of the insects, which would confer to some of the blastomeres
the ICM differentiation potentiality.

This predetermination or segregation theory became very doubtful when Tar-
kowski (1961) and Mintz (1962) demonstrated that two genetically marked cleav-
ing embryos made of 8 to 16 blastomeres can be aggregated together to form a
single, giant tetraparental blastocyst. It can be implanted into a foster mother
and it develops into a so-called allophenic mouse made of two phenotypically
distinguishable cell populations (Fig. 58). This remarkable regulation capacity
clearly demonstrated that mammalian eggs are of the regulative and not of the
mosaic type (Chap. IIT). In addition, the classical experiment of Driesch on sea
urchin eggs at the 2-cell stage, which have led to the concept of embryonic regu-
lation (see Chap. III), could be successfully repeated on mouse, 2-cell-stage em-
bryos: after separation of the two cells, each blastomere forms a small blastocyst
which can develop into a normal mouse. However, when 4- and 8-cell-stage em-
bryos are dissociated, it is observed that the later the dissociation is carried out,
the more numerous are the vesicular structures made of trophectoderm only.
This crucial experiment enabled Tarkowski and Wroblewska to propose in 1967,
the epigenetic or outside-inside theory of primary differentiation in mammals: de-
termination depends solely on the position of the cells within the embryo. The
blastomeres, which are enveloped by others and thus separated from the external
medium, acquire an “embryonic” determination as a result of their new microen-
vironment. In contrast, the peripheral cells, still in contact with the external
medium, retain the basic potential of all blastomeres to become trophectoderm.

At the 8-cell stage, the mouse embryo undergoes an important morphological
change, called “compaction” because adhesion of the blastomeres to their neigh-
bors becomes so tight that the interblastomeric furrows seem to disappear
(Fig. 59). This compaction is due to the formation of both tight junctions and gap
junctions between the blastomeres.

It is known, at the molecular level, that compaction depends on sterol synthe-
sis, glycosylation of membrane proteins and organization of the microfilaments
(but not of the microtubules) in a network. Compaction is a Ca?* dependent
morphogenetic event: calcium ions play an essential role in cell membrane appo-
sition by triggering structural modifications in a special kind of cell adhesion
molecule (see Chap. XI) that has been called uvomorulin or cadherin. Johnson
and co-workers have shown that at compaction, the blastomeres become polar-
ized: they all display the cytoplasmic polarity already described long ago by
Dalcq. In addition, there is a structural asymmetry in their plasma membrane,
i.e. the portion of the embryo corresponding to the exposed surface has many
microvilli and is rich in lectin receptors, in contrast to the apposed portions of the
membranes. The latter displays an intense alkaline phosphatase activity which is
completely absent on the exposed surfaces. As a consequence of radial mitoses,
two kinds of cells are generated at the 16-cell stage: large external polar cells and
small internal apolar cells (Fig. 59). The apolar cells are much more adhesive
than the polar ones. Consequently, dissociated apolar cells reaggregate and re-
compact much more rapidly than dissociated polar cells. In contrast, aggregates
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Fig. 59 A, B. Compaction and polarization in mouse eggs. A Eight-cell stage embryos be-
fore (left) and after compaction (right). B The polarization hypothesis: polarization takes

place at compaction (I - 2). At the 16-cell stage (3) apolar (@) and polar cells (p) are
generated

of polar cells cavitate (i.e. form a blastocoele cavity) earlier than aggregates of
apolar cells. However, both reconstituted embryos finally develop into normal
blastocysts. If they are placed in contact, a large polar cell tends to engulf a small
one. Thus, a polar cell will occupy an external position even if it has been placed
in the center of a reconstituted aggregate made of 15 apolar cells, whereas a
single apolar cell associated with 15 polar cells will be determined according to
its location. These fascinating experiments suggest that as a consequence of the
cellular polarization, which occurs at the 8-cell stage, a differential segregation of
cytoplasmic and membrane territories takes place during the next cleavage, thus
leading to early cytodifferentiation.

Regarding the second question (when are the cells determined?) it has been
possible to demonstrate the totipotency of every blastomere at the 8-cell-stage.
Contribution to both trophoblast and fetuses in eight reconstituted embryos was
demonstrated for each blastomere of the same origin.
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Fig. 60 A—C. A mouse 8-cell embryo has been
injected into the blastocoele cavity of a giant
blastocyst (A). It is surrounded by its zona pel-
lucida and forms a normal blastocyst (B); with-
out a zona, the injected embryo forms a second-
ary ICM only. (From Pedersen and Spindle
1980; reprinted from Nature, 1980, 284: 550-552
by copyright permission of Macmillan Journals
Ltd.)

While no equivalent experiments have been performed so far at later stages,
dissociation and reassociation experiments strongly suggested that at the 16-cell
stage, both external and internal cells remain totipotent despite their obvious cy-
todifferentiation. At the 32-cell stage, the presumptive trophectodermal cells are
already committed, while the internal cells remain totipotent until the mid-
blastocyst stage.

It is now well demonstrated that an asymmetric cell contact is responsible for
the cell polarization and, consequently, for trophectoderm determination. The
ICM cells of expanding blastocysts are protected against such an asymmetric
contact by trophectoderm cytoplasmic processes. One of the most convincing ex-
periments concerning the importance of cell contacts (and not only of cell en-
vironment) in the fate of the morula blastomeres is the following: a morula was
introduced inside a giant blastocyst made of eight to ten aggregated embryos.
The morula was either denuded or left inside its zona pellucida in order to either
allow or avoid cellular contacts with the host blastocyst. The two morulae dis-
played entirely different patterns of development, i.e. they differentiated into an
inner cell mass and a complete blastocyst, respectively (Fig. 60).
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A last question concerning the control mechanisms of blastocystogenesis is
the following: What is the nature of the biological clock which triggers the initia-
tion of cavitation? Blastocyst formation starts by an intracellular vacuolization
which takes place suddenly in a few external cells. This is followed by the lateral
fusion of these initial large vacuoles into an extracellular cavity that enlarges by
exocytosis and fluid accumulation by active pumping.

This process follows the already mentioned molecular differentiation and
takes place at a precise stage of cleavage (about 32 cells in the mouse). It is
known that neither the cell number itself, nor the time elapsed since fertilization
are the triggers for cavitation. A better candidate for such a role seems to be the
number of evolved DNA replication cycles, since both molecular differentiation
and intracellular vacuolization take place in embryos in which cleavage has been
inhibited by cytochalasin B. This situation recalls differentiation without cleav-
age in a Chaetopterus activated egg (Chap. VII). As in Chaetopterus, differen-
tiation of the mouse egg does not take place in the absence of DNA synthesis un-
less the fourth DNA replication cycle after fertilization has been achieved. This
cycle might therefore be referred to as a “quantal replication cycle” (see Chap.
XI). It is indeed possible to obtain normal cavitation in early, 16-cell-stage and
even in late 8-cell-stage embryos which have been prevented from undergoing
further DNA replication by inhibition of DNA polymerase a with aphidicolin.

If we now consider the ultimate step of blastocystogenesis, namely the forma-
tion of an overt extracellular blastocoelic cavity, it is clear that this step is the on-
ly one which strictly depends on compaction for the presence of tight junctions
between the external cells. They probably provide the required conditions for the
lateral fusion of the intracellular vacuoles.

4 Early Postimplantation Stages

Most of the data concerning early postimplantation stages result from studies
made on mouse embryos, thus it would be unwise to generalize them for all
mammals, although they are probably valid for most of them.

It is difficult to approach molecular and experimental embryology of post-
implantation stages, because no large-scale in vitro culture methods are available
so far. However, one should mention that Y.C. Hsu obtained after years of in-
vestigations, normal in vitro development of mouse embryos cultured from the
2-cell stage until the limb-bud stage, corresponding to a 11-day-old embryo.

4.1 Trophectoderm Differentiation

The only differentiation event which can be studied under in vitro standardized
conditions is the formation of the primary giant trophoblast cells resulting from
the outgrowth of the mural trophectoderm surrounding the blastocoelic cavity
(Fig. 61); this outgrowth mimics uterine wall invasion. The differentiation of the
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Fig. 61. Blastocyst outgrowth after culture for 70 h in the presence of fetal calf serum; it
displays a well-developed ovocylinder (star). ZP empty zona pellucida

mural trophectoderm cells is characterized by DNA endoreduplication leading to
polyploidization, and by the production of specialized enzymes such as 4°, 3f-
hydroxysteroid dehydrogenase (34-HSD) and a protease, plasminogen activator.
The differentiation of the polar trophectoderm, which covers the ICM, follows a
different pathway: it develops into an ectoplacental cone and an extraembryonic
ectoderm, both made of mitotically dividing cells (instead of polyploid giant cells)
(Fig. 62).

Blastocyst bisection and reconstitution experiments enabled Gardner to dem-
onstrate that all trophectoderm cells have the potential to transform into giant
cells; however, they are unable to undergo this kind of differentiation if they are
in close contact with an inner cell mass. The latter thus displays a local inhibitory
effect, which explains the growth of both the ectoplacental cone and extraembry-
onic ectoderm at later stages. Unfortunately, nothing is known about the bio-
chemical mechanisms of these processes. The unique property of the troph-
ectoderm-derived cells to undergo polyploidization in the absence of the inhibi-
tory influence of embryonic cells has clarified the origin of the extraembryonic
ectoderm, which remained controversial for a long time. When cultured in vitro
or grafted on an ectopic site of a mouse (testes or kidney capsule), cells of the
extraembryonic ectoderm (as well as those of the ectoplacental cone) cease im-
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Fig. 62. Three successive stages of the

VExEn ExEc development of the mouse blastocyst.
PT polar trophectoderm; MT mural
trophectoderm; JCM inner cell mass;

\ VEn visceral endoderm; EmEc em-
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bryonic ectoderm; PEn parietal en-
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mediately to divide and transform into giant trophoblastic cells, whereas em-
bryonic ectodermal cells do not.

Microinjection of embryonic cells (ICM) into genotypically distinct blasto-
cysts leads to the production of chimaeric mice. According to their determi-
nation, the injected embryonic cells contribute to the formation of various tissues
in the developing chimaeric fetus. Chimaerism can be demonstrated, at the level
of a single fetal tissue or membrane, by the presence of two genetically deter-
mined variants of an enzyme, glucose phosphate isomerase (GPI-1a and GPI-Ib);
the former is encoded by the homozygous Gpi-la/Gpi-la donor-derived cells
and the second by the homozygous Gpi-1b/Gpi-1b host blastocyst-derived cells.

When either extraembryonic ectoderm or ectoplacental cone cells of 5.5-day-
old embryos were injected into 3.5-day-old blastocysts, they always failed to con-
tribute to any tissue other than the trophoblast itself, thus unequivocally demon-
strating that they have undergone irreversible determination.

4.2 1CM Development

We shall only deal with the early differentiation of the inner cell mass with spe-
cial attention to extraembryonic endoderm formation. Already before implanta-
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tion, the ICM differentiates into a didermal embryo made of primitive ectoderm
(epiblast) and primitive endoderm (hypoblast); its formation at the periphery of
the ICM has been shown to be under an epigenetic, positional control (as for the
trophectoderm). Cell injection experiments on 3.5-day-old blastocysts clearly
demonstrated that the primitive endoderm is determined as soon as it is formed.
It is strictly restricted to the endoderm layers of the yolk sac, whereas the still
pluripotent epiblast cells retain the fetal and extraembryonic mesodermal po-
tentialities, but they have lost the extraembryonic endodermal potentialities.

The following steps of extraembryonic endoderm differentiation is one of the
best documented examples of genetic programming modulated by cellular in-
teractions in mammals. The primitive endoderm spreads all over the mural
trophectoderm where it becomes the so-called parietal endoderm. Its counterpart,
still in contact with the epiblast, constitutes the visceral endoderm. As a conse-
quence of the axial growth of the extraembryonic and embryonic ectoderms into
an “ovocylinder”, the visceral endoderm becomes subdivided into the mor-
phoiogically distinguishable visceral extraembryonic endoderm and visceral em-
bryonic endoderm, respectively (Fig. 62).

In addition to their respective morphology and location, these three primitive
endoderm derivatives are clearly different from a molecular viewpoint. The
parietal endoderm synthesizes plasminogen activator together with itwo glyco-
proteins (laminin and type-IV procollagen), which are deposited in a thick base-
ment membrane apposed to the giant trophoblast cells, the so-called Reichert
membrane. The visceral endoderm forms a thin basement membrane rich in
another glycoprotein, fibronectin. The visceral endoderm also synthesizes a-feto-
protein, a protein similar to albumin, already before the extraembryonic meso-
derm has been formed. However, at that stage, its expression is restricted to the
visceral embryonic endoderm. Different genes are thus expressed in parietal and
in visceral endoderm.

In vitro culture of isolated pieces (alone or in association) of the early ovo-
cylinder (Fig. 62) clearly demonstrated the essential role of cell-cell interactions
in the determination of these cells. It has been shown that the visceral ex-
traembryonic endoderm has the potentiality to express the a fetoprotein gene;
but it is prevented in doing so until the inhibitory influence of the underlying
trophectodermal tissue (the extraembryonic ectoderm) has been withdrawn,
when it is replaced by yolk sac mesoderm during normal development. Con-
versely, when left alone or in contact with trophectoderm-derived cells, visceral
endoderm is able to differentiate into parietal endoderm; it then synthesizes
large amounts of laminin and type-IV procollagen.

Several aspects of the molecular mechanisms controlling gene expression dur-
ing visceral and parietal endoderm differentiation have been extensively studied
on teratocarcinoma cells induced to differentiate in vitro. We shall come back to
them in Chap. XI.

The cell lineage of the early development of the mouse is thus now well docu-
mented, however, data concerning stages beyond gastrulation are still frag-
mentary. This is mainly due to the lack of a suitable cell marker. Very recently,
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molecular embryology has come to the rescue of morphology: it has been pos-
sible to specifically identify the cells of Mus musculus in viable chimaeric Mus
musculus <> Mus caroli embryos by in situ hybridization of a radioactively la-
belled DNA probe, specific for Mus musculus satellite DNA. It should now be
possible to study very accurately the mouse embryonic cell lineages.

4.3 X Chromosome Inactivation

The heterochromatic body (the so-called Barr body) which is detectable in the
interphase nuclei of several female mammals is, as shown in 1961 by M. Lyon, a
consequence of the inactivation of one of the two X chromosomes early in em-
bryonic development. Only one of the two X chromosomes retains its tran-
scriptional activity and this creates, in all adult female cells, a situation equi-
valent to that existing in the male. In addition to the absence of production of
any gene product, the “inactive X chromosome” displays two properties which
make its detection possible: strongly condensed chromatin and late replication.

X chromosome inactivation is an exciting field for molecular geneticists. It is
now well established that the inability of the DNA of the inactive X chromosome
to be transcribed is correlated with hypermethylation of its sequences. Changes
in DNA methylation are responsible for the switching off of various genes, as we
have seen in Chap. III. The recent progress made in mammalian embryology has
allowed the discovery of an unexpected sequence of events in X chromosome
inactivation. The X chromosome of the spermatozoon being inactive, the only ac-
tive X chromosome of the fertilized egg is thus the maternal X (Xm). In mouse
eggs, the paternal X chromosome (Xp) is reactivated at the 8—16-cell stage; thus,
both X chromosomes are active in morulae. Inactivation first takes place at the
blastocyst stage, in the trophectodermal cells only; both X chromosomes are still
active in the inner cell mass. A second wave of inactivation occurs in the ex-
traembryonic endoderm at the onset of its differentiation (Fig. 62). The pluripo-
tent epiblast still expresses the genes present in both X chromosomes, which is
still the case in at least some of the ectodermal cells of 6.5-day-old embryos. The
germ cells are the last to undergo X chromosome inactivation. Reactivation oc-
curs at the onset of meiosis so that both paternal and maternal X chromosomes
are active throughout oogenesis. Thus, X chromosome inactivation takes place in
a recurrent way concomitantly with differentiation processes in the embryo,
while reactivation occurs only in the female germ cells at meiosis.

This sequence of events has been clearly established in the mouse, due to a
very sensitive assay consisting in the determination, at the level of a single em-
bryo and even of a part of it, of the relative activities of an X chromosome-coded
enzyme, hypoxanthine phosphoribosyl transferase (HPRT) and an autosomal-
coded enzyme, adenine phosphoribosyl transferase (APRT). This method failed
to give indications of the paternal or maternal origin of the inactivated X chro-
mosome, but this gap has recently been filled.
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The discovery of two electrophoretic variants of the X chromosome-encoded
enzyme phosphoglycerate kinase (PGK-1A and PGK-1B) now makes the dis-
tinction between the two alleles in heterozygous female mouse embryos possible.

It was found that in the extraembryonic tissues (trophoblast and extraembry-
onic endoderm), a preferential paternal X inactivation occurs, whereas in all
three germ layers of the fetus, in the yolk sac mesoderm and in the germ cells,
X chromosome inactivation is a random process.

5 Interspecific Hybrids and Chimaeras

We cannot leave mouse embryology without mentioning a few remarkable ex-
periments which have important implications for cell differentiation.

Even when fertilization takes place between two closely linked species by
either in vivo or in vitro insemination, pregnancy is unsuccessful except for very
few cases such as horse and donkey, or lion and tiger. Transfer of embryos be-
tween females of two different species is successful only in the same few excep-
tional cases. Failure of pregnancy after both interspecific hybridization and
transfer seems to be due to a maternal immunological reaction against embry-
onic antigens carried by the trophoblast tissue. This idea is reinforced by the pro-

Fig. 63. Interspecific chimaera
between sheep and goat. (Courtesy
of Fehilly, Willadsen, Tucker 1980;
reprinted from Narure, 1984, 307:
634-636 by copyright permission
of Macmillan Journals Ltd.)
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duction by Mus musculus females of viable Mus caroli offspring after transplan-
tation of reconstituted blastocysts made of Mus musculus trophectoderm and
Mus caroli ICM.

We have seen that it is possible to aggregate together two mouse morulae
possessing different genetic markers (fur coat color, for instance), to culture them
and to implant them into a foster mother of known genotype: one obtains
“mosaic” mice, like the famous zebra mice shown in Fig. 58. Such mice have
been called allophenic or tetraparental because each of the two fused morulae
had its own father and mother. Their analysis has been important for our under-
standing of embryonic differentiation. Using the same experimental procedure,
viable chimaeras between Mus musculus and Mus caroli have been produced by
transferring the tetraparental blastocysts to Mus musculus recipients; the pres-
ence of trophoblast cells of maternal uterine genotype allows the chimaera to
survive. More impressive are the intergeneric chimaeras created by recombi-
nation of sheep and goat blastomeres: some of the chimaeras looked like a goat
with a woolly skin (Fig. 63). This was perhaps the origin of the mythological
chimaeras and centaurs!



CHAPTER X

Biochemical Interactions Between the Nucleus
and the Cytoplasm During Morphogenesis

We have repeatedly seen that the nucleus and the cytoplasm continuously in-
teract during normal egg development. These interactions can be experimentally
modified in two different ways. The most radical experiment is to divide the egg
into two parts (merogony) and to compare the morphogenetic and biochemical
potentialities of the nucleate and anucleate halves. Another approach is to modify
the nucleus. One of the simplest ways to attain this goal is to introduce a foreign
nucleus into the egg by hybridization or nuclear transplantation.

Biochemical work on anucleate fragments of eggs and on hybrids will be the
main topic of this chapter. We shall, however, start with another object, the uni-
cellular giant alga Acetabularia, since this organism presents a number of ad-
vantages for those who are interesied in the role of the nucleus in morphogenesis
and in the biochemical interactions between the nucleus and the cytoplasm.

1 Biology and Biochemistry of the Alga Acetabularia
1.1 Biological Cycle. Regeneration

The giant green alga, Acetabularia mediterranea, which is 3 to 5 cm long, has a
single nucleus during the major part of its life cycle (Fig. 64). This nucleus, which
is large and contains giant RNA-rich nucleoli, but very little chromatin, is lo-
calized at the basal part of the alga (which is called the rhizoid). At the apical end
of its stalk, the still uninucleate alga forms an umbrella (or cap) which will later
serve for its sexual reproduction (formation of cysts, which will produce motile
gametes). The morphology of the cap is species-specific and allows taxonomists
to classify the different species of Acerabularia. The most important of these
species, for biochemists, are 4. mediterranea and A. crenulata, which can easily
be cultivated in large amounts in the laboratory.

Morphogenesis is affected, in Acetabularia, by the amount of light it receives.
If the light supply is abundant, caps form quickly on short stalks. Reduced light
supply results in the formation of very long stalks and delayed production of
small caps. Absence of light completely stops growth and induces a number of
degenerative changes in the nucleus (decrease in size, reduction of the dimen-
sions and RNA content of the nucleolus); all these changes are reversible if light
is again supplied to the algae. These simple experiments clearly show that the
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Fig. 64. Acetabularia mediterranea. Upper left: Life cycle of the alga. I zygote; 2 young
growing cell; 3 slowly growing alga; 4 alga in its rapid growing phase; 5 alga with a young
cap; 6 alga with a mature cap; the vegetative nucleus N has broken down and cysts dis-
perse out of the cap. 7 Enlarged resting cyst; 8 germinating cyst giving rise to the gametes;
9 conjugation between two gametes. N nuclei; p/ chloroplasts; st stigma; rh rhizoids (after
J. Himmerling). Below left: cyst formation in a cap. Right: whole alga
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® Fig. 65. Distribution of morphogenetic substances
according to the experiments of J. Himmerling

structure and chemical composition of the nucleus depend on the energy supply
in the cytoplasm derived from photosynthesis.

Acetabularia has become a fascinating subject for biologists and biochemists
since the fundamental work of Himmerling around 1930. He discovered that if
the alga is cut into two pieces, both the nucleate and anucleate fragments can re-
generate and form a typical cap. Anucleate fragments can survive for several
weeks and form caps, provided that the apical part of the stalk is present. The
algae thus contain morphogenetic substances, which are distributed along an
apico-basal gradient; as shown in Fig. 65, basal fragments, although they are
close to the nucleus, hardly regenerate and never form caps. Nevertheless, the
morphogenetic substances are gene products and originate from the nucleus. This
has also been demonstrated by Himmerling, who succeeded in grafting nucleate
fragments of A. mediterranea on anucleate stalks of A. crenulata and vice versa.
The result is, in general, the formation of a “hybrid” cap, which soon degenerates
and is replaced by the typical cap of the nucleate fragment. There is a kind of
“struggle” between the pre-existing morphogenetic substances present in the
anucleate half of one species and the newly formed substances produced by the
nucleus present in the nucleate half. The battle is ultimately won by the nucleus.
The reasons why the gradient in the distribution of the morphogenetic substances
decreases from the apical toward the basal end of the stalk and not, as one would
expect, from their nuclear origin, in the opposite direction, are not clear. Exper-
iments by Russian workers have shown that it is possible to displace, by centrifu-
gation, almost the whole content of the alga toward the apical or the basal end of
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an anucleate fragment. Nevertheless, the polarity remains unchanged and the cap
forms at the initial apical end. Thus, it is probable that polarity is linked to the
properties of the cell membrane and cell wall, which are different at the apical
end, where growth occurs. There is an accumulation of RNA, proteins, glyco-
proteins and polysaccharides at this apical end. It is possible, but this remains a
hypothesis, that the membrane contains specific receptors for the morphogenetic
substances; such receptors would be accumulated at the apical end of the stalk.

1.2 Morphology of the Cytoplasm and the Nucleus

The algae are protected by a thick extracellular wall made of polysaccharides; it
is in close contact with the plasma membrane which limits the cytoplasm. The
center of the alga is occupied by a large, turgescent, acidic vacuole. The cyto-
plasm is reduced to a thin sheet, compressed between the extracellular mem-
brane and the central vacuole. Golgi bodies, which are accumulated at the grow-
ing apical end of young algae where they participate in the formation of the poly-
saccharide cell wall, and mitochondria are abundant in the cytoplasm. But the
most obvious cell organelles are the chloroplasts; they are ovoid and often con-
tain inclusions of the polysaccharides, which they have synthesized by photosyn-
thesis. If one observes an A cetabularia under the light microscope, one can see
that the chloroplasts are moving continuously on cytoplasmic strands; this move-
ment is called cyclosis. Cytoplasmic contractile proteins (actin, myosin) are in-
volved in cyclosis, since chloroplast movement quickly stops if the algae are
treated with the actin-binding drug, cytochalasin.

The large (300 um in diameter) “vegetative” nucleus of the alga contains, ac-
cording to the Acetabularia species, a single large ribbon-shaped nucleolus or
several smaller nucleoli (Fig. 66). The nucleoli are very rich in RNA and are the
site, as we shall see, of intensive rRNA synthesis. It has been impossible for a
long time to demonstrate cytochemically the presence of DNA in the huge veg-
etative nucleus. On the other hand, DNA is easily detectable in the much smaller
nuclei of the gametes and zygotes. Recent studies have shown that the vegetative
nucleus contains lampbrush chromosomes similar to those of amphibian oocytes:
20-um-long, DNA-containing loops extend in the abundant nuclear sap from
condensed chromomeres. The nucleus, despite its large size, is diploid and con-
tains a little more DNA than the theoretical diploid value, which is due, as we
shall see, to amplification of extrachromosomal (nucleolar) genes. When the cap
reaches its full size, the nucleus shrinks, the nucleoli regress and a huge in-
tranuclear spindle is built up. Meiosis occurs at this time. The numerous small
daughter nuclei, which move toward the cap and invade it, are haploid. In the
cap, groups of such “secondary” nuclei, which have been repeatedly dividing,
become surrounded by a polysaccharide membrane: the cap is now subdivided
in cysts (Fig. 64); each of them contain many haploid nuclei. Finally, the cysts
are released in seawater and give rise to a swarm of flagellated haploid gametes.

As one can see, there is a remarkable similarity between Acetabularia and
eggs from animals so far as the behavior of the nucleus is concerned: the vegeta-



Morphogenetic Substances and mRNAs: Experiments with Inhibitors 159

Fig. 66 A,B. Living nuclei of two species of Acetabularia photographed in situ with inter-
ference optics. A A. mediterranea: sausage-shaped nucleolar aggregates. B A. cliftonii: sepa-
rate nucleolar units (Spring et al. 1978)

tive nucleus is, like the oocyte germinal vesicle, in meiotic prophase. In both
cases, the nucleoli are RNA-rich and well-developed; the chromosomes are in an
extended lampbrush state and the nuclear sap is abundant. However, the life
cycles diverge after meiosis: in Acetabularia, the repeated cell divisions of the
secondary nuclei precede the formation of gametes and zygotes; in eggs, cleavage
follows fertilization.

1.3 Biochemical Studies

1.3.1 Morphogenetic Substances and mRNAs: Experiments with Inhibitors

The main problem is, of course, the chemical nature of the morphogenetic sub-
stances. There are many good reasons for believing that since they are synthe-

sized in the nucleus and carry the information necessary for the production of the
many proteins which are certainly needed for cap formation, the morphogenetic
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substances are a family of stable mRNA molecules. No experiments contradicting
this hypothesis have so far been published and there is, as we shall see, ample
circumstantial evidence in its favor. However, direct proof, such as isolation of
the mRNAs produced by the nucleus and demonstration that they have biologi-
cal activity, is still missing.

In favor of the mRNA hypothesis are a number of facts. UV-irradiation, at
wavelengths which affect the integrity of nucleic acids, inhibits regeneration in
anucleate halves, in particular when the apex of the stalk, where morphogenetic
substances are accumulated, is irradiated. Irradiation of nucleate halves has only
a transitory effect. Regeneration is stopped and then resumes when the nucleus
has been damaged in a reversible way only. Similar results are obtained when
living fragments of the algae are treated with the enzyme ribonuclease. Loss of
regeneration is irreversible after treatment of anucleate fragments, reversible
after action of ribonuclease on the nucleate ones. Ribonuclease apparently
destroys the pre-existing mRNAs; new mRNAs cannot be produced unless the
nucleus is present.

The mRNA hypothesis predicts that, on the contrary, actinomycin should not
inhibit the regeneration of the anucleate halves (since the drug does not bind the
pre-existing RNAs), but would arrest that of nucleate halves (because ac-
tinomycin will inhibit the synthesis of new mRNA molecules by the nucleus).
These expectations are fulfilled by experiments.

In actinomycin-treated anucleate fragments, an unexpected secondary effect
is, however, observed after a few days. While the initiation of cap formation was
as good as in the controls, the growth of the anucleate caps is definitely depressed.
The probable explanation of this secondary effect is the following: the chloro-
plasts, which exist in very large numbers in the algae, contain their own DNA.
Actinomycin binds to chloroplastic DNA and this binding results in alterations of
chloroplast activity which lead to a slowing down of the outgrowth of the cap.

Autoradiography brings further evidence for the view that the morphogenetic
substances are stable mRNAs. If a normal alga is treated for a short time with
labelled uridine, this precursor is very quickly incorporated into nuclear RNA. If
the algae are cultivated, after this uridine “pulse”, in normal seawater, one can
follow the migration of the RNAs which have been synthesized in the nucleus.
They first move into the cytoplasm, then accumulate at the apex of the stalk
(where, as we know, the morphogenetic substances are also concentrated). We
shall soon see that more recent biochemical evidence also support the stable
mRNA hypothesis.

1.3.2 Energy Production

Oxygen consumption and photosynthesis remain normal in anucleate fragments
for a few days. Afterward, the rate of photosynthesis somewhat decreases, as well
as the ATP content, in the anucleate halves.

Of particular interest is the existence of a circadian rhythm in photosynthetic
activity. If the algae are submitted to alternate periods of light and darkness,
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each period lasting about 12 h, they “remember” this photosynthetic thythm for
a certain time when they are cultivated in continuous light. Anucleate fragments
retain their circadian rhythm of photosynthesis for many weeks. If however, nu-
cleate fragments with a given rhythm are grafted on anucleate halves which have
a different periodicity in their rhythm, the nucleus imposes its rhythm on the
chloroplasts of the anucleate halves. It is even possible to combine, in such grafi-
ing experiments, nucleate halves which have lost their rhythmicity with anucleate
fragments which possess a normal rhythm or vice versa. Only when the nucleate
half has retained its thythm will the graft be the site of a circadian rhythm.

This, as well as other experiments made with inhibitors of RNA and protein
synthesis, has shown that the circadian rhythm of photosynthesis is not complete-
ly autonomous in anucleate halves. A nuclear control, probably exerted by
mRNAs, superimposes itself on cytoplasmic rhythmicity and controls it.

Similar results and conclusions have been obtained for several other circadi-
an rhythms found in Acetabularia. They deal with the shape of the chloroplasts,
the RNA, polysaccharide and ATP content, etc.

1.3.3 Protein Synthesis

The protein content of both nucleate and anucleate halves approximately dou-
bles during the 2 weeks which follow the sectioning of the algae. Since many of the
newly synthesized proteins are specific enzymes and since we know that enzyme
synthesis is controlled by the genes, it follows that the information which emer-
ges from the genes must be stored in the cytoplasm of the anucleate fragments.
The only explanation that molecular biology can offer for such a paradox is the
intervention of stable mRNA molecules, which have been synthesized in the nu-
cleus and stored in the cytoplasm.

Certain enzymes, for instance, the phosphatases and the enzymes involved in
the production of the cell walls, markedly increase in activity when the caps
form. This increase occurs in anucleate as well as in nucleate fragments. Some of
these enzymes are distributed along the apico-basal gradient as morphogenetic
substances, a fact which suggests that the corresponding mRNAs might have the
same spatial distribution.

Regeneration, in anucleate fragments, is quickly and irreversibly blocked by
puromycin and cycloheximide, the two classical inhibitors of cytoplasmic protein
synthesis. On the other hand, chloramphenicol and tetracycline, which inhibit ch-
loroplastic and mitochondrial protein synthesis, have very little effect on regener-
ation. Since the effects of puromycin and cycloheximide on regeneration are re-
versible in the case of nucleate fragments, one can safely conclude that proteins
synthesized on cytoplasmic polysomes, under the direction of mRNAs of nuclear
origin, play a more important role in morphogeneis than the newly synthesized
chloroplastic proteins.

The chlorophasts contain their own enzymes and it would seem likely, at first
sight, that this synthesis is controlled by chloroplastic rather than nuclear DNA.
Experiments by Schweiger, in which nucleate halves of A. mediterranea were
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grafted into anucleate halves of A. crenulata and vice vers, have shown that this
is not true for the lactic and malic dehydrogenases. The enzymes present in the
chloroplasts of the “hybrid” progressively change and are replaced by others,
which are characteristic of the species which provided the nucleus. The same nu-
clear control has been found for the synthesis of the insoluble proteins which
form the chloroplastic membrane and of the chloroplastic ribosomal proteins.

Inhibitors which discriminate between chloroplastic and cytoplasmic protein
synthesis have been very useful for the analysis of enzyme synthesis in 4cetabu-
laria. As we have seen, puromycin and cycloheximide inhibit the functioning of
the cytoplasmic 80S ribosomes, while chloramphenicol blocks protein synthesis
in the chloroplastic 70S ribosomes and in the still smaller mitochondrial
ribosomes. Use of these inhibitors has disclosed an unexpected fact: one would
have expected that the activity of the enzymes involved in DNA synthesis in-
creases when the vegetative nucleus breaks down and the daughter nuclei mul-
tiply at a fast rate. This is indeed what happens for thymidine kinase and other
enzymes important for DNA synthesis; but a surprise came when it was found
that these enzymes are encoded by chloroplastic DNA, not by nuclear genes.

Subtle interactions between the nuclear and chloroplastic genomes thus take
place during the life cycle of the alga, in particular at the time of cap formation.
In order to throw some light on these interactions, a direct approach has been
taken recently by H.G. Schweiger and colleagues. They injected mRNAs into the
algae and studied their in vivo translation on 80S cytoplasmic ribosomes. The
main conclusion was that during the Acetabularia life cycle, translation of some
proteins is not regulated, i.e. it proceeds for months at a constant rate; but trans-
lation of other proteins is turned off at a given stage. In contrast, at the same
stage, translation of still another group of proteins is enhanced. Continuation of
these experiments should throw more light on the complex pattern of protein
synthesis regulation during growth and morphogenesis in 4 cetabularia.

1.3.4 RNA Synthesis

The total RNA content, like the protein content, doubles within 2 weeks when
caps are formed in either nucleate or anucleate fragments. This large increase is
mainly due to the synthesis of chloroplastic RNAs. Only recent work, in the
laboratories of H.G. Schweiger and W. Franke, has allowed precise studies on
RNA production by the nucleus.

Amplification of the ribosomal (nucleolar) genes occurs, as in amphibian
oocytes, in the Acetabularia vegetative nucleus. Electron microscopy of spread
nucleoli and estimations of their DNA content have shown that there are about
4000 copies of the 28S and 18 S rRNA genes in the vegetative nucleus. As in the
oocyte nucleus, this number of copies does not increase markedly during the
growth period of the vegetative nucleus, thus, amplification apparently takes
place soon after zygote formation.

The general organization of the ribosomal genes is very similar in the nu-
cleolar organizer of Acetabularia and Xenopus oocytes (see Figs. 27 and 28). Tan-
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dem repeated transcription units are separated by untranscribed spacers of vari-
able lengths. However, these spacers are, on the average, smaller in Acetabularia
than in Xenopus and the size of the nucleolar rRNA precursor, in the alga, is not
much larger than that of the final products (28 S+ 18 S TRNAs). The rate of IRNA
synthesis by the vegetative nucleus is very high (4107 nucleotides/per second
per nucleus); it is increased 20 times a few days after removal of part of the stalk.
The ribosomal RNAs are quickly transferred from the nucleus to the cytoplasm,
where they display a great stability (half-life of 80 days); they move from the rhi-
zoid to the apex of the stalk with a speed of 2—4 mm day™. As one can see, the
Acetabularia nucleus is, like the oocyte nucleus, a machine for the large pro-
duction of cytoplasmic ribosomes.

Fortunately, the chloroplastic mRNAs have no polyadenylic “tail” (see
Chap. III) and this has given the possibility of selectively “catching” the mes-
sengers produced by the vegetative nucleus. As expected, these mRNAs of nu-
clear origin are synthesized only by nucleate fragments of the alga and are het-
erogeneous: their molecular weights range between 0.5 and 3 X 10°. They migrate
from the nucleus to the apex of the stalk independently of the rRNAs at a speed
of 5Smm day™ (the growth rate of the stalk itself is only 1-3 mm day™), thus in-
dependently from the ribosomal RNAs.

The increase in the rate of mRNA synthesis (two- to threefold) after cutting
the alga into two halves, is much smaller than for the rRNAs. These data suggest
that transcription of chromosomal DNA plays only a limited role in the control
of genetic activity and morphogenesis in Acetabularia. The major role is played
(as in maturing Xernopus oocytes and fertilized sea urchin eggs) by the selective
translation of mRNAs of nuclear origin stored at the apex of the alga.

Little is known, unfortunately, about the nature of the factors which regulate
the translation of the mRNAs accumulated at the apex of the stalk. Inhibitors of
proteolytic enzymes prevent cap formation in both nucleate and anucleate frag-
ments: it might be that protease activity is required for the “unmasking” of the
mRNAs of nuclear origin which are linked to proteins in the form of ribonu-
cleoprotein particles. Another regulatory factor is the polyamine content: inhibi-
tors of ornithine decarboxylase (ODC) prevent cap formation in both kinds of
fragments. They also prevent the formation of cysts, if they are added to whole
algae after the breakdown of the vegetative nucleus. Since the ODC inhibitors
decrease the polyamine content of treated cells, it can be concluded that the
putrescine, spermidine and spermine levels control both RNA and DNA synthe-
sis in the alga. In polyamine-depleted algae, the decrease in RNA synthesis is fol-
lowed by inhibition of growth and morphogenesis; the slowing down of DNA
synthesis in the secondary nuclei prevents normal cyst formation.

These experiments with ODC and proteolytic enzyme inhibitors have allowed
an estimation of the stability of the morphogenetic substances in anucleate frag-
ments of Acetabularia. If such fragments are treated with the inhibitors during
different lengths of time and then cultured in normal medium, reversibility be-
comes partial after a 10-day treatment and completely disappears after 2-3
weeks. This is in good agreement with the estimated half-life of the Acetabularia
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messengers (about 10 days) and provides further evidence for the view that Ham-
merling’s morphogenetic substances are a mixture of mRNAs synthesized by the
nucleus and stored in the apical cytoplasm.

1.3.5 DNA Synthesis. Relative Autonomy of the Chloroplasts

As we have seen, there is no replication of nuclear DNA during the whole veg-
etative life of the alga (which lasts several months). Only when the cap has
reached its maximal size does the big vegetative nucleus break down and give
rise to daughter nuclei which replicate their DNA, divide and are transferred
passively to the cap by protoplasmic streaming.

In contrast, chloroplastic and mitochondrial DNAs are very actively synthe-
sized by both nucleate and anucleate fragments of Acetabularia. The total DNA
content increases two to three times in both kinds of fragments during the 10
days which follow the sectioning. This came as a big surprise 20 years age, since
the very existence of DNA in chloroplasts seemed very doubtful at the time. Now
we know that chloroplastic and nuclear DNAs are very different molecules. In
Acetabularia, chloroplastic DNA is a mixture of large circular and long linear
molecules. In addition, small circular molecules, corresponding to replicating
chloroplastic DNA, have been observed under the electron microscope (review
by Liittke and Bonotto). The use of highly sensitive and very specific stains for
DNA allows us to see chloroplastic DNA with a fluorescence microscope, which
is possible because the DNA content of the Acetabularia chloroplasts is excep-
tionally high as compared to that of other unicellular algae. Fluorescence mi-
croscopy shows that the DNA content of all 4 cetabularia chloroplasts is not the
same, i.e. the small, young chloroplasts, which are accumulated at the tip of
growing algae, contain much more DNA than the large chloroplasts which sur-
round the nucleus. In fact, many of these basal chloroplasts, which are heavily
loaded with carbohydrate reserves, have probably no DNA at all. There is thus a
progressive loss of chloroplastic DNA along the apico-basal gradient.

Chloropastic DNA can, in Acetabularia as elsewhere, be transcribed and
translated. If they are given light, isolated chloroplasts synthesize all kinds of
RNAs and a number of proteins (in particular, proteins involved in the formation
of chloroplastic membranes and lamellae). However, as we have seen, the syn-
thesis of enzymes such as lactic and malic dehydrogenases and that of the chloro-
plastic ribosomal proteins requires the co-operation of the nucleus: the autonomy
of the chloroplasts toward the nucleus is thus imperfect. Counts of the chloro-
plasts, in nucleate and anucleate fragments of the alga, have shown that they in-
crease in number even in the absence of the nucleus. However, chloroplast mul-
tiplication is more active in the nucleate than in the anucleate halves, where many
chloroplasts are large and have a dumbbell shape. It is thus probable that cyto-
plasmic factors, which are synthesized under nuclear control, are required for
fission of the chloroplasts and that they are missing in the anucleate halves. Since
even an apparently specific chloroplastic function such as the circadian rhythm
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of photosynthesis is regulated on cytoplasmic (80S) ribosomes, we must again
conclude that the chloroplasts are not fully autonomous toward the nucleus. In
whole algae, the chloroplastic and nuclear genomes co-operate in order to
specify the protein composition of the chloroplasts and to allow their multipli-
cation.

1.3.6 Complexity of Nucleocytoplasmic Interactions

It is clear that the nucleus provides, in Acetabularia, the various mRNAs which
are required for morphogenesis (cap formation), i.e. the nucleus is the source of
the morphogenetic substances and therefore exerts a very important positive con-
trol on the cytoplasm. It should be emphasized that although anucleate frag-
ments can utilize their stored mRNAs of nuclear origin and form full-sized caps,
these caps always remain sterile: neither cysts, nor gametes form in anucleate
caps which are therefore useless for reproduction purposes.

But it would be a mistake to believe that the vegetative nucleus of Acetabu-
laria exerts only positive effects on the cytoplasm. Already 50 years ago, Ham-
merling demonstrated that anucleate fragments of A cetabularia form caps faster
than control whole algae. Similarly, we found that protein synthesis is accelerat-
ed when the nucleus has been removed. There is no doubt that the nucleus exerts
negative, as well as positive controls over the cytoplasm.

In addition, the cytoplasm controls nuclear activity. If the photosynthetic
function of the chloroplasts is suppressed by culture in darkness, the nucleus
shrinks. The nucleolus undergoes vacuolization and stops synthesizing RNA.
Thus, energy production in the cytoplasm is absolutely required for the main-
tenance of nuclear morphology and synthetic activity. If, as shown long ago by
Hammerling, one cuts repeatedly an alga into halves when it begins to form a
cap, the breakdown of the large vegetative nucleus is inhibited, thus there will be
no formation of daughter nuclei, no nuclear DNA synthesis. Repeated ampu-
tation of the cap thus leads to immortality. As in amphibian oocytes undergoing
maturation, the choice between DNA transcription and replication is decided by
cytoplasmic factors. This conclusion is reinforced by more recent experiments in
which an old vegetative nucleus was introduced into the cytoplasm of a young
alga; this nucleus did not break down and one can speak of “rejuvenation” of the
old nucleus by the surrounding young cytoplasm.

As we shall now see, although a giant green alga seems very different from an
amphibian or sea urchin egg, there are remarkable similarities in the nu-
cleocytoplasmic interactions in all cases. We are again faced with the paradox if
unity and diversity in living organisms.
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2 Biochemistry of Anucleate Fragments of Eggs

2.1 Amphibian Eggs

We have seen in Chap. IV that the huge germinal vesicle plays only a passive role
in the biochemical changes (increase in protein synthesis with preferential his-
tone synthesis, stimulation of protein phosphorylation, production of the matu-
ration promoting factor) which take place when maturation is induced in full-
grown Xenopus oocytes. All these changes occur even if the oocytes have been
enucleated prior to progesterone addition. It has also been recently shown that a
“heat shock” (heating for a few minutes above 30 °C) induces the synthesis of a
few new proteins in Xenopus oocytes. These heat shock proteins are the same
whether the oocyte possesses its nucleus or not. Enucleated Xenopus oocytes con-
tain the cytoplasmic factors required for “reprogramming” injected nuclei. As we
have seen in Chap. IV, the cytoplasm of these oocytes contains factors which
inactivate certain genes and reactivate others. The outcome of the experiments in
which protein or 5S RNA synthesis has been followed after injection of adult nu-
clei is the same whether the oocytes have a nucleus or not. Finally, enucleated
oocytes undergo the same permeability changes and the same cortical reaction
after parthogenetic activation as intact progesterone-treated oocytes.

However, we have seen that the mixing of the nuclear sap and the cytoplasm
is required for swelling of injected nuclei, condensation of chromatin and aster
formation. It has been reported that enucleated amphibian oocytes undergo re-
peated cleavages after injection of sea urchin mitotic apparatuses: however, it is
possible that in such experiments, sea urchin chromosomes take part in the
cleavages.

Cleavage in the absence of the nucleus has been obtained repeatedly in am-
phibian eggs. In these experiments, the eggs were fertilized and the egg and
sperm nuclei were destroyed by pricking or irradiation. In general, partial blas-
tulae, in which only the animal pole has cleaved, are obtained; gastrulation nev-
er takes place. The morphogenetic potencies of these “achromosomal” blastulae
have been tested by grafting nonnucleated “cells” from arrested blastulae onto
inducing sites of normal gastrulae. The grafts survived up to 4 days, but showed
no sign of differentiation: nonnucleate ectoderm cells are thus totally unable to
respond to the inducing stimulus of a normal organizer. These experiments show
that the morphogenetic potencies of enucleated amphibian eggs are much lower
than those of anucleate fragments of Acetabularia: they are limited to the capaci-
ty to divide repeatedly. We shall now see that the same is true for anucleate frag-
ments of sea urchin eggs, which have been better studied from the biochemical
viewpoint.
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2.2 Sea Urchin Eggs
2.2.1 Biological Observations

The only materials that can be obtained in sufficient quantities for easy biochem-
ical analysis are the anucleate fragments of sea urchin eggs. As already men-
tioned and as shown in Fig. 37, the unfertilized eggs of Arbacia can be cut into
two halves by centrifugation in a density gradient. The heavy red pigment ac-
cumulates to the centripetal end of the egg, which successively elongates, takes a
dumbbell shape and separates into two halves. The light, transparent half con-
tains the nucleus, fat droplets, mitochondria and a clear, ribosome-rich layer, the
hyaloplasm. The red heavy half is anucleate; it contains the red pigment granules
and most of the yolk. Electron microscopy shows that the light halves also pos-
sess some of the yolk platelets and that mitochondria, as well as lipid droplets,
are present in both halves. All kinds of egg inclusions are therefore presen in the
two halves, but they are in different proportions; the only specific cell organelles
are the nucleus, which is always in the light half, and the pigment granules,
which are found only in the heavy halves.

Both kinds of fragments can be fertilized or parthenogenetically activated by
the classical method of Loeb (hypertonic seawater and butyric acid treatments).
Nucleate halves develop very well after fertilization and give rise to normal
plutei. The development of fertilized anucleate halves is less normal and plutei
are not easy to obtain. This rather poor development is probably not so much
due to haploidy as to the excess of yolk, which makes cleavage difficult. Par-
thenogenetic development of the nucleate halves is almost as good as that of nor-
mal eggs. But the development of the anucleate halves, after parthenogenetic
treatments, is completely abortive. Fig. 67 shows that one can, at best, hope to
get an irregular fragmentation of the eggs rather than a true cleavage. Asters can
repeatedly form in the cytoplasm of the activated anucleate halves and irregular
furrows can cleave the egg to form a kind of morula. But the typical cleavage pat-
tern (Fig. 13) of the sea urchin eggs, with micromeres, mesomeres and
macromeres is always missing. The blastula-like larvae neither hatch nor form
cilia. As one can see, there is no true morphogenesis and we are very far indeed

Fig. 67 a Anucleate half of a sea urchin egg. b Anucleate morula after 13 h. ¢ Anucleate
blastula after 3 days (E. B. Harvey)
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from the formation of the elegant, species-specific cap of Acetabularia. Only the
formation of asters and furrows displays some autonomy toward the nucleus in
activated anucleate sea urchin eggs.

The only other anucleate materials that have been obtained from eggs and
have been the subject of rather limited biochemical studies are the polar lobes,
which can be separated at the “trefoil” stage from the eggs of the mollusks
Mpytilus and Ilyanassa. They never form asters and do not cleave; all one can see
are localized contractions of the cortex, which confirm that contractility of the
cortical proteins displays some autonomy toward the nucleus.

2.2.2 Biochemical Studies

These results can be presented briefly, since the essentials have already been re-
lated in preceding chapters. We shall first consider energy production, then syn-
thesis of macromolecules.

The respiration of nucleate and anucleate halves of unfertilized sea urchin
eggs is, like that of the whole eggs, very low. If the fragments are fertilized, or if
they undergo parthenogenetic activation, their oxygen consumption quickly in-
creases. The respiration of the anucleate halves becomes even higher than that of
the nucleate ones. This proves that the part played by the female pronucleus, in
cellular oxidations, is negligible. This conclusions agrees with the already men-
tioned finding that the oxygen consumption of the isolated germinal vesicle of
frog oocytes is hardly measurable. In fact, enucleated and normal frog oocytes
have about the same respiratory rate. The higher oxygen consumption of the
anucleate halves is probably related to the fact that, as shown by electron mi-
croscopy, the nucleate and anucleate halves contain, after their separation by
centrifugation, two different populations of mitochondria. They differ in size,
structure and probably in respiratory enzyme content. In fact, the anucleate,
heavy halves contain a larger proportion of the reducing mitochondrial respira-
tory enzymes (dehydrogenases) than their nucleate counterparts.

Isolated polar lobes of the mollusk Mytilus have a low respiratory rate, which
does not increase with time, in contrast with the blastomeres where the nuclei
multiply at a fast pace.

Coming now to the synthesis of macromolecules, we have already seen that
protein synthesis is independent of the presence of the nucleus in sea urchin eggs.
Activation of anucleate fragments is followed by a strong stimulation of protein
synthesis and is even stronger in activated anucleate halves than in nucleate
ones. This stimulation is accompanied by an increase in the number of poly-
somes in anucleate as well as in nucleate halves; these polysomes result from the
binding of “unmasked” maternal mRNA molecules to the pre-existing
ribosomes.

A whole spectrum of proteins are synthesized after activation in both nucleate
and anucleate halves, but it is not yet known whether the neosynthesized poly-
peptides are identical or slightly different in the two halves. Among the stored
mRNAs, which are translated by both kinds of activated fragments, those coding
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for histones and for tubulin deserve special interest for the following reasons. In
anucleate halves, there is of course no replication of nuclear DNA and no as-
sembly of DNA in nucleosomes; yet histones are synthesized, apparently useless-
ly. This definitely proves that there is not necessarily a close link between histone
production and nuclear DNA synthesis. Synthesis of tubulin in activated anu-
cleate halves also raises an interesting question: Is translation of tubulin mRNA
involved in the formation of asters in activated anucleate fragments? It is well
known that unfertilized sea urchin eggs have a large pool of unpolymerized
tubulin molecules. The formation of asters and spindle, in the fertilized sea ur-
chin eggs, results from their polymerization around microtubule organizing cen-
ters (MTOC), such as the kinetochores of the chromosomes and the centrioles. If
anucleate halves are treated with heavy water (D,0), many cytasters appear,
which are centered around small centrioles or precentrioles which have appar-
ently been assembled de novo. It is not known whether translation of tubulin
mRNA is involved in the formation of asters in activated anucleate sea urchin
egg fragments. But it is a striking fact that, despite tubulin synthesis, anucleate
activated halves never form cilia; anucleate amphibian blastulae also lack cilia.
Something necessary for the assembly of cilia is thus missing in nonnucleate cy-
toplasm. Whatever this might be, it seems clear that its production, in blastulae,
requires transcription of nuclear genes. Anucleate parthenogenetically activated
sea urchin fragments are also unable to hatch: they apparently cannot synthesize
the “hatching enzyme”. It would be interesting to know whether they possess a
maternal mRNA encoding this proteolytic enzyme.

The distribution of the maternal mRNAs in the nucleate and anucleate halves
of sea urchin eggs (obtained by high speed centrifugation) has been recently
studied. It was found that total RNA, the bulk of the poly A containing mRNAs,
actin and tubulin mRNAs are accumulated in the heavy, anucleate halves. This
might explain why protein synthesis is stronger, after parthenogenetic stimu-
lation, in anucleate than in nucleate halves. In contrast, histone mRNA is ac-
cumulated in the nucleate halves (even in uncentrifuged eggs cut into halves with
a glass needle). However, isolated nuclei contain little histone mRNA. The distri-
bution of the various mRNAs is thus heterogeneous in sea urchin eggs, which is
probably due to the organization of the cytoplasm in gradients.

If we compare amphibian and sea urchin eggs with Acetabularia, a striking
fact emerges: although all anucleate fragments possess a large store of mRNAs,
only the alga is capable of true morphogenesis. The reasons why, in eggs, the ma-
ternal mRNA store (theoretically capable, as we have seen, to synthesize more
than 10,000 different proteins) does not allow even such early events as hatching
and ciliation, are not known. It might be that the mRNAs are less stable in anu-
cleate than in nucleate fragments. However, it is known that polyadenylation of
the same mRNAs occurs in both kinds of fragments and that the enzyme respon-
sible for polyadenylation is accumulated in the heavy anucleate halves. As we
know, one of the functions of poly A addition is to increase mRNA stability in
the cytoplasm. Transcription of nuclear genes during and after cleavage is thus
an absolute prerequisite for further development. In molecular terms, the ma-
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ternal mRNA store corresponds to preformation, the neosynthesized mRNAs to
epigenesis: that development is an epigenetic process is, of course no surprise for
embryologists. Development stops, in enucleated eggs, at an early cleavage stage
probably because they are unable to synthesize the mRNAs and the specific pro-
teins which are required for further developmental events.

Both nucleate and anucleate fragments of sea urchin eggs possess a large pop-
ulation of mitochondria. Since they contain DNA, the DNA content of nucleate
and anucleate halves is about the same (the haploid female pronucleus repre-
sents only a small proportion of total DNA). After activation, both kinds of frag-
ments synthesize small amounts of mitochondrial RNAs (in particular, mito-
chondrial ribosomal RNAs). The mitochondria of activated anucleate fragments
synthesize as RNA species which can diffuse into the cytoplasm, but, since it is
unable to bind to the cytoplasmic ribosomes, it cannot play an important role in
the strong stimulation of protein synthesis which follows activation of anucleate
halves.

An unexpected fact has recently come to light: mitochondrial DNA, RNA and
protein syntheses are more strongly stimulated by parthenogenetic activation in
anucleate than in nucleate halves of sea urchin eggs. It seems that removal of the
nucleus induces a multiplication of the mitochondria, as well as an increase in
mitochondrial DNA transcription and translation. If so, the often neglected fe-
male pronucleus would exert a negative control on the mitochondrial genome.
This is reminiscent of the negative control exerted by the Acetabularia nucleus on
the chloroplastic genome. In this alga, removal of the nucleus speeds up DNA,
RNA and protein synthesis and we have seen that the chloroplasts are largely re-
sponsible for this increase in macromolecule synthesis.

As already shown in Fig. 12, removal of the polar lobe at the trefoil stage re-
sults, in the mollusk Ilyanassa, in developmental abnormalities. Isolated polar
lobes synthesize many proteins and thus contain, like sea urchin eggs, a store of
maternal mRNAs. Removal of the polar lobe does not affect RNA and protein
synthesis before relatively late stages of embryogenesis: no changes can be de-
tected before the first appearance of developmental abnormalities. There is no
evidence so far that the polar lobe synthesizes specific proteins and we have
therefore no indication for a selective localization of certain translatable mRNAs
in this region of the Ilyanassa egg. Curiously, the pattern of protein synthesis
changes when isolated polar lobes are allowed to age. These changes are the
same as those observed in intact embryos and should result from a selective
translation of the maternal mRNAs (which is responsible for 98% of protein syn-
thesis during early embryogenesis in Ilyanassa). A recent study concludes that
the cytoplasm of the polar lobe contains both repressors of translation and ac-
tivators for unmasking maternal mRNAs: if so, both positive and negative con-
trols of mRNA translation would operate in pure, nonnucleate cytoplasm.
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3 The Importance of the Nucleus for Embryonic Development
3.1 General Background

Overwhelming evidence demonstrates that integrity of the nucleus is required for
development beyond the blastula stage: haploidy, aneuploidy (unequal distri-
bution of the genetic material in the blastomeres), in some cases hybridization.
Many mutations are sooner or later lethal for the embryo. We shall concentrate
on the cases in which lethality is an early event (arrest at gastrulation or neurula-
tion) because they demonstrate that even primary morphogenesis is under nu-
clear control.

Haploidy can be obtained, in amphibian eggs, by a variety of means (pricking
with a needle, fertilization with UV-irradiated sperm, removal of the maturation
spindle just after fertilization). Whether the haploid embryos arise from the egg
nucleus (gynogenesis) or the sperm nucleus (androgenesis), the result is the same.
After normal cleavage, gastrulation is slowed down and further development
leads to the already mentioned haploid syndrome, which is characterized by
microcephaly, deficiency in blood circulation, reduction of the gills, oedema, as-
cites and finally death at an early larval stage. Lethality seems to be due to hap-
loidy per se, and not to lethal genes which would not be balanced by their nor-
mal alleles in the haploid condition. If, as may happen accidentally, the number
of chromosomes doubles in a parthenogenetic egg before it undergoes cleavage,
homozygous diploids are produced. Although they contain two copies of the
lethal genes, they can reach the adult stage. This is apparently not true for the
mouse in which haploid eggs fail to develop beyond the end of cleavage and par-
thenogenetic diploids are lethal.

In polyspermic eggs, only one of the nuclei of the supernumerary spermatozoa
fuses with the egg pronucleus; the other nuclei remain haploid and may take part
in the development. The resulting embryos are a mosaic of diploid and haploid
nuclei; although part of the embryo is diploid, death occurs still earlier than in
haploids. In mammals, dispermy, which takes place spontaneously in many
species, including man, gives rise to triploid embryos. Triploids may also arise
from fertilization of a diploid egg. It is lethal during the postimplantation devel-
opment; only very few triploid embryos have been reported to have developed
until term. Spontaneously and cytochalasin B-induced tetraploid mammalian
embryos display the same lethality. Interestingly, mosaic embryos constructed by
aggregation of diploid and triploid or tetraploid morulae are also lethal.

Aneuploidy (unbalanced chromosome complement) always has serious conse-
quences: if, only one or two chromosomes are lost or added to the normal com-
plement, viability is greatly reduced and morphogenesis is abnormal. If chromo-
some unbalance is very marked, as a result of multipolar mitoses during early
cleavage, for instance, development stops at the blastula stage. Strong
aneuploidy is thus as lethal as the complete absence of a nucleus.

A great deal of interest has been recently devoted to aneuploidy in mammals
because it is the major cause of prenatal death and abortion or of severe post-
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natal congenital defects such as the human Down’s syndrome. Monosomic
mouse embryos (39 chromosomes instead of 40) die before or at implantation,
while trisomic (41 chromosomes) embryos survive until at least day 10 of preg-
nancy. It is possible to rescue cells from such aneuploids by aggregating
aneuploid morulae with normal diploid morulae. This strongly suggests that the
chromosome unbalance is not lethal to the cells, but is specifically responsible for
the impairment of morphogenetic events.

In the following, we shall deal mainly with lethal Aybrids, because they have
been better studied from the biochemical viewpoint than haploids, aneuploids
and polyspermic embryos.

3.2 Lethal Hybrids
3.2.1 Biological Observations

Various things can happen when eggs are fertilized with sperm from a different
species. The spermatozoon, in many cases, does not even touch the surface of the
egg and nothing happens at all. In other cases, the spermatozoon comes in con-
tact with the egg membrane and elicits the activation reaction, but it does not
penetrate into the egg and does not even act as a parthenogenetic agent. In the
remaining cases, the spermatozoon penetrates into the egg and amphimixy fol-
lows. But, in many instances, the paternal chromosomes, which have been in-
troduced into the egg by the spermatozoon, are eliminated into the cytoplasm
during cleavage; the eliminated chromosomes soon degenerate and development
is of the haploid, gynogenetic type (pseudohybrids). In true hybrids, the paternal
chromosomes are not eliminated; development is normal, for a longer or shorter
time; then the hybrid embryos develop abnormalities and ultimately die. They
are the so-called lethal hybrids. Finally, when the chromosomes of the two paren-
tal species are sufficiently similar from the genetic viewpoint, the hybrids are vi-
able; they reach the adult stage, but they are not always able to reproduce. Ster-
ility is frequent, because the homologous chromosomes cannot undergo perfect
pairing during meiosis.

Early lethal hybrids will be the main subject of this chapter, because they
have a peculiar interest for molecular embryology. When eggs of the common
species of sea urchins or frogs are fertilized with sperm from other common
species, development is often arrested at the late blastula or early gastrula stage.
This is the stage at which, as we have seen, major biochemical changes occur in
the embryo; the most conspicuous of them is the resumption of IRNA synthesis.
Why the hybrid embryos are unable to go through this critical stage of gastru-
lation is the question that a number of biochemical studies have tried to answer.

Before we discuss the biochemical studies on early lethal embryos, a last im-
portant biological fact must be mentioned. If a piece of an amphibian lethal
hybrid, which is arrested in development at the early gastrula stage, is grafted in-
to a normal host, a “revitalization” usually follows. If, for instance, the dorsal lip
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of a blocked hybrid gastrula is grafted into a normal recipient gastrula, the graft-
ed dorsal lip differentiates into chorda and induces, in the host, a secondary ner-
vous system. This revitalization is not species-specific. The same result (chorda
differentiation in the graft and neural induction in the host) is obtained when a
dorsal lip taken from an hybrid between two species of frogs is grafted in a
urodele (triton, axolotl) gastrula.

Revitalization has been explained by supposing that unspecific substances,
which cannot be synthesized by the hybrid cells, are given by the host cells to the
graft. But it has recently been shown that for certain lethal hybrids at least, it is
sufficient to dissociate the cells of the blocked embryo and to cultivate them in
salt solution to obtain extensive differentiation of the hybrid cells. The “con-
ditioned media” prepared from such hybrid cells are very toxic for normal em-
bryos. Therefore, it is possible that lethality is due, at least in part, to the pro-
duction and retention of toxic substances (repressors) produced by metabolism.

Nuclear transplantation has been used in order to find out whether the block
at gastrulation in the combination R. pipiens @ X R. catesbeiana $ is due to irre-
versible changes in the nuclei. Transfer of nuclei taken from arrested hybrid gas-
trulae into recipient enucleated R. pipiens unfertilized eggs showed that nuclei
taken from hybrid embryos that have just stopped developing allow normal
cleavage; but development stops abruptly at gastrulation (as in the hybrids them-
selves). If nuclei are taken 10 to 20h after gastrulation arrest and then
transplanted into enucleated unfertilized eggs, cleavage is no longer normal.
There are thus no irreversible changes in the nuclei of the lethal hybrids so long
as they do not undergo cytologically visible alterations.

3.2.2 Biochemical Studies on Lethal Hybrids

3.2.2.1 Respiration. Most of the biochemical studies made on lethal hybrids be-
tween sea urchins have been done with the combination ParacentrotusQ X Arba-
cia 8. These hybrids cleave normally, hatch and die during gastrulation.

Paracentrotus (P) eggs have a higher oxygen consumption than those of Ar-
bacia (A). The respiration of the P X A hybrid is first similar to that of the ma-
ternal species (P). Later on, the respiratory rate decreases in the hybrids, so that
intermediary values between those typical for P and A are obtained. This re-
duction of the respiratory rate in the P X A hybrids suggests that a negative con-
trol, due to the paternal A genes, becomes effective a few hours before the arrest
of development.

More data are available for hybrids among amphibians. The best studied
combination is one among two American species of frogs: Rana pipiensg X Rana
sylvaticad, where development stops at gastrulation. Respiration shows a normal
increase during cleavage, then remains absolutely constant until the death of the
embryo several days later. This decrease in the respiratory rate affects all parts of
the embryo, as shown by measurements of the oxygen consumption made on dis-
sected hybrid gastrulae. The decrease in respiration rate is the same in the ecto-
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blast, the mesoblast and the entoblast. The reduced respiratory rate of the
hybrids is linked, as one would expect, to a diminution of carbohydrate metab-
olism. Glycogenolysis is slowed down, glycolysis is decreased and the ATP con-
tent drops more quickly under anaerobic conditions in the hybrid gastrulae than
in the controls after development has stopped.

These results cannot be generalized to all hybrid combinations between am-
phibians, however. The rule seems to be that as in sea urchin hybrids the oxygen
consumption still increases, but at a slower rate than in the controls in arrested
embryos.

3.2.2.2 Nucleic Acid and Protein Synthesis. We shall first consider the lethal
hybrids of echinoderms, then those of amphibians.

Protein synthesis has been studied in several combinations of sea urchins. The
“pool” of soluble amino acids and small peptides remains of the maternal type.
even at a time when an effect of the paternal nucleus should become evident. In
the ParacentrotusQ X Arbaciad combination (P X A), paternal proteins (antigens)
can be detected, by immunological methods, in the hybrid blastula. The amount
of paternal protein synthesized is about half that which would have been pro-
duced by a diploid Arbacia (AA); it is identical with the quantity of Arbacia anti-
gen which is produced by a haploid, parthenogenetic Arbacia embryo at the
same stage. These antigens are not synthesized at all by anucleate fragments of
Arbacia. Tt follows that the amount of antigen produced depends on the number
of Arbacia genes present. It does not matter, in this respect, whether a haploid set
of genes is placed in its own Arbacia cytoplasm or in the foreign Paracentrotus
cytoplasm.

However, in other echinoderm combinations (Strongylocentrotusg X Den-
drasterd) no paternal antigens can be detected in the hybrid embryos, which stop
development at a later stage than in the P X A combination. In these hybrids, one
enzyme has been characterized: it is the “hatching enzyme” which enables the
blastula to dissolve the fertilization membrane and to swim freely in the sea. This
hatching enzyme has been found in the hybrids to be of the purely maternal
type. Taken together, these results suggest that in contrast to the PX A combi-
nation, the paternal chromosomes are partly or entirely inactivated in the
hybrids which show a complete maternal dominance.

This suggestion has been reinforced by recent work on sea urchin hybrids
which can reach the pluteus larval stage. Among many proteins synthesized by
these hybrids, only a few are specified by the paternal genome. Analysis of
mRNA production in these hybrids has further shown that the paternal mRNAs
are strongly underrepresented; however, paternal histones and their mRNAs are
detectable already during early cleavage. It has also been found that some of the
messages coding for paternal proteins are not translated in the hybrids. Pro-
duction of foreign paternal proteins in the hybrids is thus repressed at two levels:
transcription of the paternal genes and translation of the mRNAs (except for the
histone genes and their mRNAs).
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The controls exerted by the egg cytoplasm on the activity of the paternal
genes differ whether development of the hybrids stops at gastrulation or reaches
the pluteus stage. A thorough study, with the now available methods, of the early
lethal hybrids is needed before one can explain this difference. The present evi-
dence suggests that arrest at gastrulation takes place in eggs in which the foreign
paternal genes are not repressed by the egg cytoplasm and are thus expressed.
Development until a more advanced larval stage would be possible when the pa-
ternal genes are repressed to a large extent during early development. In this
case, development would be almost parthenogenetic as in gynogenetic pseudo-
hybrids. However, in these hybrids the foreign paternal chromatin far from being
eliminated, is repeatedly replicated.

Arrest of DNA synthesis is certainly not responsible for the block in devel-
opment. DNA synthesis continues when the PX A embryos are blocked at the
gastrula stage, but the rate of synthesis is slower than in the controls.

This probably results from a discrete elimination of paternal chromosomes
during the development of the PX A embryos. Such an elimination also explains
why the blocked P X A hybrids contain three times more maternal than paternal
DNA, as shown by molecular hybridization.

The situation in frog hybrids is not fundamentally different, but a few pecu-
liarities should first be mentioned. Hybridization modifies the properties of the
plasma membrane; its permeability to amino acids and phosphate increases.
Furthermore, if cells of a lethal hybrid gastrula are dissociated by removal of cal-
cium and magnesium from the medium, they have great difficulties in re-
aggregating when these ions are added back to the medium.

These differences in reaggregation in hybrid and normal gastrula cells are
probably due to differences in the surface glycoproteins; it is likely that changes
in cell surface glycoproteins and cell adherence play an important role in the ar-
rest of many hybrid combinations at gastrulation. Indeed, it is known that treat-
ment of normal Xenopus morulae with lectins (which bind to the sugar residues
of the surface glycoproteins) prevents their gastrulation.

Another characteristic of the lethal hybrids among frogs is that the yolk re-
serves are utilized at a much slower rate than in the controls. The enzymes pres-
ent in the yolk platelets also fail to be synthesized or liberated at the normal rate.
The reasons for this delay in vitellolysis are not known.

As in the lethal sea urchin hybrids, paternal antigens become detectable at the
blastula stage and an additional basic protein is found in the hybrids.

The synthesis of several enzymes has been studied. Esterases remain of the
maternal type in one lethal combination of frogs. In another, which is viable, the
enzymes that catalyze the oxidative metabolism of the sugars have values that
are intermediary between those found in the two parental species, but if the egg
nucleus is removed before fertilization, in order to obtain a merogone hybrid
(which is lethal at a later stage than gastrulation) the synthesis of these enzymes
follows the paternal pattern.

As in the sea urchin hybrids, DNA synthesis does not stop, but only slows
down after the arrest of development. The same is true for histone synthesis,
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which remains well coordinated with that of DNA. However, DNA and RNA
syntheses stop before protein synthesis. When the hybrid is close to death and
can no longer synthesize nucleic acids, it becomes comparable to the anucleate
fragment of an egg, in which protein synthesis can continue for a long time be-
cause of the preformed maternal mRNAs and ribosomes.

A situation somewhat different from lethal hybridization has been achieved
by Gurdon who injected, into an enucleated unfertilized egg of Xenopus, a dip-
loid nucleus taken from a blastula of Discoglossus. In this case and in contrast
with the lethal hybrids, a diploid foreign nucleus, but no maternal haploid nu-
cleus, is present in the egg. The eggs that have received such a foreign Dis-
coglossus nucleus stop development, as many lethal hybrids do, at the late blas-
tula stage. RNA synthesis has been analyzed in these blocked blastulae. There is
no rRNA synthesis and there is a decrease in mRNA and tRNA synthesis.

As one can see, much more work is needed before we can understand the
molecular reasons for the lethality in both sea urchin and amphibian hybrids. If
one can venture a guess, arrest of development, followed by cell death, might
largely be the result of the accumulation of foreign, paternal proteins.

4 Biochemistry of Early Developmental Mutants

There is no doubt that molecular embryology would make tremendous progress
if mutants deficient in a specific metabolic step were easily available. It is need-
less to recall that molecular biology would not be what it is today without the
extensive study of thousands of mutants in bacteria and phages.

We have a few mutants available in amphibians and their number is increas-
ing every year, but extremely few of them have been submitted to a biochemical
analysis. This is unfortunate, since the already discussed nucleolusless (nu-o0) mu-
tant of Xenopus has played an exceedingly useful, if not decisive, role in the
understanding of the intervention of the nucleolar organizers in rRNA synthesis
and ribosome formation.

The only mutants that have been, to a very limited extent, analyzed from the
biochemical viewpoint are the o and ¢/ mutants of the axolotl. These two mu-
tations lead to early lethality when they are in the homozygous state. o denotes
ova deficient and cl denotes cleavage arrest. In the heterozygous condition, the o
mutants reach the adult stage and are fertile, but many of the individuals die be-
fore they become adult. The homozygous o/0 mutants die before or during gas-
trulation. Interestingly, they can be saved, as Briggs discovered, if one injects into
the just fertilized egg the content of a germinal vesicle taken from a normal
oocyte. The injection of this nuclear sap into one of the two first blastomeres
enables the injected blastomere to develop further than gastrulation, while the
other is blocked. Thus, the nuclear sap of the normal oocytes contains a factor,
presumably a protein, that cannot be synthesized by the o mutant and that is
necessary for development beyond the gastrula stage. Further studies on the
chemical nature of this “corrective” factor will be awaited with great interest. We
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only know that it is present in the oocyte nuclear sap of a variety of amphibians
and, thus, has no species specificity. The corrective factor is absent in the cyto-
plasm of ovarian oocytes, but is present in the germinal vesicle at all stages of
oogenesis. RNA synthesis is very low in o mutants and it is, therefore, possible
that the missing gene product is a karyophilic protein involved in RNA synthesis.
Nuclear transplantation experiments have shown that nuclei taken from o/
o-morulae support full development after transfer into enucleated, unfertilized
eggs; but nuclei taken from o/0 blastulae no longer support it. Thus, irreversible
alterations occur in the nuclei between the morula and the blastula stages in o/0
mutants.

The nc (no cleavage) mutant of the axolotl is also of interest for both molecu-
lar cytologists and embryologists: the eggs of this mutant can be fertilized, but
they do not cleave because they are unable to assemble their large store of un-
polymerized tubulin into spindle and aster microtubules. The mutation can be
corrected, and repeated cleavages will occur after injection of centrioles (basal
bodies of flagella) into the cytoplasm of fertilized nc eggs. What seems to be miss-
ing in these eggs is the capacity to assemble microtubule organizing centers
(MTOC).

Comparable results have been found in Drosophila see also Chap. VII), in
which a mutation called deep orange (dor) causes early death in the homozygous
(dor/dor) embryos; the defect can be corrected by injecting cytoplasm from un-
fertilized normal eggs into dor/dor blastulae. It is not yet known whether, as in
the o mutant of the axolotl, the repair factor is accumulated in the germinal ves-
icle during oogenesis. Other developmental mutations of Drosophila have been
corrected by injection of cytoplasm from normal eggs.

It has been known for many years that the complete absence of the X chro-
mosomes (nullo-x condition) results in deficiencies in early Drosophila devel-
opment: gastrulation soon becomes abnormal and then stops. Small deletions in
the X chromosomes may also lead to early arrest of development. It is now well
established that the blocks in early development mentioned in this section are
due to the fact that mutations, such as o, ¢/, dor, nullo-x, etc. affect the organi-
zation of the cytoplasm during oogenesis: the normal alleles of these genes control
the organization (in gradients, for instance) and the chemical composition of the
egg cytoplasm. Unfortunately, the products of these very important genes have
not yet been identified.

Mention should be made of a few mutations affecting mouse development.
The Os (oligosyndactylia) mutation, located on chromosome 8, causes digit fu-
sion in the feet of heterozygous mice. In the homozygous state, it causes lethality
between the seventh division and implantation, as a result of a mitotic block in
metaphase. However, unlike the nc mutation in the axolotl, the Os mutation does
not impair tubulin synthesis or microtubule assembly. It seems to be associated
with a defect in spindle formation after the sixth division. Another dominant mu-
tation, located on chromosome 2 [4” (yellow)] is responsible for the yellow coat
of the mutant mice; it also causes early lethality in the homozygous state. Cleav-
age is arrested before hatching from the zona pellucida and differentiation of the
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trophectoderm into trophoblast giant cells is totally impaired. Nothing is known
about the biochemical target of the mutation.

The t-complex, located on chromosome 17, where many different mutant al-
leles are known, includes the H-2 locus which controls, in the adult mouse, the
synthesis of the histocompatibility antigens responsible for graft rejection. Of
particular interest, among the many f-mutants, are the r**/7** mutants where
development stops already at the morula stage. Neither transcription nor trans-
lation are affected by this mutation until the embryo dies, but energy production
must be somehow affected since neutral lipids accumulate in nuclear and cyto-
plasmic droplets.

5 “Transgenic” Mice and Teratocarcinoma

An old dream for many biologists has been to create new strains of animals with
predetermined genetic changes: in other words, to introduce a selected gene into
an egg and to witness its expression not only in the adult, but even in its off-
spring.

As we have seen, pure genes are now available in relatively large amounts
due to progress in molecular biology. Parallel progress in embryology allows
skilled experimenters to inject substances into one of the pronuclei of a fertilized
mouse egg, to culture in vitro the injected eggs and to implant them into pseudo-
pregnant females. If all goes well, fetuses will develop in their foster mothers and
grow into adults, which will give birth to offspring after mating.

Injection of various genes into mouse pronuclei has been successfully
achieved in recent years: if the gene coding for rabbit S-globin, for instance, has
been injected into one of the pronuclei of a fertilized mouse egg, adult mice, in
which all the cells contain several copies of the foreign (rabbit) gene, can be ob-
tained. Still more important, these mice often transmit the gene to their offspring
(or some of their offspring). These so-called transgenic mice fulfill the old dream
of directing mutations, of manipulating Heredity at will. Success requires the in-
tegration of the foreign gene in the germ line cells of the recipient eggs and em-
bryos.

Brinster has recently succeeded in performing similar experiments with “fu-
sion-genes”. A fusion-gene has been made of the promotor/regulator of the
metallothionein I gene from the mouse and the structural human growth hor-
mone gene. In mammals, metallothionein is normally produced by the liver and
growth hormone by the anterior pituitary. When this fusion-gene is microinject-
ed, the liver of the transgenic mice produces large amounts of human growth
hormone, whereas their anterior pituitary does not. As shown in Fig. 68, such
mice become giant mice. The same experiments are now feasible with eggs of
domestic animals and could possibly lead to the economically important pro-
duction of giant cows and pigs. From a more fundamental viewpoint, the most
important feature of these experiments is that they offer a new way of studying
gene regulation during mammalian development. It is now possible to learn
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Fig. 68. Two 24-week-old sibling female mice. The mouse on the right contains an integrat-
ed new gene. The DNA fragment that was microinjected into mouse eggs is schematically
represented as a circle; the stippled regions are exons and the grey open boxes are the in-
trons of the human growth hormone gene. MT metallothionein; pBR portion of the vector
(plasmid pBR 322). (Courtesy of Brinster et al. 1983; reprinted from Science, 1983, 222:
809—814 by copyright permission of AAAS)

much about the tissue-specific regulation of the expression of foreign sequences
coding for globin, growth hormone, insulin, transferrin, metallothionein, im-
munoglobins, etc.

It has been shown that insertion of foreign genes in the germ line cells can
induce mutations affecting development. The first case of insertional mutagenesis
in mice was reported by Jaenisch: insertion of viral DNA sequences in mice re-
sulted in a recessive lethal mutation, which causes, in the homozygous state, the
death of the fetus at day 14 of pregnancy. Using the viral DNA as a probe, it was
possible to show that the insertion lies in the 5" end of the al (I) collagen gene;
death of the embryos could be due to their incapacity to synthesize collagen. In-
sertional mutations have also been reported in mice carrying human growth hor-
mone gene sequences; we have seen that insertion of a mobile genetic element
into a Drosophila gene induces its mutation.

Similar experiments with human eggs have not yet been reported and it is
obvious that very important ethical problems would arise if they were attempted.
We all know that many “babies in test tubes” were born and that they grow nor-
mally. The methodology of artificial insemination, in vitro culture and re-
implantation in a foster mother works as well for the human as for the mouse
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egg. “Transgenic men™ are thus a theoretical possibility. Let us hope that if hu-
man eggs are ever manipulated (attempts to introduce new genes or to replace a
“bad” gene by a “good” one), it will always be for the good and never for the evil
of mankind. In this field, the moral responsibility of the scientist toward mankind
is very heavy, not to say frightening.

Exciting material for both embryologists and oncologists is the mouse terato-
carcinoma, a malignant tumor which originates spontaneously from the ovary or
the testis, or can be induced by grafting 7-day-old embryos into the testis of male
mice. Some teratocarcinoma cells differentiate into a monstrous embryo; others,
called embryonal carcinoma cells, remain undifferentiated and are responsible
for the malignancy of the tumor. If these “stem cells” are injected into a mouse,
the recipient animal will be killed by a fast-growing tumor made of a variety of
tissues as well as undifferentiated embryonal carcinoma cells.

The pluripotentiality of the embryonal carcinoma cells makes them attractive
to embryologists because they share this property with the ectodermal cells of the
inner cell mass. Particularly interesting is the fact that if a small number (three to
five) of these cells are implanted into a normal mouse blastocyst, they are cured
from their malignancy and can participate in normal development. Recently,
teratocarcinoma cells have been used as vectors for gene transfer in mice: human
B-globin genes have been introduced into mouse embryonal carcinoma cells by
growing them in the presence of cloned human globin DNA sequences. The
transformed cells may be introduced into normal blastocysts which are then
grown in the usual way. The expected result is the production, in the second
generation, of transgenic mice, thus of new strains with predetermined genetic
changes (production of human S-globin) by another method rather than direct
injection of a gene into a pronucleus.

As one can see, embryology is entering into a new era: fascinating, exciting,
perhaps even dangerous discoveries lie ahead of us.

6 Conclusions

It is now time to draw a few conclusions before we leave the early stages of devel-
opment and move into the much more complex area of embryonic differen-
tiation. The work that has been summarized in the preceding chapters clearly
shows that the chemical machinery for the initial steps of development has al-
ready been made during oogenesis. Not only ribosomes have been produced in
such a high number as to allow development until a late larval stage (feeding
tadpole) without further synthesis of rRNA or ribosomal proteins, but a great va-
riety of mRNAs, containing a large array of information, have been stored in un-
fertilized eggs. New mRNA species are synthesized during cleavage, but they are
not actually needed during this period which can normally proceed in the com-
plete absence of RNA synthesis (except in mammals). The result of this econom-
ic, almost avaricious policy is that during the early stages of development, the
importance of the cytoplasm largely overwhelms that of the nucleus. The critical
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point is the end of cleavage; afterward, gastrulation movements, and neural in-
duction become impossible without fresh information, resulting from gene acti-
vation and transcription.

But one should not forget that the fundamental, basic processes that control
final development occur during these very early stages. Polarity, which will con-
trol cephalocaudal differentiation, formation of the grey crescent in amphibian
eggs, (an immediate consequence of fertilization, responsible for the dorsoventral
organization of the egg), germinal localizations in the “mosaic” eggs and embry-
onic regulation, all occur at stages in which the genes are almost entirely re-
pressed and mRNA synthesis is hardly detectable.

If one returns to the different theories of embryonic differentiation which
have been presented in Chap.III, one cannot escape the conclusion that the
ideas expressed by Morgan, almost 50 years ago, remain valid as far as the early
stages of development are concerned. His concept that gene activity is controlled,
at these early stages, by the properties of the heterogeneous cytoplasm which sur-
rounds equipotential cleavage nuclei has been substantiated by many exper-
iments (nuclear transplantations, in particular). It is now clear that the nuclei of
adult, differentiated cells and those of zygotes possess the same genes, but cyto-
plasmic factors present in oocytes and eggs affect their expression. The spectrum
of proteins synthesized under the control of an adult nucleus is not the same
whether it has been injected into an oocyte or it lies in its own cytoplasm. The
identity of the cytoplasmic factors present in oocytes and eggs, which allow the
reprogramming of injected nuclei, remains unknown. If one may venture a guess,
these factors might well by karyophilic proteins, which have the remarkable ca-
pacity to move quickly from the cytoplasm into the nuclei where they soon ac-
cumulate and may bind to DNA. Detailed analysis of the proteins present in the
oocyte nucleus and in cleaving egg nuclei is an important and urgent task for the
molecular embryologists of tomorrow.

The cytoplasmic factors that have just been discussed certainly continue to
play their role in later stages of development, when the cells undergo their typi-
cal differentiation from the morphological, physiological and molecular view-
points. But their importance becomes less and less evident as development pro-
ceeds. The sequential, selective activation of individual genes or groups of genes
now appears in the forefront, as we shall see in Chap. XI.



CHAPTER XI
How Cells Differentiate

1 General Introduction

The basic problems involved in embryonic differentiation have already been dis-
cussed at the beginning of this book. A typical question, which we have already
asked before, is the following: How is it possible that red blood cells, which have
synthesized large amounts of a very specific protein, hemoglobin, appear only in
a very localized area of the embryo, at a very precise stage of its development?
Figure 69 gives a good example of embryonic cell differentiation; it is a section
through a young tadpole and shows, side by side, two types of highly specialized
cells, which have just undergone embryonic differentiation. Cartilage cells and
muscle cells lie side by side and are easily recognizable by their morphology. The
cartilage cells are surrounded by an amorphous matrix made of special glyco-
proteins, called chondroproteins; the muscle cells contain fibrils (the myofibrils),
which are made of entirely different proteins, in particular, the contractile pro-
teins myosin and actin. The structure, the function and the biochemical compo-
sition of the cartilage and muscle cells are thus very different and specific for
each type of cell. Yet, if the section had been made a couple of days earlier, it
would not have shown such highly differentiated cells; histological studies of the
embryonic development, during this short 2-day period, would have shown that
cartilage and muscle cells have the same mesodermal origin. In a group of meso-
dermal cells, which all look alike, if not identical, some cells will form glyco-
proteins in large amounts and become cartilage; others will synthesize contractile
proteins and differentiate into muscle cells.

Since we know, due to the nuclear transplantation experiments of Gurdon,
that all the nuclei of the tadpole and even the adult contain the same genes as the
fertilized egg (the zygote), differentiation can only be explained by assuming that
in muscle cells, certain genes that direct the synthesis of the contractile proteins
are active, while those that direct the hemoglobin and chondroproteins are silent.
In the same way, the hemoglobin genes must be active in the differentiating red
blood cells and the chondroprotein genes must be functioning in the young carti-
lage cells. Thus, the genes involved in the synthesis of large amounts of the other
specific proteins (which Holtzer called “luxury” proteins) must be inactive in
these cells. On the other hand, the genes that control the synthesis of proteins
which are needed by a/l cells must necessarily always be active. Any cell, whether
it is a muscle cell, a red blood cell, a cartilage cell, etc.; requires energy and must



General Introduction 183

Fig. 69. Cell differentiation in an amphibian embyro. C cartilage cells; M muscle cells

possess all the enzymes needed for oxidative phosphorylations (cytochrome oxi-
dase, dehydrogenases, etc.). Differentiated cells contain variable amounts of
these enzymes; Holtzer called them the “housekeeping” proteins, and they must
be present if the cell is going to survive. Thus, the problem of cell differentiation
is largely a problem of gene regulation. This important question has been dis-
cussed in Chap. III, where we have seen that many different mechanisms may
operate in the control of gene activity. During cell differentiation, where one or a
few genes coding for specific luxury proteins are selectively expressed, there is
little doubt that the main control takes place at the transcriptional level. As we
have seen, “active chromatin” displays several peculiarities: high sensitivity to
DNase digestion, frequent undermethylation of the DNA molecule and quanti-
tative or qualitative changes in the DNA-binding proteins are well documented
to day. But this is still a crude approach and we do not yet know how specific
genes are turned on or off in a very precise and delicate way. We do not even
know by which mechanisms the hemoglobin genes are undermethylated in the
chromatin of red blood cell precursors and fully methylated elsewhere. How ap-
parently undifferentiated cells become “committed” to differentiate along a
given developmental pathway (erythropoiesis, myogenesis) remains, despite
many efforts, an unsolved problem.

One of the hypotheses proposed to explain cell differentiation is that of
“quantal mitoses”, cell divisions which would give rise to two non-identical cells:
one of them would remain an undifferentiated stem cell, the other would be com-
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mitted to differentiate according to a given program. By repeated cell divisions,
this committed cell would ultimately give rise to a clone of nearly identical differ-
entiated cells. This clonal theory of embryonic differentiation is now widely ac-
cepted. However, it should be pointed out that the analysis of allophenic (tetra-
parental) mice (see Chap. IX) has shown that all the muscles of a mouse derive
from a small number of cells committed to become myocytes (muscle cells) in the
somites, i.e. they do not derive from a single clone of cells, but from a few in-
dependent clones of cells.

One usually speaks today of terminal differentiation, a term which seems to
imply that cell differentiation is an irreversible process. As we shall see, there is
at least one case in which differentiated cells may dedifferentiate and then re-
differentiate along another pathway. A shift in the differentiation program,
called transdifferentiation, is thus a possibility, but it remains a rare event in the
animal kingdom.

It is often believed that there is an antagonism between cell division and cell
differentiation; indeed, mitotic activity, in general, slows down or even stops
completely when cells fully differentiate. But one should not be too dogmatic on
this point. There are several examples in which dividing cells have been found to
be fully differentiated, as evidenced by the production of specific luxury proteins.

Two different biological systems can be used for the study of cell differen-
tiation: developing embryos and in vitro cultures of embryonic cells committed
to differentiate along a particular developmental pathway. The two systems are
adequate for the analysis of cell differentiation, but both have their advantages
and disadvantages. Whole embryos represent a more “natural” system than cul-
tured cells; although the latter are easier to work with, the results obtained with
them do not necessarily apply to whole embryos. This is not surprising since, in
embryos, in contrast to cultured cells, cellular movements, cell-to-cell in-
teractions, morphogenetic gradients and inductions play a decisive role. When
embryos are dissociated into individual cells, these cells lose the precise local-
ization they had in the morphogenetic gradient where they interacted with their
neighbors. The result is the loss of what has been called positional information.
This, as well as the poor permeability to drugs of whole embryos from certain
species (amphibians, in particular), explain why some agents which, as we shall
see, suppress cell differentiation in cultured embryonic cells have very little effect
on intact embryos.

It is impossible to give a full account, in a few pages, of all the work that has
been done and is being done on cell differentiation. We shall concentrate on em-
bryonic differentiation and speak more superficially of the studies made by the
workers who use tissue cultures as their main method. .

Before we come to the presentation and discussion of the known facts, a last
word of introduction should be said. The study of cell differentiation has more
than an academic interest. It is a problem which is of fundamental importance
for mankind, because cancer is, to a large extent, a disease in which the cells di-
vide, but fail to differentiate. The solution of the cell differentiation problem
might lead sooner or later to a solution of the cancer problem. If malignant cells



Specific Properties of Cell Membranes 185

could be made to differentiate, they would stop dividing and would perhaps no
longer be malignant.

2 Specific Properties of Cell Membranes

Already at the gastrula stage, as shown by Holtfreter, cells of the different parts
of the embryo differ in their fissue affinities. As shown in Fig. 70, if cells of the
ectoblast and the entoblast are joined together in the same explant, they separate
from each other after a few hours of culture. They have negative affinities, since
they reject each other. On the other hand, the mesoblast cells stick to either ecto-
blast or entoblast when they are placed in contact; they have positive affinities for
the cells of the two other cell layers. Interestingly, treatments with actinomycin or
cycloheximide modify the ectoblast tissue affinities: their acquisition or mainte-
nance thus requires the synthesis of macromolecules.

Comparable findings have been made with cells isolated from much older
embryos (Fig. 71). For instance, Moscona dissociated cells from the retina of
chick and mouse embryos and mixed them with other dissociated cells, coming
from the kidney of the same embryos. He found that retina cells recognize each
other and form a chimaeric retina, made of mouse and chicken cells; in the same
way, the dissociated kidney cells form chimaeric kidney tubules, made of cells
originating from the two species of embryos. In this case, the cells recognize the
other cells which belong to the same tissue and are members of the same family.

Fig. 70a,b. Tissue affinities. a Ectoderm (Ec) and endoderm (En) show “negative” affinity;
they quickly separate from each other and form unorganized gut and epidermic cells. b If a
piece of mesoderm (M) is inserted between the two fragments, ectoderm and endoderm no
longer separate; they both have a “positive” affinity for mesoderm; a vesicle containing
mesenchymatous cells is obtained (J. Holtfreter)
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Fig. 71. Aggregate of mesonephric and cartilage cells of a chick embryo. After 7 days of
culture, the two types of cells have segregated and reconstructed nodules of cartilage (C)
and kidney tubules (K) (Monroy and Moscona 1979)
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Many attempts are being made today to identify the molecules responsible
for specific cell-to-cell adherence in embryonic tissues and in lower invertebrates,
such as the sponges (where reaggregation of dissociated cells is easy to obtain).
These molecules (called CAM for cell adherence molecules or Cognins) display
tissue specificity: L-CAM from liver favors the reaggregation of liver, but not of
nerve cells. In contract, N-CAM from the nerve cells acts specifically on the re-
aggregation of neurones and has no effects on liver cells. All these molecules are
large acidic glycoproteins, with a molecular weight of more than 100,000. Figure
72 shows schematically the relationships between N-CAM, a nerve cell and the
outer medium. N-CAM is formed of two closely related polypeptide chains with
molecular weights of respectively, 140,000 and 170,000. At the end of the amino
terminal region is a binding site for another N-CAM molecule, while the other
end (carboxyl terminal region) penetrates into the cell through the cell mem-
brane. Specific cell adhesion molecules are already present at early stages of
development and are responsible for the reaggregation of dissociated sea urchin
blastula cells and for compaction of 8-cell-stage mouse embryos as seen in
Chap. IX. It has been recently proposed by Edelman that CAM genes control the
morphogenetic movements required for induction.

An additional word should be said about the immunity reactions which fol-
low the grafts made in amphibian embryos. These grafts are very well tolerated
when a piece of tissue (an organizer, for instance) is grafted in a host of another
species. A normal head, with eyes, nose, etc., can be induced in the host, but
sooner or later, this secondary head is rejected and destroyed. Incidentally, such
experiments show that the inducing capacity of an organizer does not display any
species specificity, but the response of the host to the inductor is species-specific
and thus gene-determined. A frog organizer grafted into a newt embryo induces
newt nervous tissue.

From the viewpoint of the immuno-response, there is a difference between
amphibian and mammalian embryos. If a foreign tissue is grafted in the latter, it
is not rejected even when the immuno-system has been built up after birth, (ac-
quired tolerance).

3 Effects of Tissue Extracts on Cell Differentiation

Many efforts have been made in the past with the hope of isolating substances
from differentiated tissues, which would induce the tissue-specific differentiation
of undifferentiated cells. These efforts have so far been frustrating and the lim-
ited effects obtained should be ascribed to the presence of many factors in tissue
extracts, which stimulate or retard cell proliferation and, as a result, may affect
cell differentiation in an indirect way. Substances present in adult tissues which
inhibit mitotic activity of homologous embryonic cells in a tissue-specific way are
called chalones. For instance, an extract of adult kidney reduces the number of
mitoses to a greater extent in embryonic kidney (pronephros) than in all other
tissues of an amphibian larva. Many different chalones have been described;
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they seem to be very heterogeneous molecules, since their molecular weights may
vary from less than 10,000 to more than 100,000.

It is beyond the scope of this chapter to discuss the numerous substances
(growth factors) which stimulate cell division and may indirectly slow down dif-
ferentiation. Many of them bear some similarities with the pancreatic hormone
insulin and act by binding to specific receptors present on the cell membrane.
The growth factor-receptor complex is internalized by endocytosis and partly
broken down; the growth factors ultimately stimulate DNA replication in the cell
nucleus. The best known of these growth factors is the ectodermic growth factor
(EGF); this small polypeptide (6000 daltons, 53 amino acids) exerts many early
effects on fibroblasts (increases in Na* uptake, intracellular pH, amino acid and
glucose transport, etc.) which finally lead to the stimulation of nuclear DNA syn-
thesis.

4 Immunological Studies on Embryonic Differentiation

Immunological (serological) methods are exceedingly valuable for the detection
of specific proteins. If a protein (an antigen) is injected into an animal, a rabbit
for instance, this animal will produce in its serum an antibody. This is a protein
which is called an immunoglobulin and which reacts in a highly specific way with
the antigen. The antigen-antibody complex is less soluble than the antigen and
the antibody. The presence of the antigen can thus be detected by its immuno-
logical precipitation after addition of the antibody. If one binds to the antibody,
by chemical means, a fluorescent dye or a radioactive marker, it becomes pos-
sible to detect, under the microscope, the cells which contain the antigen. The
present technology of monoclonal antibodies production makes antibodies of ex-
quisite selectivity available; they are produced by hybridomas, which result from
the fusion of a malignant myeloma cell and a cell taken from the spleen of an
animal which has been immunized against the substance of interest.

Early work in which embryos crushed at various stages of their development
were used as antigens showed that new antigens appear at amphibian gastru-
lation and that others can be detected at later stages of development. This merely
confirms the data that physical methods for the separation of newly synthesized
proteins had shown. It is probable that the use of monoclonal antibodies would
lead further, but the most important application so far of immunological
methods to embryology has been the analysis of the formation of the eye lens
proteins (the a, f and y-crystallins).

The lens is induced by the optic cup, at the expense of the ectoderm, at a late
neurula stage. Immunological analysis shows that the lens antigens can be de-
tected in the head of the young neurula. They are present in all cells, but in low
concentrations. When the lens is induced, the specific lens antigens become de-
tectable in the still undifferentiated lens in higher concentrations than elsewhere.
Their concentration considerably increases at the time of cell differentiation,
characterized by the appearance of fibers, made of crystallins, in the center of the
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Fig. 73. Stages of Wolffian regeneration of the lens from the superior rim of the iris (Sato
1930)

embryonic lens. This is due to a selective activation of the crystallin genes under
the influence of the inducing retina cells. There is thus a progressive restriction in
the synthesis of the lens protein from the whole head to the eye lens only during
development.

Another system of interest is the so-called Wolffian regeneration of the lens in
adult amphibians or advanced tadpoles. As shown in Fig. 73 when the fully dif-
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ferentiated lens is removed by surgical operation, a new lens forms at the ex-
pense of the superior rim of the iris. The various biochemical phases of lens re-
generation have been very accurately studied by Yamada. The first event is a de-
differentiation of the iris cells, which lose their black pigment (melanin). De-
pigmentation is followed by DNA synthesis and cell multiplication. When mi-
totic activity stops, a period of intensive RNA synthesis sets in. Large nucleoli
make their appearance and rRNA synthesis becomes very conspicuous. This
phase of RNA synthesis is very important for the success of the regeneration. The
latter is inhibited by actinomycin, which blocks RNA synthesis. The mRNAs for
the crystallins are also synthesized during this period and these proteins become
detectable, by immunological methods, immediately after the phase of extensive
RNA synthesis. The various crystallins are synthesized one after the other. They
are found, at first, in both the cytoplasm and the nucleus; the latter degenerate
afterward and completely disappear. These experiments show that inducing
agents originating from the retina produce a derepression of the genes present in
the iris. As a result, synthesis of the crystallins is induced in the regenerating lens.
Cell differentiation (formation of lens fibers) and synthesis of the crystallins are
closely linked and go hand in hand. Wolffian regeneration of the lens is an in-

Fig. 74. A lentoid body
appeared in a culture of a
cell deriving from retina
(Eguchi and Okada 1973)
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teresting case of transdetermination, the phenomenon first discovered by Hadorn
in transplanted imaginal disks of Drosophila larvae. A similar phenomenon,
which has been called transdifferentiation, can be obtained with cultured neural
retina embryonic cells: some of the pigmented cells lose their pigment and differ-
entiate into lens cells. Small lenses, called lentoids (Fig. 74) make their appear-
ance in the cultures. As in Wolffian regeneration, inactive crystallin genes are ac-
tivated: crystallin mRNAs are produced in large amounts and the corresponding
proteins accumulate in the lentoids.

5 Enzyme Synthesis and Embryonic Differentiation

It has often been suggested that differentiation might be due to the induction of
enzyme synthesis resulting from the appearance, in a region of the embryo, of the
substrate for the enzymatic reaction, or to the repression of enzyme synthesis by
the jocalized accumulation of the end product of the enzyme reaction. Such con-
trol mechanisms of enzyme synthesis operate efficiently in bacteria and the eluci-
dation of their genetic and molecular bases is at the root of the famous Jacob-
Monod model of gene regulation in bacteria. But eggs are not bacteria, and all
efforts made to demonstrate substrate-induced synthesis in embryos have been
unsuccessful.

The presence of many enzymes in unfertilized eggs makes an enzymological
approach to the study of cell differentiation difficult: some of the enzymes syn-
thesized during oogenesis are kept ready for use at much later stages of devel-
opment. However, this approach has been valuable in a few cases, as we shall
now see.

Several hydrolytic enzymes are known to increase in activity in the digestive
tract when it becomes functional. This is true for amylase, proteases, phos-
phatases, etc. in sea urchin plutei as well as in amphibian tadpoles and chicken
embryos. In such cases, enzyme synthesis is clearly linked to the acquisition of a
physiological function.

The activity of cholinesterase, an enzyme which plays an essential role in the
nervous system, is already important in the unfertilized amphibian eggs. It in-
creases considerably when, after neural induction, the nerve cells begin to differ-
entiate into typical neurones which are physiologically active. Similar changes in
cholinesterase activity have been recorded in the cells of a tumor of the nervous
system, neuroblastoma. The tumor cells have a low cholinesterase activity, but, if
they change into more typical neurones (provided with nerve fiber expansions)
as the result of a change in the in vitro culture conditions, cholinesterase activity
very markedly increases as the result of the synthesis of new enzyme molecules.

Changes in enzyme synthesis, correlated with modifications of the outer
medium, have been recorded in other systems as well. For instance, glutamine
synthetase, an enzyme which is also involved in nervous system metabolism, is
synthesized, at a given time of development, by the retina of the chick embryo. If
the retina cells are dissociated, and then allowed to reaggregate, glutamine
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synthetase synthesis is accelerated by several hours. Still earlier synthesis of
glutamine synthetase is obtained when the retina cells are treated by cortico-
steroid hormones. The use of macromolecule synthesis inhibitors suggests that
glutamine synthetase synthesis is regulated at both the transcriptional and trans-
lational levels.

It is, of course, impossible to give here a complete summary of all the work
that has been done on enzyme synthesis during development and we shall close
the discussion with a last example, that is, the synthesis of the pancreatic enzymes
(trypsin, chymotrypsin, amylase, etc.) which has been the subject of very interest-
ing studies by Rutter. The pancreatic “acini,” forming the glandular site of diges-
tive enzyme synthesis, are induced by the surrounding mesenchyme (the still un-
differentiated mesodermal tissue). Their induction is of the “transfilter” type: it is
successful even if the reacting and the inducing tissues are separated by a milli-
pore membrane. Rutter succeeded in isolating a protein from the filters, which
certainly plays a great role in the induction. This protein induces in the reacting
cells the synthesis of a particular kind of low molecular weight DNA. This syn-
thesis is followed by the replication of the main DNA, which leads to sustained
mitotic activity. Only when a sufficient number of cells becomes available does
RNA and then protein synthesis occur. The various pancreatic enzymes are syn-
thesized in a constant order, each following the other. There are no indications
that enzymes which serve in an identical metabolic pathway, protein or sugar
metabolism, for instance, are synthesized together. This speaks against the exis-
tence of an “operon,” similar to those of the bacteria. It is clear that the structural
genes coding for the different pancreatic enzymes are activated in a sequential
and individual manner, since there is a concomitant increase in their respective
mRNAs: for instance, the content of the pancreatic cells in amylase mRNA in-
creases 400 times during their differentiation. In this case, the main control of en-
zyme production is clearly at the transcriptional level.

Transcriptional controls are particularly clear when organs respond to /or-
monal stimulation by the production of large amounts of a specific protein. For
instance, steroid hormones induce the secretion of very large quantities of oval-
bumin in the chick oviduct, and of vitellogenin in the amphibian liver. The hor-
mone binds to a receptor in the target cell; in the nucleus, the hormone-receptor
complex activates selectively the ovalbumin or the vitellogenin genes, probably
by binding to them. As a result, chromatin in the structural gene and its flanking
regions takes the loose conformation of “active” chromatin. The gene is now ex-
posed to RNA polymerase activity and the final result is an enormous production
of the corresponding mRNA, which is immediately translated into protein; the
latter is finally excreted. While there is less than one molecule of ovalbumin
mRNA in each cell of the unstimulated chick oviduct, thousands of molecules
per cell are found after steroid hormone administration. As we have seen, the re-
sponse of the amphibian oocyte to progesterone is fundamentally different since
gene transcription has very little, if any, importance for protein synthesis. This
process is controlled at the translational level.
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Fig. 75a—-d. Cell differentiation in vitro: chondrogenesis (a, b) and myogenesis (¢, d). Phase
contrast (leff) and immunofluorescent (right) micrographs of monolayer cultures of chick
embryo chondroblasts (a, b) and myoblasts (¢, d). Differentiating chondroblasts were
stained with an antiserum raised against the chondroitin sulfate-rich cartilage proteoglycan
(b). Inset: bright fluorescence on the Golgi complex. Differentiating myoblasts were stained
with antilight meromyosin antibody (d). (Courtesy of Prof. H. Holtzer)

6 Differentiation of Cultured Embryonic Cells
6.1 A Brief Description of a Few Biological Systems

Numerous studies on the in vitro differentiation of undifferentiated, but already
“committed” embryonic “blast” cells have led to the conclusion that the key
event is the selective activation and expression of a small number of specific
genes.

Mpyogenesis (muscle differentiation) is one of the favorite systems for the in
vitro study of cell differentiation. Undifferentiated myoblasts fuse together in cul-
ture and form myotubes, whereby the latter finally differentiate into contractile
fibers, and simultaneously, several muscle-specific proteins (in particular, muscle
actin and myosin) make their appearance (Fig. 75). DNA synthesis stops when
myoblasts fuse together. Experiments with actinomycin have shown that myo-
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blasts synthesize unstable mRNAs, while differentiated muscle cells contain
stable mRNA molecules. Large amounts of the messengers coding for the
muscle-specific proteins are produced when the myotubes differentiate into
muscle cells. In contrast, the bulk of the mRNA population (about 17,000 dif-
ferent mRNAs) does not vary greatly during myogenesis.

Another interesting system is chondrogenesis (cartilage formation), in which
embryonic chondroblasts differentiate into chondrocytes which incorporate inor-
ganic sulfate and build up an extracellular matrix of sulfated proteoglycans.
Chondroitin sulfate and chondroproteins are typical markers of cartilage differ-
entiation (Fig.75). Soluble factors released by in vitro growing chondrocytes
stimulate differentiation of chondroblasts into cartilage.

There is growing interest in the differentiation of some fibroblast strains (pre-
adipocytes) into adipocytes (fat cells). Treatment with insulin triggers or ac-
celerates the accumulation of triglycerides in the cytoplasm which becomes filled
with a large lipid droplet; simultaneously, the cytoskeleton breaks down.

Many papers have been devoted to erythropoiesis, the formation of red blood
cells, which is characterized by the synthesis of an easily detectable protein,
hemoglobin. Erythropoiesis is stimulated by the addition of hematopoietin, a pro-
tein hormone made mainly by the kidney. The molecular organization of the
a- and $-globin genes coding for the two globin chains of hemoglobin is very well
known: we can follow, at the gene level, the shift from embryonic to fetal and
finally adult hemoglobin. We know that the a- and -genes lie on different chro-
mosomes, and that there is no amplification of these genes when large quantities
of hemoglobin are synthesized during erythropoiesis. We also have a growing
knowledge of the multiple molecular causes of the thalassemias, hereditary dis-
eases in which there is an unbalance in the synthesis of the a- and f-globin
chains. It is the dream of many molecular biologists to cure these diseases by
transfer of the correct gene into the deficient genome of the patient (gene ther-
apy); success is not very far ahead. Finally, a large amount of work is being done
on Friend’s murine erythroleukemic cells (MEL cells): these cells are malignant
because they are infected by Friend’s leukemia virus. They grow continuously in
culture, but do not differentiate. However, differentiation, evidenced by the syn-
thesis of hemoglobin and a few other marker molecules, can be induced by treat-
ing MEL cells with simple chemical agents (dimethylsulfoxide, butyrate, etc.). In
all these cases, whether hemoglobin synthesis occurs spontaneously or is induced
experimentally, there is a close parallelism between the number of globin mRNA
molecules present in a cell and the amount of hemoglobin it synthesizes. Thus,
during erythropoiesis, a small number of genes are activated sequentially.

Among the other systems in which cell differentiation can be followed in
vitro, mention should be made of the formation of melanocytes (pigment cells)
and neurones (nerve cells). Melanocytes contain a brown pigment, called mel-
anin, which makes these cells easily recognizable under the microscope.

Neurones possess neurites (axones and dendrites), have typical electrophysio-
logical responses when they are excited and contain a number of specific pro-
teins. The outgrowth of neurites is stimulated by a nerve growth factor (NGF)
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which has been well characterized. Cell lines derived from brain tumors (neuro-
blastomas, neurogliomas) grow actively in culture; these cells are undifferentiat-
ed, but they can be induced to differentiate and to form neurites by treatments
with a number of physical and chemical agents which tend to slow down their
growth.

It has been possible to isolate, from teratocarcinomas, embryonal carcinoma
cells (ECC) of different origins and to produce a large number of established cell
lines. Some of them remain pluripotent after prolonged cultures, while others be-
came restricted in their differentiation potentialities. Sometimes they gave rise to
a single committed cell type, which is the case for the so-called neuro-terato-
carcinoma stem cells which differentiate in vitro only in neurones. Another ECC
line, F9, differentiates into visceral endoderm if treated with retinoic acid (a vita-
min A derivative) and into parietal extraembryonic endoderm if treated with a
retinoic acid and cAMP mixture. Differentiation of F9 cells into visceral en-
doderm cells is accompanied by the activation of the a-fetoprotein gene. This
gene remains silent in F9-derived parietal endoderm cells, which synthesize in-
stead, plasminogen activator, cytokeratin filaments, laminin and type-IV pro-
collagen.

6.2 Experimental Analysis of Cell Differentiation in Culture

6.2.1 Cell Fusion

A very interesting approach has been developed for the study of cell differen-
tiation: it is the technique of cell fusion, also called somatic hybridization (Fig. 76),
which was first devised by Ephrussi. The properties of the cell membrane can be
altered by treatment with a hemolytic virus, called the Sendai virus, even when
this virus has been inactivated and is unable to multiply in the infected cells, or
with polyethylene glycol. These changes in membrane properties allow the easy
fusion of two (or more) cells of the same or different types. As Harris has done,
when a nucleate hen red blood cell is fused with a human cancer cell (HeLa cell),
very remarkable changes occur. The nucleus of the red blood cell (erythrocyte)
was, before fusion, in a completely inactive, repressed form. It synthesized
neither RNA nor DNA; the HeLa cell nucleus, on the other hand, is extremely
active in both DNA and RNA synthesis. When the two cells are fused together, a

Fig. 76. Fusion of a chicken
red blood cell (small, with a
condensed nucleus) with a
mammalian cell: the re-
activated red blood cell nu-
cleus forms a nucleolus
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heterokaryon is produced. There are two nuclei, of different origins (hen and
man) in a common cytoplasm. Analysis of this somatic hen-man hybrid shows
that the erythrocyte nucleus is quickly reactivated. It becomes capable of syn-
thesizing DNA and RNA. The hen erythrocyte nucleus contained no visible nu-
cleoli before the cell fusion; after cell fusion, they become very conspicuous and
RNA-rich. The nucleolar organizers are now active again. At that same time, it
becomes possible to detect, by immunological methods, the formation of chick-
specific antigens in the cell membrane of the somatic hybrid. The HeLa cell cyto-
plasm has thus exerted a positive, derepressing effect on the previously wholly
inactive chick nucleus. This effect is entirely similar to the one we met before
when the experiments of Gurdon on unfertilized Xenopus eggs were described.
Injection of a nucleus taken from an adult organ (brain, liver), where there is no
longer any DNA synthesis, into young cytoplasm is followed by a resumption of
DNA synthesis. Clearly, the same kinds of positive control that the egg cytoplasm
exerts on the injected adult nuclei still operate in active adult cells.

This elegant technique of cell fusion has been used by Ephrussi in the study
of cell differentiation. He fused together melanocytes and still undifferentiated
embryonic cells (fibroblasts) and cultured these hybrids. The result, in this case,
was that the undifferentiated cell exerted a negative control on the differentiated
one. The hybrid between the two cells soon lost not only melanin, but even the
capacity to synthesize tyrosinase. Similar results were obtained with liver and
nerve cells. The former are no longer capable of synthesizing a number of en-
zymes and blood proteins after fusion with an undifferentiated cell. Nerve cells
no longer synthesize a specific protein (called S100) of the nervous system after
fusion with embryonic fibroblasts. The control exerted by the undifferentiated
cell on differentiated functions is not always negative but this is an exception to
the general rule. Studies on the fusion of malignant and normal cells have shown
that the situation prevailing in somatic hybrids can be very complex. Malignancy
usually behaves like a recessive character, but the interpretation of the results is
complicated by the fact that cell fusion followed by culture is often followed by
the elimination of part of the chromosomes (this also often happens, as we have
seen, in the ordinary sexual hybrids). Experiments, in Ephrussi’s laboratory, have
shown that if the melanocytes contain twice as many chromosomes as the fibro-
blasts, the ability to produce melanin is no longer lost in the hybrid between the
two cells. This clearly shows the importance of “gene dosage” for the expression
of the phenotype (melanin production).

Recent studies indicate that the rule, after cell fusion and culture, is the fol-
lowing: the differentiated phenotype (formation of pigment, liver enzymes, S100
protein, etc.) is lost soon after cell fusion; but it reappears when a certain number
of chromosomes have been lost during cell divisions in the hybrid line. The dif-
ferentiated phenotype is first extinguished, then re-expressed. In order to gain
some insight in the relative roles of the nucleus and the cytoplasm in the pheno-
typic expression of differentiation, cytoplasm from enucleated fibroblasts (called
cytoplasts) has been fused with intact cells. In such “Cybrids”, extinction of the
differentiated character does not last more than 12 to 20 h; the differentiated
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phenotype is restored 48 h after fusion. This experiment shows that a cytoplasmic
factor exerts a negative control on cell differentiation, but that this factor has a
short life and that it is not renewed in the absence of the nucleus. Since enucle-
ation induces the differentiation of neuroblastoma cells (neurite formation), it is
likely that the nucleus contains or produces factors which inhibit cell differen-
tiation. This is another case of a negative control exerted by the nucleus on the
cytoplasm. It is likely that extinction of the differentiated phenotype is due to
changes in the molecular organization of chromatin. But it is too early to draw
strong and general conclusions in a fast moving and complex field. We still know
very little about the molecular interactions which take place between nucleus
and cytoplasm in somatic hybrids and cybrids.

6.2.2 Effects of Bromodeoxyuridine (BrdUr) on Cell Differentiation

There is another interesting approach to the analysis of cell differentiation: Holt-
zer and colleagues found that an analogue of thymidine, bromodeoxyuridine
(BrdUr) specifically inhibits cell differentiation in most cultured cells. At low
concentrations, which do not stop DNA replication and cell division, BrdUr in-
hibits the in vitro differentiation of melanocytes, cartilage cells, muscle cells, etc.
It has no remarkable effects on already differentiated cells and on cell viability,
but it specifically inhibits the expression of the /uxury proteins: melanin, chon-
droproteins, contractile proteins in respectively, melanoblasts, chondroblasts and
myoblasts. It has also been reported that treatment of very young chick embryos
with BrdUr suppresses the formation of red blood cells and the synthesis of
hemoglobin. However, treatment with BrdUr of fertilized or cleaving sea urchin,
ascidian, amphibian, hen and mouse eggs has led to disappointing results: all
one can see is a slowing down of development, due to cell injury and death.
There is no specific inhibition of tissue differentiation when the drug is added to
whole eggs or embryos.

Why BrdUr exerts highly specific effects on the expression of the luxury pro-
teins remains obscure at the molecular level. Incorporation of the drug into re-
plicating DNA obviously takes place, but it occurs randomly and we have only
hypotheses for explaining the specific effects of the analogue on the genes which
control the synthesis of the luxury protein. One possibility is that incorporation
of BrdUr into DNA affects regulatory sequences controlling the activity of the
structural genes coding for the luxury proteins. Another possibility is that certain
chromosomal proteins bind specifically to the substituted DNA sequences: tran-
scription of these sequences would then be shut off. Indirect effects on the cell
membrane have also been suggested, but it is unlikely that they play a major role
in the still mysterious BrdUr effect.

6.2.3 Effects of Phorbo! Esters and Retinoids

The cancer problem lies outside the scope of the present book, but we cannot
avoid mentioning it when cell differentiation is under discussion. Cancer is be-
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lieved to be a multistep process (like embryogenesis!) leading to “mad” cells in
which the regulatory mechanisms which control proliferation and differentiation
in normal cells no longer function properly. All carcinogenic agents (physical,
like X-rays; chemical, like the polycyclic hydrocarbons; viral, etc.) affect DNA.
The cells in which DNA has been injured by a genotoxic agent will not neces-
sarily become malignant: after initiation by a carcinogen, promotion by a co-car-
cinogen (promoter) is required as a second step. If, as shown by I. Berenblum
almost 30 years ago, one applies locally a single dose of a carcinogen to the ear of
a mouse, cancer will seldom develop, but if one rubs the ear of this mouse with
croton oil, fast-growing tumors will form. Croton oil thus contains a co-car-
cinogen (promoter); the active principles of croton oil are phorbol esters, the more
potent being 12-O-tetradecanoyl-phorbol-13-acetate (TPA).

At very low concentrations, TPA stimulates cell proliferation and, like BrdUr
suppresses differentiation in cultures of myoblasts and chondroblasts. It is even
able to induce the dedifferentiation of cultured myotubes and to disrupt selec-
tively their myofibrils (Fig. 77). Differentiation of cultured epithelial cells is also
suppressed by TPA: they fail to synthesize their marker protein, keratin. In in-
duced MEL cells, TPA inhibits hemoglobin synthesis.

So far, the effects of TPA on whole eggs and embryos have been seldom stud-
ied: the most striking, in both sea urchin and amphibian eggs, is a dissociation of
the superficial ectodermal cells. This suggests that the cell membrane is the initial
site of action for TPA. There is now strong evidence for the view that TPA indeed
acts on the cell membrane: in particular, cell-to-cell communication (i.e. the
transfer of small molecular weight substances from a cell to its neighbors) is
strongly decreased in TPA-treated cell cultures. Recently, it has been demon-
strated that the cell membrane possesses specific receptors for phorbol esters. Af-
ter binding to these receptors TPA activates a newly discovered membrane pro-
tein kinase (which requires phospholipids and Ca** for activity). It is now be-
lieved that this protein kinase C is the phorbol ester receptor. Its activation by
TPA results in the phosphorylation of cytoplasmic proteins involved in the or-
ganization of the cytoskeleton and in protein synthesis.

It should be added that, as in the cases of cell hybridization and BrdUr treat-
ment, the effects of TPA on cell differentiation are not always negative. For in-
stance, TPA promotes the differentiation of a few human leukemic cell lines. We
do not know why they make exceptions to the general rule; all one can say is that
drugs like TPA and BrdUr exert “pleiotropic” effects, but this word masks our
present ignorance.

It is interesting to note that the sites of action of BrdUr (DNA) and TPA (the
cell membrane) are entirely different; yet the two drugs exert very similar effects
on cell differentiation. Only more work will tell us whether TPA and BrdUr are
ultimately acting on a single, still unknown, key step which would be absolutely
required for cell differentiation. This step might perhaps turn out to be as simple
as a change in the free calcium ion concentration or in the intracellular pH, since
we know that such changes may have far-reaching consequences for the cell.
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Fig. 77a—c. Dedifferentiation of cultured myotubes by treatment with TPA: Electron
micrographs of an untreated myotube (a) and of myotubes treated for 24 h (b) and 3 days
(c). Bar 1 pm (Croop et al. 1982)
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Derivatives of vitamin A (the retinoids related to the retina pigment retinene)
often antagonize the promoting effects of phorbol esters on cancer cells. In cer-
tain malignant cell lines, retinoic acid (the most active of the retinoids) can in-
duce the differentiation of undifferentiated cancer cells. These favorable effects
on cell differentiation are linked to the fact that retinoic acid slows down the in
vitro multiplication of malignant cells. The most striking effect of retinoic acid on
cell differentiation has already been mentioned in this chapter: “nullipotent”
(thus incapable of any kind of differentiation) embryonal carcinoma cells differ-
entiate into endoderm if they are treated with retinoic acid. It is very likely that
the action of the retinoids (which are liposoluble compounds) is mediated by a
cytosolic retinoic acid binding protein (cRABP).

We do not know how the signals received by the cell, after treatment with
either TPA or retinoic acid, are transmitted to chromatin where a few genes in-
volved in cell differentiation must, in a selective way, be activated or shut down.

6.2.4 Other Inducers and Inhibitors of Cell Differentiation

It is likely that these signals are transmitted from the cell membrane to the nu-
cleus, e.g. through second messengers, cyclic nucleotides or calcium ions. Increas-
ing the cAMP content of the cells often slows down proliferation and favors dif-
ferentiation. However, there are many exceptions to this rule. Similarly, there are
numerous exceptions to the rule which states that a high cGMP content favors
cell proliferation and prevents cell differentiation. As we have seen, a release of
membrane-bound calcium ions triggers amphibian oocyte maturation and sea
urchin egg fertilization. It is likely that changes in free Ca** and in internal pH
play a role when cells stop dividing and begin differentiating. It is probable that
cyclic nucleotides and calcium ions, when they trigger cell differentiation, acti-
vate protein kinases which can phosphorylate serine, threonine and tyrosine resi-
dues in proteins which are important for differentiation.

A few attempts to modify cell differentiation by the addition of so-called con-
ditioned media to differentiating cells have been made. Conditioned media are
culture media in which cells have been grown for a few hours or days. They con-
tain substances which have been released or excreted in the surrounding medium
by the growing cells. Conditioned media are valuable for the demonstration and
isolation of substances which affect (positively or negatively) cell proliferation
and of molecules involved in cell aggregation. However, no differentiation in-
ducing substance has been isolated so far from conditioned media with the ex-
ception of a factor, present in the conditioned media of chondrocytes which
stimulates the differentiation of these cells into cartilage. This factor, of unidenti-
fied chemical nature, stimulates the synthesis, by chondrocytes, of chon-
droproteins and collagen.

Popular today among the students of differentiation is 5-azacytidine, which
like BrdUr, is incorporated into replicating DNA molecules. The interesting
property of this cytidine analogue is that it inhibits DNA methylation. As already
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mentioned, undermethylation of the cytidine residues in DNA molecules is a fre-
quent — but not a constant — marker of “active” chromatin. In contrast to BrdUr,
S-azacytidine exerts positive effects on cell differentiation: for instance, it induces
the differentiation of pre-adipocytes into adipocytes, of myoblasts into myotubes
and of chondroblasts into cartilage cells. On the other hand, it has no effects (ex-
cept sheer toxicity) on sea urchin and mouse eggs; unlike retinoic acid, it does
not induce differentiation in nullipotent embryonal carcinoma cell lines. The
most curious effect to date of 5-azacytidine is the reactivation of the X chromo-
some in females of the mammals (see Chap. IX).

Culture of a man-mouse hybrid cell line in the presence of 5-azacytidine is
followed by reactivation of the X chromosome as shown by genetic analysis.
However, only negative results have been obtained when normal diploid fibro-
blasts were treated with 5-azacytidine. Evidently, this substance is a promising
tool for the analysis of cell differentiation; but more work is required before a
close link between this process and DNA undermethylation can be accepted as a
general fact.

7 Embryonic Differentiation and Cancer

Although carcinogenesis and embryogenesis are two different topics, the two
processes have so much in common that a short comparison is not out of order
here. Embryonic differentiation is the last step prior to senescence and death;
embryogenesis is a multistep process which starts at gametogenesis. Malignant
transformation, as mentioned before, is also a multistep process. It leads to the
production of “transformed” cells, which can give rise to permanent cell lines.
These cells are immortal and, in contrast to normal cells, never show signs of se-
nescence (large size, low rate and finally arrest of DNA synthesis, modifications of
the cytoskeleton, etc.). Instead, transformed cells go on dividing continuously.
Although the initial lesion in the multistep carcinogenic process affects nuclear
DNA, other cell constituents are also affected. In particular, the cell membrane
properties are deeply modified in transformed cells. These cell surface changes
allow transformed cells, in contrast to normal cells, to grow without attachment
to a solid substratum (anchorage-independent growth). This, and the production
by transformed cells of proteolytic enzymes, which can destroy the walls of the
vessels, are responsible for the formation of the metastases which ultimately kill
the host.

We have seen that our differentiated tissues derive from the proliferation of
one or a few clones of cells; cancers also result from repeated division of a single
malignant cell (clonal origin of cancers). All the cells which form a clone of nor-
mal, differentiated cells (for instance, all muscle or cartilage cells) look very
much alike. This is not true for cancer cells: cells present in different metastases
originating from the same tumor cell and even cells present in the same metas-
tase display a striking diversity. This can be shown with immunological methods,
which demonstrate a greater heterogeneity in malignant than in normal cells be-



202 How Cells Differentiate

longing to the same tissue. This heterogeneity might be due to genetic instabil-
ity, leading to a high frequency of somatic mutations, in cancer cells. It is in-
deed well known that chromosomal abnormalities are frequent in cancer cells.
However, the reasons why clones — in contrast to those of normal cells — of cancer
cells undergo an increasing diversity when they expand by repeated cell divi-
sions, remain mysterious.

It has often been suggested that cancer cells are more similar to embryonic
cells than to adult cells. Cancer cells would result from the dedifferentiation of
adult cells and this would allow them to proliferate repeatedly. This view is cer-
tainly an oversimplification of a more complex problem, but it cannot be dis-
regarded. A classical example is the synthesis of two related proteins, a-feto-
protein and albumin, by liver cells. Embryonic liver synthesizes a-fetoprotein;
around birth, the oa-fetoprotein gene becomes silent; the albumin gene is
switched on and albumin is synthesized during the whole lifetime. However, in
liver tumors (hepatomas), the a-fetoprotein gene is reactivated and the albumin
gene becomes inactive: thus, hepatomas synthesize an embryonic protein, a-feto-
protein. Another well-documented example is the frequent occurrence of car-
cinoembryonic antigens in tumors: these surface antigens are present in mam-
malian embryos and are no longer detectable in adults, but they are found in
many tumors, in particular, in those of the colon. A particularly interesting case
is that of the so-called F9 antigen of nullipotent malignant mouse em-
bryocarcinoma (teratocarcinoma) cells. This antigen is shared with mouse sperm
and morulae; it quickly disappears during development and it is absent from dif-
ferentiated teratocarcinoma cells. The fact that teratocarcinomas may arise when
early mouse embryos are grafted into an ectopic site and that malignant em-
bryocarcinoma cells can undergo embryonic regulation, i.e. participate in normal
development, after their introduction into a normal mouse blastocyst, show
further that embryos and cancers must have much in common. The frequent re-
expression of fetal genes in cancer cells has been called retrodifferentiation. How-
ever, there is an obvious difference between cancers and embryos: cancer cells
proliferate and invade the host tissues in an anarchic way; embryos develop in a
harmonious way because they are under the control of gradients, fields of differ-
entiation and organizers. Positional information plays an essential role in normal
morphogenesis; although it seems to be lost in neoplastic growth.

The origin of cancers has been the subject of extensive research in recent
years. Since cancer is a multistep process (initiation by a genotoxic agent, pro-
motion by agents which, like TPA induce a new phenotype, proliferation of the
modified cells leading to a tumor by clonal expansion, formation and growth of
metastases), it is impossible to pinpoint a single cause for all cancers. However,
one of the factors which certainly plays an important role in malignant transfor-
mation, is the activation of cancer genes (oncogenes), which have been recently
identified by molecular biologists. It has been known, for many years, that a
number of viruses induce tumors (leukemias, sarcomas) in birds and mammals
(including man). Some of these viruses contain DNA, others RNA; the latter are
called retroviruses because they contain an enzyme, reverse transcriptase, which
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copies the viral RNA into the complementary DNA which is integrated into the
host genome as a provirus. Proviral DNA contains an oncogene responsible for
malignant transformation. When these oncogenes are expressed in virus-infected
cells, transforming factors are produced. In many cases, the viral oncogene prod-
uct is a protein kinase, which phosphorylates several cellular proteins and alters
their conformation, leading to the transformed phenotype. Recently, it has been
found that certain viral oncogenes increase the production of growth factors or of
their receptors on the cell surface. One of the major surprises in this fast-moving
field has been the demonstration that normal cells contain oncogenes (cellular
oncogenes) very similar to the viral oncogenes. Activation of normal cellular on-
cogenes could thus lead to malignant transformation. Today we know two pos-
sible mechanisms for oncogene activation. One of them is point mutation: replace-
ment of a single base by another in a cellular oncogene will lead to the pro-
duction of the homologous transforming viral oncogene. The products of the two
oncogenes will differ by a single amino acid substitution and this might have far-
reaching consequences for the biological properties of the encoded proteins. The
other mechanism for cellular oncogene activation is translocation of the gene
from its normal site to a different site located on another chromosome. We have
seen that chromosomal aberrations are frequent in tumors; among them are
translocations in which a fragment of a chromosome is integrated in another
chromosome. If a cellular oncogene is inserted in a chromosome region, which is
favorable for transcription, it will be activated and the protein it is coding for will
be expressed. Several examples in which cellular oncogenes are activated by
translocation into the very active immunoglobulin locus (where antibodies are
synthesized) are now known.

What is not known is the possible role of the cellular oncogenes in the normal
cells which harbor them. These genes are silent in normal adult cells; but it is not
excluded that they are active in the control of growth and differentiation in em-
bryos. The fact that cellular oncogenes have been highly conserved during evolu-
tion and that they are present in Drosophila as well as in mice and men, indicate
that they must have important functions. It will be an important task for the
molecular embryologists of tomorrow to identify the products of the cellular on-
cogenes during development and to determine whether they play a role in pro-
liferation and differentiation. If so, molecular embryology will benefit greatly
from the recent progress made in cancer research.

8 The Future of Molecular Embryology

It would be absurd, for someone who has witnessed the stupendous progress
made by molecular biology during the last 40 years to make predictions about
the future development of molecular embryology. The discovery of a favorable
material, which could be analyzed genetically, show good cell differentiation and
lend itself to the preparation of in vitro systems, would be enough to make a big
jump ahead. We need, among the eukaryotes, an organism which can be com-
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pared, in simplicity, with the bacteria and the viruses. Whether the ideal material
for the study of cell differentiation really exists seems doubtful. All we can do
now is to select systems that have advantages for the study of a particular prob-
lem and compare them. This is what we did, for example, when we compared
Acetabularia and sea urchin eggs from the viewpoint of the morphogenetic and
biochemical potentialities of nonnucleate cytoplasm. There is no doubt that the
developing embryo, despite its complexity, remains the best material for the
study of cell differentiation.

In the first edition of this book, we discussed a number of problems which
seemed particularly important. We thought that their solution would be a turn-
ing point for molecular embryology, but this solution seemed so remote that they
looked more like dreams than realities. Due to the astounding progress made by
molecular biology, within little more than 10 years, these dreams have indeed be-
come realities; molecular embryology has greatly profited — and will profit more
and more in the future — from the availability of pure genes due to recombinant
DNA technology.

Cloned genes (or the cDNAs of specific mRNAs) can be used for the de-
tection, by in situ hybridization, of individual gene localization on metaphase
chromosomes. We can now see, under the microscope, where specific genes (the
hemoglobin genes, for instance) are located. Purified genes can be injected into
the nucleus of a Xenopus oocyte where they will be accurately transcribed; these
genes may be modified by chemical or enzymatic manipulation prior to their in-
jection and this will tell us more and more about the control of transcription. In-
jection of mRNAs into the cytoplasm of Xenopus oocytes is now a standard
method for the analysis of message translation. These oocytes are often a more
convenient and efficient material than ribosomes isolated from bacteria, wheat
germs or reticulocytes for those interested in the mechanisms of protein synthe-
sis.

It is now possible, as we have seen, to inject pure genes into one of the pro-
nuclei of a fertilized mouse egg and to obtain transgenic mice which express the
injected gene. This seemed, 10 years ago, a very remote dream; the obtainment of
transgenic mice is a major victory for molecular and experimental embryology.
There is no doubt that we shall learn a good deal more about gene control in dif-
ferent tissues from this kind of experiment. It should be added, although the
topic is outside the scope of this book, that the introduction of cloned, pure genes
into somatic cells (fibroblasts, for instance) by addition of DNA to these cells is
now a routine experiment: hundreds of genes have been introduced into cells by
such fransfection experiments and their fate (integration into the genome fol-
lowed by replication, or degradation of the DNA molecules which have not been
integrated) has been followed. In addition, somatic hybrids, in particular, those
between mouse and human cells, have provided invaluable information about
the localization of many genes on human and mouse chromosomes. Those who
have witnessed the slowness of our progress in gene “mapping” on human chro-
mosomes by classical genetic analysis of pedigrees are amazed to see that the
mouse and human genomes might soon be known in as much detail as that of
Drosophila.
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We wondered, 12 years ago, whether the progress made in mammalian em-
bryology would lead to the production of “babies in test tubes”. We know that
they now exist; artificial insemination of human eggs is now routinely performed
in many hospitals; culture of the fertilized eggs and implantation until birth in
their own or a foster mother has been successfully achieved without ill effects
so far. We wish to point out again the ethical problems raised by experimental
work on human eggs and sperm: by properly selecting eggs and sperm, one
could try to obtain a higher proportion of Nobel Prize winners or football
players. By separating blastomeres during cleavage prior to implantation, one
could obtain, at will, identical twins. When one is able to separate the sper-
matozoa which possess the X or Y chromosome, it will be possible to shift, at
will, the proportion of men and women in the world. Injection of genes into a
pronucleus of a fertilized human egg might lead to transgenic men, a rather
frightening prospect. All this would be Huxley’s Brave New World, a novel which
would be a perfect anticipation of a future society, if the key word was not
missing: DNA,

The day will come when, thanks to the development of more and more so-
phisticated machines for DNA sequencing, we shall know the whole base se-
quence of the human, mouse, Drosophila, sea urchins, etc. genomes. This will not
explain embryonic development, but we shall know completely the information
received by the fertilized egg, which will finally lead to the formation of an adult
belonging to the same species. DNA is a unidimensional molecule and living
things are three-dimensional beings: to understand morphogenesis, we must
know much more about the tridimensional structure of proteins and other large
molecules. From the DNA base sequence, the primary structure of the encoded
proteins may be deduced, but not the interactions between the tridimensional
structures of these proteins with lipids or with other proteins. We doubt that, as
was once humorously suggested by Sidney Brenner, if one fed all these data to a
computer, a living mouse would come out of the machine (unless it was living in
the computer).

Falling now from dreams to reality, we think that research in molecular em-
bryology will go on very much as it does now: the experimental, reductionist ap-
proach, which has been so successful, will be followed for many years to come.
Science progresses slowly: an experiment destroys a wrong idea, and this is pro-
gress; a new technology appears, often in a very different field, and this is
another source of progress. All this leads to a better understanding of embryo-
genesis; perhaps the day will come when theoretical biology will be able to ex-
plain, in a mathematical formula, the unity and diversity paradox of the living
world: but this is another dream and there are more urgent tasks ahead of us.

We should know more about gene regulation before we can understand em-
bryonic differentiation; we should know much more about the molecular nature
of the germinal localizations, of embryonic regulation and of inductions before
we can indulge in theories. These are tasks for today and we do not doubt that
outstanding progress will be made in the years to come. How long will it take be-
fore we understand how, at the molecular level, a hen egg becomes a chicken: a
few decades, a few centuries? Perhaps we shall never know.
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